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a b s t r a c t

Majority of geologic CO2 storage sites for currently operated large-scale integrated carbon capture
and storage projects (LSIPs) in operation around the world are depleted oil fields that have been
undergone significant depletion and re-pressurization prior to injection of captured CO2. A better
understanding of any of the implications associated with past depletion and re-pressurization
histories to “out of injection zone” migration of injected CO2 can help in making monitoring
strategies significantly more effective. Being the geologic CO2 storage demonstration sites for two
most active LSIPs in the US, the West Hastings and the Bell Creek Oil Fields are the main focus of
present study.

The monitoring technologies that have been used/deployed/tested at both the normally pres-
sured West Hastings and the subnormally pressured Bell Creek storage sites appear to adequately
address any of the potential “out of zone migration” of injected CO2 at these sites. It would be
interesting to see if any of the collected monitoring data at the West Hastings and the Bell Creek
storage sites could also be used in future to better understand the viability of initially subnormally
pressured and subsequently depleted and re-pressurized oil fields as secure geologic CO2 storage
sites with relatively large storage CO2 capacities compared to the depleted and re-pressurized oil
fields that were initially discovered as normally pressured.

Copyright © 2017, Southwest Petroleum University. Production and hosting by Elsevier B.V. on
behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The CO2 injection based enhanced oil recovery (EOR) is one of
the most popular EOR technique used by the oil industry
worldwide. According to 2014 Oil and Gas Journal worldwide
EOR survey [1], there are 196 gas EOR projects in the world.
Majority of these gas EOR projects use CO2 as injection gas. Often,
CO2 injection based EOR projects are implemented in depleted
oil and gas fields for recovering the oil left behind in the reservoir
after primary or second recovery operations. A recent report

Global CCS Institute [2] on the global status of carbon capture
and storage (CCS) (or more precisely carbon capture, utilization,
and storage (CCUS)) estimated that during the past 40 years
nearly 1 Gt (gigatonne) of CO2 has been injected into geological
reservoirs as part of CO2 EOR activities.

In the USA, today, a total of 113 CO2-EOR projects inject 60
million metric tons (MMmt) of natural and industrial CO2 per
year for EOR [3]. In CO2-EOR operations, a significant portion of
injected CO2 is lost in the reservoir which is accounted as inci-
dental geologic CO2 storage (GCS). Wallace and Kuuskraa [3]
estimated that CO2-EOR projects in the USA stored nearly
10 MMmt of CO2 from natural gas processing and industrial
sources in underground formations in 2013. It is estimated that
up to 900 Gt CO2 could be eventually stored in depleted oil
reservoirs worldwide [4].

According to the Global CCS Institute [5] online database,
globally, there are 15 large-scale integrated carbon capture and
storage projects (LSIPs) in operation, with a further seven under
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construction. The 22 projects in operation or under construction
represent a doubling since the start of this decade. The total CO2
capture capacity of these 22 projects is around 40 million tonnes
per annum (Mtpa). Projects categorized by the Global CCS
institute as LSIPs must inject anthropogenic CO2 into either
dedicated geological storage sites and/or enhanced oil recovery
(CO2-EOR) operations. As per Global CCS Institute online data-
base on LSIPs, a total of 7 LSIPs are now in operation in the USA
(Table 1). All of these operational US LSIP's are using anthropo-
genic CO2 for recovering residual oil from depleted oil fields via
CO2-EOR operations.

In cases of 4 LSIPs namely Val Verde Natural Gas Plants,
Century Plant, Enid Fertilizer CO2-EOR project, and Shute Creek
Gas Processing Facility, Captured CO2 is being distributed to a
number of depleted oil fields. In case of Val Verde Natural Gas
Plants LSIP, the giant Kelly-Snyder Oil Field is the main recipient
of the captured CO2. The Kelly-Snyder oil field is part of the
Scurry Area Canyon Reef Operators Committee (SACROC) Unit
CO2-EOR project and is the largest of many oilfields within the
Horseshoe Atoll of the Permian Basin [13]. In cases of remaining
three LSIPs namely Air Products Steam Methane Reformer EOR
Project, Coffeyville Gasification Plant, and Lost Cabin Gas Plant,
captured CO2 is being injected intoWest Hastings Oil Field, North
Burbank Unit (NBU), and Bell Creek Oil Field, respectively.

