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As part of the European ACT-sponsored research consortium, DETECT, we developed an integrated characteri
sation and risk assessment toolkit for natural fault/fracture pathways. In this paper, we describe the DETECT
experimental-modelling workflow, which aims to be predictive for fault-related leakage quantification, and its
application to a field case example for validation. The workflow combines laboratory experiments to obtain
single-fracture stress-dependent permeabilities; single-fracture modelling for stress-dependent relative perme
abilities and capillary pressures; fracture network characterisation and modelling for the caprock(s); upscaling of
properties and constitutive functions in fracture networks; and full compositional flow modelling at field scale.
Here we focus on the application of the workflow to the Green River site in Utah. This is a rare case of leakage
from a shallow natural CO2 reservoir, where CO2 (dissolved or gaseous) migrates along two fault zones to the
surface. This site provides a unique opportunity to understand CO2 leakage mechanisms and volumes along
faults, because of its extensive characterisation including a large dataset of present-day CO2 surface flux mea
surements as well as historical records of CO2 leakage in the form of travertine mounds. When applied to this site,
our methodology predicts leakage locations accurately and, within an order of magnitude, leakage rates correctly
without extensive history matching. Subsequent history matching achieves accurate leak rate matches within apriori uncertainty ranges for model input parameters.

1. Introduction
Geological storage of CO2 requires the presence of at least one
competent seal above the storage reservoir to ensure containment of the
stored CO2. Most of the considered storage sites are overlain by lowpermeability evaporites or mudrocks that form competent seals in the
absence of defects. Potential defects are formed by man-made well
penetrations (necessary for exploration and appraisal, and injection) as
well as (for mudrocks) natural or injection-induced fault/fracture sys
tems through the caprock, lateral facies changes or pinch-outs. These
defects need to be de-risked during site selection and characterisation.
It is well-known that fault zones in caprocks may be conductive to
fluid flow, depending on the internal geometry and subsequent con
nectivity of the fault/fracture damage zone, degree of cataclasis and the
local stress conditions (Wibberley et al., 2008, Bense et al., 2013). The
controls on leakage potential are only partially understood. If the po
tential for fault leakage cannot be sufficiently de-risked, guidance is to
distance CO2 injectors from susceptible faults (EuropeanCommission

2011), to reduce the potential for CO2 leakage from the storage site to
the hydrosphere/biosphere/atmosphere to below acceptable levels (see
Roberts et al. (Roberts et al., 2018) for a recent overview). Especially for
CO2 storage in saline aquifers, this may drive a tendency to avoid faulted
areas altogether. The downside of that is that it severely limits
large-scale storage capacity in many storage basins even though many
fault/fracture systems may not be conductive to flow, as demonstrated
by the existence of oil and gas reservoirs in faulted areas that have
contained these fluids for millions of years. Another practical concern is
how to de-risk potential leakage rates along unidentified (seismically
invisible) fault/fracture zones that may be present.
Therefore, to enable large-scale deployment of CO2 storage, there is a
need to understand and manage the risk of fault-related leakage rather
than attempting to avoid faulted areas altogether. This requires the
ability to predict potential leakage rates within an acceptable confidence
band, based on subsurface characterisation, thus allowing selection of
storage sites with extremely low potential leakage rates (well below
accepted criteria). Numerical reservoir simulations of multiphase fluid
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Fig. 1. (a) Green River map overview
(redrawn from Kampman et al 2013
(Kampman et al., 2014)) including the
locations of Little Grand Wash Fault
(LGWF), Salt Wash Graben (SWG faults)
and research well CO2W55 (yellow star),
data from which is used in this paper.
The model area for the current study is
indicated by the solid yellow outline (the
area extends 7 km beyond the eastern
boundary of this map). CO2 soil flux
measurement locations nearby LGWF (i.
e., outline of Fig. 2 (a)) is indicated by
the blue dotted outline, and central area
of interest for our model (as used in the
results section of this paper, Fig. 15) is
indicated by the yellow dotted outline;
(b) Generalised stratigraphic section for
the Green River area (redrawn from
Kampman et al 2013 (Kampman et al.,
2014)); (c) 3D Petrel model of the study
area (3D property indicates distance to
nearest fault); (d) Stratigraphy and fault
representation in the 3D Petrel model
(which includes the White Rim, although
not visualised in this image). The
shallow, mainly very low permeability
formations above the Entrada (Upper
Jurassic and Cretaceous) have been
grouped into a single unit, labelled in the
model as ‘Cretaceous’. The colour scale
in the stratigraphy represents matrix
permeability.

flow provide a means to assess the rates and magnitude of CO2 migration
from faulted geological reservoirs. Appropriate monitoring and mitiga
tion plans must also be developed to allow timely reaction in the un
likely but possible case that higher than expected leakage rates would
occur during injection operations. The development of such capabilities
was part of the DETECT project (www.act-ccs.eu/detect), a research
collaboration that ran from 2017 to 2020. The DETECT project consisted
of five integrated work packages, with the overarching objective of
generating an integrated fault/fracture leakage risk assessment toolkit
that can be directly applied in CO2 storage projects. DETECT included a
predictive component that was model-based and rooted in experiments
and characterisation of fracture networks. The other DETECT compo
nents were a bowtie risk management framework and a compilation of
suitable leakage monitoring technologies, both of which are outside the
scope of this study. In this study, we report the validation of the modelbased component against measured leak rates on a well-characterised
natural CO2 system (Green River, Utah, USA (Allis et al., 2001, Dock
rill and Shipton, 2010, Kampman et al., 2014, Jung et al., 2014, Hood
and Patterson, 1984, Weigel, 1987, Wheatley et al., 2020, Kampman
et al., 2009, Gouveia and Friedmann, 2006, Han et al., 2013, Jung et al.,
2015, Kampman et al., 2012)). We combine laboratory, numerical
modelling and field observations to assess the rates of CO2 leakage
through geological faults. We integrate small-scale laboratory mea
surements and numerical simulations to estimate the stress-dependent
(two-phase relative) permeability of single fractures. We then combine
this with field derived observations of fracture network geometry and
connectivity to estimate the permeability of macroscopic faults. Using
site-scale numerical models, we simulate two-phase flow of CO2 and

