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a  b  s  t  r  a  c  t

Understanding  and  predicting  physical  and  chemical  trapping  mechanisms  are  important  for  designing
successful  CO2 storage  projects.  The  processes  have  been  investigated  extensively  by numerical  modeling
and,  to  a lesser  degree,  by laboratory  experiments.  The  results  of  modeling  and  laboratory  studies  need
to be  verified  at  field  conditions  and scales.  A  variety  of  field  data  sets  have  been  collected  at the Cranfield
CO2 injection  and  monitoring  site  of  the Southeast  Regional  Carbon  Sequestration  Partnership  (SECARB)
where  3.54  million  tons  of CO2 had  been  injected  by February  2012.  Field  characterization  and  exten-
sive  monitoring  provide  unique  insights  into  the  trapping  processes  that  help  in immobilizing  injected
CO2. The  four-way  closure  of  the  injection  zone  ensures  effective  structural  trapping  of  buoyant  CO2 and
maximum  opportunity  for  chemical  trapping.  The  fluvial  reservoir  shows  a  high  degree  of  lithologic  and
petrophysical  heterogeneity  associated  with  multiple  episodes  of  fluvial-channel  incision  and  deposi-
tion.  Variable  diagenetic  chlorite  further  exerts  a complex  overprint  on rock  properties  because  chlorite
grain  coatings  prevent  quartz cementation  and  preserve  porosity.  CO2 solubility  in  the  brine  under  the
field  condition  is  approximately  36 g/L  (9 kg/m3 rock  volume).  The  CO2–brine  contact  area  is  maximized

within  the sinuous  and  focused  flow  pathways  that  could  increase  dissolution.  Yet  geochemical  reactions
are  found  to  be  very  slow  in the  reservoir.  Mineral  trapping  capacity  is  limited  because  the  reservoir  rocks
contain only  trace  amount  of  reactive  minerals  that  supply  cations  to  convert  CO2 into  carbonate  min-
erals.  Two  parallel  multiphase  flow  experiments  show  that  CO2 residual  saturation  varies  significantly
between  conglomerate  and  sandstone  (31%  and  3.5%)  facies  in  the  reservoir,  which  complicates  estimates
of  residual  trapping  capacity.
. Introduction

Geological storage of CO2 depends on a combination of physical
nd chemical trapping mechanisms that are effective at different
ength scales and timeframes (IPCC, 2005). In storage formations,
he lower density of CO2 (50–80% of water under normal condi-
ions) results in a buoyancy force that tends to drive CO2 upwards
elative to in situ formation fluids. Upward migration of CO2 is
xpected to be blocked by fine-grained low-permeability rock for-
ations that serve as capillary barriers to limit vertical migration.

he physical trapping mechanism includes structural and strati-
raphic trapping. Additional physical trapping relies on capillary
orces that retain a fraction of CO2 in the pore spaces at irreducible

aturation during water imbibition (capillary or residual trapping).

Once injected in storage formations, CO2 is in contact with
ormation fluids and reservoir rock. Another important trapping

∗ Corresponding author. Tel.: +1 5124759525; fax: +1 5124710141.
E-mail address: Jiemin.lu@beg.utexas.edu (J. Lu).

750-5836/$ – see front matter. Published by Elsevier Ltd.
ttp://dx.doi.org/10.1016/j.ijggc.2012.10.007
Published  by  Elsevier  Ltd.

mechanism known as geochemical trapping occurs as the CO2 dis-
solves in the formation brine and oil (solubility trapping) (Gunter
et al., 1993, 1997). Trapping efficiency increases when CO2 dissolves
in water and its buoyant forces are eliminated. Additionally, CO2
dissolution makes the formation water a weak acid that initiates
a series of chemical reactions with certain rock-forming miner-
als, and a fraction of the injected CO2 will be converted to solid
carbonate minerals (mineral trapping).

An understanding of, as well as an ability to predict these
different physical and chemical processes are needed for success-
ful storage projects to be designed. These processes have been
extensively investigated in numerical modeling and laboratory
experiment (e.g., Gunter et al., 1993, 1997; Xu et al., 2003, 2005;
Gaus et al., 2005; Knauss et al., 2005; White et al., 2005; Zerai et al.,
2006; Gaus, 2010; Ide et al., 2007; Hesse et al., 2008; Saadatpoor,
2009; Pentland et al., 2011). For example, numerical modeling sug-

gests that significant quantities (Hesse et al., 2008; Saadatpoor,
2009; Pentland et al., 2011) – in some cases, all the injected CO2 –
can be trapped by capillary forces (Ide et al., 2007). Simulations also
suggest that complete CO2 dissolution in formation water occurs

dx.doi.org/10.1016/j.ijggc.2012.10.007
http://www.sciencedirect.com/science/journal/17505836
http://www.elsevier.com/locate/ijggc
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t timescales of hundreds of years (McPherson and Cole, 2000;
nnis-King et al., 2005) and that significant convection caused by
ncreased density of CO2 saturated brine could lead to faster rates
f CO2 dissolution (Ennis-King et al., 2005; Kneafsey and Pruess,
009; Neufeld et al., 2010).

