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Abstract

Integrated modeling of basin- and plume-scale processes inducetlulliscale
deployment of C@storage was applied to the Mt. Simon aquifer in the lllinoisrBas
3D mesh was generated with local refinement around 20 injectiesy s¥ith ~30 km
spacing. A total annual injection rate of 100 Mt G®er 50 years was employed. The
CO,-brine flow at the plume scale and the single-phase flow at the beale were
simulated. Simulation results show the overall shape of a @@ne consisting of a
typical gravity-override subplume in the bottom injection zone of high injectivity and a
pyramid-shaped subplume in the overlying multilayered Mt. Simon, indicating the
important role of a secondary seal with relatively low perniéaband high entry
capillary pressure. The secondary seal effect is mardfdsyeretarded upward GO
migration as a result of multiple secondary seals, coupled wéehalgreferential C®
viscous fingering through high-permeability layers. The plume widtleydrom 9.0 to
13.5 km at 200 years, indicating the slow LO@igration and no plume interference
between storage sites. On the basin scale, pressure perturbatjpagape quickly away
from injection centers, interfere after less than a year, and evgnesth basin margins.
The simulated pressure buildup of 35 bar in the injection area is nattedde affect
caprock geomechanical integrity. Moderate pressure buildup is odsari. Simon in
northern lllinois. However, its impact on groundwater resourcesssthan the hydraulic
drawdown induced by long-term extensive pumping from overlying freshwater squife

1. Introduction

Geologic carbon sequestration (GCS) has been investigated dodé¢sades as an
effective measure for mitigating climate change—by stpridG, in oil and gas
reservoirs, uneconomic coal seams, and deep saline aquifers (§fei@8&; Van der
Meer 1992; Bachu et al. 1994; Pruess and Garcia 2002; IPCC 2005). Vanall:scale
GCS projects have been or are currently being conducted in tie (@ay., Hovorka et
al. 2006). Two industrial-scale projects have (for years) heepeération in deep saline
aquifers at the Sleipner site in the North Sea and at the ah Si in Algeria, and more
large-scale demonstration projects are in the planning stages whthiUnited States
(USDOE 2008) and other countries. The main objective of these progcts i
demonstrate, directly or indirectly, the safe containment adciag CQ in storage



formations, through extensive field monitoring (e.g., Arts et al. 200keyD& al. 2008),
sampling and analysis (e.g., Freifeld et al. 2005), and comprehensivacalmedeling
and calibration (e.g., Bickle et al. 2007; Doughty et al. 2008). Modieofdsearch has
focused on the migration and trapping of 0@ storage formations, and on potential
leakage into shallow aquifers and the atmosphere through ledkygyst The scale for
the region occupied by free-phase £Da single industrial-scale injection site is referred
to here as the “plume scale”, which is typically on the ordéessf than 100 kfn Much
less effort has been devoted to studying transport phenomena ohtdisidis (i.e., brine

in saline aquifers) at a scale of sedimentary basins. Haesesdale is referred to as the

“pbasin scale”, which can be on the order of several 100,080 km

Basin-scale phenomena may become particularly important wheipleutjection sites
are used for full-scale deployment of GCS within an individual bdsiis. injection and
storage scenario will occur if GCS, as a mature and costieéfetechnology, is fully
employed to effectively reduce atmospheric emissions of &Dpart of an effort to
mitigate climate change. Recently, Zhou et al. (2008) and Birkhakzeal. (2009)
investigated basin-scale pressure buildup and brine migration (itioada the plume-
scale processes) caused by industrial-scalesBidage at a single project site in idealized
aquifer-seal systems, with a focus on a variety of sensitariglyses. Yamamoto et al.
(2009) simulated the large-scale pressure buildup and brine migrati@sponse to a
storage scenario of 10 Mt (million metric tones) @r year at ten injection sites in the
Tokyo Bay; their solutions were significantly biased by thedipressure conditions
specified on the lateral boundaries of a limited model domain (60yki#0 km). Nicot
(2008) evaluated the pressure buildup and its hydrological impa@s3@@sS scenario in
the Texas Gulf Coast Basin, by using a traditional singleeplitlsv model with
equivalent injection volume of resident brine. However, the single-pt@asemodel
neglects the two-phase flow regime near each injectionasité thus cannot be used to
address the plume-scale phenomena and caprock integrity. Thekceypegeity mainly
depends on (1) the fluid-pressure buildup in the two-phase flow regtme the storage
formation and the seal's maximum tolerable pressure gradiemtgvdid caprock
fracturing (USEPA 1994); and (2) free-phase,@Doyancy and height, as well as the

seal’s entry capillary pressure, to avoid Q€akage (Schowalter 1979).



In this research, we focus on both plume- and basin-scale flow amptrt processes
caused by full-scale deployment of GCS at multiple sites istorage formation of
multiple alternating high- and low-permeability layers. Far plume-scale processes, we
investigate the secondary seal effect (i.e., the effect of @@umulation under,
penetration into, and breakthrough from an intra-storage-formation lagelatvely low
permeability and higher entry capillary pressure, in comparisats tanderlying and
overlying layers) on retardation of upward £@igration. We also explore pressure
interference between different injection sites at an interaedicale, as well as basin-
scale pressure buildup, brine migration and leakage, and potentialrengimtal impacts.
We use, as an example, the lllinois Basin, which has extensevehsitacterization data
and the potential for accommodating an infrastructure for fallesdeployment of GCS.
We develop an integrated model, covering a core injection arba genter of the basin,
where 20 individual storage sites are located, and a far-fiell arhere regional-scale
pressure impacts can be expected. Possible implications of bakngsessure buildup
on storage-capacity estimation and GCS regulation are discusBe#hnolzer and Zhou
(2009).

2. Site Description of thelllinois Basin

The lllinois Basin is a deep sedimentary basin bounded by arches angs,dom
encompassing most of Illinois, southwestern Indiana, and western Kerfaez Figure
1). The estimated total storage capacity is in the range of 3190024,000 Mt CQ
including a storage capacity of 27,000 to 109,000 Mt, @Othe deep Mt. Simon
Sandstone (USDOE 2008). The Midwest Geological Sequestration Consaviia8C)
is preparing a large-scale demonstration project, the lllinasmBBRecatur Project, at the
Archer Daniels Midland (ADM) site in Decatur, lllinois, with annual rate of 0.36 Mt
CQO; injected into the Mt. Simon Sandstone (henceforth referred totasimon) for
three years (2010 to 2013). This project, if successful, will helpemonstrate the
feasibility of full-scale GCS, and may provide momentum for buildangsound
deployment infrastructure in the lllinois Basin. An area in teeter of the basin was
identified by MGSC researchers as an area in which manyefigtorage sites would

likely be located. This area, outlined in Figure 1, is referred to as the coreomj@aa.



We focus on Mt. Simon as the primary storage formation, thdyawgiEau Claire Shale
(henceforth referred to as Eau Claire) as the regional aedl,the upper portion of
Precambrian granite as the baserock. Our study benefitsioextensive investigations

on natural gas storage fields in the basin (Buschbach and Bond 1974;avidrseetaru
2005) and on groundwater development in northern and central lllinois and southern
Wisconsin (Visocky et al. 1985; Young 1992a, b; Feinstein et al. 2005). H#rese
investigations, we collected various data needed for developing durateéd model to
simulate the basin- and plume-scale processes in response to multi-sg®RQge.

2.1. Basin Geology

The geologic model for Mt. Simon and Eau Claire was developed bsireholes into
Mt. Simon, some of which penetrate into the underlying Precambrienteg(Buschbach
and Kolata 1991). The top elevation of Mt. Simon varies significanbiyn -4300 m
above mean sea level (msl) in the south to -80 m msl in the nortbsjgonding to an
average updip slope of about 8 m per kilometer. In the northern areeeldhieely
shallow Mt. Simon contains fresh groundwater, which was used for wapply in
northeastern lllinois until the 1970s. The top of Mt. Simon is ebevtd the eastern and
western sides of the basin. As shown in Figure 2a, the formation is continuoustiutoug
the entire basin, except in the southern and southwestern parts Rrieeambrian highs
exist and Cambrian sediments are absent. The thickness of iMbn Svaries
significantly, from zero in the south to approximately 800 m in the {stvaped area
farther north. In the core injection area, the Mt. Simon thicknesssvcom 300 m to
700 m.

Similar to Mt. Simon, Eau Claire is absent in the south and soutlisesstigure 2b). In
addition, it is absent or very thin in two areas in the weth@imodel domain, along the
Mississippi River. Otherwise, Eau Claire is relatively thigigre than 90 m throughout
most of the model domain. The continuous presence of Eau Claire, both ¢oréhe
injection area and the updip areas farther north, will help toysedaitain large amounts

of COs injected in the deep, extensive, and thick Mt. Simon Sandstone.