Prior to becoming geologic CO2 storage sites for LSIPs, Kelly-
Snyder, West Hastings, North Burbank Unit, and Bell Creek Oil
Field, all have long production histories and have gone through
primary depletion and/or secondary gas injection/waterflooding
operations. Also, as can been seen from Table 1, Kelly-Snyder,
West Hastings, and North Burbank Unit were found to be nor-
mally pressured (i.e. initial reservoir pressure � typically
observed normal hydrostatic pressure) on discovery whereas

Bell Creek was discovered as a significantly sub-normally (i.e.
initial reservoir pressure ˂ typically observed normal hydrostatic
pressure) pressured oil field.

According to Benson [14]; monitoring is a key enabling
technology that provides information about safety and envi-
ronmental concerns, to inventory verification for national ac-
counting of greenhouse gases (GHG) emissions and carbon credit
trading. As stressed by Boait et al. [15]; the largest differences in
monitoring technology usage is not process related, rather it is
controlled by site specific geology and geography. According to
them i.e. Boait et al. [15] the monitoring technology uses are
shown to be largely related to the level of characterization,
baseline assessment, likely infrastructure in place and pressure
management during operations.

Fessenden et al. [16] have stated that economics dictates the
monitoring technology and a tailored approach is needed for
each reservoir. A spill-over application of monitoring technolo-
gies i.e. the technologies that have been developed for moni-
toring injected CO2 at storage sites has also helped operators in
optimizing CO2 EOR operations [17]. It relives some economic
burden associated the incorporation of certain monitoring
technology in their research monitoring, verification, and ac-
counting (MVA) or monitoring, management, and verification
(MMV) programs devised for determining long-term fate of
injected CO2 at storage sites of LSIPs. One of the major goals of
any research MVA/MMV programs is to develop and demon-
strate a broad portfolio of technologies, applications, and ac-
counting requirements that can demonstrate 99% retention of
CO2 through geologic carbon storage over a long period of time.

A better understanding of any of the implications associated
with past depletion and re-pressurization histories to “out of
injection zone” migration of injected CO2 can help in making

Table 1
Initial and current reservoir pressures of geologic CO2 storage sites for currently operated LSIPs in the USA.

Large-Scale
Integrated
Carbon
Capture and
Storage
Project (LSIPs)

Overall
Project
Lifecycle
Stage

CO2 Storage Site(s) Major
Storage
Site
(Depleted
Oil Field)

Primary
Storage
Option

Storage
Formation

Formation
Depth (ft)

Assumed
Normal
Hydrostatic
Pressure
Gradient
(psi/ft)

Calculated
Initial
Reservoir
Pressure (psi)
@ Formation
Depth

Reported
Initial
Pressure
(psi) @
Formation
Depth

Reservoir
Initially
Normal
Pressured
(Yes/No)

Reported
Reservoir
Pressure (psi)
before CO2 EOR
implementation

Air Products
Steam
Methane
Reformer
EOR Project

Operate West Hastings Oil
Field, Brazoria
County, Texas

West
Hastings
Oil Field

EOR Frio Sandstone 5500 0.465 2558 2740 [6] Yes (may
be slightly
over-
pressured)

1800 [7]

Lost Cabin Gas
Plant

Operate Bell Creek Oil
Field, Montana

Bell Creek
Oil Field

EOR Cretaceous
Muddy
(Newcastle)
Formation

4500 0.465 2093 1180 [8] No 1572 [9]

Coffeyville
Gasification
Plant

Operate North Burbank Oil
Unit, Osage
County, Oklahoma

North
Burbank
Unit

EOR Pennsylvanian
Burbank
Sandstone

3000 0.465 1395 1350 to
1600 [10]

Yes 900 [11]