The results based on modeling and laboratory studies need to
e verified at field conditions and scales. So far, only a small num-
er of large-scale CO2 injection projects have been conducted for
valuating trapping mechanisms in engineered storage settings
e.g., Arts et al., 2004; Emberley et al., 2005; Han et al., 2010). The
outheast Regional Carbon Sequestration Partnership (SECARB) is
onducting CO2 sequestration in the water leg of a depleted oil
eld that is undergoing CO2 enhanced oil recovery at the same
ime. The injection site is at Cranfield field in Mississippi, USA

 an oil field discovered in 1943 and produced to depletion in
965. Denbury Onshore Inc. started CO2-enhanced oil recovery
EOR) operations in the field in 2008. During the SECARB Phases
I and III CCS projects, the Gulf Coast Carbon Center at The Uni-
ersity of Texas at Austin led a collaborative effort and monitored
esponses in the injection zone, above zone monitoring interval
nd near-surface across the field. Concurrent with CO2-EOR activ-
ties, CO2 was injected in the water leg at the eastern edge of
he field below the oil–water contact. The ware-leg injection was
losely monitored by two  dedicated observation wells to study
he effects of CO2 injection into deep aquifers. Integration of the

onitoring technologies deployed at the site has produced dense
nd diverse datasets that are crucial to an understanding of CO2
ehavior and trapping mechanisms in the reservoir. These field
bservations, combined with reservoir characterization and lab-
ratory experiments, provide unique insights into the physical
nd chemical processes associated with CO2 injection and could
erve as calibration for numerical simulations. The objective of this
aper is to discuss the current understanding of trapping mech-
nisms occurring in the injection zone at Cranfield on the basis
f reservoir characterization, laboratory experiments, and field
bservations

. Field operations

Cranfield field is part of the Mississippi salt basin, a part of the
ulf Coast sedimentary wedge running along the northern Gulf of
exico from south of the Mexican border to Florida. The field is

 salt-cored, simple dome structure located approximately 20 km
ast of city of Natchez in Adams and Franklin Counties, southwest
ississippi, USA (Fig. 1). The reservoir sandstone, so called “D–E”

and Units of the Upper Cretaceous Lower Tuscaloosa Formation
onsists of a 15–25-m-thick package of porous and permeable flu-
ial sandstones and conglomerates over 3000 m deep (Fig. 2). The
eservoir produced oil, gas condensate, and methane gas between
944 and 1966 (Mississippi Oil and Gas Board, 1966; Mancini and
uckett, 2005). The field was pressure depleted and wells plugged
nd abandoned in 1965. The reservoir has been under CO2-flooding
or EOR since 2008. Reservoir temperature is approximately 125 ◦C.
eservoir pressure was approximately 32 MPa  prior to CO2 injec-
ion and increased to around 34 MPa  when injection and production
tarted. CO2 is in supercritical state under the reservoir conditions.
O2 injection started in the north part of the field and expanded to
he southeast around the oil rim of the field, with injection wells
laced at the oil–water and gas oil contacts in irregular five spot
atterns. By end of February 2012, cumulative CO2 injected was
.03 million metric tons, including reinjection of gas produced from

roduction wells (recycled). Net CO2 injected was 3.54 million tons.
O2 is transported via a 160-km pipeline from Jackson Dome CO2
eld in Mississippi and has been injected continuously since 2008
without water injection).
ouse Gas Control 18 (2013) 361–374

3. Methodology

The characterization study is based on 3-D seismic data and
analysis of three cores from the reservoir interval and one core from
the middle Tuscaloosa confining unit. The drill cores were described
and logged. Samples were taken from the cores for microscopy,
X-ray diffraction, porosity and permeability analysis.

Three cores from the reservoir interval between 3042 m and
3107 m TVDSS (Wells 29-12, 31F-2, and 31F-3) were sampled and
analyzed (Fig. 1). Sixty-five (65) core plugs from Well 29-12, 52
from 31F-2, and 47 from 31F-3 were measured for porosity and
permeability by Core Laboratory. A total of 101 thin sections from
three cores were examined using a light microscope in both trans-
mitted light (plane and polarized) and bright-field reflected light.
Among them, 47 thin sections of Well 29-12 were point counted
(350 counts), and 27 thin sections and 18 core chips from 31F-2
and 31F-3 were examined using a field-emission SEM and an FEI
NovaTM NanoSEM 430 at The University of Texas at Austin (UT). The
SEM was aided by energy dispersive spectrometry (EDS) for qualita-
tive analysis of elemental composition. 47 core samples from 31F-2
and 32 from 31F-3 were analyzed quantitatively using the random-
powder X-ray diffraction (XRD) method (Hillier, 1999). Details of
sample preparation and analytical parameters for XRD analyses can
be found in Lu et al. (2011).

CO2–brine steady state flow-through experiments were con-
ducted to investigate relative permeability and residual saturation.
Three core plugs (3.8 cm in diameter) were selected between
3094.15 and 3094.38 m TVDSS from Well 31F-2 to make a compos-
ite sample of 14.6 cm long. Synthetic brine was made to represent
the formation brine and potassium iodine (KI) dye was added to
enable X-ray CT scanning to determine CO2 saturation during core
flooding. The CO2 and brine were allowed to be fully saturated with
each other before entering the cores. Drainage was  conducted prior
to imbibition. The core sample was  placed in vertical orientation.
In order to achieve gravity stable situation, CO2 and brine were
injected from top during drainage stage and from bottom during
imbibition. In drainage stage, the ratio of CO2 and brine injec-
tion increased from 0 to 100% by step; while during imbibition, it
decreased from 100% to 0%. CO2/brine injection ratio changed when
steady state was  achieved at each stage. The core flooding experi-
ment was conducted under 34.5 MPa  pore pressure (19.6 MPa net
confining stress) and 122 ◦C, similar to the reservoir conditions.

4. Reservoir characterization

4.1. Sedimentary characterization

The Tuscaloosa group was deposited during a
transgressive–regressive cycle and is bounded by unconfor-
mities at the base and top of the formation that represent regional
erosion surfaces. Overlying a regional unconformity on top of the
Dantzler Formation of the Washita–Fredericksburg Group, the
Lower Tuscaloosa Formation represents a transgressive stage of
the depositional cycle, with upward gradation from fluvial and
deltaic to shelf sedimentation (Spooner, 1964; Berg and Cook,
1968).