Mt. Simon exhibits varying rock properties in the vertical dicegtcaused by changes in
the depositional environment. From the geophysical logs in borehahetrgaeng this
formation (MGSC 2005, p. 274), Mt. Simon can be divided into four major units wit
similar hydrogeologic properties: (1) an upper unit of sandstonslaid that was tidally
influenced and deposited, (2) a thick middle unit of relatively clesdstone, (3) an
arkosic sandstone unit (rich in feldspar) of high permeability and ipgresd (4) a
lower unit of moderate permeability and porosity (present onligarthickest portions of
Mt. Simon). Figures 2c and 2d show the thickness of the upper and thec ankibsiof
Mt. Simon, as well as the location of deep boreholes used to irapible unit’'s

thickness.

2.2. Spatial Variability of Rock Properties

The large number of data sets on rock porosity and permeabilitglaieaior Mt. Simon
show significant spatial variability at both the core and theoregiscales (ISWS and
Hittman Associates 1973; Buschbach and Bond 1974; Becker et al. 1808kyiet al.
1985; Nicholas et al. 1987; Young 1992b; MGSC 2005; O’Connor and Rush 2005;
Leetaru et al. 2008). Detailed porosity logs exist for a numbeenical or subvertical
wells within or near the core injection area. Among thesesviglthe Weaber-Horn #1
well (see Figure 2c for its location), with sonic porosity sugad every 0.15 m from an
elevation of -966 to -2621 m. Based on the porosity log (Figure 3), theuhdumt.
Simon stratigraphy was further divided into 24 hydrogeologic lagersh of which has a
layer-averaged porosity and permeability value (Leetaru @0@B). The layer-averaged

values still show considerable variability, with porosity rangmgn 0.062 to 0.20 and
permeability from 1 to 1,000 mD. (1 mD equdl®x10** m?) As shown in Figure 3,

the arkosic unit has the highest porosity and permeability, makagaiod target zone
for injecting CQ. The upper unit exhibits the most significant variability in bothtié&
m interval and layer-averaged values. The top, weathered portidre drecambrian

granite has a porosity of 0.05.

The regional-scale variability in rock porosity and permeabifitiyit. Simon, analyzed
using data from natural gas storage fields and large-scale aggiferexhibits a trend of

decreasing porosity and permeability from north to south (i.e., Sfuaiower to deeper



portions of the formation), possible because of overburden and consolidatidro(&er

et al. 2008). The depth-averaged porosity and permeability valuesreany0f18 and
several hundred mD in northern lllinois to less than 0.10 and seemslof mD in
central lllinois. No well data are available for the verypdgertions of Mt. Simon in
southern lllinois and southern Indiana. This trend can be extendedrfadfid into
southern Wisconsin, where a number of hydrogeologic investigations have bee
conducted because of the importance of Mt. Simon as a groundwatercee$ey.,
Feinstein et al. 2005). In southern Wisconsin, the permeability o®ifton is as high as

a few thousand mD, based on pumping tests (Foley et al. 1953).

Because geomechanical measurements of pore compressibility ortaiesk are not
available for Mt. Simon, we back-calculated pore compressibifdyn analyses of
pumping tests conducted in central lllinois and southeastern Wiscdrdey (et al.
1953; ISWS and Hittman Associates 1973; Visocky et al. 1985). Tioelatd pore

compressibility (3,) of the Mt. Simon Sandstone is 3.71%2@Pa" in deeper areas of

central llinois and 6.0xI¥ Pa® in shallower areas of southeastern Wisconsin
(Birkholzer et al. 2008). These calculated values of largequale compressibility are
within the range of pore compressibility reported for well-const#ddizandstones (Yale

et al. 1993, Figure 3) & situ effective stresses representative of Mt. Simon.

For Eau Claire, permeability values were measured at thescale and estimated on the
regional scale. A few core-scale permeability measuremeonducted in the 1960s
range from 3.1 to 9.2x18 m? (Witherspoon et al. 1962; Witherspoon and Neuman
1967; Thomas 1967). In contrast, the regional-scale vertical permealsiéd for the
Midwest RASA (Regional Aquifer System Analysis of the Uditgtates) study ranges
from 1.5x10" to 2.4x10" m* (Mandle and Kontis 1992). Similar differences between
the core-scale permeability (1.8%40to 4.1x10"° m® and regional-scale vertical
permeability (1.8x18® m?) have been reported for the overlying regional aquitard of the
Maquoketa Shale (Hart et al. 2006; Eaton et al. 2007).



2.3. /n StuTemperature and Salinity Profiles

Many temperature measurements have been recorded at the botlespokells in the
lllinois Basin and an isothermal map at 150 m depth was usé&thkwright (1970) to
analyze temperature anomalies. For Mt. Simon, water-tempenateasurements are
available at several wells, varying from about@ @ the shallow portions near Chicago
and southeastern Wisconsin to 24-°27in deeper portions farther downdip in southern
lllinois (ISWS and Hittman Associates 1973, p. 13). The vertical profiltemperature
observed in the USGS test well in northern lllinois (Visockgletl985; Nicholas et al.
1987) was used to calculate the average temperature gradient. isifidn. The
calculated value is 9Z/1 km depth, and is believed to represeninrstu conditions in

most parts of the model domain

Salinity was measured in different wells at varying depths in¥#mon (Visocky et al.
1985; Nicholas et al. 1987). Salinity increases significantly f&3% mg/L at a depth
between 299 and 454 m, to 263,000 mg/L at a depth of 2576 m. The salinitydicasei
a strong linear correlation with depth (at a rate of 12.8 mg/lLnyster) between 610 m
and 2100 m below ground surface, as shown by a correlation coefficiera6ofBelow
2100 m, the salinity of brine is constrained by the solubility afegbrevailing pressure
and temperature conditions, which results in a deviation from the flittgay model. A
polynomial fitting model (not shown) seems to produce a more reas@adibi¢y profile
with depth and was therefore employed to assigsitu salinity for each numerical
gridblock in the model domain as initial conditions. It is believed ttea deviation from
the polynomial fitting for the entire basin has a negligiblpant on the change in brine
salinity caused by CfOstorage; more sensitive to salinity values are, @énsity and

viscosity in the core injection area only.

Due to the significant variations in elevation and thickness of MioR, it is believed
that the dominant factor affectimg situ pressure is the depth of a given point of interest,
together within situ temperature and salinity. While the regional-scale dischiaoge
and recharge into Mt. Simon were investigated by Gupta and &) and others, it is
believed that the GCS-induced pressure gradient is much higheh#iarsitu pressure

gradient driving the regional groundwater flow. In addition, we aterested in the net



change ofn situ conditions induced by Cstorage, and therefore decided to neglect the
dynamics of regional groundwater flow in our model. Tinatu pressure was calculated
assuming hydrostatic conditions, taking into account the significaiatioas in salinity
and temperature. Vertical profiles of salinity (polynomialirfd) and temperature (10
°C/km) used in the modeling are subject to refinement as additiatal becomes

available during the first stages of the 3-yean@{ection test.

3. Modding of the Plume- and Basin-Scale Processes

This section presents the generalized flow and transport progshesplume and basin
scale. A particular phenomenon of £&ccumulation, penetration and breakthrough in a
stratified storage formation (with moderate contrasts in pdifitgaand entry capillary
pressure), is presented. To simulate the two-phase flow atuime gicale and the single-
phase flow at the basin scale, we developed a three-dimensional wituel site-
specific application to the lllinois Basin.

3.1. Plume- and Basin-Scale Processes of GCS

We are interested in a storage system consisting of a thicle-filled sandstone
formation as storage formation and an overlying sealing undapsock. The storage
formation comprises a number of laterally extensive, alternaliigip- and low-
permeability layers, with a high-permeability layer a tottom suitable for injection of
CQO,. (Under the storage conditions in the deep storage formation, supalc@ty
prevails for pressure higher than 73.8 bar and temperature higherltiBiC 3and has
liquid-like density) Outside the two-phase £kine flow region, it is unnecessary to
distinguish these multiple layers, because vertical equilibrafi@CS-induced pressure
perturbations of the single-phase flow in the storage formatiouick. Note that the
CO,-rock interaction and fingering of denser brine containing dissolv@d &e not

included in the plume-scale processes considered here.

3.1.1. Plume-Scale Processes
Physically, the two-phase flow of G@nd brine in the storage formation is controlled by
the density difference between ¢€@nd brine (i.e., buoyancy), the capillarity of

sediments, and the pressure gradient caused bynj&0tion. In addition, the contrasts in



permeability and entry capillary pressure (between the highgability injection layer

and its immediately overlying low-permeability layer, and ottegh- and low-
permeability layer pairs) play a key role in shaping the glOme. Conceptually, as GO

is injected into the bottom layer, the plume first migratésrddly within the injection
layer. Under buoyancy, CGQends to migrate upward and accumulate under the relatively
low-permeability layer, leading to a typical gravity-oveeriplume (with plume thickness
decreasing with the radial separation from the injection wWeljess and Garcia 2002;
Nordbotten et al. 2005; Zhou et al. 2008). As the injection continues, both ¢ha lat
plume size and the plume thickness increase, leading to an incréhseoressure of the
nonwetting phase (i.e., the @@ch phase) at the layer interface. When the pressure at
the interface exceeds the entry capillary pressure; §i@rts to penetrate into and
eventually breaks through the low-permeability layer, enteringowerlying high-
permeability layer. Thisaccumulation-penetration-breakthrough phenomenon in the
stratified formation can significantly retard the upward migratiof CQ. Such
retardation by an overlying layer of a relatively lowerrnpeability and higher
characteristic capillary pressure is called a “secondesy effect.” The secondary seal
effect mainly stems from (1) the effects of both the effeqbermeability (i.e., product of
intrinsic permeability and relative permeability) barrier dne capillary barrier for the
nonwetting CQ phase in low-permeability layers, and (2) the viscous fingeririggin-
permeability layers. (Note that G@iscosity is usually 10 to 50 times smaller than brine

viscosity.)