Val Verde
Natural Gas
Plants

Operate CO2 is distributed
to a number of
depleted oil fields
in Texas

Kelly-
Snyder Oil
Field

EOR Canyon Reef 6700 0.465 3116 3122 [12] Yes e

Century Plant Operate Number of
depleted oil fields
in the Permian
Basin

e EOR Not specified Not
specified

e e e e e

Enid Fertilizer
CO2-EOR
Project

Operate Several depleted
oil fields south of
Oklahoma City for
use in enhanced
oil recovery

e EOR Not specified Not
specified

e e e e e

Shute Creek
Gas
Processing
Facility

Operate Number of
depleted oil fields
in Wyoming and
Colorado

e EOR e e e e e e e
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monitoring strategies significantly more effective. Being the
geologic CO2 storage demonstration sites for two most active
LSIPs/CCUS projects in the US, the West Hastings and the Bell
Creek Oil Fields are the main focus of present study. Using
publically available information, pressure depletion and re-
pressurization histories of these oilfields, key geologic and
reservoir parameters (Table 2) and the research MVA programs
that have been deployed/will be deployed (Table 3) at these two
storage sites are presented and discussed next.

2. Pressure depletion and re-pressurization histories of the
West Hastings and Bell Creek oil fields

2.1. West Hastings oil field

As per the information available at the U.S. Department of
Energy website [20], On May 15, 2015, DOE and the Air Products
and Chemicals, Inc. (APCI) which supplies captured CO2 at two
steam methane reformer (SMR) hydrogen production plants
located in Port Arthur, Texas, to the field, announced the project
successfully captured and stored its two millionth metric ton of
CO2 at the West Hastings Oil Field.

The West Hastings Field is a part of the Hastings Oil Field that
was discovered in 1934 and was later divided into two separate
fields namely East Hastings and West Hastings. The two are
separated by northwest trending/northeast dipping normal fault

that runs to the depth (5100 to 6000 feet) of major production
reservoir, Frio Sandstone. Overlying Anahuac shale serves as the
confining unit for the Frio Sandstone at the Hastings Field. The
field is further divided in the subsurface into Fault Blocks A, B,
and C in theWest Hastings portion of the field by a series of faults
that hydrologically isolate each block in terms of production [19].

The Hastings Field is in an advanced stage of primary deple-
tion [21]. The reported initial reservoir pressure in the Hastings
Field was 2740 psi at the formation depth of 6000 ft [6]. If a well-
accepted normal hydrostatic pressure gradient of 0.465 psi/ft
[22] is considered, then the Hastings Field was a normally
pressured reservoir at discovery. The reported reservoir pressure
before the implementation of CO2 EOR project in the West
Hastings Field was 1800 psi [7].

Historic rapid development of West Hastings Unit by
numerous royalty owners has resulted in high areal sweep effi-
ciency and oil recoveries exceeding 60% OOIP [23]. A total of 582
million barrels of oil and 2.7 billion barrels of water has been
produced from this high permeability (~1000md) Frio sandstone
reservoir and current production under primary depletion con-
ditions is 1000 barrels of oil per day (BOPD) and 100,000 barrels
of water per day (BWPD) from 75 wells.

At Hastings, the presence of an active natural water-drive
mechanism [24] along with small original gas cap [25] have
been reported. Local land subsidence in the Hastings Field area
has also been reported in the past [26]. According to them i.e.
Holzer and Bluntzer [26], although ground-water withdrawal is
undoubtedly the most important factor contributing to the
subsidence, oil and gas withdrawal may be partially responsible
for the differential subsidence. They further suggested that the
petroleum withdrawal is not a major cause of the historical
faulting, at least by a differential compaction mechanism which
was proposed by Yerkes and Castle [27]. Yerkes and Castle [27]
had suggested that faulting is caused by changes in horizontal
stress that are induced by differential compaction.

The producing reservoir (i.e. Frio Sandstone) at a depth of
6000 feet was first identified as a potential CO2 candidate during
the 1980's however the drop in oil prices and a lack of readily
available CO2 supplies, the then CO2 project was never imple-
mented [23]. However, recent availability of CO2 via Louisiana-
Texas Green pipeline have made large-scale simultaneous CO2-
EOR and CO2 storage project. In order to facilitate miscible CO2
flooding and to minimize losses of CO2 into the aquifer, operator
has begun downdip water injection (re-pressurization) in the
reservoir [23,25].

