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Highlights

» Composite confining systems are multi-layer systems of discontinuous barriers.

* They work by drastically lowering effective Kv/Kh, creating long flow paths for
CO..

» Migration-assisted trapping effectively immobilizes CO, with little vertical
migration.

» Risks are familiar—legacy wells, permeable faults and high-relief structures.

* Composite confining systems are ideally suited to the goal of permanent
sequestration.

Abstract

Permanent containment is paramount for geologic carbon sequestration. Petroleum experience proves the

possibility but also creates bias—to date, carbon storage projects have used seals similar to those of
producing petroleum accumulations—thick, laterally extensive, effectively impermeable layers. These work
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for CO,, but may not be present where needed, nor optimal for sequestration. We introduce the concept of
composite confining systems, defined here as multi-layer stratigraphic systems of discontinuous barriers
with no a priori requirements for continuity or minimum capillary entry pressure. We explore the concept
through physical analog modeling, geologic characterization and full-scale numerical modeling. We find
that barriers need only offer enough capillary entry pressure contrast to divert the flow of CO, and that
barrier frequency and barrier area are the key variables in retarding vertical migration. Data from Southern
Louisiana Miocene deltaic deposits shows ~5-15 mudstone barriers/100m of section, with average

mudstone lengths of over 1km and aspect ratios ~2:1, giving effective ratios of vertical to horizontal
permeability (ky/ky) of ~0.0005. Full-scale reservoir models show that these systems can completely arrest
vertical migration of industrial-scale volumes of CO, (10's of megatons) within a few 10's of meters of
stratigraphic section. Unlike more conventional petroleum seals and traps, which retain CO, in a
concentrated, mobile state, composite confining systems disperse and immobilize it via migration-assisted
trapping. The greatest risks to performance of composite confining systems are the same as for conventional
seals-the potential shortcuts across stratigraphic barriers, e.g., legacy wells, fluid escape pipes and
permeable faults that focus flow.

< Previous Next >
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1. Introduction

In the quest to mitigate climate change, there are many viable reservoirs for sequestering carbon, including
biomass, soil, oceans and subsurface geologic reservoirs. All can be effective, but the latter are unique for the
timescale of retention that they offer. Whereas biomass, soil and oceans can retain carbon for years to
decades or perhaps even centuries, geologic storage operates on a scale of millions to tens or even hundreds
of millions of years (Haszeldineand Scott,2014). With respect to climate change and human needs, it is
effectively permanent. Nevertheless, there are persistent worries among investors and the public about the

longevity of retention in saline storage projects and the possible leakage of both injected CO, and ambient
subsurface brines (Palusznyetal., 2020; Hartand Schlossberg,2021; Dermansky,2023; Mullin,2023). Those
concerns are reflected in public skepticism, academic research focus and regulatory requirements to
disprove potential leakage through site characterization, modeling and ongoing monitoring.

Experience with hydrocarbons offers a natural and common starting point for geologic CO, sequestration in
saline aquifers. Like CO,, hydrocarbons are buoyant fluids that migrate generally upward in the subsurface
until their progress is blocked by a seal capable of retaining the buoyancy pressure and a trapping geometry
that prevents lateral escape. Classically, these seals (or “caprocks”) are discrete, laterally extensive geologic
units with uniformly high capillary entry pressure and a sharp contact with the underlying reservoir, such
that minimal hydrocarbons are lost in a transitional “waste zone” where waning permeability allows
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hydrocarbon invasion but from which, production is uneconomic (Schowalterand Hess,1982). Common
examples of high-quality seals include transgressive marine shales and layered evaporites. Over a century of
experience in hydrocarbon exploration and production has proven unequivocally that such seals can retain
large columns of buoyant fluids (including naturally occurring CO,) for geologic time (Grunau,1987;
Downey, 1994; Luetal., 2009; IEAGHG,2011; Miocicetal., 2016; Kampmanetal., 2016).

Concerns about retention in geologic carbon storage (GCS) have naturally prompted developers to focus on
similarly high-quality seals for GCS. Indeed, most GCS projects to date have followed that model, sometimes
even employing multiple redundant regional seals for added insurance (e.g., Quest; [IEAGHG2019). That
approach is effective. However, the analog of hydrocarbon fields is predicated on the need to produce fluids,
i.e., the need to find large, concentrated volumes of mobile hydrocarbons that can be recovered
economically. GCS, on the other hand, has a different set of goals and constraints. GCS seeks to inject CO, on
multi-decadal timescales with retention for millennia. Most importantly, the goal of GCS is permanent
sequestration, not recovery. Together, these differences suggest reevaluating our ideas on the geologic
requirements for secure CO, containment.

