View metadata, citation and similar papers at ggre ac Uk brought to you by ;i CORE
provided by Ghent University Academic Bibliography

&
g
g
9

¢
o r),ma)s)“a‘)

15th International Conference on Greenhouse Gas Control Technologies, GHGT-15

15 18" March 2021 Abu Dhabi, UAE

Modelling of long-term along-fault flow of CO; from a natural
reservoir

Jeroen Snippe* ,Niko Kampman? Kevin Bisdom? Tim Tambach? Rafael March®,Christine
Maier®, Tomos Phillips®,Nathaniel Forbes Inskip®,Florian Doster®, Andreas Busch®

aShell Global Solutions International B.V., Grasweg 31, 1031 HW Amsterdam, The Netherlands
PInstitute of GeoEnergy Engineering, Heriot-Watt University, The Lyell Centre, Edinburgh, UK

Abstract

Geological sequestration 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 low-permeability 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 fracture systems through the
caprock. These defects need to be de-risked during site selection and characterisation.

A European ACT-sponsored research consortium, DETECT, developed an integrated characterisation 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-sensitive permeabilities; single-fracture modelling for stress-sensitive
relative permeabilities 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.

We focus the paper on the application of the workflow to the Green River Site in Utah. This is a rare case of leakage from a natural
CO:z reservoir, where CO: (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 measurements 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
a-priori uncertainty ranges for model input parameters.

Keywords: CO2 storage; fault; fracture; leakage; model; stress; mineralisation; Green River

1. Introduction

From operational experience in the oil and gas industry, it is known that fault zones in caprocks may be conductive
to fluid flow, depending on the internal geometry and subsequent connectivity of the fault/fracture damage zone and
the local stress conditions. The controls on the leakage potential are only partially understood. Therefore, one approach
during site selection is to avoid faulted areas altogether. Especially for CO, storage in saline aquifers, where the
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absence of defects has not been demonstrated by the presence of oil or gas accumulations, operators currently tend to
take this approach. However, this approach severely limits large-scale storage capacity in many storage basins even
though many fault/fracture systems are not 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 CO; 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). Appropriate
monitoring and mitigation plans must also be developed to allow timely reaction in the unlikely but possible case that
higher than expected leakage rates would occur during injection operations. The development of such capabilities is
the objective of the European ACT-sponsored DETECT project (Fig. 1) which ran from 2017 to December 2020.

Within DETECT, the predictive component is model based, rooted in experiments and characterisation of fracture
networks. In this paper, we report the validation of this workflow against measured leak rates on a well-characterized
natural CO; system (Green River, Utah, USA). As part of the DETECT project, the workflow was also applied to a
CO; storage case study of interest (Captain Fairway, North Sea). This application is not covered in this paper and will
be published separately.

The paper is set up as follows: section 2 provides an overview of the Green River site, section 3 describes the
DETECT modelling methodology, section 4 presents model results, leading into conclusions and recommendations
(section 5). Due to length recommendations for GHGT-15 papers, the material is condensed. Technical details of the
various experimental and modelling elements have been or will be provided in other publications.
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Fig. 1. DETECT overview (www.act-ccs.eu/detect).

2. Green River site overview

The Paradox basin in the Colorado Plateau region of the United States contains numerous natural CO;
accumulations [1] that have been studied as analogues for CO, storage. While most of these natural CO; reservoirs
show no evidence for CO, leakage, a small number have surface leakage expressions in the form of travertine deposits
(from the geological past) and/or present-day leakage fluxes [2,3]. These leakage expressions are associated with the
presence of large faults. From a CO, storage perspective, it is important to be able to understand and quantify what
attributes make these fault systems conductive, so that for CO, storage site selection these type of fault systems can
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be avoided. A particularly well studied leaky system is the Green River area (see [2,3] for an overview). Travertines
and active leakage are observed (CO; springs and geysers, and quantitative measurements [4]) where two seismic-
scale faults cross-cut the Green River anticline (Fig. 2(a)). Although a site like this should be deselected for active
CO; storage, it is worthwhile noticing that despite the large CO- surface leak rates (up to about 40 kg/m?/d has been
measured [4]) the leaked CO; does not pose a health threat, due to rapid CO; dispersion into the air. The area has a
long history of hydrocarbon exploration, so that subsurface data is available from many wells. This allows the building
of comprehensively calibrated 3D numerical models such as the one that has been used for this study (Fig. 2(b,c)).