brine through the fault systems, driven by buoyancy and regional
overpressure.
The paper is set up as follows: We provide an overview of the Green
River site in section 2, the modelling methodology in section 3 and
model results in section 4, which then leads into conclusions and rec
ommendations for assessing potential fault leakage rates from CO2
storage reservoirs in section. 5.
2. Green River site overview
The Paradox basin in the Colorado Plateau region of the United
States contains numerous natural CO2 accumulations (Allis et al., 2001)
that have been studied as analogues for CO2 storage. While most of these
natural CO2 reservoirs show no evidence for CO2 leakage, a small
number have surface leakage expressions in the form of travertine de
posits (from the geological past) and/or present-day leakage fluxes
(Dockrill and Shipton, 2010, Kampman et al., 2014). These leakage
expressions are associated with the presence of large faults. From a CO2
storage perspective, it is important to be able to understand and quantify
what attributes make these fault systems conductive, so that for CO2
storage site selection, such fault systems can be avoided. A particularly
well-studied leaky system is in the vicinity of Green River, Utah (see
(Dockrill and Shipton, 2010, Kampman et al., 2014) for an overview).
Travertines and active leakage are observed (CO2 springs and geysers,
and quantitative measurements (Jung et al., 2014)) where two
seismic-scale faults cross-cut the Green River anticline (Fig. 1(a)). This
region of the Paradox Basin comprises a number of regional aquifers
including the Jurassic Entrada, Navajo and Wingate Sandstones and
2
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Fig. 2. (a) Measured CO2 flux data in
LGWF area (location of this image is
indicated by the blue dotted outline in
Fig. 1 (a)), with surface fault traces in
blue and travertine deposits in yellow
(redrawn from Jung et al. (Jung et al.,
2014)); (b-d) Resampling of Jung et al.
flux data on regular grids of different
resolutions (note that the linear colour
scale is clipped to maximum 100
g/m2/d). The striped red outlines indi
cate the location of image (a). To set the
overall scale, black lines at 1 km spacing
are overlain; (e) Measured CO2 concen
tration in water in the CO2W55 well
(Kampman et al., 2014); (f) Measured
Cl- concentration in water in the
CO2W55 well (Kampman et al., 2014).

Permian White Rim Sandstone separated by regional aquitards, which
include marine and fluvial sediments of the Cretaceous Mancos and
Summerville Formations, Jurassic Carmel and Kayenta Formations and
Triassic Moenkopi and Chinle Formations (Fig. 1 (b)). Oil exploration
drilling along the Green River anticline has encountered accumulations
of CO2-charged brine in the Entrada and Navajo Sandstones at depths of
~ 50–340 m; CO2 gas and CO2-charged brine in the Jurassic Wingate
sandstones at depths of ~ 400–500 m; accumulations of supercritical
CO2 and CO2-charged brine in the Permian White Rim Sandstone at
depths of ~ 800–900 m; and supercritical CO2 and CO2-charged brine in
Carboniferous (Pennsylvanian and Mississippian) aged carbonate and
evaporite deposits at depths > 900 m (Kampman et al., 2014).
Although a site like this should be deselected for active CO2 storage,
it is worthwhile noting that despite the large CO2 surface leak rates (up
to about 40 kg/m2/d has been measured (Jung et al., 2014)) the leaked
CO2 does not pose a health threat, due to rapid CO2 dispersion into the
air. The area has a long history of hydrocarbon exploration, so that
subsurface data is readily available from many wells. This allows the
construction of comprehensively calibrated 3D numerical models, such
as the one that has been used for this study (Fig. 1 (c,d)).

anticline hinge a 100 m wide zone comprising two anastomosing slip
surfaces is observed (Dockrill and Shipton, 2010, Kampman et al.,
2014). The fault core comprises a cataclastic clay-rich gouge, sur
rounded by a fault damage zone, varying in thickness from a few tens of
metres to hundreds of metres and comprising mainly vertically orien
tated orthogonal and bedding sub-parallel fracture sets (Dockrill and
Shipton, 2010). In the model, the fault is represented using a simplified
geometry where displacement is concentrated on a single slip surface,
with a fractured damage zone of variable width (see sections 3.3 and 4
below). Another model inaccuracy is that in the model, the surface trace
of LGWF lies 400 m too far north in the CO2 leakage area, caused by
inaccurate well ties (to minor splays instead of main slip surface) and 3D
interpolation and extrapolation effects. This is thought to have little
influence on the model behaviour but somewhat complicates the com
parison to measured data.
Vertically, the model extends down to and including the White Rim
sandstone, where exploration wells have observed free CO2, although
the lateral extent of this accumulation is unknown and therefore treated
as a model uncertainty. Overlying the White Rim and its seal (ChinleMoenkopi), the model includes three further reservoir-seal pairs (indi
cated in yellow and grey font, respectively, in Fig. 1 (d)). In the model,
these layers’ petrophysical properties are treated as internally homo
geneous, apart from the presence of fractures in the seals (see section 3
below), with matrix properties (base case and uncertainty ranges) based
on available literature (Hood and Patterson, 1984, Weigel, 1987,
Wheatley et al., 2020). Some further information on the site-scale model
setup and boundary conditions are provided in section 3.4 below,
however, most of this paper focuses on the treatment of the fracture
zones.

2.1. Model coverage
Our geological model covers an area of 40 km EW by 25 km NS and
includes the two conductive fault zones, Little Grand Wash Fault (LGWF)
and Salt Wash Graben (SWG). The model focuses on the LGWF area
because this has been more extensively covered by surface flux sampling
(Jung et al., 2014) (see section 2.2 below). Nevertheless, the SWG area is
included in the model because the hydraulic nature of the SWG faults
(laterally baffling/sealing and vertically conductive) influences the 3D
fluid pressure distribution and associated artesian natural water fluxes
(see section 3.4 below and refs (Hood and Patterson, 1984, Kampman
et al., 2009)). These influences are not limited to the SWG area, but due
to hydraulic communication extend to the LGWF area, where they
impact the model results.
LGWF is an east-west trending normal fault 15 km in length with a
maximum vertical offset of 260 m that cross cuts the north-south
trending Green River anticline (Dockrill and Shipton, 2010). Displace
ment is accommodated on one primary slip surface, although around the

2.2. Leakage observations
This section discusses what CO2 leakage observations are available
for this site, and how these observations are used as model match criteria
for our dynamic site-scale numerical model. The setup and results of the
dynamic model are discussed in the subsequent sections. 3 and 4.
Jung et al. (Jung et al., 2014) measured CO2 soil mass flux rates in
perpendicular transects across the LGWF and SWG, at high (but vari
able) areal resolution (locally down to 9 m) and over a wide area. For
3
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Fig. 3. (a) A compilation of laboratory derived single-fracture stresspermeability relationships obtained from the literature (Bjørnara et al.,
2018, Skurtveit et al., 2020, Zhang, 2013, Houben et al., 2020, Cho et al.,
2013, Van Noort and Yarushina, 2016, van Noort and Yarushina, 2019,
Yang et al., 2019, Zhang, 2016, Davy et al., 2007) and our own work on the
Carmel Formation. The compilation encompasses a wide range of
mudrocks of varying mineralogy, consolidation and texture. (b) Single
fracture stress-permeability curves for each sample obtained by fitting the
power-law function in Eq. (1).

