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studies used Class H portland cement, which is typically used on acid gas injection/production 
wells. The addition of H2S to the CO2 storage system resulted in the formation of ettringite 
throughout the cement and precipitation of pyrite in the carbonated rim. Both phenomena can 
potentially lead to degradation of cement integrity. However, the experimental results also 
indicated that CO2 in the system may dissolve the ettringite and reprecipitate calcium carbonates 
that may help improve the overall cement integrity. 

 
 The effects of corrosion on seven well casing steels, when exposed to CO2 and acid gas 
under typical Zama reservoir conditions, were evaluated. The highest level of corrosion was 
observed in steels that were submerged in high-TDS water and exposed to pure CO2. Corrosion 
rates from tests that included H2S were consistently lower than those that included pure CO2, 
with higher corrosive mass loss appearing in all samples reacted with pure CO2. However, a 
significant amount of sulfur was found on the surfaces of samples exposed to CO2–H2S mixtures. 
While pitting was observed in all of the samples, it was more severe in cases of pure CO2 
exposure as compared to CO2–H2S. As with the rock studies, these results appear to suggest that, 
in some circumstances, the presence of H2S may actually serve to counteract the effects of CO2, 
helping to maintain wellbore integrity rather than contributing to its degradation. 

 
 PVT (pressure–volume–temperature) modeling work was performed to investigated the 
effect of H2S and varying gas–oil ratios (GOR) on minimum miscible pressure (MMP). The 
results indicate that MMP decreased nearly linearly with increasing levels of H2S in the injection 
gas dropping from 2660 psi with pure CO2 to 2020 psi with 20 mol% H2S in the G2G pool. 
Likewise, when the GOR was reduced from 414 to 200 scf/bbl, the simulated MMP dropped 
from 2660 psi to 1950 psi. These results indicate that it is important to consider both the 
components of the injected gas and the GOR of the current oil when estimating the MMP. 
 
 Modeling-based investigations of different operational scenarios yielded insight regarding 
the CO2 sweep efficiency, possible injection and production schemes, EOR potential, and CO2 
storage capacity for Zama pinnacles. Static models of three of the six additional pinnacles were 
used to conduct dynamic simulations of various combinations of acid gas injection, EOR, and 
water extraction. The predicted storage capacity from simulation of the three individual 
pinnacles ranged from 0.18 million tons (MMt) to 1.22 MMt of CO2, with the average storage 
capacity of the three pinnacles being nearly 0.4 MMt. Assuming the 840 other pinnacle reefs in 
the Zama Field have similar storage capacity, the CO2 storage capacity  may be nearly 334 MMt. 
With respect to EOR potential, results indicate acid gas EOR may yield an additional 6.2% to 
15.6% of the original oil in place. The simulated CO2 utilization factor results for the modeled 
Zama pools averaged approximately 0.62 tons/bbl or 11 Mscf/bbl.  
 
 Overall, the laboratory results indicate that the injection of a CO2–H2S mixed-gas stream 
into a carbonate formation for EOR and CO2 storage is not likely to be more deleterious to 
wellbore integrity than the injection of pure CO2. In fact, it appears that under some 
circumstances, the presence of H2S may actually help maintain wellbore integrity against 
degradation from CO2. These observations are supported by the fact that industrial-scale acid gas 
injection projects have been conducted in Alberta for over 20 years with no reported breaches in 
the wellbore integrity of acid gas injection wells. The modeling results confirm that miscible 
flooding with sour acid gas is an excellent means of storing large volumes of CO2 while 
improving oil recovery. There are hundreds of pinnacle reefs throughout the world that hold in 



 
 

x 

excess of 1 million barrels of oil each. The results of the PCOR Partnership research activities at 
Zama indicate that, globally, pinnacle reef structures represent an excellent opportunity to 
recover millions of barrels of incremental oil through CO2-based EOR and also have a great 
potential to perhaps store billions of tons of CO2. The results also indicate that CO2 streams do 
not have to be “pure” to be considered for use in carbon capture, utilization, and storage projects 
and that some impurities may even be desirable under certain circumstances.  
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2 

of both oil recovery and CO2 storage capacity at Zama. This report presents and discusses the 
primary Zama-related PCOR Partnership Phase III activities and the key results and lessons 
learned from those activities.  
 

Background Discussion of Zama 
 
 In the implementation of CCS initiatives, it is important to ensure that other gaseous 
components common to emission streams in addition to CO2 are not overlooked. The majority of 
CO2 sources contain other hydrocarbon gas components because it is technically difficult and 
expensive to isolate CO2 from typical emission streams. A common term for multicomponent gas 
streams containing sulfur dioxide (SO2), CO2, and H2S is acid gas. In Alberta and elsewhere, 
operators have been disposing of acid gas in depleted oil and natural gas reservoirs for at least  
20 years. Operations at Zama are currently focused on the injection of acid gas into several oil 
reservoirs, which at Zama occur as distinct, typically isolated, carbonate pinnacle reef structures 
capped by a thick layer of impermeable anhydrite. Apache Canada commercially operates the 
injection activities for the purposes of EOR, acid gas disposal, and CO2 storage. Acid gas has 
been obtained from a nearby gas-processing plant as a by-product of oil and gas production in 
the Zama oil field. After the separation process, oil and gas are sent to market, while acid gas is 
redirected back to the field for utilization in EOR operations.  
 
 The overarching goals of both the Phase II and Phase III PCOR Partnership Zama 
activities have been to address three primary issues: 1) determination of CO2 and/or H2S vertical 
migration, or lack thereof, from the pinnacle; 2) development of reliable predictions regarding 
the long-term fate of injected acid gas; and 3) generation of data sets that will support the 
development and monetization of carbon credits associated with the geologic storage of CO2 at 
the Zama oil field.  
 
 To address these issues, in Phase II, a variety of research activities were conducted at 
multiple scales of investigation in an effort to fully understand the ultimate fate of the injected 
gas. The results of geological, geomechanical, geochemical, and engineering work have been 
used to fully describe the injection zone and adjacent strata in an effort to predict the long-term 
storage potential of this site. Through these activities, confidence in the ability of the Zama oil 
field to provide long-term containment of injected gas has been achieved (Smith and others, 
2009).  
 
 Although the Zama oil field includes hundreds of individual pinnacle reef reservoirs,  
Phase II MVA activities at Zama were focused on injection at a single pinnacle reef reservoir, 
referred to operationally as the F pool. Monitoring the F pool site has been (and continues to be) 
conducted primarily through fluid sampling and pressure monitoring in both the target pinnacle 
reef and overlying strata. A gas-phase perfluorocarbon tracer, designed to mimic the injected gas, 
has been used in an effort to identify any leakage into overlying stratigraphic horizons. Pressure 
is also being measured at the injection zone and overlying productive zones to ensure that  
1) overpressurization of the target is not occurring and causing undue stress on the overlying cap 
rock that could potentially lead to failure and 2) out-of-zone migration along wellbore pathways 
is not occurring. Certifying the integrity of the system has been a critical focus area, with tests 
being completed on the cap rock and injection zone to determine the nature of potential 
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geochemical and geomechanical changes that may occur as a result of acid gas exposure under 
supercritical pressures and temperatures (Smith and others, 2009).  
 
 Geological investigations were conducted on the reservoir, local, and regional (subbasinal) 
scales. Results of these investigations indicate that natural out-of-zone migration of CO2 from 
this system is unlikely and regional flow is extremely slow, on the order of thousands to tens of 
thousands of years to migrate out of the basin. The potential for leakage through existing 
wellbores was also evaluated and found to be very low. Geomechanical evaluations, including  
3-D modeling, were completed on the injection zone and adjacent stratigraphy. This series of 
tests confirms that the geologic structures that are being utilized are excellent candidates for 
sequestration. The cap rock is considered to be extremely stable, has extremely low permeability, 
and is not likely to fracture when subjected to injection pressures well beyond the maximum 
allowed. Geochemical modeling aids in the understanding of the long-term fate of acid gas 
injected into carbonate rocks. Evaluations of the Zama system indicate that the impact of 
mineralization on the overall storage capacity of the system is negligible and will occur very 
slowly over geologic time scales (Smith and others, 2009). 
 