2.1. Model coverage

The DETECT model covers an area of about 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 focusses on the LGWF area because this
area has been more extensively covered by the surface flux sampling [4] (section 2.2). Nevertheless, the SWG area is
included because it influences natural water fluxes due to lateral fault baffling/sealing and vertical fault conductivity
effects. LGWF is a normal fault with about 260 m offset in the anticline area [2]. In the model, the offset is
concentrated on a single slip surface, which is a simplification because LGWF has at least one fault splay carrying
some displacement, about 100 m from the main slip surface [3]. In the model, this is represented as part of the fault
damage zone (section 3.3). Another model inaccuracy is that the surface trace of LGWF in the model lies about 400 m
too far to the north. This is because of some inaccurate well ties (to minor splays instead of main slip surface). This is
thought to have little influence on the model behaviour but somewhat complicates the comparison to measured data.

Vertically, the model extends down to and including the White Rim sandstone, where exploration wells have
observed free CO,, although the lateral extent of this accumulation is unknown and therefore treated as a model
uncertainty. Upwards from the White Rim, there are three major reservoir-seal pairs (indicated in yellow and grey
font, respectively, in Fig. 2(c)). In the model, these layers are treated as internally homogeneous, apart from the
presence of fractures in the seals (section 3), with matrix properties (base case and uncertainty ranges) based on
available literature [5-7]. Some further information on the large-scale model setup and boundary conditions are
provided in section 3.4, however most of this paper focusses on the treatment of the fracture zones.

a

Chin?e-Moenkopi
White Rim

Fig. 2. (a) Green River map overview (from Kampman et al 2013 [3]); (b) 3D Petrel model of the study area used in DETECT; (c) Stratigraphy
and fault representation in the 3D Petrel model.

2.2. Leakage observations (model match criteria)

Jung et al. [4] have measured CO- soil mass flux rates at high (but variable) areal resolution (down to 9 m in some
areas) and over a wide area. For LGWF the coverage is very good (Fig. 3(a)). Leakage (values above background
biogenic flux of about 10 g/m?/d) is concentrated on surface fault segments (main fault and splays) within a patch of
about 200 m NS distance and about 3 km EW distance. The measured flux trends away from these segments suggest
that leakage outside this patch is unlikely. This observation is also consistent with the absence of travertines and CO-
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springs outside of this area, meaning that the measured surface leakage fluxes can be areally integrated with some
confidence, and quantitatively compared to the areally integrated model results. 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 have also modelled the SWG area, however, in this area the quantitative approach fails because measured
fluxes are dropping off only slowly to the north of the SWG northern bounding fault and the measurements do not
extend to the most northerly travertine deposits (see Fig. 3 in ref. [4]). 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 shallowest seal in this area, i.e. the outcropping of the Entrada
sandstone [4]. However, due to the absence of a quantitative matching criterion, results for the SWG area are not
presented in this paper.
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Fig. 3. (a) Measured CO, flux data in LGWF area, with surface fault traces in blue and travertine deposits in yellow (reproduced from Jung et al.
[41); (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/m?). To set the overall scale, black lines at 1 km spacing are overlain; (e) Measured CO, concentration in water in the CO2W55 well[3]; (f)
Measured CI- concentration in water in the CO2WS55 well[3];

We conducted an areal integration of the Jung et al. [4] data by resampling on a regular grid, averaging the measured
data within each regular cell (Fig. 3(b-d)), and numerically integrating the results. The outcome depends on the grid
resolution. At very fine grid resolutions (below the sampling resolution), the resulting leak rate is too low because of
under-sampling. At too coarse grid resolutions, fluxes are assigned to a too large area resulting in a too high leak rate.
Based on these considerations and the analysis of the grid size dependency of the results, we concluded that a 10 m to
100 m (base case 50 m) resampling resolution is defendable. In combination with temporal fluctuations in leakage
rates for some of the higher-leakage measurements [4], this leads 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, this corresponds to
0.003% — 0.2 % leakage per year, which is a factor 3 - 200 above the often quoted 1% in 1000 years as (from a climate
change perspective) acceptable surface leak rate for CO; storage sites (see Roberts et al. [9] for a recent overview of
considerations and values). This excludes the contribution from Crystal Geyser, a poorly abandoned (uncapped)
exploration well dating back to 1936, for which Gouveia and Friedman [10] estimate leaked an average rate of about
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11 KT/yr in 2005, although likely declining with time [11,12]. 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 [4,12].