LGWF the coverage is very good (Fig. 2(a)). Leakage is defined as values
above background biogenic soil flux of about 10 g/m2/d and, as can be
seen in Fig. 2(a), is concentrated on surface fault segments (main fault
and splays) within a patch of approximately 200 m NS distance and 3 km
EW distance, where the fault intersects the anticline hinge. Away from
these segments, the measured flux trends towards the natural soil flux,
suggesting that outside this patch no significant flux of CO2 arises from
the subsurface. This observation is also consistent with the absence of
travertines and CO2 springs outside this area. This suggests that the
measured surface leakage fluxes can be areally integrated to estimate the
total leak rate (unit g/d or kg/s), and quantitatively compared to the
areally integrated model results. Areal integration of the field mea
surements is necessary to allow comparison with the coarser scale ob
servations arising from the numerical model. Note that the areal
integration of the field measurements results in an uncertainty range for
the estimated total leak rate, due to temporal flux variations and some
freedom in integration/interpolation algorithm settings and precise
definition of the leakage area patch where fluxes are above the back
ground biogenic fluxes. We did not attempt a detailed quantitative
comparison of the measured surface flux pattern to our model results,
given the relatively crude model representation of LGWF and its damage
zone, but we do present a qualitative comparison.
We also modelled the SWG area, however, in this area the quanti
tative approach fails because measured fluxes are dropping off only
slowly to the north of the SWG northern bounding fault and the mea
surements do not extend to the most northerly travertine deposits (see
Fig. 3 in ref. (Jung et al., 2014)). This makes the areal integration of the
measurements poorly defined. Qualitatively, our model reproduces an
extended leakage area towards the north and supports that this is caused
by the absence of the Upper Jurassic and Cretaceous seals in this area, i.
e. the outcropping of the Entrada sandstone (Jung et al., 2014). How
ever, due to the absence of a reliable matching criterion for total leak
rate, results for the SWG area are not presented in this paper.
We used the following procedure to integrate the Jung et al. (Jung

et al., 2014) data into a total leak rate:
1 Create a regular 2D grid with fixed but arbitrary resolution, over a
wide enough area to contain all flux measurements.
2 For each cell in the 2D grid:
○ Collect the set of flux measurements with XY locations within that
2D cell.
○ Average the measured fluxes over this set (arithmetic average). For
any subsets with the same XY location (temporal variations at a
fixed sampling location (Jung et al., 2014)), the time averaged flux
(arithmetic average) is computed first, before averaging with the
other locations in the 2D cell. Results of this step are presented in
Fig. 2(b-d) for three different 2D grid resolutions.
○ Integrate the averaged flux over the 2D cell area by multiplying
with the cell area. This results in a leak rate (unit g/d, or kg/s etc.)
for that 2D cell.
○ Any 2D cell without any flux measurements within it is assigned a
leak rate of zero.
3 Sum the resulting leak rates over all the cells.
The resulting integrated value (total leak rate) depends on the 2D
grid resolution. At very fine grid resolutions (below the sampling reso
lution), the resulting total leak rate is too low because of undersampling. At overly coarse grid resolutions, fluxes are assigned to a
too large leakage area resulting in an excessively high total leak rate.
Based on these considerations and the analysis of the grid size de
pendency of the results, we concluded that a 10 to 100 m (base case 50
m) resampling resolution is defendable. Moreover, we also repeated the
above procedure with a variation with respect to the handling of tem
poral variations, namely by taking the minimum or maximum value at
such a location instead of the time average. The two effects (2D grid
resolution and handling of temporal variations) combined lead to our
estimate for a total leak rate of 0.09 - 6 kg/s (3 – 200 kT/yr), with a base
case estimate of 0.6 kg/s (20 kT/yr). For an accumulation of 100 MT (see
4
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section 3.4 below), this corresponds to 0.003% – 0.2 % leakage per year,
which is a factor 3 to 200 above the often quoted 1% in 1000 years as
(from a climate change perspective) acceptable surface leak rate for CO2
storage sites (see Roberts et al. (Roberts et al., 2018) for a recent over
view of considerations and values). This excludes the contribution from
Crystal Geyser, a poorly abandoned (uncapped) exploration well dating
back to 1936 that penetrates the Navajo and Entrada Stones within the
vicinity of the intersection of the LGWF footwall and the anticline hinge
line. Gouveia and Friedman (Gouveia and Friedmann, 2006) estimated
an average leak rate of about 11 kT/yr in 2005 for Crystal Geyser,
although likely declining with time (Han et al., 2013, Jung et al., 2015).
In our modelling we also excluded Crystal Geyser (although it could be
included as part of future work), thus ignoring feedback loops with
nearby soil fluxes (Jung et al., 2014, Jung et al., 2015).
Another observation that could be matched, is the travertine de
posits, arising from degassing of CO2-rich groundwater, with a deposi
tional record dating back to more than 100,000 years (Kampman et al.,
2012). We have not included this in the modelling because deriving CO2
leak rates from the travertine record is nontrivial, and more importantly,
CO2 leak rates likely have fluctuated over this time period due to
changes in hydrological and regional stress conditions (notably due to
cycles of crustal loading and unloading (Kampman et al., 2012)). In
other words, we only attempt to match to present-day leak rates.
Finally, the research well CO2W55 drilled in 2012 (Kampman et al.,
2014) sampled formation water in the Navajo Sandstone. In particular,
the measured CO2 and Cl- concentrations (Fig. 2(e, f)) are useful model
constraints/checks because they are sensitive to the vertical fluxes of
formation water and free CO2. However, this data only provides a spot
check and experience from the oil and gas industry is that 3D models
tend to struggle to match this type of data, due to grid resolution limi
tations and (more importantly) uncertainties in local geological het
erogeneity. Therefore, we used this data more qualitatively, considering
correctness of trends in the well region rather than a precise match at the
specific location.