 Continuous injection at the F pool has taken place at a depth of 4900 feet into the 
carbonate pinnacle reef structure since December 2006. As of September 30, 2009, 
approximately 58,000 tons of acid gas had been injected into the pinnacle reef, of which 
approximately 40,000 tons was CO2. Incremental oil production from the pinnacle reef over the 
course of the project, as of September 30, 2009, was approximately 25,000 barrels. 
 
 Phase II results indicated that a robust, yet practical, MVA program can be developed. 
Given the proper geologic setting, MVA activities can be relatively inexpensive and not 
adversely affect commercial EOR operations. However, there were still questions about the 
effects of the Zama acid gas stream on wellbore integrity and the ultimate EOR potential and 
storage capacity of the Zama Field as a whole. Wellbore integrity issues were examined through 
a series of laboratory-based experiments on the effects of Zama-type acid gas on steels 
commonly used for well casing, wellbore cements, and Zama reservoir rocks. Static and dynamic 
simulation modeling efforts were based on data from six pinnacle reefs in the Zama oil field that 
are currently under acid gas injection for EOR. Those pinnacle reefs (a.k.a. “pools”) are referred 
to in this report by their Apache Canada operational designations as follows: 1) F, 2) G2G,  
3) Muskeg L, 4) NNN, 5) RRR, and 6) Z3Z. While data from all six pinnacles were applied to 
the Phase III PCOR Partnership activities and storage capacity estimates were generated for all 
six, three (F, G2G, and Muskeg L) served as the primary focal points of the Phase III efforts. As 
a part of this evaluation, complex fluid behaviors were studied for both EOR efficiency and long-
term storage purposes. A high-resolution heterogeneous geocellular model was constructed for 
the three primary pinnacles under investigation. Each of these models was run through a high-
resolution history-matching exercise, and predictions were developed for EOR potential. 
Modeling-based investigations of different operational scenarios for using these pinnacles for 
CO2 storage were also conducted. These modeling activities yield previously unavailable insight 
regarding the CO2 sweep efficiency, possible injection and production schemes, EOR potential, 
and CO2 storage capacity for each pinnacle.  
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Nature of the Data Used for Zama Modeling 
 
 Gaps in data, whether they are related to geologic characteristics or operational parameters 
over time, will introduce uncertainty to a model and possibly lead to unreliable results. The 
quality of data is also important, as poor-quality data can skew the understanding of a reservoir, 
thereby leading to additional uncertainty. With this in mind, substantial efforts were made to 
acquire as many high-quality data as possible with respect to both the geology and operations of 
the Zama reservoir pinnacles. A wide variety of data were obtained to support the Phase III 
Zama modeling efforts. Apache Canada was the primary source of the data, although some were 
obtained from publicly available sources such as published literature and the Alberta Geological 
Survey (AGS) Energy Resources Conservation Board (ERCB). All data provided by Apache 
Canada were considered to be confidential. The general types of data that were obtained and 
applied to the Phase III activities can be categorized according to those that were used for static 
modeling and those that were used for dynamic modeling.  
 
 The static modeling data included the following:  
 

 Well log 
 
 Well deviation  
 
 Raw 3-D seismic SEG-Y data  
 
 Pressure transient study data or reports 
 
 Core analysis data (porosity, permeability, relative permeability, capillary pressure, 

mineralogy) 
 
 Seismic survey data 
 
 Downhole logs (e.g., formation microimaging, gamma ray, resistivity, neutron density, 

etc.) 
 
 Drilling and completion data, including workover and formation pressure-testing 

records 
 

 Dynamic modeling of additional pinnacles required the following data: 
 

 Production and injection history  
 Completion, perforation, stimulation, and workover records 
 Reservoir fluid pressure, volume, temperature (PVT) data 
 Relative permeability and capillary pressure data 
 Average reservoir pressure  
 Reservoir water chemistry  
 Injection gas composition data 
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 Produced gas analysis 
 Injection wellhead/bottomhole pressure (BHP)  
 Separator operating conditions 
 Previous simulation reports 
 Tracer data  
 

 Seismic survey data were essential to determining the dimensions and general shapes of 
each of the Zama pinnacles. Apache Canada provided processed and interpreted Keg River 
seismic depth maps for each of the six study pinnacles, which yielded a 3-D understanding of 
pinnacle geometry that was applied to the development of accurate static models.  
 
 Data related to original-oil-in-place (OOIP), recovery estimates, and production and 
injection activities were particularly valuable to the modeling activities. In previous research 
activities, the reserves and reservoir size of Zama pinnacles have been evaluated using 
volumetric and production approaches. The initial approach was to determine reservoir size 
volumetrically from seismic mapping, simulation and analogue studies, and initial well-drilling 
results. Analysis of the production decline data and material balance methods was later used to 
provide additional estimates of the reservoir volumetric size, OOIP, and oil recovery estimates 
and to calibrate the volumetric results. The quality of the material balance estimates and 
production decline analysis is generally considered to be most accurate after roughly 20% of the 
estimated recoverable reserves have been produced, which is a threshold that appears to have 
been crossed for all six pinnacles evaluated during this project. The OOIP on the basis of 
volumetric estimates for each of six pinnacles are listed in Table 1.  
 
 Injection and production records are most important to dynamically estimate reservoir and 
production behavior. For this project, detailed records of injection and production beginning with 
initial production data for each well were collected for the F, NNN, Muskeg L, Z3Z, G2G, and 
RRR pinnacles. With regard to acid gas injection, the monthly compositional injectant and 
productant data were also collected. The analysis of injection and production data for each 
pinnacle is provided in the Production Analysis section of this report. The data have been 
formatted for simulation purposes.  
 

Overview of the Geology of the Zama Oil Field 
 
 Understanding the geologic characteristics of a reservoir is critical to accurately predicting 
its ability to safely and securely inject and store large volumes of CO2 for long periods of time. 
While the characterization of the Zama pinnacles and their overlying cap rocks are described in 
detail in the Phase II RTIP (Smith and others, 2009), the results of those characterization 
activities played a prominent role in conducting the Phase III activities. With that in mind, it is 
useful to provide a brief overview of the geology of the Zama oil field.  
 
 

Table 1. OOIP Estimates of Six Pools 

Pinnacle 
Keg River 

Z3Z 
Keg River 

RRR 
Keg River 

NNN 
Keg River 

G2G 
Muskeg 

L 
Keg 

River F 
OOIP, MMStb 2.380 4.700 3.530 3.710 2.700 4.300 
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wellbore, thereby causing cracks to form. The occurrence of any of these phenomena can result 
in vertical migration of injected gas along the wellbore and out of the storage reservoir into 
overlying strata.  
 
 The geochemical interactions within CO2–H2S–water–rock systems are complex under 
static reservoir conditions and even more so under the dynamic pressure and temperature 
conditions that occur within an operating oil reservoir such as Zama that is undergoing injection 
and production operations. Information on CO2–brine–reservoir interactions in the literature is 
generally indirect and mostly based on the analysis of gas or fluid samples recovered from 
observation wells. When one also considers the inherent heterogeneity of geologic systems, 
particularly carbonate systems, it becomes clear that such geochemical interactions are highly 
reservoir-specific and cannot be generalized. As part of the PCOR Partnership Phase II Zama 
activities, the Alberta Research Council (ARC) performed numerical simulations to examine the 
potential behavior of the CO2 and H2S components of the acid gas after its injection into a typical 
Zama pinnacle. A more detailed discussion of the Phase II Zama geochemical modeling study is 
presented in Smith and others (2009), but generally speaking, the ARC results indicate that 
reactions between Zama-type acid gas mixtures and typical Zama carbonate mineral assemblages 
are complex. Those reactions can lead to varying degrees of both dissolution and precipitation, 
depending on specific brine chemistry, temperature, and pressure conditions. While the Phase II 
geochemical modeling provided previously unavailable insight regarding potential reactions 
between Zama acid gas and Zama rocks, there were no laboratory geochemical experimental data 
to support or refute those results. With this in mind, laboratory activities were conducted as part 
of the PCOR Partnership Phase III Program to directly examine the geochemical interactions 
between Zama reservoir rocks, brine, CO2, and H2S under Zama reservoir pressure and 
temperature conditions. The following sections detail those examinations. 
 