Hayek et al. (2009) found the accumulation-penetration-breakthrough phenomenon
through an analytical solution for a one-dimensional multilayeystes, and through
numerical simulation of a two-dimensional domain representativbeofSleipner site.
They underestimated the secondary seal effect by negleb&ncpapillary-barrier effect.
However, capillary contrasts across layer interfaces pl&gyarole in the onset of

penetration, as shown in our discussion of the lllinois-Basin application below.

3.1.2 Basin-Scale Processes
The basin-scale processes relevant to multisite storagegef CQ volumes are (1) the

propagation of pressure buildup (and brine migration) in the storagatfomaway from
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injection sites to the margins of a sedimentary basin, (2)ntegférence of pressure
buildup between different injection sites, and (3) the attenuatigmesisure buildup in
the storage formation, caused by the basin-scale migration dEas@resident brine into
and through the caprock. The migration of displaced brine in the fhgke flow
regime in the storage formation and through the sealing units/esrged by the density-
dependent flow equations (Zhou et al. 2005). To characterize the pregsuierence
during the CQ injection period, we may define three characteristic stabék) an early
stage dominated by local features (e.g., formation thicknesf)owti pressure
interference (from neighboring sites) at injection centersati2ntermediate stage when
single-site behavior changes to multisite behavior, and (3) lestinge when the pressure
buildup at a site is dominated by the composite behavior of all Sitese analytical or
semi-analytical solutions (Theis 1935; Hantush 1960; Zhou et al. 2009) aaseddo
approximately estimate the two time scales separatingithe stages. The site-specific

application and discussion are presented in the Results and Discussion section below.

3.2. Development of the Integrated M odel

To simulate the plume- and basin-scale processes, we develapeeealimensional
model based on the geologic model, rock propertiesirasitl conditions of salinity and
temperature in the lllinois Basin. Model development consists ofietermining model
boundaries, generating a three-dimensional mesh, assigning rocktipgypspecifiying
boundary conditions, and specifying initial pre-injection conditions. A Ihgiwial
scenario of C@injection and storage was considered, assuming large-scale deptoym

of GCS with multiple storage sites in the center of the lllinois Basin.

321 Determination of Model Domain

The domain of the 3D basin-scale model covers the northern and midtidmpaf the

lllinois Basin. The model domain extends north to cover the shallowShiton in

northern lllinois up to the south edge of the Wisconsin Arch. The domendsxwest to
the Mississippi River, and southwest to the Ozark Uplift in Missaunere Mt. Simon
becomes thin or disappears. To the south, the model domain ends at tistvexdad
dense faults zones there, and to the east, it covers the endirefdraliana up to the

middle of the Cincinnati Arch (see Figure 1). The model domain, wipahss570 km in
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the easting and 550 km in the northing directions, for a total ared1gh@ krd, is
sufficiently large to evaluate basin-scale pressure buildup and brigration, and to
assess the potential environmental impact on the valuable groundesterces in
northern lllinois. Mt. Simon continues to be present beyond the Illinois Baléowing
brine to escape laterally into neighboring basins further nortbt, vead east. In the
vertical direction, the model comprises Mt. Simon, Eau Claire, lsmaveathered portion

of the Precambrian granite. The elevation of the model varies from -4850 m to 25 m msl.

322 COzInjection Scenario

The core injection area hosting the multiple storage sites ihypathetical scenario has
a favorable geologic setting, with Mt. Simon sufficiently thiB0@ to 730 m) and deep
enough (1200 to 2700 m) for injection of supercriticabCIe area is in close proximity
to various large C@sources, is at least 32 km away from the nearest natwatgage
fields in operation, and contains no significant faults except th®ala Anticlinal Belt.
An array of 20 hypothetical individual injection sites was selicwith an average
spacing of 30 km in the northing and 27 km in the easting directions. sibffuture
injection scenario with annual injection rates of 5 Mt ,C@er storage site was
considered, having a total annual injection rate of 100 M{, @Bich corresponds to one-
third of the current annual emissions from large stationary €&rces in the region
(USDOE 2008). The injection was assumed to continue for 50 yearsclAtirgaction

site, CQ is injected into the three hydrogeologic layers of the arkosic unit (seeeR3Y

323 Three-Dimensional Mesh Generation

A 3D unstructured mesh was designed as shown in a plan viewureFElgTo capture

the time-dependent evolution of the £@lume around each injection site, we first
generated a 2D submesh with a radial discretization varyomg 20 m to 1000 m within

a radius of 10 km of each injection center. There are 608 2D colimtie high-
resolution submesh surrounding each injection center, to ensure acowmatdion of

the CQ plume behavior. Outside of these submeshes, uniform columns of 2 kmx2 km
are used in the core injection area, increasing to columns of 5 kmxn the so-called
near-field area, and 10 kmx10 km in the so-called far-field atem2D mesh comprises

a total of 20,408 vertical columns.
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In the vertical direction, the detailed 24-layer subdivision of $imon (based on the
Weaber-Horn #1 well) was used for the entire core injection &aeh of the 24 Mt.
Simon hydrogeologic layers was further subdivided into several mageisl with the
maximum thickness of a 3D gridblock set to 10 m. On average, theb® anedel layers
for the 24 Mt. Simon hydrogeologic layers. This fine vertical tggm was considered
necessary to capture the upward,CGgration affected by vertical heterogeneity in the
core injection area. In addition, the model comprises three modes ltoreEau Claire
and one model layer for the 40 m thick Precambrian granite. The 8Dtingeesh consists
of 1,254,000 gridblocks and 3,725,000 connections between them.

3.2.4. Mode-Relevant Rock Properties

As discussed in the site description section, the rock propertibf. dbimon exhibit
strong lateral and vertical variability. Within the core itige zone, the layer-averaged
rock properties of the 24 hydrogeologic layers were used (shofigune 3) along with
the Hinton #7 Well (see Figure 2c for its location) in a gasage field just north of the
core injection area. The detailed vertical variability wasanted for because the small-
scale rock property variation can have a significant impact otwitvphase C@brine
flow processes. It was furthermore assumed that each hydrggetdger is laterally
homogeneous and continuous in the core injection area. To account for tihdifyoss
unaccounted discontinuities (local breaches, baffles) in theses layeich would cause
increased upward migration of GGhe vertical permeability of very-low-permeability

layers in Mt. Simon was arbitrarily increased by factors of 5 or 10.

A detailed representation of vertical variability is not neagsdor the large-scale
pressure perturbation in the single-phase brine flow region outsitie @ore injection

area, because vertical pressure perturbations equilibrate quibldsefore, the near- and
far-field areas of Mt. Simon were assigned by depth-averdgedation properties.

Regional-scale permeability values of 1.0%36n? and 5.0x13°* m? were used for the
near- and far-field areas, respectively, with porosity value®.b? and 0.16. Pore
compressibility in the entire Mt. Simon was set to 3.71X1Ra’ (see Table 1). The
vertical permeability of Eau Claire was set to 1.0¥167. This value is close to the

regional-scale permeability of the upper regional Maquoketa aguitend orders of
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magnitude higher than the core-scale permeability of both #opubbketa and Eau Claire
aquitards (Hart et al. 2006; Witherspoon and Neuman 1962). A lower pelitgeabi
(1.0x10" m?) was assigned to the Precambrian granite.

Few site-specific measurements have been made on capllasgure and relative
permeability. Thomas (1967), measuring the capillary pressuve<tor two local rock

samples of relatively low permeability, found that the Levesealing (Leverett, 1941)
worked well in estimating entry capillary pressure based orsuned permeability. The
entry capillary pressure of all hydrogeologic layers wasutated, using Leverett scaling

and the base entry capillary pressure vale (= 6500 Pa) of the Frio Sandstone, with a
porosity of 0.33 and a permeability of 8.37%¥@n? (Sakurai et al. 2005; Doughty et al.
2008). The base value was calculated for the-kthe fluid pair under the storage
conditions by fitting the original drainage-test data obtained éuny injection under a
confining pressure of 124 bar (Sakurai et al. 2005), and by comparingutiaees
tensions and contact angles of £&ine and mercury-brine fluid pairs (Bachu and
Bennion 2008; Chalbaud et al. 2009). A high entry capillary pressurelzdrSfas used
for Eau Claire, which is between the relatively low valuz4 (o 18.5 bar) of mudrock
measured by Hildenbrand et al. (2004, Table 2) and the high values (& tbar)
measured by Li et al. (2005, Table 2) undesitu conditions of pressure, salinity, and

temperature.