fractures – Section 3.2) to meso-scale (fracture networks in a single seal –
Section 3.3) to large-scale, i.e. site-scale (fault zones, multiple
reservoir-seal pairs – Section 3.4). As a key driver for leakage potential,
we consider hydromechanical coupling between fracture aperture,
which controls fracture permeability, phase relative permeabilities and
capillary pressures, as well as pore pressure, which influences effective
stress.
CO2-induced mineral dissolution/precipitation reactions provide a
potential additional mechanism for fracture aperture changes. As the
presence of travertines in Green River demonstrates, mineral precipi
tation does occur, at least at very shallow depths where CO2-saturated
brine degasses, although the present-day flux measurements clearly
demonstrate that this has not led to permanent plugging of all leakage
pathways. A preliminary numerical investigation of mineral dissolution/
precipitation reactions at the single-fracture scale resulted in a complex,
highly scale-dependent interplay between precipitation, water flow and
gas flow. Unfortunately, we were not able to find a formulation of these
dependencies that was suitable for implementation in the meso-scale
and site-scale models. Consequently, mineral dissolution/precipitation
processes have not been included in the models presented in this paper.
However, as mentioned earlier, present-day observations demonstrate
that there is no permanent plugging of the leakage pathways, which
presumably is due to large fracture apertures at shallow depth (low
confining stress). We therefore assume that this model limitation has
only limited impact on the model predictions.
3.2. Single-fracture scale
3.2.1. Stress-permeability relationships
Rock fracture permeability is sensitive to fracture properties
including roughness and degree of mating of the two fracture halfplanes, and the effective stress state (i.e., the total stress arising from
loading, minus the pore pressure) (Phillips et al., 2020). To parameterise
the meso and site-scale modeling conducted in this study, an empirical
single fracture permeability-effective stress model has been derived
using a compilation of published laboratory data for mudrocks
(Bjørnara et al., 2018, Skurtveit et al., 2020, Zhang, 2013, Houben et al.,
2020, Cho et al., 2013, Van Noort and Yarushina, 2016, van Noort and
Yarushina, 2019, Yang et al., 2019, Zhang, 2016, Davy et al., 2007). This
compilation only considers permeability measurements where gas has
been used as the working fluid, to minimise the risk that any perme
ability changes are influenced by clay swelling. It should be noted that
only normal closure and opening of fractures is considered in our
compilation (Fig. 3(a)), which does not include experiments involving
shear displacement. Literature data presented in Fig. 3 (a) is supple
mented with our own measurements (samples and method are discussed
in (Phillips et al., 2020)) on samples of naturally fractured mudrock
from the Carmel Formation, collected from well CO2W55 (Kampman
et al., 2014). Single fracture permeability (kf ; unit m2 ) can be related to
the ‘unstressed’ (or rather, low-stress – see below) fracture aperture (bi ;
unit m), effective stress (σ ; unit MPa) and fracture compressibility (γ;
unitless) by combining a power law model for stress-aperture relation
ship with the cubic law (Zou et al., 2013), such that:

3. Methodology
The Green River site has been modelled previously by Jung et al.
(Jung et al., 2015) with the objective to obtain a match to the measured
soil flux data. Our approach attempts to improve on this study in two
ways:
• Calculation of the fault zone conductivities from ‘first principles’
(described in the next subsections) and using the flux observations as
validation criterion, instead of introducing a fault permeability
variable that is regressed to the flux data. Our approach, if successful,
provides a framework that can be used in predictive mode for CO2
storage site applications.
• A 3D instead of 2D modelling framework. A 2D framework,
orthogonal to the faults, like in Jung et al. (Jung et al., 2015) is not
well suited to capture the enhanced CO2 dissolution arising from
hydrologically driven formation water flow predominantly hori
zontally along the baffling/sealing fault plane.

2

kf =

3.1. Physical fracture transport related processes considered

(bi (σ /σ0 )− γ )
12

(1)

with σ0 being a low effective stress reference condition, for which we
choose a value of 1MPa. For σ = σ0 , i.e. σ = 1MPAa, the fracture
aperture bi (σ /σ0 )− y equals the ‘unstressed’ fracture aperture bi .
The core permeability (kc ; unit m2 ), and fracture permeability are
related via arithmetic averaging with the background matrix perme
ability (km ; unit m2 ), weighted with the fracture area and core area
(Phillips et al., 2020), resulting in a geometric factor that depends on the
core diameter (d; unit m):

In mudrocks, a fault usually consists of a narrow fault core (where
most of the displacement occurs), with or without either a gouge or fault
breccia, surrounded by a wider fault damage zone consisting of fractures
with small or no displacement, potentially forming a connected fracture
network that can act as a vertical flow conduit through the mudrock
(Lee and Kim, 2005). Shear displacement, ductile deformation, and
gouge formation lead to fault cores in mudrocks that typically have
permeabilities comparable to, or less than, the surrounding host rock
(Scibek, 2020). We used a multiscale approach from fine-scale (single
5
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Fig. 4. (a) The dependence of fracture compressibility , obtained by fitting Eq. (1), as a function of rock stiffness in various mudrock formations. (b) The dependence
of unstressed aperture , obtained by fitting Eq. (1), as a function of rock stiffness in various mudrock formations.

Fig. 5. Single fracture permeability predicted by the empirical model as a function of bulk rock stiffness.

kc = km +

4

πd

(bi (σ /σ)− γ )kf

(2)

The initial unstressed aperture and fracture compressibility are a
complex function of fracture surface properties and bulk rock mechan
ical properties. The data in Fig. 3 (a) exhibits wide variability, both for
the unstressed permeability and the stress dependency. Fitting Eqs. (1,2)
to the laboratory stress-permeability data yields estimates of these pa
rameters for each rock sample (Fig. 3 (b)). By combining this fitted data
with a compilation of Young’s moduli (E) data for the host formations,
we have derived an empirical model that relates the average unstressed
aperture and fracture compressibility to average bulk rock stiffness for
each lithology using exponential functions (Fig. 4). We found a corre
lation with elasticity (Young’s modulus E) of the host rock, which is not
surprising given that natural fracture surfaces exhibit roughness (Phil
lips et al., 2020) which prevents ideal closure, with stress accumulating
around contact points between the two fracture half-surfaces. This
elasticity dependency led to the development of an empirical model
(Fig. 5) that can feed directly into the meso-scale (and site-scale) models,
yielding different relations for the various seals, due to differences in
their (log-derived) static Young’s Modulus (O’Rourke et al., 1986) (E =
12.5 - 25.1 GPa for Carmel and shallower, E = 3.7 - 20.5 GPa for Kayenta
and E = 5.5 - 20.5 GPa for Chinle-Moenkopi).

Fig. 6. Fracture aperture maps of the numerically generated self-affine frac
tures used in the relative permeability simulations. The fracture surface do
mains are 1x1cm.

3.2.2. CO2-brine relative permeability
Fine-scale numerical simulations with explicit fracture roughness
representation were set up to compute fracture capillary pressure and
relative permeability curves as functions of controlling parameters
(fracture roughness, fracture aperture and fluid pressure gradient). The
relative permeability of CO2 and brine in rough rock fractures is an
important parameter governing the leakage of CO2 through fractured

reservoir seals. Phase interference arising from the trapping of the
wetting phase (brine) in small fracture apertures creates tortuous flow
paths that retards migration of the non-wetting (CO2) phase, reducing
fracture effective permeability, especially at intermediate saturations.
A simulation study has been performed to examine the capillary
6
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Table 1
The input parameters and resulting surface properties of the self-affine rough fracture surfaces generated using Synfrac with a range of joint roughness coefficient (JRC)
and fractal dimensions (‘Hurst Coefficient’). Other parameters are inputs used in the numerical routine employed by Synfrac.
Run

Grid Size Seed
1

Seed 1

Seed 2

Rand.
Num

Method

RF1

pixels
256x256

15101982

12111984

L’Ecuyer

15101982

21111984

L’Ecuyer

256x256

15101982

21111984

L’Ecuyer

RF4

256x256

15101982

21111984

L’Ecuyer

RF5

256x256

15101982

21111984

L’Ecuyer

RF6

256x256

15101982

21111984

L’Ecuyer

RF7

256x256

15101982

21111984

L’Ecuyer

RF8

256x256

15101982

21111984

L’Ecuyer

RF9

256x256

15101982

21111984

L’Ecuyer

Glover et
al
Glover et
al
Glover et
al
Glover et
al
Glover et
al
Glover et
al
Glover et
al
Glover et
al
Glover et
al

RF2

256x256

RF3

Size

Mismatch
lngth

Stnd
Dev

Aniso

Frac.
Dim.