The reservoir interval (injection zone) was  formerly known as
Massive Sand Members –– D and E sands in the lower part of the
Lower Tuscaloosa Formation. The sand units in the upper part of
the Lower Tuscaloosa Formation were formerly known as Stringer
Sand Members – A, B, and C Sands (Fig. 3). Note that these upper
sand units cannot be correlated continuously across the field and

they show variable log expression. The Lower Tuscaloosa injection
zone (D–E sand) is composed of crossbedded chert conglomerates,
litharenite sandstones, and muddy sandstones deposited during
multiple episodes of channel incision and deposition (Figs. 4 and 5).
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ig. 1. Structure map  of the reservoir (top “D–E” sand) showing injection wells activ
10  ft). Ground elevation is about 110 m in the area. In the northeast part of the do
eometry shown in Fig. 8. Dark line indicates location of cross section in Fig. 3.

he cores show an overall fining upward succession. Conglom-
rates in the lower portions of cores alternate between matrix
upported (fine-grained sand to silt) and grain supported. Multi-
le erosional and depositional episodes (cut and fill) occur within
he conglomerates. The upward-fining intervals from conglomer-
te to fine sandstones (typically 1–3 m thick) show low-angle cross
edding.

The missing (unrecovered) parts of the cores of Wells 31F-2
nd 29-12 correspond to the high-gamma-ray intervals in the

ogs, suggesting that 0.6-m-thick, dark gray mudstone/siltstone
ithology cored in Well 31F-3 was lost in the other two cores
Figs. 3–5). Continuity of thin, fine-grained zones is not well
emonstrated. Several other thin mud/siltstone beds are in the
ng 2009. Contours in true vertical depth subsea (TVDSS) with an interval of 3.048 m
tructure, a NNW–SSE trending normal fault intersects the reservoir interval. Fault

upper core of 31F-3, and they also show up in gamma ray logs of
31F-1 and 31F-3 (Fig. 3). These fine-grained beds are unlikely to
be continuous, field-wide features because the thickness of the
sandstone/conglomerate packages changes significantly between
wells (Fig. 3). They are likely local channel abandonment facies that
were either preserved or scoured during a later incision, rather
than regional flooding events. The lateral continuity of these fine
units will most likely have an impact on plume development and
sweep efficiency in the reservoir.
All three cores show a transition at the central-upper parts of
the cores from a conglomeratic facies to a homogenous, coarse
to medium sandstone with cross bedding and indistinct ripple
laminations. The degree of preserved bedding increases upward,
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Fig. 2. Generalized stratigraphic colum

nd bed thickness is at the centimeter scale. The extent of these
hannel depositional units is likely limited to the width of the
hannels (estimated 20 m).

The uppermost fine siltstones and very fine sandstones are red-
ish and contain patchy to massive iron oxides. The mottled texture

n these sediments suggests soil zone processes, and a fairly long
oot cast ‘shadow’, as well as carbonized filaments, indicates a ter-
estrial, depositional environment. A burrow filled with fine sand

as noted. The silt to very fine sand bed appears to be the local

eal separating the oil-charged “D–E” Units from the overlying sand
eds (“A–C” Units) in the Lower Tuscaloosa Formation. However,

ogs show that the thickness of the fine-grained interval varies
rea of Cranfield field, Mississippi, USA.

across the field and the extent and continuity of the paleosol beds
are uncertain.

4.2. Mineralogy and diagenesis

XRD mineral composition of the major mineral phases is
reported in Fig. 5. The average reservoir rock consists of quartz
(79.4%), chlorite (11.8%), kaolinite (3.1%), illite (1.3%), calcite and

dolomite (1.5%), and a trace amount of feldspar (0.2%) (n = 79).
The major detrital grains include monocrystalline quartz, micro-
crystalline and cryptocrystalline chert (∼6%), and rock fragments
(mostly volcanic) (∼5%).
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ig. 3. Structural cross section from west side to eastern flank of Cranfield structu
ross-section location marked as dark line in Fig. 1. (For interpretation of the refere

Diagenetic processes that occurred during progressive burial

ave increased the heterogeneity of reservoir properties. Diagen-
sis is likely the cause of complex relationships between porosity
easured on core samples and porosity measured by modern logs.
icroscopic analyses of core samples show diagenetic overprints
rforation zones of wells shown as pink columns; core intervals as gray columns.
o color in this figure legend, the reader is referred to the web version of the article.)

on the highly heterogeneous facies (Fig. 6). Chlorite is the most

important authigenic mineral in the reservoir, giving the core a
greenish appearance. Chlorite occurs as grain coating (rims), pore
lining, pore filling and grain replacing habits (Fig. 7a–d). Chlo-
rite grain coats, the most abundant habit (average abundance 6.3%
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Fig. 4. Sedimentary log of cores of Well 29-12. Porosity and permeability measurements of core samples plotted on right. Interval cored is mainly the lower Tuscaloosa D–E.
3  m of underlying Washita–Fredericksburg mud/siltstone and fine sandstone cored. Overlying red mudstones also cored. (For interpretation of the references to color in this
figure  legend, the reader is referred to the web  version of the article.)
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ig. 5. Sedimentary logs of cores of Wells 31F-2 and 31F-3. Porosity and permeabil
ight.  Interval shown is D–E Units. Overlying red mudstones also cored.

ccording to point counting), appear as olive-green fibers around
he grains under the light microscope (Fig. 7b). SEM observations

how that chlorite coats consist of small euhedral platy crystals,
riented perpendicular to the grain surfaces. They display a face-to-
dge crystal habit (Fig. 7c). In addition, paragenesis analysis shows

ig. 6. Paragenetic sequence in Lower Tuscaloosa reservoir interval, illustrating
elative order of key diagenetic events.
asurements and X-ray diffraction mineral composition of core samples plotted on

that chlorite coats formed early in diagenesis, before precipitation
of carbonate and quartz cements. Chlorite appears to have pre-
served porosity, in which it forms thick grain coats and suppressed
compaction and quartz cements. Quartz overgrowth occurs where
the chlorite coats are thin or absent (Fig. 7e). A general trend of
increasing quartz cement toward the upper part of the reservoir is
associated with decreasing chlorite-coat thickness in finer grained
sandstones.