Another observation that could be matched, is the travertine deposits, arising from degassing of COa-rich
groundwater, with a depositional record dating back to more than 100,000 years. We have not included this in the
modelling because deriving CO; leak rates from the travertine record is nontrivial, and, more importantly, CO; leak
rates likely have fluctuated over this time period due to changes in hydrological and stress conditions (notably due to
the presence of thick ice sheets). In other words, we only attempt to match to present-day leak rates.

Finally, the research well CO2W55 drilled in 2014 [3] sampled formation water in the Navajo. In particular, the
measured CO; and CI- concentrations (Fig. 3(e,f)) are useful model constraints/checks because they are sensitive to
the vertical fluxes of formation water and free CO,. 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 model, due to grid resolution
limitations and (more importantly) uncertainties in local geological heterogeneity. Therefore, we used this data more
qualitatively, considering correctness of trends in the well region rather than a precise match at the specific location.

3. Methodology

The Green River site has been modelled previously by Jung et al. [12] with the objective to obtain a match to the
measured soil flux data. Our approach attempts to improve on this study in two ways:

e 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 CO; storage site applications.

e A 3D instead of 2D modelling framework. A 2D framework, orthogonal to the faults, like in Jung et al.
[12] is not well suited to capture the enhanced CO, dissolution arising from hydrologically driven
formation water flow predominantly horizontally along the baffling/sealing fault plane.

3.1. Physical fracture transport related processes considered

In mudrocks, a fault usually consists of a narrow fault core (where most of the displacement occurs), 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 [13]. Shear displacement, ductile
deformation and gouge formation lead to fault cores in mudrocks that have permeabilities comparable to, or less than,
the surrounding host rock [14]. DETECT takes a multiscale approach from fine-scale (single fractures) to meso-scale
(fracture networks in a single seal) to site-scale (fault zones, multiple reservoir-seal pairs). As a key driver for leakage
potential, DETECT considers hydromechanical coupling between fracture aperture (controlling fracture permeability,
phase relative permeabilities and capillary pressures) and pore pressure (effective stress). It also considers the potential
for fracture aperture changes arising from CO»-induced clay swelling and/or from mineral dissolution/precipitation
reactions, although these processes currently are not propagated to the large-scale models for reasons explained below.

3.2. Single-fracture scale

Natural fracture permeabilities under variable effective stress conditions have been measured in multiple studies,
including measurements conducted under DETECT [15], also on Carmel samples. Fig. 4(a) provides an overview of
the experimental datasets underpinning the DETECT modelling. These measurements used gas as the working fluid,
to prevent unwanted mineral interactions. It should be noted that only normal closure and opening of fractures is
considered. The impact of shear displacement is part of ongoing experimental work.

The data (Fig. 4(a)) exhibits wide variability, both for the unstressed permeability and the stress dependency. We
found that this is correlated to the elasticity (Young’s modulus E) of the host rock, which is not surprising given that
natural fracture surfaces exhibit roughness [16] which prevents ideal closure, with stress building up around contact
points between the two fracture half-surfaces. This elasticity dependency led to the development of an empirical model
(Fig. 4(b)), that can feed directly into the meso-scale (and large-scale) models, yielding different relations for the
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various seals due to differences in their (log-derived) static Young’s Modulus (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). In addition, an advanced
numerical investigation, implementing Stokes flow coupled to contact mechanics with explicit representation of
surface roughness, has been made using the MATLAB Reservoir Simulation Toolbox (MRST) [17]. This approach
was not yet sufficiently mature for application to the Green River study, however, it offers the potential for improved
understanding of additional parameter dependencies and therefore improved predictive power in future applications.

Fine-scale numerical simulations with explicit representation of fracture roughness 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) [18]. Typical results are presented in Fig. 4(c,d). These curves can feed directly
into the meso-scale (and large-scale) models.