Match.
Frac

JRC

Hurst
Coeff

mm
10

mm
0.1

mm
0.1

1

1.2

0.99

3.2

0.34

10

0.1

0.1

1

1.4

0.99

3.9

0.4

10

0.1

0.1

1

1.4

0.99

4.8

0.49

10

0.1

0.1

1

1.8

0.99

6.5

0.59

10

0.1

0.1

1

2

0.99

9.5

0.67

10

0.1

0.1

1

2.2

0.99

14.4

0.68

10

0.1

0.1

1

2.4

0.99

20.9

0.58

10

0.1

0.1

1

2.6

0.99

28.2

0.43

10

0.1

0.1

1

2.8

0.99

35.0

0.25

Fig. 7. Summary illustration of the single-fracture
permeability and relative permeability simulations,
following the approach in (Wang et al., 2015). The 2D
fracture plane (with XZ orientation) is discretised and
for each discretised cell the distance bi,j between the
fracture half planes, in Y direction, is calculated from
the aperture map. Using a geometrical analysis
including the neighbouring cells, the aperture bi,j,eff
perpendicular to the local fracture orientation is deter
mined, which is used in the cubic law to calculate the
cell permeability. bi,j,eff is also used in the Laplace
equation to calculate the cell capillary entry pressure.

Fig. 8. Example of the generated drainage relative permeability curves on normal (a) and log scales (b). This is the roughness case RF7 and shows the systematic
response of relative permeability as a function of capillary number (symbol colour represents capillary number).

pressure behaviour of self-affine rough rock fractures under drainage
conditions (displacement of a wetting phase (brine) by a non-wetting
phase (CO2)). A suite of fracture surfaces, with varying fracture rough
ness, have been generated numerically using the open-source code
Synfrac (Ogilvie et al., 2006) (Fig. 6; Table. 1). The fracture surface
domains are 1x1cm and the mean fracture apertures range from a few
microns to 100’s microns. Multiphase numerical fluid flow simulations
using the Darcy flow simulator MoReS (Regtien et al., 1995) have been
constructed to examine the two-phase CO2-brine flows and to build
relative permeability curves as a function of the controlling variables.
The fracture surfaces are discretized into 256x256 arrays (Fig. 6). In the
simulation, the intrinsic permeability of the fracture aperture at the local

(gridblock) scale is computed using a modified form of the local cubic
law that accounts for out-of-plane tortuosity (Wang et al., 2015) (Fig. 7).
Saturation functions at the local (gridblock) scale are assigned using
x-type relative permeability curves (i.e., Kr,w = Sw and Kr,nw = 1-Sw) and
the Laplace equation is used to compute local aperture controlled
capillary entry pressures, such that the capillary entry pressure (Pe ) is:
Pe

2γcosθ
b

where b is the aperture and γ and θ are the interfacial tension and contact
angle, respectively. In this way, the relative permeability response of the
surface is an emergent property controlled by the aperture size distri
7
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Fig. 9. Relative permeability curves for CO2-brine in the different self-affine rough fracture cases. This shows the systematic response of relative permeability as a
function of capillary number for each roughness case, and increasing flow competition between the phases (increasing suppression of relative permeabilities at
intermediate saturations) with increasing roughness. X and Y scales are the same as those in Fig. 8.

saturations, and relative permeability curves that deviate strongly from
linearity. As the capillary number (pressure drop) increases, viscous
forces begin to dominate and the non-wetting CO2 is able to invade an
increasing proportion of the fracture apertures. The consequence is a
reduction in the phase interference and relative permeability curves that
approach linearity (and unity end points). The dependence of the rela
tive permeability response on fracture roughness was investigated. As
fracture roughness decreases the fracture surfaces begin to behave more
and more like parallel plates, with decreasing amounts of residual water
trapping and more linear relative permeability response (Fig. 9).
Capillary pressure curves were also extracted from the drainage
simulations (example in Fig. 10). They have a weak dependence on
water saturation and capillary number, and in absolute terms are small
(kPa range, which can be easily overcome by a CO2-brine gravitational
pressure head).
Using the results of these simulations, fracture roughness, fracture
aperture and fluid pressure gradient dependent relatively permeability
and capillary pressure curves were incorporated into the meso- and sitescale models.

Fig. 10. Example of the generated drainage capillary pressure curves (rough
ness case RF5).

bution and the correlation length-scale of the aperture field. Fluid
properties have been estimated using laboratory derived fluid property
models (Arif et al., 2016, Siddiqui et al., 2018).
Drainage simulations were performed at various fluid pressure gra
dients and show that the relative permeability behaviour of the surface
depends strongly on the capillary number (Fig. 8). At small capillary
numbers (low pressure drop), capillary forces dominate over viscous
forces and CO2 (the non-wetting phase) is not able to invade the small
apertures. This results in the trapping of large portions of irreducible
water, around which the CO2 must flow, reducing the intrinsic perme
ability to CO2. The consequence is suppressed relative permeabilities at
intermediate saturations and high critical gas and irreducible water

3.3. Fracture-network scale
The effective fault zone permeability not only depends on the
permeability of a single fracture but also on fracture network attributes
(number of fractures, fracture orientation and fracture connectivity).
For CO2 storage formation candidates, typically only limited data will be
available. We then rely on scaling relations that are driven by fault offset
to evaluate fairly wide uncertainty ranges for fault damage zone width,
8
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Fig. 11. (a) Exposure of part of the
Entrada Fm. in the northern footwall of
SWG (photo location about 7 km SSE of
Crystal Geyser) with the fault-related
fractures mapped from the digital
image. Lower portion is bleached due to
exposure to CO2; (b) Fracture count as a
function of measured depth (MD), for
mation type and structural domain (FDZ
= Fault Damage Zone, FC = Fault Core)
obtained from core interpretation of the
CO255W drill-hole intersecting a splay
of the LGW fault. Left panel is zoomed in
to a fracture count scale of 0-10, middle
panel has the full scale (0-100 fractures);
(c) 3D view of a 3D Discrete Fracture
Network model realisation, the LGW
fault surfaces (black), fault-related frac
tures (small greenish planes, around the
LGW fault) and background fractures
(purple and grey planes).