Point count results indicate that secondary porosity can be
higher than primary porosity in some of the permeable zones.
Secondary porosity is formed mainly by dissolution of rock
fragments (Fig. 7a and d) and matrix during diagenesis. Cre-
ation of secondary porosity generally increases effective porosity
and disproportionally enhances permeability. Secondary porosity,
together with chlorite coatings, is probably the main reason for
the poor correlation between porosity and permeability in the
reservoir.

Abundance of carbonate cement is overall low in cores. Most car-
bonate cements occur in a limited number of small concretions in
the lower part of cores (Fig. 7f). Carbonate cementation has limited
distribution, is small in size (cementers), and is not an important
factor for the permeability field in the reservoir.

5. Overburden characterization
Overburden, which includes diverse lithologic units, isolates the
injection zone from shallow gas resources and underground source
of drinking water (USDW), which occur at depths of 30–600 m
below the surface. Overlying the injection zone in the lower
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Fig. 7. Photomicrographs of reservoir interval (D–E Sand Units) of Lower Tuscaloosa Formation. (a) Coarse-grained sandstone with high porosity. Thick chlorite coats prevented
quartz  cementation. Moldic secondary porosity (arrows) formed by dissolution of volcanic rock fragments. Transmitted plane-polarized light. 3102.07 m TVDSS, 31F-3. (b)
Chlorite occurs as thick grain coatings and detached coatings (arrows) preventing quartz cementation. Volcanic rock fragments corroded and altered (RF). Transmitted plane-
polarized light. 3101.42 m TVDSS, 31F-3. (c) Chlorite coatings surrounding a quartz grain, showing small euhedral platy crystals oriented perpendicular to grain surfaces.
Secondary electron image of a core chip. 3094.66 m TVDSS, 31F-2. (d) Chlorite rim surrounding a volcanic rock fragment (RF) partly converted to chlorite. Two  smaller
rock  fragments on right are corroded, forming secondary pores surrounded by chlorite coats. Backscattered SEM image on thin section. Thin section backscattered scanning
electron image. 3094.66 m TVDSS, 31F-2. (e) Upper reservoir D–E interval, chlorite coatings are thin and less abundant, high-compaction, abundant quartz overgrowth
(  conc
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arrows). Transmitted plane-polarized light. 3090.12 ft, 31F-3. (f) In a rare calcite
urrounding detrital grains, apparently predating calcite cementation. Transmitted

uscaloosa “D–E” Sand Units (also called Massive Sand Member) is
 sequence of mudstones and muddy sandstones, called Stringer
and Member with a number of names for individual sand layers,
ncluding C, B, A Units (Fig. 3). These units were not cored at Cran-
eld, but they show intermittent occurrence in logs (Fig. 3). The
andstones are not amalgamated and form discontinuous, sand-
ich horizons across the field. Regionally, upper sandstones of the
ower Tuscaloosa Formation show increasingly marine charac-
er upward, as interpreted from shells and glauconite, suggesting

arine reworking during a regional transgression (Stancliffe and
dams, 1986).

The lowest regional confining zone overlying the Lower
uscaloosa Formation is marine mudstone and associated low-
ermeability facies in the middle Tuscaloosa Formation (so-called
uscaloosa marine shale) (Lu et al., 2011). Regionally, the middle
uscaloosa Formation is approximately 3000 m deep in southwest-
rn Mississippi, and its depth increases to over 4900 m deep in
entral Louisiana down dip to the south (John et al., 1997). At
ranfield, the formation shows a relatively constant thickness of
pproximately 75 m across the field (Figs. 3 and 7). The overall
hickness of the formation increases toward the south to over 430 m
n Louisiana.

A series of thin (3–8-m-thick) sandstones of the upper
uscaloosa Formation overlie Tuscaloosa marine shale. The sands
nd clays of the upper Tuscaloosa Formation represent the regres-
ive phase of the depositional cycle of the Tuscaloosa group (Fig. 2).
he upper Tuscaloosa sands and clays represent the regressive
hase of the depositional cycle. It is difficult to distinguish the

pper Tuscaloosa from the overlying Eutaw Formation owing to
heir lithologic similarity. As is typical regionally, determining the
ontact between the upper Tuscaloosa and Eutaw Formations is
ifficult (Mancini et al., 1999).
retion, pores eliminated by calcite cements (CC). Chlorite coats still can be seen
-polarized light. 3098.28 m TVDSS, 31F-3.

Above the sandstones of the upper Tuscaloosa and Eutaw
Formations, the Upper Cretaceous and lower Tertiary section is
relatively fine grained and low in permeability. Confining-system
efficacy is demonstrated by hydrocarbon accumulation in the
Lower Tuscaloosa Formation (gas cap and oil rim). Notable units
include chalks of the Selma and Austin equivalents and the thick,
dominantly mudstone Midway Formation (Fig. 2). These units
provide approximately 1200 m of additional confining system
below the Wilcox productive reservoir. Additional confinement is
provided by mudstones within the Wilcox Group and interbedded
Tertiary sandstones and mudstones of the overlying units, such as
the Jackson and Claiborne Groups below and at the base of USDW.