In case of West Hastings Oil Field, there exists a main growth
fault that extends to surface as well as there are several cross
faults in the field. The production history suggests that cross
faults maybe somewhat cross-fault transmissive Hovorka [28]; in
Mehlman [29]. As mentioned above, that theWest Hastings Field
has hydrologically isolated fault blocks. However, the hydrocar-
bon accumulation and the historical records of isolation between
zones in both sides of the faults, it is assumed that, for pressures
below the original reservoir pressure, these faults will act as a
seal [30]. Updip bounding faults act as no flow boundary thus
allowing for improved re-pressurization [25].

2.2. Bell Creek oil field

The Bell Creek Oil Field, located in southeasternMontana, was
discovered in 1967. The only producing reservoir is the Muddy
Sandstone which has produced approximately 133 million bar-
rels of oil so far [9]. In 2010, Denbury, the current owner and
operator of the field, acquired it and initiated a tertiary recovery
phase using CO2 injection in miscible mode while storing a

Table 2
Key geologic and reservoir parametersa, West Hastings and Bell Creek storage
sites.

Geologic/Reservoir
Parameter

Unit West
Hastings

Bell Creek

Formation Frio
Sandstone

Muddy
(Newcastle)

Geological age of formation Oligocene Cretaceous
Hydrocarbon trap type Structural Stratigraphic
Confining unit Anahuac

shale
Mowry shale

Formation depth ft 5500 4500
Avg. reservoir thickness ft 30e45
Formation pressure at

discovery
psi 2740 1180

Formation temperature �F 160 110
Cumulative oil production

to date
million barrels 582 133

Oil gravity �API 31 32�e41�

Formation water salinity ppm 5000
Avg. porosity % 29 25%e35%
Avg. permeability mD 500e1000 150e1175
CO2 injection rate million tonnes/

year
1 1

CO2 stored to date million tonnes >10 (as per
DOE)

1.84

a Major sources of data Refs. [18,19].

Table 3
Monitoring technologies included inMVA Program,West Hastings and Bell Creek
Storage Sites.

Monitoring Technique West
Hastings

Bell
Creek

Aqueous geochemistry monitoring Yes Yes
Soil gas, groundwater, or other near-surface

monitoring
Yes Yes

Time lapse seismic and VSP Yes Yes
Above zone pressure and geochemical monitoring Yes Yes
Well-bore integrity Yes Yes
Surface and borehole time lapse Gravity Yes No
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significantly portion of the injected CO2 in the reservoir. As of
August 2015, over 2,301,000 cumulative metric tons were stored
[31]. The reservoir has undergone primary depletion along with
significant re-pressurization using water first during initial sec-
ondary oil recovery phase [32] and second when then field
operator (Encore in 2001) started to prepare (re-activate) the
field for a miscible CO2 flooding [9].

Interestingly, the initial reservoir pressure in the Bell Creek
Field, which is a part of Powder River Basin, was found to be
significantly lower than normal hydrostatic pressure (Table 1).
Geologic information indicates that the Powder River Basin has
undergone subsidence, uplift and erosion in the geologic past
[33,34]. The calculation of the influence of erosion on pore
pressure in the Powder River Basin indicate the possibility of
existence of underpressured zones, which are caused by signif-
icant overburden removal and temperature decrease [35].

The reservoir (Muddy Sandstone) in the Bell Creek Oil Field
has updip stratigraphic trap, downdip limited aquifer, and more
than 3000 ft of overlying siltstones and shales [18,36]. Also, it has
successfully retained vast hydrocarbon accumulations (353
million barrels STOOIP [stock tank and original oil in place]) over
geologic time thus appears to be a hydrodynamically isolated
system with effective reservoir seals [37].

According to Xu et al. [38]; following four different sets of
circumstances can exist before and after strata uplift-erosion; (a)
It is a closed system before uplifting and an open system after
that; (b) It is a closed system before and after uplifting; (c) It is an
open system before uplifting and a closed system after that; (d) It
is an open system before and after uplifting. Through numerical
simulation and theoretical analysis, for a closed system influ-
enced by uplift-erosion, Xu et al. [38] found a positive correlation
between the pressure drop caused by the decrease of fluid
temperature and the rebound of rock porosity and strata erosion.
The presence of some loose consolidation and existence of high
porosity (25e35%) in the Bell Creek Oil Field Welch [9] is sug-
gestive of this positive correlation (porosity rebound, pressure
drop, and strata erosion).