Experiments conducted as part of DETECT have shown that CO,-induced clay swelling effects do not occur at
reservoir conditions because of hydration of the swellable clays in contact with formation water over geological
timescales [19,20]. Moreover, the Green River seals included in this study do not contain swellable clays. For these
reasons, clay swelling effects have not been included in the modelling.

As the presence of travertines demonstrate, mineral precipitation does occur in Green River, at least at very shallow
depths where COz-saturated brine degasses, although the present-day flux measurements clearly demonstrate that this
has not led to permanent plugging of all leakage pathways. As part of DETECT, the relative permeability models
mentioned above have been extended into reactive transport models for single fracture and for small fracture networks,
with the diffusive process of cation supply from the host rock into the fracture included. This leads to a complex,
highly scale-dependent interplay between precipitation, water flow and gas flow. Unfortunately, so far, a formulation
of these dependencies that is suitable for implementation in the large-scale model has not yet been found. Therefore,
this process has not been included in the large-scale model.
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Fig. 4. (a) Core permeability as function of effective stress, compilation of fractured cores; (b) empirical model results for fracture (rather than
core) permeability-stress relations, for various values of the static Young’s Modulus E; (c) capillary pressure curves (for unstressed aperture) for
a fracture of intermediate roughness obtained from numerical modelling; (d) relative permeabilities (for same case as (c)).
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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 CO; storage formation
candidates, only limited data on this (from well core or image logs) may be available at best and DETECT relies on
scaling relations (driven by fault offset) to evaluate (rather wide ranges of) fault damage zone width, fracture density
and fracture connectivity (not documented in this paper). Compared to this, the Green River site is relatively data-rich
at least for the shallowest, outcropping formations (example in Fig. 5(a)). In combination with well data (Fig. 5(b))
and drone images, this allows the building of 3D fracture network realisations. Subsets of these have been simulated
in MRST using a simplified, efficient, contact mechanics scheme [21]. Partly due to the high angle of the vertically
connected fractures and the relatively thin seal, the network-scale stress-permeability relations obtained from MRST
can be reasonably well reproduced by the product of single-fracture permeability, fracture aperture and linear density
of through-going fractures. The large-scale model implements this simplified relation, which provides more flexibility
to investigate parameter sensitivities. Based on the integrated data analysis, the parameter ranges are: fault damage
zone width 20 — 400 m, base case 60 m (cf. correlations mid-case value 140 m); through-going fault-related fracture
spacing 1 — 10 m (base case 2.5 m) (cf. correlations mid-case value 3 m); through-going 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, see previous section).

a b Fracture count

° s 10 o s0 100
° °

Fig. 5. (a) Exposure of part of the Entrada Fm. in the footwall adjacent to the LGW with the fault-related fractures mapped; (b) Fracture count as
a function of depth, formation type and structural domain (FDZ = Fault Damage Zone, FC = Fault Core) obtained from core interpretation of a
well intersecting the LGW fault (c) A 3-D Discrete Fracture Network model realisation, the LGW fault surfaces (black), fault-related fractures
and background fractures.
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3.4. Site scale

The large-scale model is upscaled (and near the faults downscaled) from the Petrel model, covering the same 3D
region. Detailed 2D numerical modelling on (geometrically simplified) fracture networks, in combination with semi-
analytical analysis based on the work of Gilmore et al. [22], 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 CO- diffusion into the brine in the host rock
surrounding the fractures, which can delay free gas CO, travel times in the fractures by orders of magnitude [22].

Shell’s in-house simulator, MoReS, was used for its advanced scripting language flexibility. For every fractured
cell in the seals, 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 compressional
setting, as both are possible given the available stress data.