The regulations for GCS are not prescriptive with respect to geologic seals. The US EPA, for example, requires
only “confining zone(s) free of transmissive faults or fractures and of sufficient areal extent and integrity to
contain the injected carbon dioxide stream and displaced formation fluids and allow injection at proposed
maximum pressures and volumes without initiating or propagating fractures in the confining zone(s)”
(UICClass VI,2010). The EU CCS Directive states that “a geological formation shall only be selected as a
storage site, if under the proposed conditions of use there is no significant risk of leakage, and if no
significant environmental or health risks exist.” In detail, it skews only slightly closer to classic petroleum
seals than Class VI, specifying that “dynamic modeling shall provide insight into... CO, trapping
mechanisms and rates (including spill points and lateral and vertical seals); secondary containment systems

in the overall storage complex; ...[and] the risk of CO, entry into the caprock.” The definition of “caprock” is
never specified and is as close as the directive comes to requiring a single seal (Directive2009/31/EC,2009).
ISO 27914:2017(E) is the most specific of the major standards, describing characterization of a “primary
seal.” However, it too acknowledges the use of “secondary barriers to CO, leakage,” including “permeable
strata and secondary seals,” both above and within the storage complex (ISO/TC265, 2017). In sum, there is
clear agreement that containment is paramount, but also considerable freedom to define how that is
achieved.

The purpose of this paper is to define and explore the effectiveness of a new concept of confining system,
reimagined for the goal of permanent sequestration with no intention of future recovery. We focus here on
containment with respect to vertical migration, although similar concepts could be applied to containing
lateral flow.

2. Composite confining systems

We define a composite confining system as a multi-layer stratigraphic system of sub-horizontal but
potentially discontinuous flow barriers with no a priori requirement for minimum capillary entry pressure
values or lateral continuity of individual elements (Fig.1). Barriers need only present sufficient resistance to
vertical flow to divert migrating CO, and displaced brines and they need only be distributed such that the
gaps between the barriers are not all in vertical alignment. In engineering terms, composite confinement

https://www.sciencedirect.com/science/article/pii/S1750583623000786?via%3Dihub 3/30


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/evaporite
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/hydrocarbon-exploration
https://www.sciencedirect.com/topics/engineering/areal-extent
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/carbon-capture-and-storage
https://www.sciencedirect.com/topics/engineering/containment-structure

11/8/23, 12:15 PM Composite confining systems: Rethinking geologic seals for permanent CO2 sequestration - ScienceDirect

systems work by lowering the ratio of effective vertical to horizontal permeability (ky/kp) for a given
thickness of stratigraphy. The presence of horizontal barriers diverts vertical flow, creating a long, tortuous
path that spreads migrating fluids laterally, reduces the driving force (column height) and attenuates the
mobile fraction through dissolution, residual trapping and local buoyant traps (also known as buoyancy
traps). In concept these buoyant traps might range in size from centimeter-scale cross-beds to meter-scale
ripples on flow unit tops to small anticlines and stratigraphic pinch-outs, each of which retains a small
amount of CO, (e.g., Gasdaetal.2013). For all of these mechanisms, the local quantities of trapped CO, are
low relative to a single buoyant trap such as a depleted field. The net result of this dispersion is to minimize
the potential for unintended migration of CO, from the storage complex through any single path.

A. Conventional Seal B. Composite Confining System
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USDW ﬁ USDW
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Fig. 1. Schematic diagram illustrating the similarities and differences between conventional seals (A) and
composite confining zones (B). “USDW” refers to Underground Source of Drinking Water, i.e., a protected

aquifer.

While unfamiliar in this context, the concept of composite confinement builds on well-established
principles and proven analogs. In the broadest sense, the idea that a composite system of individually
imperfect barriers can create highly effective confinement is encapsulated by Reason's “Swiss cheese
model” of accident prevention, which is applied to everything from internet security to aviation safety,
Covid-19 containment, and even wartime defense (Reason,2000; Shappelland Wiegmann,2000; Tanimoto
etal., 2020; Roberts,2020; Spencerand Collins,2022). In terms of subsurface fluid flow, a long series of
hydrologic experiments and numerical models has shown that inclusion of even minor, discontinuous
permeability barriers could slow or stop the convective mixing of variable density fluids, including
dissolved CO, (Schincarioland Schwartz,1990; Vithanageetal., 2012; Agartanetal., 2015, 2017). Agartanetal.
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(2015, 2017) also noted that low-permeability layers also trapped dissolved CO, on their upper surfaces and
within the layers themselves, further reducing mobility.