32.5. Initial and Boundary Conditions

With the rock properties ana situ salinity, temperature, and pressure assigned to each
gridblock, a simulation run was conducted to obtain distributions of pressdrsalinity
under equilibrium (hydrostatic) conditions. These distributions of pressure antysab

well as temperature, were used as the initial conditions fasytstem disturbed by GO
injection and storage. The fixed-pressure condition was specifieheabpen lateral
boundaries of the model domain, with the prescribed values for equilipressure and
salinity, as well as zero GQaturation. The fixed-pressure condition (i.e., zero pressure
change from the equilibrium values) was demonstrated valid by Bméthand Zhou
(2009) because the pressure changes (caused pynfection in the basin center) are

rather small at the far-field boundaries. This condition allows residenttorfimv out of
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the model domain. The gridblocks at the top of Eau Claire also pagsaribed fixed-
pressure boundary condition, allowing brine to flow upward into overlyingdtons.
The bottom boundary underlying the Precambrian gridblocks was assumed to be

impervious.

3.3. Simulation Runs of Using TOUGH2/ECO2N

The simulations were conducted on a Linux cluster of 72 processors aisig-
performance parallel version of the TOUGH2-MP/ECO2N simul@auess et al. 1999;
Zhang et al. 2008). The model runs were computationally demanding because agfethe lar
number of gridblocks and connections (1.25 million gridblocks and 3.73 million
connections) and the complex nonlinear processes involved. TOUGH2/EC Ot

for the complex thermodynamics of g@nigration in brine aquifers at supercritical
conditions (Pruess 2005). For each of the gridblocks, three equations rieeddlved

for pressure, C@saturation, and salt mass fraction. Since no heat sources anér&nks
involved in the modeling, we employed the isothermal version of thelation, although
temperature-dependent density and viscosity of &@ brine were considered internally
in TOUGH2/ECO2N.

Different simulation cases were considered. A base simulationNGase A) uses a

regional-scale vertical permeabiliti, = 1.0 x 10*® m? for Eau Claire and a pore

compressibility 3, = 371x107° P&' for Mt. Simon. In the core injection area, the base

run fully accounts for the vertical variability &fit. Simon with respect to horizontal
permeability ), vertical permeability K,), and capillary entry pressure:(*) (Table
1). To better understand the behavior of plumeespabcesses, we ran two additional
cases, by changing some Mt. Simon rock propentighe upper and middle units while
keeping the rock properties in the arkosic and toweits unchanged. In Case B, a
constante ™ of 0.5 bar was used in the upper and middle daiisvestigate the effect of

permeability variability alone. In Case C, uniforvalues of k, = 216 x 10 n?,

k, = 430x10™ m? and ¢ = 05 bar were used for the upper and middle units.

Cases A and C represent two end member scenaribstefogeneity in permeability:
Case A is for a perfectly stratified system (ileng-range lateral correlation length)
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overlying the arkosic unit, while Case C represensystem with random variability and
no apparent correlation, so that uniform permeigbidian be assumed above the arkosic
unit. These cases help us understand the inhemnplexities of the plume-scale
processes resulting from the spatial variabilityaok properties.

For basin-scale phenomena, we conducted two additisimulation runs to take into
account inherent variabilities, uncertainties, dhd scale-dependence of some model
parameters. In Case D, a vertical permeability @f°Im* was used for Eau Claire to
investigate the natural attenuation of pressurddbpiin the storage formation, by
comparison to Case A. In Case E, the pore compibgsof Mt. Simon and the sealing
units was increased by a factor of three from theelrase to study the critical impact of
this parameter on the magnitude and propagationpreksure buildup. Table 1
summarizes the hydrogeologic properties for alesas

4. Results and Discussion

We focus our discussion on the following aspecf: the evolution and potential
interference of individual COplumes during the 50-year injection period and 1b6-
year post-injection period, as well as the secondaal effect; (2) the propagation and
interference of pressure buildup induced by,G@ection at individual injection sites
within the core injection area; and (3) the basials pressure buildup and brine

migration, and their potential impact on groundwagsources in north-central Illinois.

4.1. Evolution of CO, Plumes

Figures 5a-d show contours of @€@aturation along the vertical south-north cross
section, as a function of time (5, 25, 50, and £68ars), at Site 10. For comparison,
Figure 5a also illustrates the layered permeabditycture of the formations, and the
thickness of the arkosic unit (~80 m) and the enlitt. Simon (~460 m). During the
injection period, the C&plume exhibits a complex spatial pattern: a latgraktensive
gravity-override subplume in the arkosic unit coupled with @ramid-shaped subplume

in the overlying units. Following the shut-off ofGg injection, the plume slowly
redistributes under gravity and capillarity. Theag@ and evolution of the Glume

during the injection and post-injection period tate a strong secondary seal effect:
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retardation of upward COmigration coupled with preferential viscous finigerin high-

permeability layers.

As shown in Figure 5, the injected g@nitially migrates laterally away from the
injection center within the high-permeability arlosinit at the bottom of Mt. Simon,
displacing resident brine laterally. Buoyancy farckead to simultaneous upward
movement of C@until it encounters the immediately overlying I@ermeability layer
(Layer 20 of Mt. Simon), which has a vertical peabitity of 5.95 x 10™* n? and an
entry capillary pressure 00.15 bar. CQ accumulates under this layer and spreads out,
producing a typical gravity-override subplume witithe arkosic unit. The maximum
extent of the subplume ranges from approximatelykdn at 5 year, to 5.0 km at 25
years, and to 5.5 km at 50 years. The structumdesupdipping in the northwestern
direction produces a minor asymmetry with slighfilyther migration in the northern
direction, indicating that the injection-induced dngulic gradient is dominant in

comparison to the slope-driven buoyancy and griwita

Once the pressure of nonwetting phase @Qhe interface exceeds the entry pressure of
the overlying low-permeability layer, the accumathtCQ penetrates into the overlying
layer (Layer 20) and eventually breaks throughrtieiethe next high-permeability layer.
The onset of such penetration at a given radiisrém the injection center can be
determined through evaluation of competing forc@s: the difference in capillary
pressure on both sides of the layer interface shtdrp changes in rock properties, and (2)
the buoyancy driving force, i.e., the product of tensity difference between g@nd
brine and the C®column height,B,(r, t), of the CQ subplume in the arkosic unit.

Considering representative values of brine dengify=1100 kg/m® and supercritical
CO;, density p, = 900 kg/m? in Mt. Simon, and accounting for the capillary gzere

difference (less than the corresponding entry presdifference of 0.11 bar) between the
two layers, CQ would start penetrating from the arkosic unit in#yer 20 when the
column height exceeds a threshold value of abobtrmb. After the onset of CO
penetration, the driving force in the vertical golu from CQ accumulation in the

arkosic unit (i.e., increasing, (r With time) increases with continuous injection.thVi
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time, the above-described accumulation-penetrdireakthrough process repeats itself
for other overlying pairs of high- and low-permddpilayers of Mt. Simon, and the GO
plume migrates slowly upward towards the top of $limon. At the end of injection (50
years), the C@plume has not yet reached Eau Claire, with theofadpe plume being 30

m away from the top of Mt. Simon.

The accumulation-penetration-breakthrough mecharpsmluces a pyramid shape for
the subplumes in the upper and middle units of $inon (see Figure 5). At any given
time, the decrease in G@olumn height with radial distance in the grawterride
subplume reduces the driving force for £0 migrate upward into the less-permeable
overlying layers. As a result, the entire £&lumn height decreases with radius. With
injection time, the plume grows in both lateral areftical directions. However, the
plume shape does not change significantly.

The significant retardation, as shown by the sl@stigal migration of C@ plume at a
rate of 7 m/year, is caused by (1) the capillaryibaeffect discussed above and (2) the
effective-permeability-barrier effect. The lattéerms from the small intrinsic, but also
reduced, relative permeability in less permeabfera As shown in Figures 5a through
5c¢, CQ saturation has a positive correlation with layernpeability and a negative
correlation with entry capillary pressure. Suchrelations produce a contrast in effective
permeability that is even higher than that of mgit permeability. On the other hand,
CO, accumulation in high-permeability layers produpesferential viscous fingering in
the lateral direction. At 50 years, the lateralnpduextent is the largest in Layer 11, one
kilometer wider than the gravity-override subplunme the arkosic unit, because a
stronger contrast in entry capillary pressure cct@tween Layers 10 and 11 (see Figure
3).

Following the shut-off of C@injection at 50 years, the G@lume redevelops mainly
under gravity and capillary forces. Buoyancy drivesbile CQ upward through already
established CoOmigration pathways. After 150 years of plume reiistion (see Figure
5d), the arkosic unit has a @@aturation slightly higher than the residual gatsimtion.