Sample Description and Methods of Analysis 
 
 Experimental activities were conducted involving six ¾-inch-diameter, 1½-inch-long 
Zama core plugs (Figure 7) representing depths ranging from 4656 to 4715 ft. Average local 
porosity for the formation is about 10%, and permeability ranges from 100 to 1000 mD. These 
plugs were sectioned into two lengths that were then cut axially into four pieces each, providing 
four matching sample pairs to be subjected to four experimental conditions replicated in two 
exposures. Understanding the mineralogical composition of a rock is necessary to understand its 
potential reactivity to CO2 and CO2–H2S gas streams; therefore, some material from each 
original core plug was subjected to analysis using x-ray diffraction (XRD) to determine bulk 
mineralogical composition (Appendix A). Study samples were all limestone plugs from the 
Muskeg, Zama, and Keg River Formations composed of, on average, 80%–92% calcite, 5%–
16% dolomite, and quartz, typically minor but perhaps as high as 8%.  
 
 Samples from each plug were inserted into vials and completely submerged in a brine or 
low-total dissolved solids (TDS) (<1000 ppm) water for batch reaction studies. Brine was 
composed of 16 wt% or 100,000 ppm Cl-. Two 16-cell batch reactor vessels (Figure 8) were 
pressurized to 2100 psi and equilibrated to a temperature of 140°F. One reactor was pressurized 
with a reactant of 100% CO2, while another was maintained at 30 mol% H2S in CO2. These 
conditions were maintained for 28 days in the reaction studies. 
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 After exposure, rock samples representing each original core were analyzed using XRD. 
These data were compared to the preexposure analytical data to look for changes in mineralogy 
that might be indicative of dissolution or precipitation. In addition, the fluid that each sample had 
been submerged in during reaction was analyzed for several ions and TDS. Blank vials 
containing both brine and pure water were reacted along with samples and analyzed as a baseline 
for the fluid in which the samples were submerged.  
 

Discussion of Results from Geochemical Reaction Experiments 
 

Rock Sample Analysis Results 
 
 No clear differences were observed between the preexposure and postexposure mineralogy 
analysis data (Figure 9). This is not entirely surprising considering the rock samples used in these 
studies were so predominantly calcite. Unfortunately, the applicability of these results to the 
operations at Zama may be limited. The samples provided by Apache Canada for this Phase II 
study were all limestones, which is worth noting because previous mineralogical characterization 
efforts involving other Zama core samples (Smith and others, 2009) indicated that some facies 
within a typical Zama pinnacle are dominated by dolomite and often include sulfate cement and 
trace amounts of pyrite. The Phase II geochemical modeling suggested that dolomite and iron-
bearing minerals such as pyrite may be the source for much of the precipitation that was 
predicted to occur in a Zama pinnacle undergoing acid gas injection. The lack of dolomite and 
pyrite in the Phase III plug samples precludes a direct comparison of the Phase III rock reaction 
experimental results to the Phase II geochemical modeling results. 
 

Brine Sample Analysis Results 
 
 While the rock analytical results showed little change, some additional insight may be 
gained from the evaluation of changes in the composition of the fluids in which the rocks were 
immersed during the experiments. A proxy for understanding changes in oxide composition of 
the samples is to examine the solids dissolved in those fluids after exposure to pure CO2 and the 
Zama CO2–H2S mixture. Figure 10 shows cation concentrations in the fluids after exposure, and 
Figure 11 shows TDS after exposure. Examination of these data reveals trends in the tendencies 
of various minerals to react under the experimental conditions. For instance: 

 
1. Calcium is the dominant cation in the carbonate minerals being studied. Its relative 

abundance in fluid samples shows that it more readily dissolves with low-TDS water 
as a solvent and with pure CO2 as a reactant.  
 

2. Sulfate appears to be significantly less soluble in the presence of H2S, as its 
concentrations were consistently lower in the fluids from the vials that were exposed 
to CO2–H2S as compared to those exposed to pure CO2. 

 
3. TDS are almost uniformly higher in the fluid baths of samples exposed to pure CO2 as 

opposed to CO2–H2S gas. 
 
 



 

Figur

 

re 9. Examplles of mineralogy based 
expo

15 

 
on XRD for

osure to CO2

r Zama rock
2. 

k samples bef

 

fore and afteer 



 

Figure 1
 
 

 
 Som
a pure C
the clear 
exposed 
the saline
Presumab
formation
agent, un
reactivity
than degr
 
 
 

0. Cation co

Discussio

me of the ex
O2 stream, m
decrease in 
to the H2S-r

e reservoir e
bly this low
n. This sugg
nder some 
y of some ca
rade it. 

oncentrations

on of the Ro

xperimental r
may be less 
the reactivi

rich gas stre
nvironment 
er mineral lo
gests that de
conditions, 

arbonate rock

s by fluid sam

ock-Based G

results sugge
reactive wi

ity of both c
eam. Measur
CO2–H2S w
oss will corr

espite the rep
the presenc

ks, thereby p

16 

 
mple, showi

Geochemical

est that a gas
th a carbona
alcium and 
rements of T

will dissolve 
respond to m
putation of H
ce of H2S i
possibly serv

ing higher re

l Reaction E

s stream that
ate reservoir
sulfate that 
TDS from s
a lesser quan

minimal loss
H2S behavin
in the syste
ving to main

eactivity with

Experimenta

t includes H
r. This statem
was observe

sample fluid
ntity of total
s of structura
ng as an ext
em may act
ntain wellbor

h CO2 and b

al Results 

H2S, as oppos
ment is base
ed in the sam

ds indicate th
l mineral con
al integrity o
tremely corr
tually reduc
re integrity r

 

brine. 

sed to 
ed on 
mples 
hat in 
ntent. 
of the 
rosive 
e the 
rather 



17 

Figure 11. TDSS of brine solutioons after rocks ((Plugs 1–6) and
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 While the pre- and postexposure XRD data and visual examination of the rock samples 
indicate that little to no dissolution of minerals occurred during the 28-day test, it is important to 
note that this was a short-term exposure test. The observed stronger effect of CO2 toward the 
dissolution of carbonate minerals suggests that, over a long period of time, some increase in pore 
space and permeability may occur, thus possibly facilitating the development of leakage 
pathways along the rock–cement interface of wellbores. This potential phenomenon is 
particularly important to keep in mind because the Phase II geochemical modeling suggested that 
over time (years to decades) a segregation of CO2 and H2S may occur in the Zama pinnacles, 
with H2S preferentially dissolving into the water and the gas phase in the pinnacle becoming 
more CO2-rich (Smith and others, 2009). If this predicted behavior occurs, then wellbore 
integrity along the rock–cement interface may still be affected years after injection begins.  
 
 Finally, while the results of these experimental activities provide new insight regarding the 
potential effects of a typical Zama acid gas stream on a predominantly limestone Zama pinnacle 
rock, it is important to note that these results are limited in their applicability for several reasons. 
Foremost is that the samples used in these studies are not representative of a significant portion 
of most Zama pinnacles. Previous core studies of Zama pinnacles indicate that dolomite-
dominated facies can be just as prevalent as limestone-dominated facies, if not more so in some 
cases. Also, some facies can have significant amounts of sulfate-bearing minerals such as 
gypsum and iron-bearing minerals such as pyrite, both of which are known to be more reactive 
with H2S. Other factors that limit the applicability of these results are the effects that changes in 
reservoir pressure, temperature, and fluid chemistry may have on geochemical reactions. As an 
operating oil field, history suggests that those parameters will likely undergo both minor and 
major fluctuations over time. Replicating such changes in conditions, and their potential effects, 
were beyond the scope of these experimental efforts. 
 