Indeed, the elements of composite confining systems have even been discussed in the literature on CO,
sequestration. As far back as 1996, the Joule II report showed upward migration of supercritical CO,
retarded by layered reservoirs (Holloway, 1996). Lindberg modeled the distribution of CO; in an aquifer with

layered heterogeneities and found that it effectively attenuated vertical migration even without a robust top
seal (Lindeberg,1997). Nordbottenetal.(2009) showed that even with a leak in the primary seal, overlying
low-permeability layers could divert vertical migration and retain significant volumes of CO,. Oldenburg
discussed the use of secondary and tertiary seals (Oldenburgand Unger,2003; Oldenburg,2008) and Green
and Ennis-King explored break-through times and residual trapping in composite systems with short
barriers to support development of the Southwest Hub (Greenand Ennis-King,2010, 2013, 2015;
Sharmaetal., 2017). What is new here is (1) the explicit recognition that composite confinement is not
simply insurance for retention by a conventional seal, but highly effective containment in its own right; (2)
that it is ideally suited to the goal of permanent sequestration; and (3) the definition of “retention capacity

”

as the amount of CO, that can be safely stored.

3. Exploring the concept

Beggetal.(1985) presented a simple model, considering Darcy flow in a layered reservoir with randomly

distributed, discontinuous horizontal barriers:

_ N:G
Kve = (1+fd')(%+éd‘) (1)

where Ky g is the effective vertical permeability, IV : G is the net:gross ratio of the reservoir, f is the
number of barriers per meter, d is the average horizontal flow path extension and k,, and k;, are the vertical

and horizontal permeabilities of the sand, respectively. For the purpose of this calculation, a “barrier” is
defined as any permeability contrast capable of diverting flow of the fluid of interest. In three dimensions,
the average flow path extension d is defined by the average lateral dimensions of the barriers:

d=T(31-w) 2)

where 7 and [ are the average width and length of the barriers, respectively. It can be seen from Eq.(1) that
effective vertical permeability is inversely proportional to the squares of barrier frequency and average
lateral dimensions and directly proportional to net:gross. However, the equation also prompts questions:
What constitutes a barrier? What is their actual frequency in the subsurface and how do we define their
average lateral extent? And of course, how does effective vertical permeability translate to retention of CO,?
We investigate these questions in the following sections. Given our interest in arresting vertical migration,
we focus on stratigraphic barriers. However, low-angle structural features such as faults, deformation bands
and stylolites could also provide effective barriers, at least in principle.

4. Physical analog modeling

To investigate the ability of barriers to divert flow, we conducted physical fluid flow experiments, using
tank-scale bead packs (Fig.2). In the experiment shown in Fig.2a, the tank contains three fine-grained layers
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of equal length but with variable thickness and variable numbers of subsidiary layers that fine upward. The
fine-grained layers are all open at one end and sealed at the other end with even finer grains. The sealed
end is therefore closed to fluid flow. The glass bead grain sizes used for the coarse-grained matrix and the
finest (topmost) layers have mean diameters of 0.689mm and 0.331 mm, respectively—equivalent to coarse
and medium sand (Wentworth, 1922; Krishnamurthy,2020). The capillary entry pressure contrast between
the matrix (216Pa) and the finest (topmost) layer (477Pa) is 0.45. Using the Leverett J-function scaling
equation (Leverett,1941),

k _ (Pa)? (3)
kh - Pc,v

where P, j and P, are the capillary entry pressure values of the matrix and the finest layer respectively,
we can compute the equivalent ky/ky, ratio from the capillary entry pressure ratio, and it is about 0.2. This

calculation assumes that porosity, interfacial tension, and contact angle values are all constant. The
intermediate gradational layers lie between these endmembers in both grain size and capillary entry

pressure.

a) b)

60 cm

1 1

60 cm Inlet
Fine-grained layers Length Thickness Number of fining upward gradation layers within
Top layer S50cm 4cm 4
Middle layer S50cm 2cm 2
Bottom layer 50cm 2cm 1
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Fig. 2. Physical tank-scale beadpack fluid flow experimental results. (a) Image of the beadpack filled with
the wetting phase fluid taken before injection began. (b) Image of the beadpack at the end of the drainage
experiment at domain percolation; the nonwetting phase plume is shown in black.
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Fluid flow experiments were conducted at atmosphere temperature and pressure, using an analog fluid pair
that has been calibrated to replicate the behavior of supercritical CO, and brine properties at typical
subsurface storage reservoir CO, density and viscosity conditions (Krishnamurthyetal., 2019, 2022;
Krishnamurthy,2020; Niand Meckel,2021). Specifically, we used heptane to represent supercritical CO, (the
nonwetting phase) and a glycerol-water mixture to represent brine (the wetting phase). Note that the
analog fluid pair chosen is immiscible so no dissolution trapping would be present. We initiated the
experiment by injecting heptane through the center bottom inlet at a low flow rate (0.2mL/min) so that the
flow regime is strongly buoyancy- and capillary-dominated. Heptane was allowed to rise through the tank
under buoyancy forces until it exited the top of the tank, concluding the drainage experiment. For the

duration of the experiment, we used a high-resolution, monochrome camera to capture time-lapse images
of the back-lit flow cell (Krishnamurthyetal., 2019, 2022; Krishnamurthy,2020; Niand Meckel,2021).