CO, saturation is also close to residual gas saturatiothe upper and middle units,
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except in layers of relatively high permeabilityheve CQ saturation is still elevated. In
these layers, COmigrates mostly in a lateral updip direction, proehg an asymmetrical
plume with a larger extent. The maximum lateralnpduof 13.5 km width at 200 years
occurs in Layer 11, with a projection in the nanthifrom 703.5 km to 715 km. Overall,
the lateral updip migration of GQs slow, at an average rate of 3.3 m/year durmg t
post-injection period. Note that the volume of £&@ailable for lateral migration in high-
permeability layers is restricted as it stems frima slow accumulation-penetration-
breakthrough process in the vertical direction. &gesult, the mobile CQOin the
underlying layers gradually depletes, with a gragyvirolume of immobile C@ At 200
years, the plume has still not reached the bageataprock.

Figure 6 shows all twenty individual G@lumes at 50 and 200 years measured at the top
of Layer 11, which is the layer showing the largkderal plume extent within Mt.
Simon. At 50 years, the (maximum) lateral extenth&f plumes varies from 5.5 to 6.5
km, and the difference in plume size is mostly sulteof differences in the Mt. Simon
thickness. Each plume is approximately circulaslightly elliptical, indicating that the
dominant driving force in the lateral direction cesnfrom CQ injection. Minor
differences in plume shape between individual sites be attributed to the difference in
the local structural slope. At 200 years, whenitipection-induced pressure gradient has
relaxed, asymmetry becomes more prominent in solamgs compared to others,
consistent with differences in the local topogramfyMt. Simon. Two representative
sites are Site 4, with a small slope of 3.3 m/knd Site 10, with a steeper slope of 17.3
m/km. The plume at Site 4 is essentially circulaith a plume size of 9 km by 9 km,
while the plume at Site 10 is elliptical, with asizes of 13.5 km and 10.0 km. Individual
plumes have not merged with each other during tret OO0 years, and, because
saturation is now close to residual, much furtimeading to possible merging of plumes
is not expected.

Figure 7a shows the calculated volumes of immobaid mobile CQ@ under storage
conditions in Case A, as well as the total volurh@ares with free-phase G@resent.
For simplicity, immobile CQ is defined as being below residual saturation, tou
cannot move as a separate phase, while the molijeisCthe free-phase GQraction
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higher than residual saturation and can migrate fbtal pore volume (or the plume
volume) is defined as the subsurface pore volurfextaid by free-phase G@s long as
CO, saturation is larger than zero, which is highantthe total C@volume (i.e., sum of
mobile and immobile C®volumes). Both mobile and immobile @@olumes increase
with injection time. At 50 years, these volumes A@x10 and 3.3x1®dm?, respectively,
with the mobile CQ (mainly accumulated in high-permeability layersg@unting for
37% of the total C@volume. The average density of free-phase @b0 years is 890
kg/m®. The subsurface pore volume affected by free-pBeis 14.3x18 m®, with an
average C@saturation of 0.36. After injection stops, the voktric fraction of mobile
CO, decreases with time. At 200 years, the mobile @&actional volume is 0.13 of the
total free-phase CQwhile the subsurface pore volume affected by &19.1x18 m®,
with an average saturation of 0.27. Figure 7b shthescalculated fractional mass of
injected CQ as dissolved, immobile, and mobile £ Case A. The mass fraction of
dissolved CQ (relative to total C@mass) is relatively stable at ~0.07 during they&ar
injection period, and gradually increases during plost-injection period to 0.10 at 200
years. The immobile fractional mass increases withe to 0.59 at 50 years, and
continues to increase during the post-injectiongaeto 0.77 at 200 years. Even though
13% of the CQ@ mass remains mobile at 200 years, the risk of IE&kage through the
caprock is very small, since, because of the sengrgkal effect, the plume has not yet
reached the top of Mt. Simon (see Figure 5d).

The assumption of a perfectly stratified Mt. Sim@ed in simulation Case A is based on
a geologic interpretation of the upper unit at tyas storage fields (Morse and Leetaru
2005). Uncertainties occur when this assumptionsisd for the entire thickness of Mt

Simon, since the number of wells penetrating thnoMig Simon is small and the distance
between them is large. To assess the associatedtaintes in hydrogeologic properties

relevant to the plume-scale processes, and topmeterthe behavior of the plume

evolution and shape, we show, in Figures 5e thrdalghthe resulting COplumes for

-1

Case B (with varyingk but constanta™ above the arkosic unit) and Case C (with

1

constant depth-averagdd and ™ above the arkosic unit). We also provide, in Fegur

7, a comparison of the fractional g@asses and pore volumes between Cases A and B.
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Comparison of Cases A and B illustrates four maifer@nces in the simulated plume
behavior at 50 years: Case B features (1) a ldegeral extent of the gravity-override

subplume in the arkosic unit because of a higher contrast at the interface, (2) less
lateral spreading of the plume in the upper anddfeidinits of Mt. Simon because
vertical heterogeneity in capillary entry pressuee ignored, (3) migration and
accumulation of C@all the way to the top of Mt. Simon and spreadinger Eau Claire,
indicating less retardation of upward €Rigration, and (4) a higher fractional mass and
volume of mobile CQ At 200 years, the differences in plume shapeexen more
pronounced, with most of the mobile g@ccumulating and spreading under the top of

Mt. Simon in Case B. All these differences indicttat o~ variability in the alternating
layers in Case A enhances the retardation of upWa&gmigration, i.e.the secondary
seals within the storage formation provide additional security for long-term CO,
containment under the primary regional seal. Note that we used an entry pressure value
of 0.5 bar for the upper and middle units in CasevBich is higher than the 0.15 bar
used in Case A for the layer immediately overlyting arkosic unit.

In Case C, which is essentially a two-layer systetardation occurs only at the interface
between the arkosic unit and the middle unit. Tedieal permeability changes from
1.0x10™? m? in the arkosic unit to 4:A0* m? in the upper and middle units, while the
entry capillary pressure changes from 0.04 to G@0. The similarity in plume
characteristics between Cases B and C indicatdstlirastrong changes between the
arkosic unit and the upper and middle units plagritical role in shaping the GO
plumes, while additional layering with permeabildifferences may be less important.
Comparison among all three cases suggests thaticaddi vertical variability of
capillarity in a stratified system is importantrgtarding upward C@migration.

We may conclude that Mt. Simon has various faverat@nditions for long-term, safe
containment of a large volume of @@1) a thick arkosic unit of high permeability and
porosity, providing high C®injectivity at the bottom of the formation; (2)a$p changes
in permeability and capillarity (across the intedabetween the arkosic unit and the
middle unit), reshaping the GQprlume for a higher sweeping efficiency; (3) mukip
alternating layers with permeability/capillarity doasts in the middle and upper units,
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further retarding upward COnigration; and (4) a thick regional seal, ensutong-term
CO, containment. In the simulation case consideredt meadistic (Case A), the injected
CO, is contained within the thick stratified Mt. Sim&andstone, with lateral spreading
over the entire thickness and the £@ume not even reaching the top of the storage
formation. Note that similar plume characterissbgwing strong lateral spreading within
various high-permeability layers have been obseatdte Sleipner site (Arts et al. 2004;
Chadwick et al. 2007). At 200 years, the vast niigj@f the injected C®is contained
via residual and solubility trapping, leaving orll$% as mobile phase. Even when the
upper and middle units of Mt. Simon are assumeddgemeous, the sharp changes in
permeability and capillarity occurring between #mosic and middle units favorably
affect the plume shape (i.e., the secondary-sdattef delaying upward migration of
CO..

4.2. Propagation and I nterference of Pressure Buildup in the Coreinjection Area
Resident brine displaced by injected £® stored in the additional pore space made
available by pore expansion and brine density as®e in response to pressure buildup.
The pressure buildup increases in its magnitude wjection time and propagates away
from the injection centers. The speed of propagaligpends on the effective (horizontal)

hydraulic diffusivity of Mt. Simon.

Figure 8 shows contours of pressure buildup obseatd¢he top of Mt. Simon at 0.5, 5,
50, and 100 years. We focus on the core injectiea i this section. In comparison with
the rather slow development and limited laterakekiof CQ plumes, pressure buildup
travels much faster and farther. After only 0.5rgeaf injection, the pressure buildup in
most of the core injection area is higher than zbrdividual areas of elevated pressure
surrounding each storage site have just mergedstarted to form a large continuous
area of pressure increase. At later stages (5 @ry@&rs), a continuous elevated-pressure
region develops because of pressure interferenteeiigcore injection area, even though
individual pressure-buildup peaks associated vhth different injection centers can be
identified. After 50 years, the pressure builduphi@ core injection area varies from 25 to
35 bar, with an average value of 32.9 bar and thjighigher peak values at injection

centers. Pressure decreases strongly asilj€xtion ceases, to values around 12 bar at
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100 years. Pressure buildup outside of the coextion area remains essentially zero
during early injection stages (0.5 and 5 years)lendome far-field pressurization can be

seen at 50 and 100 years (to be discussed next).