Reaction Experiments on Wellbore Cement 
 
 The ability of wellbore cements to maintain stability and competence over long periods of 
exposure to CO2 and H2S is a critical component of wellbore integrity. Chemical reactions 
between portland-based wellbore cements, CO2, and brine have been studied extensively. 
However, there is limited information on the physical and chemical characteristics of wellbore 
cement exposed to acid gas (e.g., CO2–H2S mixtures, such as occur at Zama) under geological 
storage conditions. Previous studies focused primarily on mechanical properties of cement 
exposed to hydrocarbons and did not discuss chemical alteration under geological storage 
conditions. The Phase III Zama study builds upon these former studies in that it uses intact 
cement cores and exposes them to CO2–H2S and brines under typical geological storage 
scenarios, including temperature and pressure conditions observed in Zama pinnacles. These 
efforts characterize the diffusive chemical alteration of the various cement phases. This study is 
important for gaining a better understanding of storage permanence and wellbore integrity in 
environments where the CO2 injection stream is not pure. The wellbore cement studies presented 
in this report were conducted in close collaboration with researchers at DOE NETL in 
Pittsburgh, Pennsylvania. A detailed presentation of the methods and results can also be found in 
Kutchko and others (2011). 
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Cement Studies Experimental Procedure 
 
 Cement slurry samples were mixed using Class H portland cement. This is a class of 
cement that is typically used on wells that are expected to be exposed to acid gas, either through 
injection or production activities, and is representative of cements used at Zama. Samples were 
cast in the form of cylindrical rods measuring 0.47 in. in diameter × 5.12 in. (12 mm in diameter 
× 122°F 130 mm long) and submerged in a 1% NaCl–brine solution for curing. The cement was 
allowed to cure for a total of 28 days at a temperature of 122°F and a water pressure of 2176 psi 
to simulate a geological sequestration depth of approximately 4265 ft. 
 
 Upon completion of the curing process, the cements were exposed to the CO2–H2S 
mixtures. Cement samples were placed in glass vials, which were placed in a rack with a top 
deflector plate to prevent the CO2 and H2S from blowing directly onto the sample vials during 
filling. Water (or brine) was added to each vial to cover one-half of the cement samples, which 
allowed for simultaneous exposures with supercritical CO2–H2S (or pure CO2) saturated with 
water and water saturated with the CO2–H2S (or pure CO2). An operating pressure of 2204 psi 
(152 bar) was used for cement exposure, and pump temperatures were stabilized to 122°F. By 
following a stepwise fill/equilibrate procedure for the CO2, the pump volume could then be 
accurately read and the mass of CO2 delivered to the vessel calculated based on the liquid CO2 
density of 0.89 g/mL in the pump. For the mixed CO2–H2S experiments, known mixtures were 
produced by alternating CO2 and H2S additions to the reactor.  
 
 Four primary exposure conditions were considered in this study: 1) humid CO2 
supercritical phase, 2) solution with dissolved CO2, 3) humid CO2 supercritical phase with  
21 mol% H2S, and 4) solutions with dissolved CO2–H2S. Aqueous-phase conditions consisting of 
0%, 1%, and 10% by mass NaCl were used. All cement samples were exposed at 122°F for  
28 days. 
 

Analysis of Cement Samples 
 
 After exposure, the cement samples were sectioned and polished for both optical 
microscopy and scanning electron microscopy (SEM). Changes in cement chemistry and 
microstructure were determined using SEM equipped with backscattered electron imaging 
(BSE), coupled with energy-dispersive spectroscopy. Cement cores were also ground and placed 
on glass holders for XRD analysis in order to identify crystalline phases within the cement.  
 

Discussion of Cement Studies  
 
 As seen in Figure 12, the outer rim of the submerged cement exposed to the CO2–H2S-
saturated solution appeared black rather than orange, as was the case with CO2 exposure. The 
orange rim is typical of CO2-exposed cement and is likely a result of decalcification, which 
allows the iron-rich ferrite and its hydration products to show through.  
 
 The interior of the CO2–H2S cement samples appeared darker than the interior of the CO2-
only samples. The submerged portion showed typical signs of acid attack by carbonic acid in that  
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Cement Studies Conclusions 
 
 The addition of H2S to the CO2 storage system resulted in two main mineralogical 
differences in portland Class H cement: 1) the precipitation of significant amounts of ettringite 
(possibly secondary ettringite) and 2) the precipitation of pyrite in the carbonated rim of the 
cement (Figure 13). Secondary ettringite formation subsequent to the hardening of cement can 
lead to cracking, spalling, strength loss, and degradation. In the presence of oxygen and 
moisture, pyrite will potentially oxidize to ferrous sulfate and sulfuric acid. The free sulfuric acid 
will typically react on any calcite present to produce gypsum, which can potentially increase 
molecular volume by 103% and lead to expansion cracks. 
 
 CO2 may dissolve the ettringite and reprecipitate calcium compounds (such as calcium 
carbonates) and may potentially help improve the overall cement integrity. Further studies are 
needed to determine what effect pyrite formation and secondary ettringite formation would have 
on the long-term integrity of the wellbore under these conditions. Specific studies are needed to 
focus on the potential for pyrite oxidation and its effect on wellbore cement as well as the impact 
of secondary ettringite formation on the mechanical integrity of the cement. 
 
 
BASIC CASING CORROSION-TESTING EXPERIMENTS 
 
 In an injection well, the steel casing of that well is the first wellbore material to be exposed 
to CO2, and it is exposed to that injection stream for the entire operational life of that well. The 
steel casing also serves as the last barrier between a CO2-saturated formation and a potential fast 
vertical leakage pathway through an abandoned or suspended well. As such, the ability of the 
casing to maintain its competence after prolonged exposure to CO2 and/or acid gas is a vital 
component of wellbore integrity. The introduction of the new U.S. Environmental Protection 
Agency policies for the “Class VI” injector wells used for CCS and new standards for geological 
storage by the Canadian Standards Association as well as increasing demand for CO2 EOR 
operations place further value on understanding the corrosion mechanisms of steel pipes and well 
casing associated with transportation and injection of supercritical CO2 and mixtures of CO2 and 
H2S. 
 
 Corrosion already represents a significant problem in oilfield operations. While steel 
corrosion in the presence of water has been studied extensively, corrosion of steel equipment in 
CO2 and mixtures of CO2 and H2S have only begun to draw attention in recent years. In the 
interest of further understanding these processes, the Zama Phase III efforts included 
examinations of corrosion processes in a variety of steels used in oilfield applications when 
exposed to CO2 and acid gas under conditions that are representative of Zama reservoirs.  
 

Sample Description and Methods of Analysis 
 
 For casing corrosion experiments, seven types of steel (5LX65, J55, N80, C90, C95, K55, 
and P110) commonly used to manufacture oilfield casing were evaluated in this work. Coupons 
of these steels were cut into two equal parts, and each half was placed into a separate vial, one 
containing a low-TDS water and the other containing a 16.5% (100,000 mg/L) NaCl brine 
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 Based on before-and-after comparison of profiler data as well as SEM and fluid analysis 
data, several observations can be made to characterize the reactions of the evaluated steel alloys 
with CO2 and H2S in brine and tap water solutions: 
 

1. The highest level of corrosion was observed in brine solutions under a pure CO2 
atmosphere; this assessment is based on broad agreement between weight 
measurements (Figure 16), fluid analysis (Figure 17), optical microscopy, and optical 
profiler data.  

 
2. In the presence of H2S in brine, the corrosion rate was lower if compared to pure CO2, 

less iron was introduced to the study fluid containing these samples, and samples 
gained rather than lost mass (Figures 17 and 18). 

 
3. After exposure to acid gas, a significant amount of sulfur was found on the exposed 

surfaces by SEM, which also accounts for some of the observed increase in mass. 
 

4. Corrosive mass loss appears to take place in all samples reacted with pure CO2. 
However, for samples submerged in brine, this is masked by the deposition of solution 
solids.  

 
5. J55 and N80 steels are slightly more resistant to both pure CO2 and the acid gas mixture 

than K55 steel. 
 

6. Pitting effects were observed by the profiler on all samples (Figure 19).  
 

Summary of Key Findings of Casing Corrosion-Testing Experiments 
 
 While pitting took place in all exposures, it was more severe in cases where H2S was not 
employed. In contrast to the mass leaching of iron that was seen in pure CO2 exposures, the H2S 
exposures demonstrated significant deposition of sulfur. This deposition, if it correlates with 
sulfur inclusion in the steel’s crystalline matrix, may cause sulfur embrittlement, an effect 
compounding any possible masked corrosive mass loss. 

 
 Both J55 and N80 steels show a lower rate of mass loss and pitting than K55 steel while 
maintaining a similar rate of sulfur deposition. Thus they are likely to exhibit similar sulfur 
embrittlement as well as a lower incidence of failure due to corrosion. 