Fig.2b is an image taken at the end of the experiment, showing the residual saturation and the flow path of

the non-wetting fluid. There are several significant insights that emerge. First, we observe that flat, fine-
grained layers retain buoyant fluid beneath them and can be regarded as barriers; they do not need to be
anticlinal to trap CO,. Self-evidently, the amount of fluid retained would increase in proportion to the
number and area of the barriers (or length of the barriers in the case of a two-dimensional experiment).
Second, even very small capillary entry pressure contrasts can effectively divert flow of the buoyant, non-
wetting phase. The contrast between coarse and medium sand is enough. The capillary entry pressure
contrast between the matrix and the sand at the base of the fining up sequence in the barrier is 0.85 for the
top layer and 0.74 for the middle layer, corresponding to a ky/ky, ratio of 0.7 and 0.5 respectively. Last,
gradation within the fine-grained layers has little impact on the amount of nonwetting phase fluid retained

beneath—the buoyant phase gets diverted by the first capillary entry pressure contrast.

With respect to the performance of real-world composite confining systems, these results suggest that even
changes in sand grain size (while having non-trivial porosity, permeability, and capillary entry threshold
pressure) could offer effective barriers for impeding upward migration of the buoyancy-driven CO, plume.
The experiment also suggests that barrier area and the number of barriers are important variables.

5. Characterizing subsurface barriers

Southern Louisiana offers a useful example to probe the geologic character of a potential composite
confining system. Over a century of oil and gas production proves the quality of local reservoirs and creates
arich subsurface dataset. The “storage window” for CO, (Bumpetal., 2021) is defined by pressure (depth
below top of the water column) and the depth of the lowest USDW (Underground Source of Drinking Water,
defined as <10,000ppm Total Dissolved Solids; UICClass VI 2010; USEPA 2013). At a minimum, injection
must be deeper than the lowest USDW. Beyond that, maximizing storage efficiency suggests keeping
injected CO, in a supercritical state, i.e., deeper than ~800m below the top of the water column. At its base,

the storage window is defined by the shallower of geologic overpressure or basement. In Southern
Louisiana, the storage window extends from 800 to ~3000m depth. Within that range, the local geology is
dominated by sand-rich Miocene deltaic and shore zone deposits with large numbers of interbedded
mudstones but no regionally extensive shale-rich seals (Fig.3; Sneddenand Galloway 2019; Bumpetal.2021).
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Fig. 3. North-South-oriented cross-section showing the geology of southwestern Louisiana. The storage
window for CO, is defined by the minimum depth for supercritical CO, (~800m; pink dashed line) and the
top of overpressure (brown dashed line). Within the window, the geology is dominantly Miocene deltaic
deposits, with frequent mudstones but no regionally-extensive seals. Stratigraphic correlations are shown

for reference (purple lines).

We evaluated Spontaneous Potential (SP) logs from 323 wells in Southern Louisiana that record a total of
over 40,000 individual mudstones within Miocene deltaic and shore zone facies (Fig.4). We defined 2 facies
—sand and mud, based on the SP log response. Log values were normalized to a range of -80 to +20 MV and

S
Depth {m]) A

i & & 1 1 & 1 § & 1 & 1 1 @ 1 4 1 4 1 1 4 | | u i

R0

1000

1300

2000

2300

I

Composite confining systems: Rethinking geologic seals for permanent CO2 sequestration - ScienceDirect

LOWER MIOCENE |,;‘;’-'|'(L;L";‘-r5|| UPPER MIOCENE

a cutoff value of -30MV was used to differentiate sandy facies from muddy facies. As shown in Fig.4,

individual mud layers are thin. The median thickness is just over 3m and very few are more than 100m.
What they lack in thickness however, they make up in numbers. On average, there are 6-8 mudstones per
100m of section across over 2km of stratigraphic section. While the histograms show wide variation (Fig.4),
the vast majority of observations are remarkably consistent: at the P10 level, there are 5-6 mudstones per
100m and at the P90 level, there are 8-9. In light of our sand tank experiments and the fact that some of
these mudstones are proven hydrocarbon seals, we interpret all of them as barriers to the vertical migration