fracture density and fracture connectivity. In contrast, the Green River
site is relatively data-rich at least for the shallowest, outcropping for
mations (example in Fig. 11(a)). The fracture patterns were mapped
through a combination of CO2W55 core data (Fig. 11(b)) and drone
images and conventional fieldwork, i.e. measuring fractures by hand.
Measured fracture attributes include orientation, length, spacing,
abutment relations and proximity to the main fault traces. Based on
these attributes, fractures were grouped into several fracture sets,
namely two sets of relatively sparse background fractures, clustered
around NNW-SSE orientation and E-W orientation, and fault-related
fracture sets, preferentially aligned with local fault traces. The back
ground sets are characterised by an orthogonal system of relatively large
fractures with consistent orientations that are not affected by proximity
to the fault traces. In addition, a distinction was made between bedconfined fractures and through-going fractures (through entire seal).
All deterministic fracture observations were georeferenced and

loaded into 3-D fracture visualisation and modelling software SVS as
calibration points (Bazalgette et al., December 2008). The fracture
spacing and orientation measurements from core were imported as
fracture well logs whereas outcrop observations were imported as
deterministic fracture and fault traces. For each fracture set, statistical
distributions for length, orientation, spacing and abutment relations
were derived from the outcrop and core data and used to generate sto
chastic realisations of the background and fault-related fracture fam
ilies. The intensity and orientation distributions of fault-related fracture
sets were controlled by the main fault plane geometries, with fracture
intensity decreasing exponentially in the direction normal to the fault
plane and fracture orientation sub-parallel to the nearby fault orienta
tion. The lateral extent of the fault-related fracture system is constrained
by outcrop observations of the fault damage zone dimensions. Fractures
were grown sequentially in a large number of iterations to honour the
observed abutment relations, thereby ensuring that the network

Fig. 12. Fluid pressure distributions computed by MRST on a discrete fracture network model subset (2D map views, x-axis and y-axis in m). (a) With fluid flow in
horizontal direction (pressure boundary conditions on left-hand side and right-hand side of model); (b). With fluid flow in the vertical direction (pressure boundary
conditions on top and bottom of model). Using a normalized inlet pressure of 1 (in some arbitrary unit).
9
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The site-scale model implements the simplified relation, rather than
taking the MRST model results as input. This approximation removes
much complexity from the modelling workflow and provide more flex
ibility to investigate parameter sensitivities in the site-scale model.
Based on the integrated data analysis, the parameter ranges are: (i) fault
damage zone width 20 – 400 m, base case 60 m (cf. correlations mid-case
value 140 m); (ii) through-going fault-related fracture spacing 1 – 10 m
(base case 2.5 m) (cf. correlations mid-case value 3 m); and (iii) throughgoing background fracture spacing 50 – 200 m (base case 100 m). These
ranges are assumed to hold for all seals (but with variable single-fracture
permeability due to variations in Young’s modulus and depth, see sec
tion 3.2).
Multi-phase flow simulations for upscaling of relative permeability
and capillary pressure purposes were also carried out on the 3D fracture
networks in MRST. In the vertical flow direction, this had little impact
on the effective relative permeability and capillary pressure curves. The
reason is the simple fracture geometry in the vertical direction (no
percolation effects). Therefore, the site-scale model uses the singlefracture relative permeability and capillary pressure tables.

connectivity of the resulting 3-D Discrete Fracture Network (DFN)
matched the outcrop observations. ‘Pseudo-wells’ were placed in the
model DFN at the locations where deterministic fracture measurements
from outcrops were available as calibration points where the modelled
fracture attributes could be compared to the measured attributes. Out of
multiple realisations, the model best matching the calibration data was
selected as base model. In addition, two end member models were
generated with the highest and lowest observed values for fracture in
tensity, orientation scatter and length for a limited uncertainty analysis.
The resulting DFNs were exported as collections of discrete surfaces for
explicit modelling of stress-dependent fluid flow.
Shoebox models containing subsets of the 3D fracture network
realisations, together with the background matrix material (treated as
elastic medium), have been simulated in MATLAB Reservoir Simulation
Toolbox (MRST) using a simplified, efficient, contact mechanics scheme
(March et al., 2020) and single-phase flow. Each model was simulated
many times, changing the stress boundary conditions between runs. The
three principal stress directions were varied independently, to cover a
wide range of potential regional stress settings and depths. For each
case, effective permeability in each of the three principal flow directions
was computed by setting appropriate pressure/flow boundary condi
tions on the model (for example, to compute the effective permeability
in the vertical direction, pressure boundary conditions were applied on
the top and bottom boundary, and no-flow boundary conditions on the
lateral boundaries). The MRST simulation dynamically computes the
model interior stress distributions, fluid pressures and fluid fluxes. In
this process, it computes normal effective stresses on each of the indi
vidual fracture planes, and from this evaluates a local fracture perme
ability (using the single-fracture empirical model).
The MRST results showed that fracture network connectivity is a
primary control on the horizontal effective permeabilities. This can be
seen from the irregular pressure distribution for fluid flow in the hori
zontal direction (Fig. 12 (a)). However, for fluid flow in the vertical
direction, the pressure field is very regular, with a linear pressure dis
tribution on each through-going fracture (Fig. 12 (b)). The reason is that
the vertical hydraulic conductivity is almost solely carried by throughgoing fractures, acting as a series of parallel conductors, with almost
no contribution from bed-confined fractures due to their low connec
tivity to vertical flow pathways. This observation supports a decrease in
complexity for the parameterisation of the fracture network vertical
permeability. This is explained in the remaining paragraphs of this
section. It should also be noted that the precise treatment of effective
horizontal permeabilities of the fracture network has little impact on the
site-scale model results, as the leakage direction in the seals is vertical.
Due to the simple vertical pressure/flow behaviour emerging from
the MRST model, the effective vertical transmissibility (i.e., effective
vertical permeability, multiplied by the area of the top (or bottom) plane
of the model) is approximately equal to the sum (over the through-going
fractures) of the single-fracture transmissibilities. Moreover, each
single-fracture transmissibility equals the fracture permeability times
the fracture length times the fracture aperture. After some reordering of
terms, this implies that the effective vertical permeability can be
approximated by a highly simplified relation, namely the product of
single-fracture permeability, fracture aperture and linear density of
through-going fractures.
We verified that the simplified relation yields reasonable results by
comparing the prediction from the simplified relation to the MRST re
sults. This comparison is favourable, with deviations being much smaller
than the variation arising from 3D fracture network input parameters
such as fracture densities. The deviations mainly arise from the fact that
the normal stress acting on a single fracture varies from fracture to
fracture, causing (for given stress boundary conditions) variations in the
individual fracture permeability and aperture. However, this effect is
benign for two reasons: limited variation in the fault-related fracture
orientations, and limited sensitivity of the single-fracture permeability
to stress, at the stress states of interest.