 
 

RESERVOIR MODELING FOR EOR AND STORAGE PURPOSES 
 
 The static geologic models of the pinnacles were used to conduct dynamic simulation 
modeling of potential operational scenarios, including various combinations of acid gas 
injection, EOR, and water extraction. History matching was used to improve the reliability of the 
simulation results. Because data for the F pool had already been gathered as part of the PCOR 
Partnership Phase II activities, simulation efforts were first conducted on the F pool. Based on 
the results of F pool modeling, subsequent dynamic simulations on the G2G and Muskeg L pools 
were modified to include more emphasis on the effects of equation of state (EOS), changes in 
minimum miscibility pressure (MMP), and pressure depletion on the results of the potential 
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Table 2. Zama Reservoir-Modeling Workflow 
Developed Static Geologic Reservoir Model for 
  F Pool – Version 1 Scoping Model 
  (March 2011) 

 Structural model was developed using multipoint geostatistics and generic reservoir properties; such as permeability and porosity; water saturation was distributed homogeneously by 
model zone, and layers were populated. 

Performed History Match 
  (May 2011) 

 Geologic model was imported into Computer Modelling Group Ltd. (CMG) generalized EOS model (GEM) simulator for history match. 
 Matched indices included water cut, production rate, injection rate, and pressure tendency. 

Performed Initial Simulations  With a base case of gas injection only, a maximum injection pressure constraint of 3300 psi was used. 
 For simultaneous acid gas injection and formation water extraction, a water extraction well was placed in the bottom portion, Rg/w (ratio of acid gas injected to extracted water at 

reservoir conditions). 
Updated Static Geologic Reservoir Model for  
  F Pool – Version 2 
  (March 2011) 

 Developed more rigorous understanding of structure reef edge, facies, and reservoir and cap rock properties. 
 Incorporated reasonable variations of reservoir parameters, including level of communication between different formations and horizons and influence of production activities on gas 

pools. 
Performed History Match  
  (May 2011) 

 Geologic model was imported into CMG’s GEM simulator for history match. 
 Matched indices included water cut, production rate, injection rate, and pressure tendency. 

Performed Additional Simulations 
  (Spring 2012) 

 Geologic model was imported into CMG’s GEM simulator for predictive simulations. 
 Numerical aquifer setting. 
 Processes for 1) modeling multiphase flow of water (brine) and gas (methane, CO2, and H2S) and 2) modeling mass transfer between water and gas phases, with a special focus on CO2 

and H2S dissolution into formation brine. 
 Scenarios: 1) bottomhole pressure (BHP) constraints of 300 psi at production well, 2) constraints of 2100 psi, and 3) constraints of 300 psi at production well and 2100 psi at water 

extraction well. 
 Modeling simulation results were analyzed. 

Collected Additional Data 
  (2009–2012) 

 Acquired additional seismic data from Apache for five more pinnacles. 
 More detailed analyses of well logs within the modeling area were completed. 
 Acquired additional production data from Apache for five more pinnacles. 

Developed PVT for G2G and Muskeg L Pools 
  (January 2013) 

 Chose EOS for PVT modeling. 
 Regression work on experimental test obtained from operator. 
 Investigated H2S effect on solvent/MMP; different CO2–H2S ratio cases were simulated. 
 Investigated pressure depletion effect on solvent/MMP; an approach was developed to numerically simulate MMP with depleted procedure. 

Performed Static Geologic Modeling for G2G and  
  Muskeg L Pools 
  (Spring 2013) 

 Conducted more detailed log analyses and added reprocessed seismic map data. 
 Modeled pool structure, which included a better definition of the reef edge, formation boundaries, and features that create a structural trap by digitizing depth structure maps of the Zama 

Member top surface and correlated with the tops from production and injection wells within the pinnacles. 
 A petrophysical analysis was conducted on lithology, porosity, permeability, and water saturation. 
 Multipoint statistics (MPS) method was used to create a facies model. 
 Calculated volumetrics of each pinnacle for various scenarios. 

History-Matched Dynamic Model 
  (Summer 2013) 

 Numerical tuning. 
 Properties/parameters sensitivity analysis. 
 Liquid production rates were used as primary constraints; BHPs were used as the secondary constraints. 
 Matched indices included water cut, production rate, injection rate, and pressure tendency. 

Continued. . . 
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Table 2. Zama Reservoir-Modeling Workflow (continued) 
Performed Predictions 
  (Summer 2013) 

 Analyzed flooding efficiency of current injection and production system. 
 The six cases were designed: 

- G2G_1) – Base case parameters, current injection mode, and BHP constraint. 
- G2G_2) – Current injection and production system, water-alternating gas (WAG) injection of 1:1 water/gas ratio and cyclic period of 1 year. 
- G2G_3) – Infill drilling case. Based on the analysis of all above cases, a pseudo-production well is configured in the center of the pinnacle. 
- Muskeg L_1) – Base case parameters, current injection mode, and BHP constraint. 
- Muskeg L_2) – Based on the analysis of history match and Case 1, the early breakthrough ends up in the EOR process if no action is taken on Well 102/05-01-116-06W6/00. In this 

case, the well is shut in and other wells keep using BHP constraints.  
- Muskeg L_3) – Infill drilling case. Based on the analysis of all above cases, a pseudo-production well is configured in the center of the pinnacle. 

Performed CO2 Storage Analysis of Multiple  
  Scenarios  
  (June 2013) 

 Real-time injection. 
 Using the two best history-matched models, six test cases were simulated for CO2 injection at F, G2G, and Muskeg L for injection periods of 30 years. 
 Sensitivities of CO2 storage in pinnacle reefs are analyzed on the basis of simulation results by effective storage bulk, displacement mechanisms, vertical connectivity, and aquifer. 
 Parameters for storage capacity and efficiency evaluation were generated, and a quick estimate equation is used to predict the storage capacity in the Z3Z, NNN, and RRR pools.  
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 The F pool discovery well (100/08-13-116-06-6W6) was placed on production in February 
1967. Oil and associated gas were originally produced from the pool under primary depletion, 
with a peak oil rate of 945 bbl/d in 1968. In late 1986, Keg River oil production was shut in, and 
the well was completed as a saltwater disposal well in October 1987 by Dome Petroleum. The 
original reservoir pressure in the F pool was 2095 psig at datum depth of 3605.3 ft MSL (mean 
sea level). Reservoir pressures depleted with primary production through to the end of the 1980s. 
When oil production was suspended in October 1986, the reservoir pressure was 613 psia. This 
significant observed pressure depletion is the first indication of the reservoir having poor aquifer 
support. The F pool was then used for produced water disposal into the Keg River Formation 
until water injection operations were suspended in October 1991. Cumulative water injection 
was about 1.8 MMbbl. At that time, the F pool pressure had been increased to 3494 psi. This was 
1.67 times the original pressure, with no evidence of leakage from the structure. This is direct 
evidence of the formation and cap rock strength and integrity far in excess of the EOR operating 
pressures. In 1992, Co-Enerco attempted unsuccessfully to produce Keg River oil from this 
location, with little incremental oil being produced. Waterflooding of small pinnacles in the area, 
such as the Zama Keg River F pool, was found to be challenging because of their small size and 
heterogeneity. In June 1997, the Keg River completion in the F pool was abandoned by Gulf 
Canada, and the well was completed as a gas-producing well in the Slave Point Formation 
(which directly overlies the Muskeg Formation), at which point it was redesignated as the FFF 
gas well. The gas completion watered out and was suspended in November 2006. The FFF 
completion is suspended at the surface and is now utilized as a monitoring well for potential 
leakage of injected acid gas from the Keg River F pool (Smith and others, 2009). 
 