of CO,.
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Fig. 4. Characteristics of Southern Louisiana Miocene mudstones interpreted from SP logs. Map shows
locations of wells (red dots) and fields (blue circles) used in this study. “Southwest Louisiana” refers to the
272 wells in the southwestern corner of the state (left-hand side of the map, square markers) and
“Mississippi River Chemical Corridor” refers to the eastern cluster with 61 wells (center of the map,
diamond markers).
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Quantifying the lateral extent of individual mud layers is challenging. Correlating mud layers between wells
is difficult at best and interpretations are generally non-unique. However, thanks to the presence of mobile
salt, the area is heavily structured and nearly every structural high features a producing hydrocarbon field.
While the specific sealing layers themselves are not mapped, the hydrocarbon-water contacts (HWC's) are
and their footprints give minimum lateral extents for the overlying seals. Published reports from 63 fields in
the Miocene deltaic and shore zone facies of Southern Louisiana show map-view field lengths (producing
areas) ranging from ~1km up to ~9km along the long axis, with aspect ratios of ~2:1 (Fig.5;
McCampbelletal. 1964; Collier 1965, 1967; Harrisonetal.1970; McCormick1983; Andersonetal.1989;
Christinaand Corona 2010; Edmondsetal.2011). To be clear, the size of the field, and therefore the area of
the HWC, is governed by the weakest link in a chain of factors that includes hydrocarbon charge volume,
trap volume, capillary entry pressure of the seal and lateral extent of the seal. The lateral dimensions
reported here are clearly minimums for the sealing mudstones—the aspect ratios of the hydrocarbon
accumulations are all structurally controlled and it is likely that the extents of their seals are larger than the
footprint of the HWC to an unknown extent that could be defined by a depositional pinch-out, an erosional
scour or a fault truncation. Nevertheless, the HWC's are a useful constraint as they clearly show mudstone
lengths an order of magnitude greater than those documented by outcrop studies (Zeito,1965; Verrienetal.,
1967).

Observed HWC Dimensions

Shart Aaxds Lerigth [m]

o 1000 2000 anon Anno L ] 0 7000 Llie] 5000 100

Long Axis Length (m)

Download : Download high-res image (123KB)

Download : Download full-size image

Fig. 5. Long and short axis dimensions of 67 HWC's from 63 producing fields in Southern Louisiana (see Fig.4
for locations). Note that the aspect ratios are all structurally controlled and that field sizes may be limited by
any of a number of factors. The dimensions shown here are thus interpreted minima for the overlying seals.

To constrain average barrier length for the calculation of ky/ky (Eq.(1)), we need to estimate a cumulative
distribution function (CDF). We start with the observation that the published reports for each of the
producing fields document 1-2 HWC's (and therefore the presence of field-scale mudstones) over 2.5km of
Miocene stratigraphic section. Based on the observed median (P50) value of 7 mudstones/100m, we would
expect 175 mudstones in that interval, meaning that proven field-scale seals occur ~0.5-1% of the time.
However, we note that this is probably a significant underestimate of the actual occurrence. Among the 63
fields in this study, the median field produces from 11 separate reservoirs and 2 fields produce from over 50
reservoirs. If the unpublished producing intervals have seals of similar size, then the occurrence rate jumps
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to ~6% (11 field-scale mudstones out of 175 total mudstones). In all likelihood, that too is an underestimate—
there are probably also similar mudstones that invisible to our analysis, either because they are mis-aligned
with the trap and thus incapable of sealing a field, or because the underlying sands were never charged.
Their inclusion would further raise our estimate of the occurrence rate. Based on this, we conservatively
estimate that field-scale (multi-kilometer length) mudstones occur at least 10% of the time (P90
occurrence).

The shape of the CDF is suggested by published works on ancient deltaic mudstone lengths as well as work
on modern deltaic island areas—the analog areas for possible mudstone preservation (Zeito, 1965;
Burtonand Wood,2011; Edmondsetal., 2011). Both show log-normal distributions, with many more short
mudstones than long ones. Fig.6 explores possible CDFs for barrier lengths, using 1000 randomly generated
lengths for a variety of functions. In the spirit of open-mindedness, we include not only log-normal curves,
but also exponential and power law realizations. Each is guided by the idea that the curves should bracket a
P90 length range of 2-5km and that the longest lengths should be somewhat over 9km. The resulting
curves clearly span a range of shapes that may be more or less plausible. However, we note that in all cases,
the average mudstone length is 0.8-2.0km, driven by the long tails of the CDF's.
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Fig. 6. Possible cumulative distribution functions for mudstone barrier lengths (long axis), given a minimum
length of 1m. Each curve shows 1000 randomly generated realizations, using a different function. Stars
show the average length for each distribution.

Plugging these values into Eqs.(1) and (2) and using a Monte Carlo simulation gives an effective k,/ky range
of 0.0001-0.0025 (Fig.7). Implicit in this analysis is the assumption that there are enough barriers present
that the mean lengths derived here are valid. Our numerical experiments suggest that 20-30 barriers are
enough to assure convergence to within a few hundred meters of the mean. For the stratigraphy described
above, with a median of ~7 documented barriers/100m, that would require ~400m of section for the
average barrier length to reliably converge on the mean.
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Fig. 7. Monte Carlo simulation of effective ky/ky using Eqs.(1) and (2) and input parameters derived from
observations of Southern Louisiana Miocene deltaic and shore zone facies. Sand k/ky, refers to the intrinsic
permeability ratio of the sand flow units (0.1 is commonly used in reservoir engineering (e.g.,
Elfenbeinetal.2005)).