The model utilizes Peng Robinson EQOS for CO, yielding reasonably accurate CO; phase properties as functions
of temperature and pressure. CO; solubility in brine is also incorporated, as this is essential for this study, using a
fugacity-based approach [23]. This scheme also allows modelling of full water composition and speciation (including
pH calculation), but mineral dissolution/precipitation reactions are not included for reasons discussed in section 3.2.
Based on regional well data, the vertical temperature 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 (not further detailed here) that reproduced
the strong thermal effects observed by Pruess in idealized geometries with extremely high leakage rates [24,25].
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 [5,8]. 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, uncertainty ranges are introduced on
both the areal and vertical gradient (0.025 - 0.04 bar/km and 0% to 16% above hydrostatic, respectively) as well as on
the orientation of the areal gradient (105° - 155° counterclockwise with respect to Easting). At ground surface level,
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 initialized with a CO, 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 [3], the LGWF assumed to be fully sealing
laterally except where the White Rim is juxtaposed to itself. This leads to a maximum gas gap size determined by the
self-juxtaposition spill-point, stretching about 7 km EW along LGWF and holding about 100 MT CO,. This fill to
spill case would correspond to a larger CO; 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, it assumed that over the
duration of the simulation, the White Rim gas cap size is stable. To this end, CO; is injected in the White Rim gas cap
to compensate for CO, 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 (10
to 1) is used. Measured, reconciled shallow groundwater composition (0.0037 molal Cl-, 0.0037 molal alkalinity, pH
8.16, with COy) is assigned to the shallow formations (down to and including Kayenta), and measured, reconciled
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 CO; leakage.

4. Results and discussion

Fig. 6 presents the total LGWF CO, mass rate at surface obtained from the model for a range of realisations (base
case realisation with all parameters at base-case values; and sensitivities around that, varying one parameter at a time).
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Although on average the results are somewhat below the integrated measurement range (see section 2.2), many of the
realisations are within this range. Some realisations do not result in CO; surface breakthrough within the 10,000-year
simulation period, however, the ones within measurement range have stabilized CO;, surface leak rates after 10,000
years. Most realisations show some high-frequency and/or low-frequency undulations (dynamic valving), although
probably the level of valving is underestimated due to the relative coarseness of the model.

An uncertainty management framework was used to look for parameter combinations with best matches, and any
clustering behaviour in that. Only a single cluster was found. Posteriori average values and standard deviations are:
White Rim gas water contact 53+37 m above spill-point (leaving about 167m gas column with about 6 km EW
dimension), 7+2 % vertical overpressure, 0.51+0.17 m™ fault-related fracture density, 0.007+0.004 m background
fracture density, 210+80 m fault damage zone width, fault seal factor of 102%°% and Young’s modulus of
10.4+2.7 GPa and 17.1+1.6 GPa for the Kayenta and Chinle-Moenkopi, respectively (Carmel value was fixed to
18.8 GPa hecause of only low sensitivity to this parameter).
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Fig. 6: Total LGWF CO; surface leak rate(log scale) as function of time, for base case settings and sensitivity runs. The integrated soil
flux measurement range is indicated by the black bar on the right-hand side.

Fig. 7(a) presents measured surface CO, mass fluxes and Fig. 7(b) presents modelled fluxes of the best-match
model. The size and shape of the model leakage area resembles the measured leakage area reasonably well. In EW
direction the dimension is nearly the same (about 3 km) which is nontrivial given that (for this matched case) the
White Rim gas cap is about 6 km in EW direction. In NS direction, the area in the model is somewhat too narrow.
Also, the area is shifted to the north. This is simply because of the inaccurate representation of the LGWF surface
trace in the model (section 2.1). It should be stressed that in both the model and in 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.
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Fig. 7. (a) Measured soil fluxes [4], resampled on the simulation grid; (b) Simulated CO, fluxes at surface at end of simulation (10,000 year).
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Fig. 8 presents NS cross-sections for gas saturation, CO, concentration in water, and Chloride concentration in
water, about halfway the leakage area in EW direction. It also shows map views in the Navajo sandstone. The model
shows gas caps of gradually reducing size in the White Rim, Wingate and Navajo, and absence of free gas in the
Entrada, where CO, transport is limited to dissolved CO; in the water phase. At very shallow depths (the *Cretaceous’
model layer) CO; degasses from the water. This model behaviour conforms well to earlier data-derived conceptual
models (see e.g. ref. [3]), the main difference being that this 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 [3].
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Fig. 8. (a) NS cross section of gas saturation; (b) map view of same, top Navajo; (c) NS cross section of CO, mass fraction in water; (d) map view
of same, base Navajo; (e) ) NS cross section of CI- molality in water; (f) map view of same, base Navajo.