 Apache Canada purchased the Zama Field from Phillips Petroleum in December 2000 and 
drilled a second well in the Keg River F pool in January 2002 at Well Location 100/01-13-116-
06W6. This well encountered oil at the top and center of the F pool pinnacle. It was completed 
open and placed on production in March 2002. It was suspended in early 2004 after producing 
just 34,220 bbl of oil. This was another indication that the repressuring of the pool with water 
had failed to support and sweep by-passed primary oil production into the upper portion of the 
pinnacle. The fluid production from this production period lowered the Keg River F pool 
pressure to 16,500 kPa. A third F pool production well, at Location 103/01-13-116-06W6, was 
drilled and completed in September 2004. This third well targeted the south flank of the pool 
opposite the 100/08-13 discovery well. The well was placed on production in August 2005. 
Perforated low in the formation, it was a poor producer, with a cumulative oil production of 
about 470 bbl between August 2005 and May 2006. Beginning in November 2006, Well 103/01-
13 was then utilized to draw water off the lower portion of the pinnacle to lower the average 
reservoir pressure down to the original ERCB-approved range of 13,700 to 14,450 kPa(g). This 
objective was accomplished by May 2006, but injection was not started until December 2006 
when the Zama Keg River F pool was the third pool to be placed on acid gas EOR. The  
100/01-13-116-06W6 well was recompleted in 2004 as the F pool acid gas injector but was not 
placed on injection until December 2006, following the depressuring period. The fourth and 
newest well in the pool, 102/08-13-116-6W6, was drilled in August 2008 to intersect the top of 
the pinnacle near the original 100/08-13 well. The well was designed to provide drainage of the 
upper part of the reef, which was not accessed by the discovery well but was first perforated near 
the original oil–water contact at –3566 ft. Table 5 shows the basic properties of the F pool. 
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Table 5. F Pool Properties  
Play Type Keg River Pinnacle Reef 
Initial Reservoir Pressure 2095 psi (14,447 kPa) 
Reservoir Temperature 160°F (71°C) 
Initial Water Saturation 15% (from logs) 
Porosity 10% (from logs) 
Initial GOR 292.13 scf/bbl (52 m3/m3) 
Initial Formation Volume Factor 1.183 rvol/stdvol 
Bubble Point Pressure 11,275 psi (8791 kPa) 
Oil gravity 35.2° API 

 
 

Muskeg L 
 
 The Muskeg L pool was discovered in 1967 with an estimated OOIP of 2.7 MMstb. The 
pool had produced 754,740 barrels of oil during a 45-year production period (1967–2012) with 
two production wells. Production is from the Keg River Formation. Similar to the F Pool, the 
Muskeg Formation anhydrite overlies the Keg River Formation and serves as a cap rock. The 
Muskeg L pool oil has an oil gravity of 33.5º API. The initial reservoir pressure and temperature 
were 1988 psi and 170ºF respectively. The initial GOR was 375 scf/bbl, and the saturation 
pressure was 1326 psi. The reservoir initially produced under depletion drive, and the pressure 
and production behaviors were indicative of poor aquifer support at the later production stage. 
The location of the Muskeg L pool relative to other acid gas EOR candidates can be seen in 
Figure 37. 
 
 The Muskeg L pool discovery well (100/04-01-116-06W6/00) was placed on production in 
April 1967. Oil and associated gas were originally produced from the pool under primary 
depletion, with a peak oil rate of 286 bbl/d in May 1973. In late 1986, Keg River oil production 
was shut in, and the well was completed as a saltwater disposal well in October 1987 by Dome 
Petroleum. The original reservoir pressure in the Muskeg L pool was 1988 psig at datum depth 
of 4938 ft MD (measured depth). Reservoir pressures depleted with primary production through 
to the end of the 1980s. The Muskeg L pool was then used for produced water disposal into the 
Keg River Formation until water injection operations were suspended in 2004. Cumulative water 
injection was about 1.26 MMbbl. 
 
 Similar to the F pool, after the Apache Canada purchased the Zama Field from Phillips 
Petroleum in December 2000, the second well was drilled in the Muskeg L in January 2002 at 
Well Location 100/05-01-116-06W6/00. This well encountered oil at the top and center of the 
Muskeg L. It was completed and placed on production in February 2002. It was suspended in 
early 2008 after producing 95,811 bbl of oil. In May 2010, it was converted to a gas injection 
well. A third production well 102_05-01-116-06W6_00 was drilled and completed in 2010. This 
third well targeted the south flank of the pool opposite the 100/08-13 discovery well. The well 
was placed on production in August 2010. Perforated low in the formation, it was a poor 
producer, with a cumulative oil production of about 30,257 bbl between August 2010 and May 
2012. At the early beginning of the production, the bottom of the discovery well was used to 
inject produced water.  
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Table 6. Summary of Production and Injection for Five Pools 

Pool Well 
Production 

Start 
Production 

End Current Status 

Cum, Oil Prod. Well 
(pre-acid gas injection), 

bbl 
Cum, Oil Prod. Well, 

bbl 
Z3Z 100/05-34-115-

06W6/00 
1969-11 1992-10 Converted into acid gas 

injector 1998-04 
1,205,478 1,205,478 

  1W0/05-34-115-
06W6/00 

2004-06  Oil producer 0 424,915 

  100/08-33-115-
06W6/00 

2009-04  Oil producer 0 98,691 

     TOTAL 1,205,478 1,729,084 
RRR 100/14-32-115-

06W6/00 
1967-11  Oil producer 1,059,715 1,107,958 

  100/11-32-115-
06W6/00 

1982-04 1994-12  472,626 472,626 

  102/14-32-115-
06W6/02 

2001-06 2006-01 Converted into acid gas 
injector 2007-06 

86,910 86,910 

     TOTAL 1,619,250 1,667,494 
NNN 100/04-36-116-

06W6/00 
1967-11  Oil producer (shut in 1987-

08 to 2011-02) 
1,230,564 1,253,607 

  102/04-36-116-
06W6/00 

2001-12 2005-10 Converted into acid gas 
injector 2006-11 

165,885 165,885 

  100/04-36-116-
06W6/04 

2008-12  Oil Producer 0 60,778 

     TOTAL 1,396,449 1,480,271 
G2G 100/11-25-116-

06W6/00 
1968-03  Oil producer (shut in 1984-

07 to 1992-04 and 1994-01 
to 2006-09) 

1,059,057 1,207,406 

  102/11-25-116-
06W6/00 

2002-10 2005-10 Converted into acid gas 
injector 2006-06 

59,309 59,309 

     TOTAL 1,118,366 1,266,715 
Continued. . .
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Table 6. Summary of Production and Injection for Five Pools (continued) 

Pool Well 
Production 

Start 
Production 

End Current Status 

Cum, Oil Prod. Well 
(pre-acid gas injection), 

bbl 
Cum, Oil Prod. Well, 

bbl 
Muskeg L 100/04-01-116-

06W6/00 
1967-04  Oil producer (shut in 1983-

08 to 1985-09 and 1987-12 
to 2012-01) 

69,176 594,684 

  100/04-01-116-
06W6/02 

  Acid gas injector (injection 
started 1969-10), 

CURRENTLY NO GAS 
INJECTION 

0 0 

  100/05-01-116-
06W6/00 

2002-02  Oil producer (under shut in 
conditions since 2008-03) 

0 119,927 

  102/05-01-116-
06W6/00 

2010-08   0 40,341 

     TOTAL 69,176 754,952 
F 100/08-13-116-

06W6/00 
1967-02   Oil producer (shut in during 

1987-10 to now) 
1,431,889 1,431,889 

  103/01-13-116-
06W6/00 

2005-8   Oil Producer 625 3,581 

  100/08-13-116-
06W6/00 

1987-10   Water injection (under shut-
in conditions between 1991-

1 and 1997-12 ) 

0 0 

  100/01-13-116-
06W6/00 

2006-12    Acid gas injection (stopped 
injection in 2009-6) 

0 0 

        TOTAL 1,432,514 1,435,470 
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 The mole fractions of all six pinnacles (G2G, Muskeg L, NNN, RRR, Z3Z, and F) are 
listed in Table 7. In this study, the G2G and Muskeg L pools have been given more attention. 
Compositional analyses of G2G and Muskeg L provided by Apache Canada show that the 
reservoir produces acidic, black crude oil with a mole fraction of liquid hydrocarbons (C7+) for 
all samples greater than 25%. Both G2G and Muskeg L pools have seven pseudo components 
after grouping. The components include H2S, CO2, N2–C2H, C3H-NC4, IC5–C6, C7–C17, and C18+. 
The regression models are tuned to meet the accuracy requirement. The model showed less than 
a 5% variance between experimental data and calculated results of EOS after tuning. 

 
 Comparative results between the EOR-tuned simulation results and the PVT experimental 
data are presented in Figures 40 (G2G) and 41 (Muskeg L). 
 

Minimum Miscibility Pressure 
 
 Injection processes are most effective to enhance recovery when the injected acid gas is 
nearly or completely miscible with the oil in the reservoir. It is well-known that the behavior of 
gas miscibility is highly pressure-dependent and is expressed as MMP, which defines the 
pressure at which miscibility is achieved. By determining MMP in context with the study area, 
miscibility between each pinnacle crude oil and injected acid gas can be better understood.  
 