6. Discussion

6.1. Structural trapping

Physical trapping of CO2 below low-permeability seals
(caprocks) is the most important mechanism limiting upward
migration of CO2 in geological formations. The seal should provide
an effective permeability and capillary barrier to prevent CO2
upward migration. Lateral migration can allow CO2 to move signifi-
cant distances from the injection point, unless flow is limited by the
geometry. Structural traps are geometries in which buoyant flow
is limited by folded or faulted rocks. Faults can act as permeability
barriers in some circumstances and as preferential pathways for
fluid flow in other circumstances (Salvi et al., 2000). Stratigraphic
traps are formed by changes in rock type caused by variation in the

depositional or diagenetic setting in which migration along flow
units is limited by pinch out of permeable formations.

The Cranfield injection zone, “D–E” Units in the Lower
Tuscaloosa Formation, is located at a depth 3040 m subsea in a
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Fig. 8. Top of lower Tuscaloosa Formation reservoir. Fault plane in northeast part of field shown as light-blue pinch out approximately 300 m above reservoir top. 3-D seismic
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lock  covers area 7.6 km × 9.1 km.  Color scale in two-way-travel time (mS). (For in
eb  version of the article.)

ear-circular structural trap formed by a four-way anticline with
 diameter of 6.4 km (Fig. 8). Gravity data show that the struc-
ure is created by a deep-seated salt dome (Mississippi Oil and Gas
oard, 1966). At the reservoir interval, dip of the formation ranges
etween 1◦ and 3◦, forming a domal trap with a structural closure of
6 m.  The structural spill point interpreted from 3-D seismic occurs
n the northwest flank of the anticline.

The regional confining formation, the marine package of the
iddle Tuscaloosa Formation, is laterally extensive across the

egion. The formation generally thickens toward the southwest
o 430 m in Louisiana and pinches out toward the northeast in
est Alabama (John et al., 1997; Woolf, 2012). It is approximately

5 m thick across the field. Part of this formation was  cored from
ell 31F-2, recovering a diverse suite of lithologies ranging from

niform mudstone, to clayey siltstone, to burrowed very fine sand-
tone. It was found that all facies have desirable sealing capacities
ccording to petrographic studies and mercury intrusion capillary
ests. The coarser grained layers actually have the lowest perme-
bility and porosity owing to a high abundance of calcite cements
Lu et al., 2011). Various facies found in the core show high capil-
ary entry pressure and are able to retain a CO2 column as much
s 237 m.  Porosity and permeability of the interval are less than 4%
nd 0.0001 mD,  respectively. The confining unit is sufficiently tight
or retaining the injected CO2 if its integrity is maintained.

However, fault seal presents a major uncertainty about struc-
ural trapping. Sealing properties of the fault intersecting the lower
uscaloosa injection interval (“D–E” Units) are considered in a case
tudy. The eastern limb of the normal fault has a maximum fault
hrow determined from historic logs of about 24 m (Fig. 8). Analy-
is of the 3-D seismic shows that the fault is elliptical – that is, it
ies out by gradual decrease in throw north, south, and upward –
ntil the offset is seismically nondetectable. The fault dies out to the
orth within the CO2 flood area, raising a question about its hydro-

ogic influence in this area. To the south, the fault dies out south of
he current injection area. Upward the seismically detectable fault

ies out in the Midway Formation, a thick mudrock interval that is
ypical in the Gulf Coast for attenuation of fault throw. Existence of

 separate gas–oil contact at the small isolated gas cap on the east
ide of the fault indicates that the center of the fault was  sealing
tation of the references to color in this figure legend, the reader is referred to the

during historic production, and reservoir response indicated that
the center of the fault was not transmissive (Mississippi Oil and
Gas Board, 1966). Injection-zone thickness (<25 m) is equivalent to
fault displacement, indicating that the fault offsets the reservoir’s
fluvial sandstone. Because CO2 is injected on both sides of the fault,
analysis of the potential for cross-fault flow in both directions is
needed. CO2 injected on the east side footwall in the D–E inter-
val is to juxtapose against the overlying mudstone and A, B, or C
sandstones of the Lower Tuscaloosa Formation below the middle
Tuscaloosa regional seal. These sandstones did not receive suffi-
cient oil charge to be produced, suggesting that the fault is sealed
to horizontal flow. CO2 injected into the D–E sands of the west side
hanging wall will be trapped against low permeability mudstones
and fine sandstones of the Washita–Fredericksburg group.

During historic production, reservoir response indicated that
the center part of the fault was nontransmissive (Mississippi Oil
and Gas Board, 1966). Recent drilling of downdip wells suggest that
the oil–water contact may  be deeper on the northeast side of the
fault, suggesting noncommunication across the fault over geologic
time. A pressure monitoring well (Ella G Lees 7) on the west side
of the fault did not record the pressure variations associated with
injection events of the injection wells on the other side of the fault,
confirming the sealing nature of the fault (Meckel and Hovorka,
2009). Pressure data from the current CO2 injection indicates lack
of communication across the fault (Meckel and Hovorka, 2009).
Significant vertical leakage along a transmissive fault plane is dis-
counted because oil and gas was  trapped in the lower Tuscaloosa
D–E, and because the fault has poor vertical connectivity to any
overlying permeable units.