The smaller gas cap sizes at shallower reservoirs are caused by CO- dissolution in the water. The artesian water
flow enhances this dissolution, as best seen in map view (Fig. 8(d)). According to this matched realisation, this results
in about 50% reduced surface leakage rate compared to the leakage rate across the White Rim primary caprock
(Chinle-Moenkopi), Fig. 9(a). At Chinle-Moenkopi level the leakage rate quickly stabilizes. Surface CO;
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breakthrough occurs after about 1000 years, and the surface leakage rate has stabilized (besides some high frequency
valving) after about 4000 years. About half of the leaked CO, from the White Rim dissolves in the three secondary
reservoir layers, a process that reaches semi-steady state due to the natural artesian water flow.

Fig. 9(b) presents the model comparison to the CO2W55 measured water compositions. The match is far from
perfect. Partly this is due to the shift in the LWGF trace near-surface (reducing the distance to CO2WS55 in the model)
and partly due to inaccurate well ties to the stratigraphy (model stratigraphy is indicated in Fig. 9(b)). However, mostly
the mismatches 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 by Fig. 8, in the vicinity of CO2W55, model results do match the general trends for CO, and CI-
concentration in water, but at the specific location of CO2W55 in the model, the CO2 concentration is overpredicted
(and therefore pH is underpredicted), due to formation of some free gas at top Navajo (note that in the Entrada, where
there is no free gas present, the model has increasing CO, molality with depth). The CI- concentration is
underpredicted, but it is in line with the CO2W55 measurements closer to the well. The latter mismatch likely also
reflects that the model does not simulate for more than 10,000 years, ignoring changing hydrological and CO; influx
conditions in the 100,000-year timeframe. In the model, the free CO, gas flow suppresses upward brine flow, with
more extensive water mixing occurring horizontally away from of the CO; gas cap in the White Rim.

— — -model Sg
----model pH
a b +* measured pH < model Cl-(aq)
1e+02: measured Cl-(aq)
8.0 1.00-
—_ Te+01 pH [SN?WMZ{] g:’(za(;?) Cretaceous Entira ma;lNavajuEGJ Wlnga‘te Chinle-Moenkopi
2 10400 [KMOL/KG)| ) -
< ' e 70| 075 1e03] R
= 1 ! | i
a Tle-01 { 1 O RICU IR I
E : |.._I : B |
.
§ 1e-02 6.0] 050  1e-04] b Lo I'E :
} H
= 1e-03 . | Q\fc, ! L |
5 o b by
1e-04 5.0 0.25{ 1e-05] [ Tl [ S
=17 1 1
fe05§—- —+—-———+————— | ke Py | |
1e-06 4.0/ 0.00/ 1e-06 JI 11 | ==q__lI
0 2000 4000 6000 8000 10000 1000 200 300 460 500 600 700 800
AHdepth [M]

time (year)
Fig. 9. (a) Total LGWF CO;, leak rate through Chinle-Moenkopi (orange curve) and at surface (brown curve); (b) model synthetic logs for CO,
molality in water (solid orange curve), pH (striped black curve) and CI- molality (dashed blue curve), compared to measured data (symbols in
matching colour). The model synthetic log for gas saturation (striped green curve) is also included. Model stratigraphy indicated at the top.

5. Conclusions and recommendations

Application of the DETECT experimental-modelling workflow, which computes fault damage zone effective
permeabilities from underlying material properties and fracture network attributes, to the Green River site yields
quantitative matches to the integrated measured soil CO, mass fluxes. Moreover, the flux pattern and well log matches
are qualitatively satisfactory. Although these results are encouraging for application of the DETECT workflow to
fault/fracture leakage risk assessment at CO- storage sites, case studies on other sites of interest with measured leakage
signals (natural analogues or CO; release field experiments) would be beneficial as additional tests.

Improvements to the workflow for Green River could include: 1) improved fracture characterisation, through
additional fieldwork; 2) incorporation of Crystal Geyser; 3) improved handling of structural representation of LGWF
and reservoir property heterogeneities; 4) incorporation of mineral dissolution/precipitation in the large-scale model;
5) matching to the travertine record.
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