3.4. Site scale
The site-scale model was upscaled (and near the faults downscaled)
from the Petrel model, covering the same 3D region as described above.
To better understand the CO2 transport and dissolution characteristics,
we first performed detailed 2D numerical modelling on geometrically
simplified fracture networks, in combination with semi-analytical
analysis based on the work of Gilmore et al. (Gilmore et al., 2020).
The modelling revealed that despite the narrow fracture apertures,
relatively coarse grids (lateral grid resolution up to fault damage zone
width, and vertically two or three grid layers per formation), with a
suitable porosity upscaling methodology in the damage zones, yield
reasonably accurate results for leakage rates. Fundamentally, this is due
to the ‘softening’ effect of CO2 diffusion into the brine in the host rock
surrounding the fractures, which can delay free gas CO2 travel times in
the fractures by orders of magnitude (Gilmore et al., 2020). The upscaled
porosity assigned to the damage zone is equal to the background matrix
porosity (of the seal), multiplied by the CO2 solubility in brine
(approximately 0.05 kg/kg at Carmel pressure and temperature condi
tions) and by the water density (approximately 1000kg/m3), and
divided by the pure CO2 density (approximately 100kg/m3 at Carmel
pressure and temperature conditions) and by the residual gas saturation
in the fractures (approximately 0.7 for typical fracture relative perme
ability curves). This ensures that the fracture damage zone has
approximately the correct CO2 storage capacity at CO2 top seal break
through time, under the assumption that CO2 top seal breakthrough time
is large enough for the CO2 to diffuse into the water phase over the
distance of half the fracture spacing. The upscaled permeability assigned
to the damage zone is calculated using the simplified relation discussed
in section 3.3, and the relative permeability and capillary pressure
curves assigned are that of the fracture. This upscaling approach was
validated against high-resolution 2D simulations (with grid resolution
well below the fracture spacing, so that the diffusion process is explicitly
modelled) and the analytical results in ref. (Gilmore et al., 2020).
Shell’s in-house simulator, MoReS (Regtien et al., 1995), was used
for its advanced scripting language flexibility. For every fractured cell in
the seals at every timestep, a script updates the effective stress based on
background stress and pore pressure, and computes the fluid pressure
gradients. From these, the fracture permeabilities, relative permeability
curves and capillary pressure curves are re-evaluated. The background
stress is computed during initialisation, based on available regional
stress data. This introduces an interpolator (uncertainty parameter)
between an extensional and strike-slip setting, as both are possible given
the available stress data.
The model utilises Peng Robinson Equation of State for CO2, yielding
reasonably accurate CO2 phase properties as functions of temperature
10
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atmospheric pressure is imposed. After initialisation, the pressure is
fixed on all model boundaries, and the model re-adjusts the pressure
field internally by solving the pressure and flow equations. This leads to
local deviations in the regional hydrostatic flow direction, notably a
strong tendency of along-fault flow due to their sealing/baffling nature.
The model is initialised with a CO2 gas cap in the White Rim in the
anticlinal structure (3-way dip closure) juxtaposed to the LGWF, with,
based on shale gouge ratio (SGR) analysis (Dockrill and Shipton, 2010),
the LGWF assumed to be fully sealing laterally except where the White
Rim is juxtaposed to itself. This leads to a maximum gas cap size
determined by the self-juxtaposition spill-point, stretching about 7 km
EW along LGWF and holding about 100 MT of CO2. This fill to spill case
would correspond to a larger CO2 influx rate from deeper formations
than outflow rate to shallower formations. The minimum gas cap size is
close to zero. This case would correspond to much faster potential
outflow to shallower formations than inflow from deeper formations. To
simplify the model analysis, we assume that over the duration of the
simulation, the White Rim gas cap size is stable. To this end, CO2 is
injected into the White Rim gas cap to compensate for CO2 leakage to
shallower formations. The LGWF is assumed to be fully sealing also in
shallower reservoirs, except at self-juxtapositions where based on the
SGR analysis a wide seal factor uncertainty range of 10-4 to 1 is used.
Measured, reconciled shallow groundwater composition (0.0037 molal
Cl-, 0.037 molal alkalinity, pH 8.16) is assigned to the shallow forma
tions down to and including Kayenta. Furthermore, measured, recon
ciled White Rim formation water composition (0.46 molal Cl-, 0.09
molal alkalinity, pH 7.90) is assigned to the deeper formations. During
simulation, these waters mix dynamically due to the pressure gradients
and CO2 leakage.

Fig. 13. Total LGWF CO2 surface leak rate (log scale) as a function of time, for
base case settings and sensitivity runs (black curve corresponds to the base case
run). The integrated soil flux measurement range is indicated by the dark green
bar on the right-hand side.

and pressure. CO2 solubility in brine is also incorporated, as this is
essential for this study, using a fugacity-based approach (Snippe and
Wei, 2014). This scheme also allows modelling of full water composition
and speciation (including pH calculation), but mineral dis
solution/precipitation reactions are not included for reasons discussed
in section 3.1 above. Based on regional well data, the vertical temper
ature gradient is 0.018 - 0.025 ◦ C/m, with an offset (average yearly
near-surface ground temperature) of 13-17 ◦ C. The model is run in
isothermal mode (i.e., static temperature gradient). To check that this is
a valid approach, a full thermal model was also built that reproduced the
strong thermal effects observed in idealised geometries with extremely
high leakage rates (Pruess, 2004, Pruess, 2005). However, at the leakage
rates observed at Green River, these effects reduce to less than 1◦ C even
after 10,000 years.
Initial pressure conditions are taken from regional hydrological data
interpretations (Hood and Patterson, 1984, Kampman et al., 2009). Due
to the artesian setting, this results in both an areal (NW-SE trending) and
a vertical (above hydrostatic) hydrodynamic pressure gradient. These
gradients are assumed to be the same in all formations, however, un
certainty ranges are introduced on both the areal and vertical gradient
(0.025 - 0.04 bar/km and 0% - 12% above hydrostatic, respectively) as
well as on the orientation of the areal gradient (105◦ - 155◦
counter-clockwise with respect to Easting). At ground surface level,

4. Results and discussion
Fig. 13 presents the total LGWF CO2 mass rate at surface obtained
from the model for a range of realisations. These involve the base case
realisations, with all parameters at base-case values as well as sensitiv
ities around that, varying one parameter at a time. Although on average
the results are somewhat below the integrated measurement range dis
cussed in section 2.2, nearly half of the sensitivity realisations are within
this range. Some realisations do not result in CO2 surface breakthrough
within the 10,000-year simulation period, however, the ones within
measurement range have stabilised CO2 surface leak rates after 10,000
years. Most realisations show some high-frequency and/or lowfrequency undulations (dynamic valving), although probably the level
of valving is underestimated due to the relative coarseness of the model.
Parameters that block CO2 surface breakthrough (within 10,000 years)
are low-case unstressed aperture (parameter in the single-fracture
empirical model), low-case (i.e., ductile) Chinle-Moenkopi Young’s