Figures 9a and b show the simulated transient pressiildup and its time derivative at

eight observation points (see Figure 2a for thewations) along the south-north cross
section. Observation Points 1, 3, and 5 correspofgjection centers, Points 2 and 4 are
in the core injection area between injection centand Points 6, 7, and 8 are outside of
the core injection area at increasing distance ftoencenter of the core injection area.
Figure 9c shows the simulated pressure buildudl &0ainjection centers, at different

times (0.5, 5, 10, 30, and 50 years), while Figdaeexplores the correlation between

pressure buildup and the Mt. Simon thickness attign centers at 0.5, 5, and 50 years.

Three stages (the early, intermediate, and firedest) of pressure-buildup propagation
and interference can be identified in the presswnédup plots in Figures 9a and 9b.

During the early stage (up tQ ~  OQfear), the increase in pressure at each injestten

is largely independent of the other sites. Thisvislent from very small pressure buildup
at Observation Points 2 and 4, situated in betw#anjection centers (Figure 9a). The
magnitude of pressure buildup at injection centieqsends mostly on the thickness of Mt.
Simon, because the G@ass injection rate is the same for all the sities, effective
hydraulic diffusivity is the same, and the variéibf CO, density in the core injection
area is relatively small. This assessment is sup@dry the good correlation between
pressurization and thickness (with a correlatioafiocient of 0.89) at 0.5 years, shown in
Figure 9d, and the consistency of pressure builthipreen Sites 8, 9, and 10 during the

early stage in Figure 9a.

During the intermediate stag®.b<t <5 years), the pressure buildup at each injection

site is clearly affected by pressure interferen@anf neighboring sites. Pressure has
started to increase at Observation Points 2 amehide the rate of pressure buildup with
log(t) at injection centers (Observation Points 1, 8 @&nhas started to increase (Figures
9a and 9b). Meanwhile, because of pressure supgoposthe magnitude of pressure
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buildup at each site becomes more correlated viigh tumber of neighboring sites
(Figure 9c), while local storage-formation thickedé®come less relevant (see Figure 9d).

During the final stageq <t <50 years), pressure buildup at any point within tbeec

injection area (i.e., Observation Points 1 thro&ghcontinues to increase at a quasi-
steady rate withlog(t). At 50 years, the pressure buildup is mostly drivey the

composite behavior of all injection sites in theear the correlation between
pressurization and thickness completely disappgaes Figure 9d). In other words, the
maximum pressure buildup expected at each sitenlig marginally affected by local

features, although the overall variation of therage-formation thickness over a larger

scale does have an impact on the propagation &edierence of pressure buildup.

We can assess whether the simulated pressure puihdy affect the geomechanical
integrity of the Eau Claire caprock by comparing tractional pressure buildup (relative
to the pre-injectionn situ pressure) and the regulated value. The pre-iojegiressure
under the assumed hydrostatic condition at theng&tion centers varies significantly,
from 136.0 bar at Site 1 to 279.3 bar at Site Eu@s given at the top of Mt. Simon). At
the end of the injection period, the fractionalgsuare buildup varies from 0.12 at Site 13
to 0.22 at Site 2, with an average value of 0.1ds Value is slightly higher than the
value of 0.13 (corresponding to an injection pressyradient of 12.44 kPa/m, with an
assumed brine density of 1100 kgynsommonly used for natural gas storage fields in
lllinois and Indiana. However, the simulated fran@l pressure buildup is less than the
regulated value of 0.65 (corresponding to the eggdl injection pressure gradient of 18.1
kPa/m) in lllinois and Indiana, and far less tha®5]1 which corresponds to a fracturing
gradient of 22.6 kPa/m used by fracture stimulatbmmpanies in the lllinois Basin
(USEPA 1994; MGSC 2005, p312). This indicates thatexpected pressure buildup in
the simulated GCS scenario should not cause datoafe caprock in the core injection

area.

4.3. Basin-Scale Processes and Potential Environmental | mpacts
Pressure buildup and brine migration are not cexfito the core injection area. As

shown in Figures 8c and 8d, pressure changes patgpagvay from the central core
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injection area to the margins of the deep sedimgritasin, driven by the combined
effect of CQ injection at the 20 injection sites.

4.3.1. Basin-Scale Pressure Buildup

Figure 8c shows the simulated pressure buildupemtodel domain at the end of the 50-
year injection period. Elevated pressure occurdviin Simon over the entire basin,
affecting a pore volume of 11.2xf0m® and an area of 241,000 kniThe pressure-
affected pore volume is orders of magnitude lattpan the subsurface pore volume
affected by free-phase G@14.3x18 m®). The pressure buildup at 50 years is about 10
bar at the margin of the core injection area, aldobar at the margin of the near-field
area, and about 0.1 bar at the basin margin. Moglerassure perturbation of up to 1 bar
occurs in northern lllinois, where groundwater reses overlying Eau Claire are
important for water supply. Following the shut-adf CO, injection, the pressure
decreases in the core injection area, but contibmi@screase in the far-field area (see
Figure 8d). At 100 years, the pressure buildupeckosthe northern model boundary is
0.2 bar, where a boundary condition of zero presshange limits further increase, and
brine is allowed to leave the model domain intoghboring basins. With time, the
system would continue to slowly progress towardsew quasi-equilibrated state, with

pressure eventually returning to hydrostatic coodd, long after C@injection stops.

4.3.2. Basin-Scale Brine Migration

Brine migration processes are evaluated here thranglysis of the volumetric balance
of resident brine displaced by injected £&nhd through evaluation of salinity changes
caused by brine transport. Figure 10a shows thenvetric balance of displaced brine as
a function of time. Displaced brine (1) occupies #uditional pore space made available
by brine and pore compressibilities in responspréssure buildup, (2) migrates through
the top of Eau Claire into overlying formations,daf8) flows out of the system into
neighboring basins through lateral open boundarfgs.each time, the volume of
displaced brine is identical to the volume of fpese CQunder storage pressure and
temperature conditions. The volume of dissolved, @egligible because the specific
volume of dissolved C&n resident brine is very small (Pruess and Ga6@R2). Figure

10b further elaborates on the characteristics afebteakage through the caprock,
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showing leakage rates separately for the coretinje@rea and the near- and far-field
areas, as well as for the total leakage rate.

We calculated (a) the timet () needed for full penetration of a pressure peetion
through Eau Claire, and (b) the time ] needed to reach steady-state conditions in the
caprock (a linear pressure profile). These calmnat are t,, = 005B?/D,, and
t, = 045B2/D,, (Crank 1975, p. 50-51), wheR and D, (=k,/du, (5, + B, )) are

the thickness and hydraulic diffusivity of the aagit. The hydraulic diffusivity,

calculated using seal vertical permeabilky = 10"® m?, seal porosityp, = 0.15, brine

viscosity z, = 05x10° Pa.s, brine compressibility3, = 34x10™*° Pa' (the fluid
properties representative of a deep saline aquifend seal pore compressibility

By = T4x07° Pa', is D, =123x10° ms. It would take about 2 years for a

pressure perturbation to penetrate through EaueCd about 12 years to arrive at a
linear pressure profile within this formation. Thuge should expect brine leakage to be
very small during the early injection years. Indedwring the first 5 years, the displaced
brine is almost completely accommodated by the spiresinduced (available) pore
volume increase, with negligible volumes of leakedne and out-flowing brine.
Thereatfter, brine leakage starts to become releydriO years, the total leakage rate is
22.7x16 m’lyear, accounting for 22% of the total brine displaent rate (103.3x10
mS/year). The cumulative volume of brine leakage 814 m®) represents 9.5% of the
total volume of displaced brine (5.16X1M°). In contrast, brine flow through open
lateral boundaries remains small during the fifsy®&ars. During the injection period, the
majority of the displaced brine (90%) is storedthe system through (available) pore

volume increases induced by pressure buildup ané bBnd pore compressibility.

After CO;, injection ceases, the volume of displaced brirgh8l decreases with time, a
net result of two counteracting effects. The fissthe increase in dissolved g@ass,
whose specific volume in brine is negligible, ahd second is the expanding free-phase
CO, volume caused by pressure reduction. As overaqure decreases and the system
slowly evolves to pressure re-equilibration, morel anore brine leaves the model
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domain both upward into overlying formations angkdally into neighboring basins. At
200 years, the cumulative volumes of brine outflamd leakage are 0.9xén* and
3.1x10 m® respectively, accounting for 18% and 62% of ttaltvolume of displaced
brine (5.1x18 m®) (Figure 10a). This leaves only 20% of the dispthbrine volume in
the additional pore volume of the system in respadiosresidual pressure buildup. The
total leakage rate reaches its maximum value df*2&f m*year at 63 years, after which
it gradually decreases (Figure 10b). Whether theaasport processes constitute
environmental concerns for groundwater resourcesuither discussed in the next

section.