3. Monitoring of injected CO2 at the West Hastings and the
Bell Creek storage sites

3.1. Research MVA activities at West Hastings

According to the current operator of the field, the Frio reser-
voir of West Hastings Field is well characterized as an injection
zone, and sufficient data is currently available to confirm
confinement, injectivity, and storage capacity [29]. A research
MVA program to study the movement and sequestration of CO2
through existing EOR operations was implemented when CO2
capture began and is continuing. The researchMVA is confined to
a portion of the West Hastings field and involves the close
monitoring of around 1 million tonnes of CO2 injected into the
Frio sandstone formation for providing a high level of confidence
that CO2 injected during existing EOR operations will remain and
permanently sequestered [39]. The West Hastings MVA program
is mainly built around three most probable migration paths [29].
They are: 1) non-sealing well completions; 2) vertical migration
up fault when reservoir pressure exceeds original pressure; and
3) off-structure or out of compartment migration of CO2 or brine
as a result of elevated pressure into areas not controlled as part of
the flood.

One of the monitoring technologies that is being using at the
West Hastings Field is time lapse gravity and seismic monitoring
of CO2 Injection [40]. In this monitoring approach, an integrated
interpretation of the geophysical surveys will be made together

with well logs and engineering data. According to Ferguson et al.
[40]; gravity monitoring of water versus gas replacement has
been very successful, but liquid phase CO2 monitoring is prob-
lematic due to the smaller density contrast with respect to oil
and water. This Frio reservoir has a small volume to depth ratio
and hence only a small gravity difference signal is expected on
the surface however a new borehole gravity technology intro-
duced by Micro-g-Lacoste can make gravity measurements at
near reservoir depths with a much higher signal to noise ratio
Ferguson et al. [40]. They i.e. Ferguson et al. [40] have reported
the successful evaluation of this method on a simulation of the
Hastings project. Field operations have been conducted for
repeated surface and borehole gravity surveys beginning in 2013.
Four dimensional (spatial and time) or 4D seismic reflection
surveys are being made at 6 month intervals on the surface and
in 3 vertical seismic profile (VSP) wells. CO2 injection into the
targeted portion of the reservoir only began in early 2015 and
monitoring will continue into 2017. To date only the baseline
reservoir conditions have been assessed. The overall success of
the gravity monitoring will not be determined until 2017 [40].

The monitoring approach that has been evaluated for moni-
toring out of zonemigration of injected CO2, at theWest Hastings
Field is the pressure-based, subsurface monitoring system and
aqueous geochemistry monitoring [19]. These monitoring tools
are devised for detecting adverse fluid migration signals into
overlying aquifers and has provided higher probabilities of fluid
migration detection in all candidate monitoring formations
overlying Frio Sandstone, especially those closest to the possible
fluid migration source [19]. Also, Li [7] has developed a meth-
odology for assessing the potential leakage of the current CO2
exposed wells at the West Hastings Oil Field. The methodology
developed by Li [7] that is based on the pressures experienced by
thewell. The results suggested that for current CO2 EOR activities
and carbon sequestration processes, the well head maximum
injection pressure should be increased as the reservoir pressure
increases.

3.2. Research MVA activities at Bell Creek

The CO2 injection at Bell Creek began in late May 2013.
Several complementary geophysical (3-D time-lapse surface
seismic and VSP surveys, passive seismic monitoring) and well-
based methods (distributed downhole temperature and pres-
sure monitoring systems, borehole seismic instrumentation,
production and injection rates, wellhead pressure monitoring)
have been included in the research MVA activities at the Bell
Creek [18,41] storage site. According to Burnison et al. [41]; a pre-
injection base line series of carbon-oxygen logging across the
reservoir (35 wells) and a three dimensional (3-D) VSP incor-
porating two wells and 2 square miles of overlapping seismic
coverage in the middle of the field have also been completed.
Currently, passive seismic monitoring with the permanent
borehole array is being conducted during injection and inter-
pretation results from the baseline surface 3-D survey and pre-
liminary results from the baseline 3-D VSP are being evaluated
[41]. The other MVA activities at Bell Creek include surface leak
monitoring via water (surface and groundwater) and soil gas
sampling [9,18]. Recently, baseline pulsed-neutron log (PNL) data
were acquired several production and injection wells and the
collected data is being used for calculating the effective porosity
[18].