6.2. Residual saturation trapping

Residual saturation trapping is also referred to as capillary trapp-
ing, a process in which CO2 is trapped as discontinuous droplets in
abandoned CO2 flow paths when brine imbibes (Juanes et al., 2006;

Ide et al., 2007; Qi et al., 2009; Saadatpoor, 2009; Pentland et al.,
2011). It occurs primarily after injection stops and water begins
to imbibe into the CO2 plume as a result of relative permeability
and capillarity. The amount of CO2 that can be trapped by capillary
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ig. 9. CO2 saturation profiles along composite core length during imbibition follow
as  scan at 100% CO2 flooding at end of drainage stage. Lowest saturations achieved

9.6  MPa; pore pressure: 34.5 MPa; temperature: 122 ◦C.

orce is controlled by the highest CO2 saturation achieved during
rainage and local capillary entry pressure that immobilizes CO2
uring imbibition (Saadatpoor, 2009; Pentland et al., 2011). Higher

nitial CO2 saturations usually lead to higher residual saturations
e.g., Krevor et al., 2012). Numerical modeling studies show that
ignificant quantities can be trapped by capillary forces (Ide et al.,
007; Hesse et al., 2008; Saadatpoor, 2009; Pentland et al., 2011).

Determination of residual saturation in the reservoir rock
as attempted by conducting multiphase flow experiments at

 commercial laboratory (Core Laboratory, Houston, TX). The
lugs used in the experiment show relatively uniform texture of
edium-grained sandstone, with an average porosity of 27.2% and

ermeability 81 mD.  At the end of the drainage stage, CO2 sat-
ration reached 50.1% (Fig. 9). During the imbibition stage, CO2
aturation kept decreasing and reached as low as 3.5% after flooding
ith 100% brine for about 200 min. The final residual saturation is

ower than that of other similar studies. No obvious flaws in exper-
ment settings or procedures were identified. Another set of repeat
xperiments are planned and, hopefully, will verify the results.

A similar experiment was conducted at Stanford University on a
ingle plug of 9-cm-long from Well 31F-3 (3104 m TVDSS) (Krevor
t al., 2012). The conglomeratic sample from the lower part of the
eservoir is poorly sorted and shows high heterogeneity in porosity
istribution. This sample has a permeability of 220 mD and a poros-

ty of 23.6%. The experiment was conducted at lower pressure (pore
ressure: 9 MPa; net confining pressure: 2.7 MPa) and temperature
50 ◦C). A maximum CO2 saturation of 46% was achieved during
rainage, and residual saturation dropped to 31% at the end of imbi-
ition (Krevor et al., 2012), which seems more realistic. Given an
verage porosity of 25% throughout the reservoir, residual trapping
ould account for up to 8% of the rock volume swept by CO2 in the
ock. However, the results may  not represent the real values under
eld conditions because this experiment was conducted at much
ower temperature and pressure. Moreover, other permeable facies
eed to be tested to estimate overall residual trapping capacity in
he reservoir because of the high degree of heterogeneity in the
eservoir rocks.
imary drainage. Profiles derived from X-ray CT scanning. Line of highest saturation
0% water-flooding at end of imbibition. Flow from left to right. Net confining stress:

6.3. Geochemical trapping

CO2 in the sequestration zone can undergo a sequence of geo-
chemical interactions with rock and formation water. CO2 will
dissolve in formation water and lower the pH. Once CO2 is dis-
solved, it no longer exists as a separate phase, thereby eliminating
the buoyant forces that drive it upwards. This process is commonly
called solubility trapping which is anticipated to occur within a cou-
ple of thousands of years after injection (Lindeberg and Bergmo,
2003). CO2 solubility in brine varies with reservoir temperature,
pressure and chemistry of the formation water (e.g., Duan and Sun,
2003; Portier and Rochelle, 2005). Reservoir-scale numerical sim-
ulations suggest that, over tens of years, a significant amount, up to
30% of the injected CO2, will dissolve in formation water, and over
centuries, the entire CO2 plume will dissolve in formation water
(McPherson and Cole, 2000; Ennis-King and Paterson, 2007).

Dissolution of CO2 in water produces an acid solution, which
initiates a variety of geochemical reactions with carbonate and
alumino-silicate minerals (feldspars and clays) in the injection
formation. During the reactions, some fraction of CO2 may  be
converted to stable carbonate minerals by combining with cal-
cium, magnesium and iron released from silicate minerals such as
feldspars, clays, micas, and chlorite. This process is called mineral
trapping (Gunter et al., 1993, 1997). The capacity of mineral
trapping of a certain host formation ultimately depends on the
rate at which the reactions occur and the availability of mineral
reactants. However, the dissolution and precipitation kinetics for
alumino-silicate minerals is generally not well defined because
their kinetic rates are low and cannot be easily measured in the
laboratory (Palandri and Kharaka, 2004). Previous numerical mod-
eling and reaction experiments show a large potential for mineral
trapping in some sedimentary rock formations (e.g., Gunter et al.,
1993, 1997; Johnson and Nitao, 2002; Xu et al., 2003, 2005; Knauss

et al., 2005; White et al., 2005; Zerai et al., 2006). However, the
high mineral-trapping capacity has not been verified by natural
CO2 analogs or engineered storage sites (e.g. Lu et al., 2011). At
Miller field in the North Sea, a CO2-rich oil reservoir, quantification
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Fig. 10. Elemental concentrations of brine samples taken from wells during first 2
years of CO2 injection. Red, average of postinjection brine samples from high CO2

wells; dark green, average of postinjection brine samples from low CO2 wells; light
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reen, preinjection sample. Samples taken from high CO2 wells do not show signifi-
ant changes in brine chemistry. (For interpretation of the references to color in this
gure legend, the reader is referred to the web  version of the article.)

f carbonate cement derived from CO2 charge was  attempted.
arbonate cement formed after CO2 accumulation was  found to
e insignificant, although the reservoir rock still contains over
% of buffering feldspar minerals today (Lu et al., 2011). Feldspar
issolution in field settings appears to be slower than the current

ab-based kinetic rates predict.
At Cranfield field, formation brine prior to CO2 injection shows

igh total dissolved solids (TDS) of 155,752 mg/L – a high salin-
ty that limits CO2 solubility. According to the solubility model of
uan and Sun (2003), CO2 solubility in the brine under reservoir
onditions (temperature ∼125 ◦C and pressure ∼32 MPa  at a depth
f 3040 m prior to CO2 injection) is approximately 36 g/L.