Fig. 14. (a) Measured soil fluxes (Roberts et al., 2018), resampled on the simulation grid. The red striped box indicates the image area of Fig. 2(a). The resampled
fluxes extend somewhat beyond this box due to the relatively coarse simulation grid resolution; (b) Simulated CO2 fluxes at surface at end of simulation (10,000
year), with the LGWF surface trace in the model indicated in grey (as discussed in section 2.1, this is shifted approx. 400 m to the north with respect to the true
surface trace of the main LGWF slip surface). The red striped box indicating the image area of Fig. 2(a)
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Fig. 15. Gas saturation: (a) cross section on striped line indicated in (b), (b) map view, top Navajo; CO2 mass fraction in water: (c) cross section,(d) map view, base
Navajo; Cl- molality in water: (e) cross section; (f) map view, base Navajo. The location of the map views (b, d, f) are indicated in Fig. 1 (a) as the dotted yellow box.

modulus, low-case fracture density in the LGWF damage zone, and lowcase gas cap in the White Rim. It is expected that for at least some of
these cases, CO2 breakthrough to surface will never occur (i.e., not even
beyond 10,000 years) because of dissolution of leaked CO2 in the in
termediate reservoirs (Navajo and Entrada), a mechanism that is further
discussed below. Parameters that promote early breakthrough of CO2 to
surface, in order of decreasing importance, are high-case LGWF damage

zone width, high-case fracture density in the LGWF damage zone, highcase unstressed aperture, high-case (i.e., brittle) Chinle-Moenkopi
Young’s modulus, strike-slip stress setting, and high vertical pressure
gradient case.
An uncertainty management framework was used to identify
parameter combinations with best matches to present-day leakage rate,
and any associated clustering behaviour. Only a single cluster was
12
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Fig. 16. (a) Total LGWF CO2 leak rate through Chinle-Moenkopi (orange curve) and at surface (brown curve); (b) Model synthetic logs for CO2 molality in water
(solid orange curve), pH (dashed black curve) and Cl- molality (dotted blue curve), compared to measured data (symbols in matching colour). The model synthetic
log for gas saturation (dashed green curve) is also included. Model stratigraphy indicated at the top.

found. Posteriori average values and standard deviations can be sum
marised as: White Rim gas water contact is 53±37 m above spill-point,
leaving approximately 167 m gas column with 6 km EW dimension; 7±2
% vertical overpressure; 0.51±0.17 m-1 fault-related fracture density;
0.007±0.004 m-1 background fracture density; 210±80 m fault damage
zone width; fault seal factor of 10-2.0±0.8; Young’s modulus of 10.4±2.7
GPa and 17.1±1.6 GPa for the Kayenta and Chinle-Moenkopi Forma
tions, respectively. The Carmel value was fixed to 18.8 GPa because of
only low sensitivity to this parameter.
Fig. 14(a) presents the measured surface CO2 mass fluxes and Fig. 14
(b) presents the modelled fluxes of the best-match model. Fig. 14(a) was
obtained by resampling the measured data (Fig. 2(a)) using the same
procedure as described in section 2.2, but now applied to the top of the
simulation grid rather than (as in Fig. 2(b-d)) to a regular 2D grid. This
allows for a more straightforward visual comparison of the modelled
leakage pattern against the measured pattern. The size and shape of the

model leakage area resembles the measured leakage area reasonably
well. In the EW direction, the dimension is nearly the same (approxi
mately 3 km) which is nontrivial given that the White Rim gas cap is 6
km in EW direction for this matched case. In the NS direction, the area in
the model is somewhat too narrow and shifted to the north. This is
simply because of the inaccurate representation of the LGWF surface
trace in the model (see section 2.1 above). It should be stressed that in
both the model and the measurements, surface leakage is nearly
completely limited to the footwall (north of the fault). In the model, this
is because the White Rim gas cap is in the footwall, together with the
nearly fully sealing nature of the fault core for flow in the perpendicular
direction.
Fig. 15 presents cross-sections perpendicular to the fault in the
leakage area, for gas saturation, CO2 concentration in water, and chlo
ride concentration in water. It also shows map views in the Navajo
sandstone. The model shows gas caps of gradually reducing size in the
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White Rim, Wingate and Navajo Formations, and absence of free gas in
the Entrada Formation, where CO2 transport is limited to dissolved CO2
in the water phase. At very shallow depths (the ’Cretaceous’ model
layer) CO2 degasses from the water. This model behaviour conforms well
to earlier data-derived conceptual models (Kampman et al., 2014), the
main difference being that our model realisation produces some free gas
in the Navajo, while this has not been observed. As is clear from the
Chloride signal, the model also reproduces, at least qualitatively,
increasing salinity with depth near LGWF (Kampman et al., 2014).
The smaller gas cap sizes at shallower reservoirs are caused by CO2
dissolution in water. The artesian water flow enhances this dissolution,
as best seen in map view (Fig. 15(d)). According to this matched real
isation, this results in approximately 50% reduced surface leakage rate
compared to the leakage rate across the White Rim primary caprock
(Chinle-Moenkopi), Fig. 16(a). At Chinle-Moenkopi level the leakage
rate quickly stabilises. Surface CO2 breakthrough occurs after about
1000 years, and the surface leakage rate has stabilised (besides some
high frequency valving) after 4000 years. Approximately half of the
leaked CO2 from the White Rim dissolves in the three secondary reser
voir layers, a process that reaches semi-steady state due to the natural
artesian water flow.
Fig. 16(b) presents the model comparison to the CO2W55 measured
water compositions. The match is far from perfect. This is partly due to
the shift in the LGWF trace near-surface (reducing the distance to the
CO2W55 well in the model) and partly due to inaccurate well ties to the
stratigraphy (model stratigraphy is indicated in Fig. 16(b)). However,
the mismatches mostly reflect that the model is relatively coarse, using
average properties per layer and a simplified description of the internal
fault structure and fracture distributions. This was already anticipated in
section 2.2. As illustrated in Fig. 15, model results do match the general
trends for CO2 and Cl- concentration in water in the vicinity of the fault.
But at the specific location of CO2W55 in the model, the CO2 concen
tration is overpredicted (and therefore pH is underpredicted), due to
formation of some free gas at top Navajo. Note that in the Entrada,
where no free gas is present, the model has increasing CO2 molality with
depth. The Cl- concentration is underpredicted but aligns with the
CO2W55 measurements closer to the fault. The latter mismatch likely
also reflects that the simulated time was 10,000 years, ignoring chang
ing hydrological and CO2 influx conditions in the 100,000-year time
frame. In the model, the free CO2 gas flow suppresses upward brine flow,
with more extensive water mixing occurring horizontally away from the
CO2 gas cap in the White Rim.

000 year timescale.
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