At Bell Creek, for demonstrating safe/effective storage of
associated CO2 (primarily injected for recovering oil but left
behind in the reservoir (i.e. incidental storage) during the pro-
cess), passive seismic technology, which includes identification
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of induced seismic emissions vs. natural seismic events, moni-
toring for vertical migration to overlying accumulation zones and
monitoring for fault activation, is also being used [18]. The any of
the collected monitoring data are being interpreted both inde-
pendently and as a part of an integrated geologic modeling and
simulation workflow [18].

3.3. Long-term monitoring

Over long periods of time, monitoring of injected CO2 may be
a costly affair and may also be complicated by pressure and
volume reduction due to reasons like formation of mineral
phases or lose of reservoir and/or mechanical strengths of
reservoir (injection zone) and overlying seals (cap rocks). As
documented by Li et al. [42] and Litynski et al. [43]; currently
used monitoring technologies have their own application
limitations.

The Interferometric synthetic aperture radar (InSAR) tech-
nique, which is relatively low cost, the interpretation is relatively
straightforward, and the technique gives useful information in
the critical few years immediately following injection [44,45],
appears to be good monitoring tool that could also be incorpo-
rated in researchMVA programs of future CCUS storage sites. The
InSAR technology has been successfully used to monitor surface
deformation associated with CO2 injection at the In Salah field in
Algeria [44,45]. According to Yang et al. [44,45], With better in-
formation on the mechanical properties of the reservoir, InSAR
data could directly estimate reservoir pressure changes with
time.

As suggested by Litynski et al., remote sensing technologies,
like InSAR have high potential to supplement other technologies
for cost-effective, repeatable, reliable, and efficient long-term
monitoring of injected CO2 at West Hastings and Bell Creek. In
view of significant pressure depletion and re-pressurization
histories of West Hastings and Bell Creek sites, use of simple
and efficient semi-analytical approach [44,45] for assessing risks
of CO2 leakage on groundwater quality and efficiency of
groundwater monitoring networks for leakage detection and use
of U-tube sampling technology for three-dimensional tracing
and accurate fluid analysis [46] also appear to be good options for
long-term monitoring of injected CO2 at both sites.

The microgravity surveys that are being made at West Hast-
ings can potentially be used for mapping fluid saturations.
Microgravity techniques appears to be a good option at Bell
Creek. The current techniques employed for fluid saturation
mapping at these sites can serve as priori information for fluid
saturation via microgravity surveys.

4. Summary

The monitoring technologies that have been used/deployed/
tested at both the normally pressured West Hastings and sub-
normally pressured Bell Creek storage sites appear to adequately
address any of the potential “out of zone migration” of injected
CO2 at these sites. The MVA activities at the West Hastings and
the Bell Creek are a mix of both the existing monitoring and the
monitoring technologies that are still of exploratory nature (e.g.
borehole gravity, passive seismicmonitoring) are also being used.

The efforts to monitor injected CO2 at the West Hastings have
resulted in development of new theoretical models and tech-
niques that, on verification, can be used for other CCUS projects.
On the other hand, Bell Creek MVA program appears to be more
applied in nature (i.e. a combination of monitoring technologies
and geologic modeling and simulation for verifying long-term
fate of injected CO2).

As always happens with interpretation of any collected data
that rely on reliable input reservoir parameters such as porosity,
better information on the mechanical properties of the reser-
voir will be a pre-requisite for using a technique like InSAR, if
direct estimates of reservoir pressure changes with time to be
made. Considerations of prior depletion and re-pressurization
histories along with any expected change in their mechanical
properties due to injected CO2 may assist in designing and
conducting geomechanical tests that could provide reliable es-
timates of mechanical properties of both the reservoir and
overlying seals.

It would be interesting to see if any of the collected moni-
toring data at the West Hastings and the Bell Creek storage sites
could also be used in future to better understand the viability of
initially viability of initially subnormally pressured and subse-
quently depleted and re-pressurized oil fields as secure geologic
CO2 storage sites with relatively large storage CO2 capacities
compared to the depleted and re-pressurized oil fields that were
initially discovered as normally pressured.
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