Field observations show that CO2 flow paths in the fluvial reser-
oir are extremely complex and far from a cone-shaped plume (Lu
t al., 2012a). Numerous, sinuous CO2 flow paths were established
t a distance of 112 m between Injection Well 31F-1 and two obser-
ation wells (31F-2 and 31F-3). Additionally, size of the flow paths
nd fluid flow velocity within the paths changed with time and
njection pressure (Lu et al., 2012a). Such a complex and dynamic
lume profile greatly increases the CO2–brine contact area, as com-
ared to with that of a simple radial plume regime. We know
hat the reservoir is well connected and had a strong water drive
fter oil production, which means that brine would be displaced
y injectate relatively easily and elevated reservoir pressure would
issipate quickly. A fast imbibition after CO2 injection stops is also
uggested, bringing in unsaturated brine and further increasing
olubility trapping.

Reservoir-fluid geochemistry surveys show that brine chemistry
emained largely unchanged for major cations and anions (Fig. 10).
rine samples from wells receiving injected CO2 show chemi-
al compositions similar to those from wells with background
O2. Only alkalinity (HCO3

−) titrated in the field shows a modest
ncrease from approximately 300 to 600 mg/L during 14 months of
O2 injection. The average reservoir rock consists mainly of quartz,
hlorite, kaolinite, illite, a small amount of carbonate minerals, and

 trace amount of feldspar. Calcite and dolomite are present in a
mall number of concentrations, only margins of which are exposed
or CO2 reactions. Availability of carbonate and feldspar minerals as

uffers is limited. Chlorite and other clay minerals apparently were
ot reacted at any significant scales because the brine chemistry did
ot show associated cation releases. An autoclave experiment using
eservoir rock and brine did not show evidence of mineral reactions
use Gas Control 18 (2013) 361–374 371

either, suggesting that the mineral assemblage of the reservoir for-
mation is not very reactive (Lu et al., 2012b). The mineral buffering
process is restricted by lack of cation supply from buffering min-
erals. Consequently, the capacity of mineral trapping is limited.
Mineral trapping of CO2 is probably unimportant in the unreactive
reservoir, and solubility trapping is the major geochemical trapping
mechanism.

6.4. Reservoir heterogeneity and CO2 trapping

Because of the comparatively high mobility of CO2, only some
of the oil or water will be displaced, leading to an average CO2 sat-
uration in a range of 30–60% (Krevor et al., 2012). Viscous fingering
can cause CO2 to bypass much of the pore space, depending on the
heterogeneity and anisotropy of rock permeability (Van der Meer,
1995; Flett et al., 2005).

At Cranfield field, the reservoir shows a high degree of hetero-
geneity from core to field scale. High-frequency correlations within
the Lower Tuscaloosa Formation indicate multiple incision events
within an overall upward-fining succession. The reservoir inter-
val includes a wide range of rock types including conglomerates,
conglomeratic sandstone, litharenite sandstone, muddy sandstone,
and siltstone/mudstone. Additionally, diagenesis exerts a complex
overprint on rock properties. Chlorite is the most important dia-
genetic phase, with an average 12% abundance in the two  cores
analyzed by XRD (31F-2 and 31F-3) and 17.5% in the point counted
core (29-12). Chlorite abundance varies with depth and further
causes complications in porosity and permeability. Chlorite grain
coatings play an important role in preserving porosity and resist-
ing compaction. Point-counting results indicate that abundance
of chlorite grain coatings may  have a positive effect on perme-
ability and porosity (Fig. 11). Such effects were also discussed by
Ehrenberg (1993) and Berger et al. (2009).

Cores, especially in the upper parts, show large permeability
variations with depth, even within the same facies. Permeability
ranges from less than 1 to 1900 mD within reservoir sandstones.
Although closely spaced, 31F-3, core showing much higher perme-
ability than 31F-2 core, has two intervals with high permeability
above 1000 mD in the upper part, and it is generally above 200 mD
in the lower part, between 3099 and 3106 m (Fig. 5). By contrast,
none of the samples of 31F-2 core has permeability over 200 mD.
The 29-12 core is similar to that of 31F-3, with high permeabil-
ity (hundreds of millidarcys) in the upper and lower parts (Fig. 5).
Overall these cores show large permeability variations at depth
and lateral distances. Such a heterogeneous permeability field is
controlled primarily by a fluvial depositional setting in which chan-
nel depositional episodes are frequent and depositional events are
limited in lateral extension. Assessment of pressure and fluid flow
in the injection zone would be limited by complexity in fluvial sand-
body geometry, which creates uncertainty in interpretation of flow
system continuity.