6. Full-scale reservoir modeling

To test the ideas developed in the preceding sections, we employed a 3D geocellular model of the Louisiana
coastal Miocene section. The model measures 9.6kmx 10.5kmx0.9km and was originally built as a faithful
representation of an actual storage prospect, located on the flank of an anticline with a 20 dip (Fig.8a). The
model is composed of a 570 ft-thick (174m) injection zone, overlain by a confining zone with a thickness of
2250ft (686m). The injection interval is composed of 98% coarse sand and the confining zone is populated
with the same coarse sand, interbedded with discontinuous siltstones and mudstones. Synthetically
generated facies curves (well pointsets) were used to model facies and lithotype distributions from 35 well
locations within the model. For the confining interval, these well pointsets had a uniform mixture of sand
(35%), shaly sand (32%), and shale (33%) litho-facies labels, distributed consistent with locally observed
geologic stacking patterns. Using a plurigaussian simulator, multiple realizations were built from these

pointsets to create realistic shale and sand distributions within the static model. Shale facies distributions
were initially built with a primary axial length of 3000ft and a minor axial length of 750ft (229m) with a
vertical thickness of 30ft (9m). The mudstones were assigned an average length of 5000ft (1524m) and the
capillary entry pressure values for the coarse sandstone, siltstone, and shale are considered to be 0.2, 1.5,
and 1488 psi, respectively (Beckhametal., 2018). CO, and brine relative permeability and drainage capillary
pressure curves were generated using the Brooks-Corey model.
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Fig. 8. Geocellular model and fluid flow simulation results using barriers of 5000ft (1524 m) average length.
(A) Porosity, permeability, and facies distributions in a model with the average capillary barriers length of
5000ft in the confining zone; (B) Cross-sections through the model showing facies distribution (left) and
CO, saturation profile at the end of injection (middle) and 100 years post-injection (right); (C) pressure
buildup at the end of the injection period (AP; left hand image) and 3D views of the CO, plume at the end of
injection period (middle) and 100 years post-injection (right). Note that the pressure plume is primarily
concentrated in the lower parts of the confining zone, indicating that the presence of barriers restricts the

vertical communication of pressure.

Numerical injection simulations were conducted using GEM (https://www.cmgl.ca/gem) and Darcy flow,
considering pure CO, and brine. The final model contains 1,485,440 grid blocks. All boundaries are taken to
be closed and initial pore pressure is set to hydrostatic with the gradient of 10.5MPa/km (0.456 psi/ft). CO,
was injected downdip for 30 years in the reservoir with an injection rate of 59 mmscf/day (1.14Mt/yr). The
simulations were continued for 100 years after the injection stopped. Fig.8 (b and c) shows the CO, plume
at the end of injection and post-injection. Despite the lack of a continuous seal or even a continuous barrier,
CO, makes very little vertical progress into the confining system. Rather, it tends to channelize underneath
the capillary barriers, including both the silty and muddy facies. Similar to the sand tank experiments, CO,
spreads laterally beneath the barriers, with significant residual trapping that attenuates and ultimately
immobilizes the plume.

To explore the effect of barrier length on the CO, migration, we repopulated the confining zone with shorter
barriers (average length of ~2000ft; 610m) and ran the simulation a second time (Fig.9). Even with shorter
baffles, the confining zone is highly effective. As before, migration is dominantly lateral, following the
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stratigraphic layering up-dip. Surprisingly, the vertical migration of the CO, plume in this case is even lower
than the that for the case of 5000ft barriers. This counterintuitive result comes from the stochastic
distribution of barriers in the two models, which happened to create a particularly sandy section at the base
of the confining zone in the first model. Although the longer barriers are generally more effective at
arresting vertical migration, that sandy zone (largely devoid of long barriers) acted more like the injection
zone, offering little resistance to vertical flow and thus increasing the thickness of confining zone required.
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Fig. 9. Geocellular model and fluid flow simulation results using barriers of 2000ft (610m) average length.
(A) Porosity, permeability, and facies distributions in a model with the average capillary barriers length of
2000ft in the confining zone; (B) Cross-sections through the model showing facies distribution (left) and
CO, saturation profile at the end of injection (middle) and 100 years post-injection (right); (C) pressure
buildup at the end of the injection period (AP; left hand image) and 3D views of the CO, plume at the end of
injection period (middle) and 100 years post-injection (right). Note that the pressure plume is primarily
concentrated in the lower parts of the confining zone, indicating that the presence of barriers restricts the

vertical communication of pressure.

7. Discussion

Although composite confinement per se is a new concept, at least two GCS projects have demonstrated its
promise and its risks, intentionally or not. The Illinois Basin Decatur project has injected over 3Mt of CO,
into the Cambrian Mt Simon formation, sealed by the regionally extensive Eau Claire shale. The injection
zone is a relatively high permeability zone in the lowest part of the Mt Simon, but between that and the seal
is a heterogeneous zone of discontinuous, layered permeability contrasts, with heavily cemented, low-
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permeability streaks interbedded with less-cemented, higher-permeability layers. History matched
reservoir models, calibrated by repeat seismic surveys, indicate that vertical migration of the injected CO,

has been slowed or perhaps stopped by these intermediate layers. At present, the CO, plume remains
entirely within the lower Mt Simon.