The basin-scale brine migration induces salinitarges within the model domain.
However, these changes are very small in the aeakfar-field areas. After 50 years, the
maximum salinity change of ~0.2% relative to prgdtion conditions occurs in the
single-phase flow region just outside of £@umes. The simulated salinity changes are
essentially zero farther away from the g8lumes, in the core injection area as well as in
the near- and far-field areas. These negligiblectff are consistent with the small travel
distance of particles for the time scale of intefes., hundreds of years or so). In other
words, while overall large volumes of brine arenigedisplaced, the injection-induced
flow velocities are small, and thus lateral migratdistances are minor in the near- and
far-field areas. We conclude that changes in ggliwithin Mt. Simon are not a direct

concern to groundwater quality in northern lllinois

4.3.3 Potential Environmental | mpacts

The impact of large-scale pressure buildup in Mind® on groundwater resources
cannot be directly assessed in this study, bectgseverlying freshwater aquifers (the
Ironton-Galesville Aquifer and the St. Peter Aqujifem northern and central lllinois and
the freshwater portion of the Mt. Simon aquifertfier updip in southern Wisconsin are
not included in our model. However, we may discysstential environmental
implications based on the simulated basin-scalespre buildup and brine migration
results presented above. Note that in most of tleelelndomain, the current (pre-
injection) hydraulic gradients result in upward gmdwater flow from Mt. Simon to the
overlying aquifers, except in the central-north#linois, where the Maquoketa aquitard
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is absent and recharge into Mt Simon occurs (Maiadieé Kontis 1992). The GCS-
induced hydraulic gradients through Eau Claire ailhance groundwater discharge from

Mt. Simon in most of the model domain, in particutathe core injection area.

The direct hydrological and hydrochemical impacttba updip Mt. Simon aquifer in
southern Wisconsin can be considered insignificafitereas groundwater pumping from
Mt. Simon in northern lllinois was terminated ireth970s because of pumping-induced
salinity increases (Burch 2002, p. 11), the GCS+rdl salinity changes as observed in
our model results are essentially zero, due to vy small migration distance in
northern lllinois. Thus, salinity impacts in southéVisconsin, far away from the core
injection zone, should be negligible. Furthermdhe magnitude of pressure buildup is
less than 0.1 bar or 1 m of water head close tatinthern model boundary, and should
be even less further north in Wisconsin. Such emes in hydraulic head are smaller than
the seasonal variations in the confined Mt. Simquifar caused by local recharge and
discharge, and are within the regional groundwattediction uncertainties.

In northern and central lllinois, however, £€8orage and resulting brine migration might
affect the overlying Ironton-Galesville and St. é&?ereshwater aquifers, situated under
the regional Maquoketa aquitard (Young 1992a, bndimand Kontis 1992). To provide
a perspective, we compare the GCS-induced prebsildeip in the core injection area of
deep Mt. Simon to the pumping-induced drawdownhiallswer Mt. Simon in the eight-
county metro-Chicago region (this area visualizedgiey shading in Figure 8a). The
groundwater pumping in northern lllinois occurs niifrom the Ironton-Galesville and
St. Peter aquifers. Figure 11a shows the histamng rate in this region and the total
pumping rate in northern and central lllinois. Tjeanping rate steadily increases from
1860 to the 1980s, and then declines after groutedtweas supplemented by freshwater
from Lake Michigan. During the 50 years from 1949 1990, the average annual
pumping rate in the metro-Chicago region is 1690%xt*/year, about 70% higher than
the assumed volumetric rate of £€6torage in our modeling scenario. As a result, a
significant drawdown of 25 bar occurred in thessliwater aquifers and the Mt Simon
aquifer in the 1980s and early 1990s (Mandle andtiKal992; Visocky 1997; Burch
2002). As shown in Figure 11b, the total effect ppfmping-induced drawdown is
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comparable in magnitude to that of pressure buildfipr 50 years of CQinjection
shown in Figure 8c. In addition to the metro-Chwaggion, groundwater pumping
occurs in the other counties in central and nonthéimois (see Figure 8a for their
locations), accounting for about 40% of the totainping rate in north-central lllinois.

The impact of the GCS-induced pressure buildup it $imon on the overlying
freshwater aquifers can be understood in two wéyst, the pressure-driven brine
leakage is relatively small in northern lllinoistime simulated C®injection and storage
scenario. The predicted pressure changes in thbamorportions of Mt. Simon (where
overlying aquifers are heavily pumped) range 08-Har at 50 years of injection to 0.2—
1.0 bar at 100 years, which provides a driving doprishing resident brine upward.
During the 200-year simulation period, the cumukatrolume of brine leakage from Mt.
Simon into overlying aquifers is 0.36>°16r°, accounting for 7% of the total volume of
displaced brine. As shown in Figure 10b, most & akage occurs in the core injection
and near-field areas, while the far-field areaessl|significant. The total leakage rate in
the far-field area shows a maximum value of 2.Pxaf/year at 125 years, which
corresponds to 17 tyear per square kilometer (or 0.02 mm/year). Selgomressure-
driven brine leakage through caprock imperfecti¢eisch as leaky faults, unplugged
wells) may locally increase the salinity of ovengifreshwater aquifers. Evaluation of
such localized effects needs further research. Mekyéhe pumping-induced drawdown
has created pressure gradients between Mt. Sinmbrthanoverlying freshwater aquifers
that are larger than those related to the simul@€® scenario. If these conditions do not
generate local water quality issues related to ugpwsigration of brine, then the rather

moderate gradients induced by GCS are unlikelyetproblematic.

Compared to the small fractional leakage (of disgdbbrine volume) in the far-field area,
brine leakage in the core injection area is mogmiBcant. The cumulated leakage
volume for 200 years is 1.57<Lén°, which accounts for 31% of the total volume of
displaced brine. The maximum leakage rate is 186rt/year (see Figure 10b), which
corresponds to 650 Hyear per square kilometer (or 0.65 mm/year). Astineed above,

localized caprock imperfections may have some advanpact on the water quality of
overlying freshwater aquifers, though groundwatenped from bedrock aquifers in this
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area is very small. Also, this portion of Mt. Sim@much deeper than the areas in
northern lllinois, and the immediately overlyingusgrs are saline as well. Evidence of
brine intrusion and groundwater discharge into lshalaquifers through leaky faults
underin situ conditions were reported by Cartwright (1970),ngstemperature and
salinity anomalies at a depth of 150 m. Howeverdmect evidence of leakage for the

deeper Mt. Simon-Eau Claire system is available.

4.4. Further Sensitivity Analyses on Basin-Scale Properties

Two additional sensitivity studies were conductgd/arying (1) caprock permeability in
Case D and (2) pore compressibility in Case E {Eaade 1). While the COplume
characteristics are not affected by these largkeqmaperties, the simulation results in
these cases show different pressure buildup, dsas/érine migration and leakage, at the
basin scale, when compared to the base case (OQas&sAshown in Figure 8e, the
pressure buildup over the entire model domain ghdr in Case D than in Case A,
because brine leakage is negligible. In Case Derg ow-permeability seal (1.0xF
m?) is assumed representing undisturbed shale. Aspreschange in the storage
formation would take approximately 130 years togteate Eau Claire. In contrast, Case
A uses a larger seal permeability, representingtfestive basin-scale permeability of a
caprock with some local imperfections. As showrthey difference in brine leakage rate
and volume, the caprock permeability plays a @itiole in attenuating pressure buildup
in Mt. Simon.

In comparison to Case A, the pressure buildup ise(a is reduced in both magnitude
and lateral extent, because the higher pore comsiprity allows for more storativity in
response to a given pressure increase. The sirdufaessure buildup in the core
injection area is 10 bar less in Case E than ire@gsdemonstrating strong sensitivity
with respect to pore compressibility. We believatithe pore compressibility used in the
base case is reasonable, and the correspondinglagchupressure buildup is
representative. This is because a large humbeurmpmg tests conducted in Mt. Simon
in central lllinois and southeastern Wisconsin slpane compressibility ranging between
3.7 and 6.0x1¢° Pa’.
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5. Summary and Conclusions

To better understand the large-scale impact ofoggolcarbon sequestration in a full-
scale deployment scenario, we developed a threerdiimnal two-phase reservoir model
for the lllinois sedimentary basin. The model cever total area of 241,000 km
including a core injection area of 24,000 %mat hosts 20 hypothetical injection sites,
and near- and far-field areas where environmentgbact needs to be assessed.
Vertically, the model consists of Precambrian bekiraghe Mt. Simon Sandstone as the
storage formation, and the overlying Eau Claire|&les a regional seal. The model
honors the detailed data of geologic settings, mudperties, ambient temperature, and
salinity conditions, over the entire lateral modeimain and over an extensive depth
range of up to 5000 m. An unstructured 3D mesh witer one million gridblocks was
generated, with local refinement around each imgacsite. A storage scenario was
assumed, with an injection rate of 5 Mt &¥@ar over 50 years for each of the injection
sites, which are spaced approximately 30 km apait corresponds to one third of the
current annual C@emissions from stationary sources in the regidre model integrates
large-scale processes, such as basin-scale prdssiolep and brine migration, with
plume-scale processes in the stratified storagedton.