 Injected acid gases interact with reservoir fluids in either a miscible or an immiscible 
process. The fashion and efficiency of this system is highly dependent on reservoir conditions 
(pressure and temperature) but also is a function of gas and oil composition. For instance, high-
molecular-weight oil and oils already containing dissolved gas such as methane and nitrogen 
tend to have higher MMPs. Therefore, it is necessary that the EOS model developed to perform 
phase equilibrium and property calculations should also be able to reasonably predict the MMP 
for better representation of compositional changes occurring in the reservoir during an acid gas 

injection displacement process. 
 
 

Table 7. Compositional Data of All Five Pinnacles 
Mole Fraction, % 

Components G2G NNN RRR Muskeg L Z3Z F 
H2S 1.61 2.06 19.33 2.52 6.68 2.39 
CO2 2.17 2.26 1.42 0.65 0.68 1.25 
N2 1.12 0.5 0.32 0.53 0.33 0.54 
CH4 23.47 26.19 25.76 21.56 27.27 20.95 
C2 6.79 6.32 5.93 6.89 6.90 5.90 
C3 5.16 4.97 3.80 5.61 5.02 4.61 
i-C4 0.95 1.14 0.98 1.32 1.28 1.18 
n-C4 3.01 2.69 2.52 3.16 3.39 2.88 
i-C5 1.16 2.01 1.59 2.51 1.69 1.81 
n-C5 1.59 1.78 1.59 2.53 1.84 1.96 
C6 3.42 3.83 3.14 4.40 3.61 4.30 
C7+ 49.55 46.05 33.62 48.32 41.31 52.23 
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 On the basis of collected experimental data, the initial solution GOR of 414 scf/bbl as a 
function of pressure was determined from the DL experiment. After the regression of PVT tests, 
the predicted MMP of pure CO2 for original oil of the G2G pool was 2660 psia. MMP of pure 
CO2 for original oil of Muskeg L pool was 2780 psia. 

 
Effect of H2S on MMP 

 
 The injection solvent supplied from a nearby gas plant is expected to produce CO2–H2S 
streams with a range of compositions because of a number of operational factors. H2S makes up 
a large portion of the injectant. Simulation work to better understand the effect of H2S on the 
phase behavior and MMP was carried out. The results can be used to evaluate the potential of 
applying miscible CO2–H2S flooding in G2G and Muskeg L in further work. The measurements 
were simulated via the two simulators discussed previously in the modeling process, six 
scenarios of different CO2–H2S gas ratios were considered: pure CO2, and CO2 containing  
20 and 40 mol% H2).  
 
 According to the simulation model, the MMP decreased almost linearly with the amount of 
H2S in the injection gas in the range of compositions studied. The trends of MMP change from 
two simulators showed consistency. The results show that miscible flooding with sour acid gas is 
feasible in the Zama pools and could provide an excellent means of storing/sequestering these 
gases while improving oil recovery. The simulated MMPs were found to be 4.1% higher and 
5.5% lower than the measured values for pure CO2 and the tested acid gas mixture, respectively. 
 
 The CO2 MMP of the Muskeg L oil at 160°F was 2780 psia, while that of the G2G oil was 
2660 psia at its reservoir temperature of 169°F. These results are in line with the common 
observation that the CO2 MMP increases with increasing temperature, although in this case, the 
two recombined reservoir fluids have somewhat different compositions.  
 
 Addition of 20 mol% H2S to the CO2 had the effect of reducing the MMP for both oils to 
2150 psia for the Muskeg L oil and 2020 psia for the G2G oil at their respective reservoir 
temperatures. Injection of 40 mol% 60 mol% CO2 gas further reduced the MMP to  
1700 psia for the Muskeg L oil and 1650 psia for the G2G oil. From the data summary presented 
in Figure 42, it is observed that the MMP drops almost linearly with the mole fraction of H2S 
in the injection gas. 
 

Effect of Pressure Depletion on MMP 
 
 Because of the mobility difference of the single component of reservoir fluid, the 
composition of produced fluid varies by production stages. A clear clue is the change in GOR 
during depletion, which reflects the reservoir fluid phase variations due to change in reservoir 
pressure. During primary depletion and secondary waterflood processes, the monitoring of 
dissolved gas is one of the important indices in production management since the reservoir 
pressure and GOR data provide essential value in the design of tertiary development, especially 
with a solvent injection project.  
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4. The model fraction of Step 3 residual oil was generated. 
 

5. The tuned model was refilled with the mole fraction of residual oil to predict new 
MMP at current reservoir conditions.  

 
 While GOR and the required reservoir pressure are complicated in terms of reservoir 
heterogeneity and past and future management, this value should be a target to reach, exceed, 
and maintain to maximize production. In the event that compartmentalized blocks have been 
shown to produce low gas or dead oil, miscibility may be significantly lower, as predicted, and 
may be reasonably managed as such if lower pressures are determined to be practical. 
 
 The simulation results show that the MMP between pure CO2 and G2G oil is dropped from 
2660 to 1950 psia when the GOR dropped from 414 to 200 scf/bbl. The MMP of Muskeg L was 
dropped from 2780 to 1700 psia when the GOR dropped from 375 to 200 scf/bbl. 
 

History-Matching Process 
 

Approaches  
 
 In order to get reliable simulation results, history matching is performed on the basis of 
integral data collection, which is beyond a simple process of parameter adjustment in the G2G 
and Muskeg L pool modeling. History matching, which reduces the geologic uncertainties, 
which will allow for more accurate prediction of future reservoir performance during primary 
depletion and gas injection, was run using the dynamic reservoir model described previously. 
The history match was performed utilizing production and injection rates from the field dates 
spanning from 1968 to 2012.  
 
 The reason behind simulating the full history was to provide an estimate of fluid saturation 
and reservoir pressure for acid gas injection and to provide an accurate representation of the 
current reservoir conditions. During the history match period, oil production rates were used as 
primary constraints, and BHPs were used as the secondary constraints. Historical oil production 
and water rates of each well were used to compare with the simulation results for the 
effectiveness of the model and to determine the parameters that need to be adjusted. After a 
number of simulation runs, which included adding all the stimulations during the production 
period, modifying the geologic model, and tuning the PVT models with the special core analysis 
data and simulator numerical setting. An analytical bottom water is used in the history match 
process to dynamically reflect the oil–water contact change.  
 

Results 
 
 An agreeable match of the production history was obtained. The matched indices of the 
G2G pool are shown graphically in Figures 43–46 and briefly discussed here. The simulated and 
actual water cut of the field is shown in Figure 46; the symbols represent the field data, while the 
curves represent the simulation results. This figure shows a good match between the actual water 
cut and the simulated water cut. The resultant oil production rate and real production rate are  
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placed in a selected high-permeability zone of the oil zone situated in the top portion of the 
structure (Saini and others, 2013). 
 
 In all of the cases, a maximum injection pressure constraint of 3300 psi was used, which 
is less than the maximum permissible bottomhole injection pressure of 3400 psi. In the base case 
(Case 1), acid gas at the injection rate of 1 MMt a year was injected without the extraction of 
formation water. In Cases 2 and 3, a water extraction well was placed in the bottom portion (the 
water zone below the oil–water contact) of the reef structure. The gas injection rate similar to 
that of the base case was used. The water extraction was stopped as soon as gas breakthrough 
was observed at a water extraction well. However, acid gas injection was continued until the 
reservoir pressure reached the set maximum pressure limit of 3300 psi. For Cases 2 and 3, Rg/w 
was found to be near 1.30:1. Compared to a storage capacity of 0.05 MMt in the base case, 
storage capacity was increased to 0.47 and 0.62 MMt in Cases 2 and 3, respectively. To optimize 
the gas injection and water extraction ratio, two different extraction well production rates 
(standard conditions of 60°F and 14.7 psi) of 429 and 397 bbl/day were tested (Cases 4 and 5). 
The Rg/w was decreased to 1.16:1 (Case 4) and 1.11:1 (Case 5) compared to the observed value 
of 1.28:1 in Case 3. For these cases, an increase in excess of 1300% was observed in the storage 
capacity compared to the base case. The gas breakthrough times varied from 4.5 (Case 3) to  
6.5 years (Case 5). 
 