Sleipner provides a similar example. The injection zone (the Utsira sand) is an extremely high-quality
reservoir with Darcy-scale permeability and a log character as homogeneous as any. However, repeat
seismic surveys have shown that the injected CO, plume has evolved 9 distinct layers, the lowest 8 of which
are interpreted to be ponding beneath meter-scale intraformational silts (Cowtonetal., 2016; Williamsand
Chadwick,2021). If these silts were either more numerous or the holes in them were more randomly
arranged, they might form an effective composite confining system. However, forensic seismic analysis
indicates the presence of multiple vertical chimneys that breach all 8 barriers. The best-resolved of these is
interpreted to be ~30m in diameter, with a vertical permeability of 100mD (Chadwicketal., 2019). The net
result is an illustration of both the advantages and the risks of composite confining systems. On the plus
side, the presence of the silt layers has probably limited the lateral spread of CO,, which is inconsequential
for Sleipner but could reduce the monitoring footprint and lease requirements for a more constrained
project. On the other hand, even with the silt layers, CO, reached the base of the base of the seal (the
Nordland shale) in only three years, illustrating the consequences of aligned holes and/or pervasive
fractures in the barriers (Cavanaghand Haszeldine,2014; Chadwicketal., 2019). That is clearly a risk that
needs to be addressed, both for composite confining systems and for conventional seals.

We believe that we have been conservative in our descriptions of both real and modelled composite
confining systems as we have A) focused on the mud layers and B) been able to constrain only minimum
mud lengths. Petroleum exploration shows that at least some of the Southern Louisiana barriers described
here retain hydrocarbon columns of 10's to even 100's of meters, indicating high capillary entry pressures.
However, as the sand tank experiments show, even very low capillary entry pressure contrasts are sufficient
to divert the flow of CO, at low pressure. At distances from the well sufficient to dissipate injection
pressure, we expect that subtler variations in sand grain size will add greatly to the number of effective
barriers and perhaps add to the length of those barriers identified here.

Even with the conservative statistics described here however, we struggle to create significant vertical
migration in our 3D models. When we drive the models to failure, it occurs laterally—CO, exits the sides of
the model rather than vertically through the confining system. To get CO, into the shallow section (where
USDW might be present), we find that we need a means of shortcutting the tortuous flow path created by
layered stratigraphy. This could take several forms—an open wellbore, a permeable fault zone, fluid escape
pipes or something similar. Even with such weaknesses, the amount of CO, leaked from the storage complex
would depend on how much finds its way to the shortcut. The way that composite confinement tends to
spread CO, could minimize that. Conceptually, leakage might also occur if there were persistent vertical

alignment of homogeneous sand deposits that lacked the permeability contrasts to divert CO, laterally.
Given the minimal contrasts needed to divert CO, however, it seems hard to envision a realistic scenario
where this might happen. We worry more about steep dips and high-relief buoyant traps. Steep dips (e.g.,
on the flank of a salt diapir) could allow significant vertical migration without the need to cross
stratigraphic barriers, effectively bypassing the confining system. High-relief buoyant traps could
concentrate injected CO, and allow it to build the column height needed to breach barriers and thus the
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shortcut the intended flow path. These are all clear, but familiar risks that can be addressed with good
geologic characterization. Targeting flat-lying or gently-dipping systems, remote from permeable faults or
fluid escape pipes, would minimize such risks.

The harder task may be allaying the worries of operators, investors, regulators and other stakeholders. Work
on the Southwest Hub (Australia) project extensively explored the composite confining concept but did not
test retention via injection (Sharmaetal., 2017; Sharmaand Van Gent,2018; Bourdetetal., 2019). Well-
documented examples from Sleipner and Decatur help to show the effectiveness of intraformational
barriers under actual injection but no project has yet conclusively proven performance in confining zones
(Cavanaghand Haszeldine,2014; Seneletal., 2014; Cowtonetal., 2016; Greenbergetal., 2017; Freiburgetal.,
2022). We suggest a staged approach. First, characterize the confining system, similar to what we have done
here, retaining the uncertainties and paying particular attention to potential fast paths across stratigraphic
layering. Second, push the models to failure—find out what it takes to create an unacceptable outcome and
either acquire the data to rule out that possibility or modify the injection strategy to reduce the risk. Finally,
design the monitoring plan to target potential failure paths and pick up developing hazards early. It is
important to note that we expect injected and displaced fluids to invade the lower parts of the confining
zone. Because permeable zones are present within the composite confining system, monitoring pressure
and saturation at multiple depths would be an effective way to monitor the progress of invasion and
validate modeled performance, effectively reducing containment risk in a timely fashion.