The simulated C®plume behavior indicates favorable conditions $afe storage of
large volumes of C@in the Mt. Simon aquifer in the lllinois Basin. & conditions
include (1) a thick unit of high porosity and peabaity, ensuring high injectivity at the
bottom of Mt. Simon, (2) extensive alternating leyef shaley and sandy deposits in the
middle and upper units of Mt. Simon, providing sigant retardation of upward GO
migration, and (3) the thick, low-permeability E&llaire Formation for structural
trapping of CQ. The overall shape of the GPlume at each site (consisting of a gravity-
override subplume in the deeper injection unit amd overlying pyramid-shaped
subplume) in the storage formation is attributethtosecondary seal effect. This effect is
caused by an intra-storage-formation layer (seagndseal) of relatively low-
permeability and high-entry capillary pressure, atems from the coupling of retarded
CO, upward migration with preferential lateral €Qiscous fingering along high-

permeability layers. This effect is observed durihg injection period and during the
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post-injection period, when most g@lumes migrate slowly along updipping layers to
the north. No interference of G@lumes is observed during the 200-year simulation
period, and is expected at later stages becauseb€@mes essentially immobile as a
result of solubility and residual trapping.

Unlike the CQ plumes, the pressure buildup in response te iG@ction travels fast and
far. In the core injection area in the center &f basin, the pressure behavior shows three
characteristic stages: an early stage without pressaterference at injection centers, an
intermediate stage of transient pressure interterdsetween individual injection sites,
and a final stage where a continuous pressureuguitddriven by the composite behavior
of all injection sites. At 50 years of injectiohgetsimulated pressure buildup ranges from
25 to 35 bar within the core injection area. Thasresponds to a fractional pressure
buildup of 0.12 to 0.22, smaller than the regulatallie of 0.65 and thus ensuring the
integrity of the Eau Claire caprock. From a geona@dtal standpoint, 100 Mt G(per
year or more can be safely injected into the Min@i Sandstone over an extended
period of time. Pressure perturbations propagat® fthe core injection area all the way
to the margins of the model domain, affecting assutace pore volume of 11,150X10
m®, which is significantly larger than the pore voleiof CQ plumes of 14x10m? at 50
years. A pressure change of 1 bar and 0.1 bar e&axjpected as far as 150 and 300 km
from the core injection area, respectively. Thespuee-affected areas include regions in
northern lllinois, where significant amounts of gnolwater have been pumped from

overlying freshwater aquifers.

As our simulation results show, the pressure bpiloiuMt. Simon has the capability of
pushing brine upward through the Eau Claire capnoickoverlying formations. We have
calculated brine leakage with a basin-scale periigatepresentative of local caprock
imperfections (e.g., leaky faults, unplugged weliggher sand content). The fractional
leakage rate (relative to the volumetric rate ohdmisplaced by stored Gincreases
from 0.0 to 0.22 at 50 years, and the cumulativieime of leaked brine accounts for
9.5% of the total volume of displaced brine at ®@rg, and 62% at 200 years. Most of
this leakage occurs in the core injection areaeieper parts of Mt. Simon, where directly

overlying aquifers are saline and shallow freshwatpiifers are not heavily utilized. A
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smaller fraction of total brine leakage occurs anthern lllinois; however, it is believed
that the possible localized brine intrusion, indlbg CQ injection and storage, into the
overlying freshwater aquifers is less significahart that caused by the historic and
continuous groundwater pumping in northern andreétitinois. Updip brine migration
within Mt. Simon to the north is essentially zengtside of the core injection area, thus
posing no threat to the freshwater portion of Mim& in southern Wisconsin.
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Table 1. Model parameters for the single-phaset@nephase flow in the five cases
of sensitivity analysis

Case Units ¢ kh kv ﬁp a’l m Srb Srg
10" | 10™m) | (10%paY) | (10°Pa)

A EC 0.15 0.001 0.001 7.42 50.0 0.41 040 0.30
Cl_MS1 | 0.062-0.130 | 4.8-286 4.8-286 3.71 0.064-0[79 0/41300| 0.25
Cl_MS2 | 0.083-0.163 | 5.2-873 52-873 3.71 0.045-0.41 041 0 0[30.25
Cl_MS3 | 0.139-0.203 174-1000 174-1000 3.71 0.040 041 0{28.20
Cl_MS4 | 0.095 22.6 22.6 3.71 0.21 041 030 0.25
NF_MS | 0.12 100 100 3.71
FF_MS | 0.16 500 500 3.71
PC 0.05 0.0001 0.0001 7.42 100.0 0.41 040 0.30

B Cl_MS1 0.50
Cl_MS2 0.50

C | Cl_MS1 216 43 0.50
Cl_MS2 216 43 0.50

D | EC 0.0001 0.0001

E | EC/PC 22.26
MS 11.13

Note: EC for the Eau Claire Shale, MS for the Mm@ Sandstone, PC for the Precambrian granitéoiCl
the core injection area, NF for the near-field afgafor the far-field area, and MSx for the Mttr®in Unit

number. Empty entries indicate not changed frome@asp is porosity,kh is horizontal permeabilitykv
is vertical permeability,[i’p is pore compressibilitygx L andm are two van Genuchten model

parameters, representing the characteristic capil@ssure and pore-size distribution, respegti(sdn
Genuchten 1980)S,,, is residual brine saturation, arﬁ}g is residual C@saturation.

Figure 1. Overview of the lllinois Basin boundeddrghes and domes, and the model
domain: the flooded contour is the top elevatiof dfrthe Mt. Simon Sandstone,
state borders are in thin black line, basin boupdagrey line, model boundary in
red line, and faults or anticlines in thick blagtels. Relevant to the scenario of full-
scale GCS deployment are the core injection ardaed in white line, and the 20
injection sites in numbered black squares, as agelhe ADM demonstration site in
red square. Inset shows the location of the moaolelaiin.

Figure 2. Thickness of (a) the Mt. Simon Sandst@methe Eau Claire Formation, (c) the
upper unit of the Mt. Simon, and (d) the arkosi¢ ohthe Mt. Simon. Also shown in
(a) are the south-north and west-east cross sect@oil the numbered eight
observation points; shown in (c) are the data gamhollow circles for the division
of the Mt. Simon into four units, and two key boods: the Weaber-Horn #1 and
Hinton # 7 used for hydrogeologic property assigninie the core injection area.

Figure 3. Layer properties (in red line) of meadyserosity, calculated permeability, and
scaled characteristic capillary pressure for théagdrs of the Mt. Simon and the Eau
Claire and the Precambrian granite. Also showhedivision (in blue line) of the
four hydrogeologic units of the Mt. Simon Sandstawsewell as the core-scale (0.15
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m) porosity and permeability (in grey line) at teaber-Horn #1 well.

Figure 4. The two-dimensional mesh generated ®thhee-dimensional unstructured
mesh, with higher resolution in the core injectasea and around each injection
center.

Figure 5. Contours of simulated @&aturation along the south-north cross section at
Storage Site 10, as a function of time, for CaseB,Aand C. Also shown in (a) is the
distribution of log permeability (in background).

Figure 6. Contours of CGsaturation at the top elements of Layer 11, widximum
lateral extent of the plumes simulated at 50, @@ \y2ars in Case A.

Figure 7. Comparison, between Cases A and B, giqi@ volumes of mobile and
immobile CQ and the total pore volume affected by Cand (b) the fractional mass
of immobile, mobile, and dissolved GQluring the injection and post-injection
periods.

Figure 8. Contours of pressure buildup (bar) at 9,50, and 100 years in Case A, and at
50 years in Cases D and E. Also shown in (a) idlliheis counties (in red line) with
heavy pumping records, and the eight countiesr@y filood) in the Chicago metro
region where significant pumping-induced drawdows heen observed.

Figure 9. (a) Transient pressure buildup and gijime derivative at eight observation
points along the south-north cross section, (c3saree buildup at the 20 injection
centers at 0.5, 5, 10, 30, and 50 years, and (d@lation between pressure buildup
and Mt. Simon thickness at injection centers at ®,%nd 50 years simulated in Case
A.

Figure 10. (a) Volumetric balance between the egithrine displaced by injected €O
and that stored in the storage formation by pocekaime compressibility, and leaked
through the caprock, and flowing out of the mod@hdin through lateral open
boundaries, and (b) annual leakage rate of reslutere through caprock top in the
far-field, near-field, and core injection areasyadl as in the entire model domain.

Figure 11. (a) Comparison of the €i@jection rate (not with specific years) to thenaal
groundwater pumping rate in the eight-county mé&hicago region and the entire
north-central lllinois, and (b) simulated drawdo@mbar) in 2005 induced by heavy
pumping in northern lllinois and southeastern Winsgo.
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(a) Mt Simon Thickness (m) (b) Eau Claire Thickness (m)
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b) 200 years

Figure 6.
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