When all these factors are considered at various scales, the high
heterogeneity of permeability, porosity, and capillary forces would
most likely lead to a high degree of heterogeneity in fluid flow. Com-
plex CO2 flow was  documented by continuous fluid sampling (Lu
et al., 2012a), cross well seismic, time-lapse pulsed neutron logging
and electric resistivity tomography (Daley et al., 2010; Hovorka
et al., 2011). It was  found that numerous focused flow paths were
developed during the first month of injection at 31F-1 and the flow
conduits show varied flow velocity. Overall, the more efficient flow
paths connected the injector to well 31F-3, which apparently pen-
etrated high-permeability conduits. The closer Observation Well

31F-2 is not connected by these transmissive conduits and receives
slow flow from the injector. Apparently, most injected CO2 was
transported along focused preferential paths, even close to the
injectors. A single sheet- or cone-shaped CO2 plume did not occur
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Fig. 11. Abundance of chlorite grain coating determined by point counting shows positive relationships with porosity and permeability. (a) Chlorite coating abundance vs.
porosity. (b) Chlorite coating abundance vs. permeability. Porosity and permeability measured on core plugs.

Table 1
Summary of trapping mechanisms at Cranfield. Structural trapping is the most important trapping mechanism at Cranfield.

Trapping mechanism Ideal conditions Cranfield conditions Findings Implications

Structure Anticline, structural
closure

Gentle four way anticline. Fault
in  reservoir assessed as sealing

Significant downdip flow. Under rapid injection, radial migration
from injectors could cause CO2 to
move downdip and reach structural
spill point

Seal  Mudrock, salt, chalk Marine mudstone with
associated facies

Abundant fine sandstone facies within
seal, tightly cemented with low
permeability and high capillary entry
pressure

High overall sealing capacity, difficult
to upscale

Residual trapping High initial CO2

saturation
Heterogeneous facies; two
major rock types tested for
residual saturation

Multiphase flow experiment shows
very low residual saturation (<5%) in
sandstone, 30% in conglomerate.

Large discrepancy due to different rock
texture or problematic experiments?

Solubility trapping High solubility, high
permeability, large
volume of brine in
contact

High salinity, CH4 saturated
brine, high reservoir
heterogeneity

Component exchange between brine
and supercritical CO2; sinuous focused
flow paths

Increased CO2–brine contact enhances
dissolution
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Mineral trapping Abundant alumino
silicate buffers

Small amount of reactive
minerals, abundant chlorite

t Cranfield field. In other words, sweep efficiency is lower and CO2
ravels farther away from injectors than simplified models would
redict. On the positive side, the presence of thin, tortuous flow
onduits suggests that the CO2–water contact area is larger than a
ingle cone shape plume, which increases mixing of CO2 and brine
nd enhances dissolution.

. Conclusions

SECARB’s Cranfield CO2 injection and monitoring project pro-
ides a well-documented case study for trapping mechanisms
uring active CO2 injection in the residual oil and brine zones to be
nderstood. The reservoir had received 3.54 million tons of CO2 by
ebruary 2012 after CO2-flooding was initiated in July 2008. A wide
ange of characterization and monitoring techniques applied at the
ite have produced valuable insights into CO2 trapping behaviors.

Detailed reservoir characterization reveals a high degree of
eterogeneity in rock types, sedimentary facies, and the perme-
bility field. According to core and log analyses, the reservoir
injection zone) in the Upper Cretaceous Lower Tuscaloosa For-

ation consists of a 15–25-m thick package of fluvial sandstones

nd conglomerates deposited during multiple erosional and depo-
itional episodes. The reservoir interval shows an overall fining
pward succession, varying from conglomerates at the bottom to
ery fine-grained sandstone and siltstone at the top. Thin layers of
low mineral reactions, small amount
f carbonate dissolution

Limited mineral trapping

mudstone and siltstone separating the sand bodies are identified
in cores and logs. These thin, fine beds are associated with small
channel deposition and change laterally over short distances. They
do not act as field-wide flow barriers but their existence affects
flow patterns and plume geometry.

The reservoir rocks are highly heterogeneous showing a wide
variety of facies, and diagenetic events further complicated the rock
properties. Chlorite grain coating is found to have a positive role
in preserving porosity and permeability. Dissolution of rock frag-
ments and minerals formed a significant fraction of total porosity
(34%), whereas quartz overgrowth increases in the upper part of the
reservoir where chlorite coats are not as abundant as in the lower
part. The high degree of depositional and diagenetic heterogeneity
has resulted in a complex permeability field.

Trapping mechanisms occurring at the site are summarized
in Table 1. Structural trapping is the most important trapping
mechanism at Cranfield field. The reservoir, a gentle four-way
anticline closure underlying a regional confining system of the
middle Tuscaloosa Formation, provides an ideal structural trap for
injected CO2. One fault intersecting the injection interval appears
to be sealing across and along the fault plane. The sealing forma-

tion, 75 m thick and extensive in the region, shows a desirable
sealing capacity.

Two parallel multiphase flow experiments show CO2 resid-
ual saturation varies significantly between conglomerate and
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andstone (31% and 3.5%) in the reservoir. The large variation in
O2 irreducible saturation, if representative, makes it difficult
o estimate the capacity of residual trapping within the area of
tructural closure.

Under reservoir conditions, CO2 solubility in the brine is approx-
mately 36 g/L (9 kg/m3 rock volume). The CO2–brine contact area is
nlarged by complex plume geometry. Numerous sinuous flow con-
uits were established within 110 m of an injector. Such flow-path
eometry could drastically increase the contact area between injec-
ate and brine and could elevate the dissolution rate. Geochemical
eactions are found to be slow because brine from high-CO2 wells
id not show significant changes in chemical composition. Capacity
f mineral trapping is limited because the reservoir rocks contain
nly a trace amount of buffering minerals which limits the supply
f cations for converting CO2 into carbonates.
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