Last, there is the question of retention capacity. Any confining system, be it a conventional shale seal or a
composite system, has its limits. For conventional shale seals, this is usually expressed in terms of pressure
differential or column height, which can be converted to volume, given knowledge of the trap geometry
(e.g., Danieland Kaldi 2008; Petersenetal.2022). For composite confining systems, thickness of the system,
and the average length of the barriers are clearly good starting points but conversion to retention volume
will require modeling, including sensitivity analysis. The work presented here has focused on the effects of
horizontal barriers, but ultimately, composite confinement relies on migration-assisted trapping—the sum
of residual trapping, dissolution, local capillary trapping and local buoyant trapping within the flow units.

In contemplating the potential effectiveness of these processes, petroleum migration offers a useful analogy.
Petroleum explorers have long accepted that some fraction of generated hydrocarbons is lost in migration
from source rock to trap. Estimates of migration loss vary widely, from a few percent or less where high-
permeability carrier beds offer an efficient path, up to 100% where charge is limited and migration occurs by
vertical movement through layered, low-permeability units that attenuate significant volumes, so-called
“waste zones” in the language of petroleum (Schowalterand Hess, 1982; Hirschand Thompson, 1995;
Lewanetal., 1995; Sylta,2002; Cornford,2005). Migration through such zones may ultimately succeed only
because of the very large volumes of petroleum generated, which can be as high as 10's or even 100's of
millions of barrels per square kilometer of mature source rock (Lewanetal., 1995; Aqrawiand Badics,2015;
Zetaware,2022). Even so, migration through such systems is slow-the time lag between the onset of
hydrocarbon generation in a source rock and the charging of shallower traps may be on the order of millions
to even tens of millions of years (Heand Murray,2020). On a human timescale, migration at that speed is
effectively permanent trapping.

With regard to predicting the effectiveness of migration-assisted trapping for CO,, storage efficiency
numbers developed for static capacity estimation might be regarded as a baseline expectation, ~5%
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(Goreckietal., 2009; Goodmanetal., 2011; Bachu,2015). Beyond that, there are a number of factors that
could modify predictions. Physical analog experiments and numerical models show that flow unit
heterogeneity is a key variable. Features as subtle as cross-beds can radically alter the flow of CO,, changing
sweep efficiency from ~1% of the pore space to ~40% or more (Krishnamurthyetal., 2022). Similarly,

roughness on the upper surface of the flow unit creates small buoyant traps that together can immobilize
significant volumes of CO, (Gasdaetal., 2013). Even subtle variations in capillary entry pressure, such as
might be found in poorly-sorted channel deposits, create local barriers that each trap a bit of CO,
(Saadatpooretal., 2010). In short, flow unit heterogeneity is a clear asset for composite confining systems
and it may increase retention capacity far above the static capacity baseline. Ultimately, modeling will be
needed to assure retention capacity but historic CO, injection projects—e.g., Decatur, Quest, Frio and Ketzin
—have shown that capillary trapping is highly effective (Hovorkaetal., 2006; Daleyetal., 2008; Martensetal.,
2013; Seneletal., 2014).

8. Conclusion

Experience with subsurface petroleum reservoirs proves the capability of geologic traps and seals to retain
buoyant fluids for geologic time. Historic GCS projects have demonstrated the security of similar systems for
storage of CO,. However, sedimentary geology does not always fit the preconceived ideal of petroleum-type
reservoirs and seals. This work shows that it does not need to do so. Indeed, the goal of permanent
sequestration may be better served by composite confinement than by classic petroleum seals that retain
fluids in a concentrated, mobile state that could leak if given a path. The strength of composite confinement
is that it takes advantage of common sedimentary layering to disperse and immobilize injected CO,,
assuring permanent containment. Paradoxically, a sequence of discontinuous beds with modest capillary
entry pressure contrast may offer lower leakage risk than classically perfect seals.

Offering a new paradigm for containment, composite confining systems can open new stratigraphy and new
geography for GCS, reducing transport distances and project costs. The Mississippi River Chemical Corridor
and the onshore region south of Perth, Australia are two such areas—rich in injectable reservoirs and point-
source CO, emissions, but lacking classic regional seals. Composite confining systems enable local GCS.
Indeed, projects already in development in these areas will rely on it.

Perhaps the most difficult aspect of composite confinement is convincing operators, investigators and/or
regulators that it will. We suggest addressing this by pushing models to failure—find out what it takes to
make the confining system fail. Much like crash testing allows the auto industry to explore failure and
design safer vehicles, fluid flow modeling can explore the limits of confining systems and allow operators to
design characterization, injection and monitoring programs to assure against possible failures. For those
accustomed to thinking in terms of classic hydrocarbon seals, adoption of composite confining systems
requires setting aside historic concepts of what “good” looks like. The possibility of a wider opportunity set
and greater long-term security make that a prize worth chasing.
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