 A blowdown scenario (i.e., an increase in both gas injection and water extraction rates) 
was also evaluated (Cases 6 and 7). For this, both acid gas and water extraction rates were 
doubled compared to Cases 2–5. This resulted in a tenfold increase in storage capacity compared 
to Case 1. For these cases, Rg/w values were 1.18:1 (Case 6) and 1.22:1 (Case 7). Because of 
reservoir heterogeneity and higher injection/extraction rates, early gas breakthrough (~1.8 years) 
was observed at one of the extraction wells. Detailed results for all of the simulation scenarios 
(Cases 1–7) can be found elsewhere. 
 
 An achievement of near 1:1 Rg/w in these cases suggests that gas injection can potentially 
be used to extract formation water while achieving a significant increase in storage capacity. 
Overall, controlled extraction of formation water assisted by acid gas injection using a suitably 
located injection and extraction well pair results in maximum storage capacity at the Zama F 
pool. 
 

Future EOR and Storage Capacity Potential 
 
 For evaluating the future EOR potential of the F pool, the second iteration of the static 
geologic model, i.e., the Version 2 model, was used. Based on the initial history-matching efforts 
with the Version 1 static model, the initially constructed static model was further conditioned, 
and a new static model (Version 2) was constructed. This version consists of 349,920 (104 ×  
104 × 30) cells. The cells were sized 50 ft × 50 ft in the I and J directions with varying thickness 
(the K direction), ranging from 10 ft (3.05 m) to 15 ft (4.57 m) for the zone above the oil–water 
contact and 50 ft below the oil–water contact. The Version 2 model has a heterogeneous 
distribution of initial water saturation and end point saturation values for oil, gas, and water 
phases. One of the equiprobable static realizations (P10 OOIP) was chosen for performing 
detailed history-matching and predictive simulations. In the case of the Version 2 dynamic 
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model, the trace component (methane with a mole fraction of 0.0001) option was included in the 
EOS model developed for simulating an acid gas–water system (i.e., water zone below oil–water 
contact). The solubility of CO2 and H2S components in the aqueous phase was modeled using 
one of the available options (Henry’s law constants by Harvey’s method). The available 
correlations, namely Rowe–Chou and Kestin, were used for modeling aqueous-phase density and 
viscosity, respectively. This time, hysteresis effects for both relative permeability (gas–oil) and 
capillary pressures (oil–water and gas–oil) were also considered. 
 
 A detailed history matching was performed to match cumulative production (oil, gas, and 
water) and gas injection volumes and reservoir pressure response through May 2012. The 
individual well performance was also history-matched. The results are shown in Figure 53. 
 
 A good match for oil, gas, and water production volumes and injected acid gas volumes 
was achieved. For a satisfactory pressure response match, only 49% of total injected water had to 
enter into the reservoir. In addition to the modeled reef structure below the oil–water contact, a 
numerical aquifer (thickness = 1.3 ft, porosity = 10%, permeability = 15 mD, and radius =  
2700 ft) with no leakage option was added at the bottom of the structure for improving simulated 
water production and pressure response. Oil–water and gas–oil relative permeability curves for 
both high- and low-permeability rocks were adjusted for satisfactory results. Other adjusted 
parameters include vertical permeability, well productivity indices, and volume modifier for reef 
structure below the oil–water contact. 
 
 The history-matched (through May 2012) model was then used to run predictive 
simulations to evaluate future EOR and storage capacity potential in two scenarios of continuing 
the current EOR configuration for the next 20 years with and without bottom water extraction. 
The results are summarized in Table 8. 
 

Current EOR Configuration with Bottom Water Extraction Well 
 
 In this scenario, current EOR configuration, i.e., acid gas injection through one injector 
and oil production through two existing producer wells with a water extraction well, was 
continued for the next 20 years. The water extraction well was perforated at the bottom of the 
structure to manage reservoir pressure through water extraction from the water zone below the 
oil–water contact. It was located away from the current producers and gas injector. An acid gas 
injection rate similar to previous scenarios was used. This time, minimum BHP constraints of 
300 psi (2068 kPa) at the production wells and 2100 psi at the water extraction well were used. 
Another well constraint was to shut down the producer wells if oil production went below  
30 bbl/day. This scheme shows a 5% increase in incremental oil recovery (16.2% to 22.1%) 
compared to the case with no bottom water extraction well. This also results in an additional 
storage capacity gain of 1.01 MMt, which is 4.8 times more compared to the case with no water 
extraction well. Plots of field oil recovery and amounts of cumulative CO2 (injected and 
produced) are shown in Figure 54. These gains in oil recovery and CO2 storage capacity may be 
attributed to two conditions. Better sweep may be attained by further movement of injected gas 
into unswept regions of the reservoir. Also, the availability of additional pore space in the water 
zone below the oil–water contact may increase capacity. Although the primary purpose of a 
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Figure 53. aa) History-matching results for cumulative oil,
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Table 9. Case Design for G2G and Muskeg L  

Case No. 
Type of 
Injection 

Production 
and Injection 

Control 
Termination 
of Prediction Case Description 

G2G_1 Continuous 
injection 

BHP July 2042 Continuously inject acid gas with 
current production and injection system 

G2G_2 WAG BHP July 2042 Water alternating acid gas injection 
G2G_3 Infill drilling BHP July 2042 Infill producer configured on the basis 

of analysis of prediction 
Muskeg L_1 Continuous 

injection 
BHP July 2042 Continuously inject acid gas with 

current production and injection system 
Muskeg L_2 Current 

producer shut-in 
BHP July 2042 One of the current producers shut in 

because of low sweep efficiency and 
early breakthrough 

Muskeg L_3 Infill drilling BHP July 2042 Infill producer configured on the basis 
of analysis of prediction 

 
 

Results and Discussion 
 
 The simulation study shows that miscible acid gas injection is the preferred recovery 
mechanism for part of the reservoir under study. This is a result of several key factors, including 
the favorable miscibility with the native oil (lower miscibility pressure with reservoir crude),  
better solvent, a more favorable mobility ratio because of high acid gas viscosity and density, 
and availability of large quantities of acid gas from the underlying formation. Acid gas is, 
therefore, an attractive and miscible EOR agent in the Zama pools. 
 

G2G Pool Case 1: Continuous CO2 Injection with Constant BHP Constraints  
 
 In this case, the injection and production modes are all set as BHP control to ensure a 
MMP could be reached during the whole injection process. Early on, the daily CO2 injection rate 
was significantly higher than later time periods because the BHP increased, resulting in a 
decrease in the injectivity. The prediction ends in July 1, 2042, a 30-year prediction. An 
incremental recovery from this scenario is 1.11% of OOIP. The high-permeability channels in 
the Zama Member of the Muskeg Formation result in very low sweep efficiency. 
 

G2G Pool Case 2: WAG Process 
 
 The WAG (1:1 ratio) process was simulated to evaluate the reservoir response to WAG. 
The cyclic period is 1 year. Compared with continuous injection, the use of injectant was 
dropped significantly. The prediction ends in July 1, 2042, a 30-year prediction. A comparison of 
sweep efficiency is also made, as the main purpose of WAG is to improve the sweep efficiency 
of injected gas. The results show that the completion of G2G is designed for gas-assisted gravity 
drainage in which a vertical flow dominates the recovery mechanism. Thus the contribution from 
the WAG process is limited in such a situation. The incremental recovery from this scenario is 
1.11% of OOIP, which is the same as the continuous CO2 injection case. 
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G2G Pool Case 3: Infill Drilling 
 
 Based on the analysis of the previous G2G cases, the current injection and production 
system is not favourable to form an effective flow path for EOR and storage. An additional 
synthetic well was added to the simulation model at the beginning of the prediction to investigate 
the effect that infill drilling may have on production. The well is completed at the center of the 
G2G pool, above the original oil–water contact where the saturation of residual oil is relatively 
high after primary production in the above scenarios. The prediction also spans 30 years. The 
ultimate recovery from this scenario was up to 11.75% of OOIP, with significant incremental 
CO2 storage as well. The cumulative oil production in this case increased to 0.410 MMstb. With 
a current oil price of $90/bbl and assuming an infill-drilling cost of $15 million (one production 
well), the raw profit of this scenario can reach as high as $22 million.  
 

Muskeg L Pool Case 1: Continuous CO2 Injection with Constant BHP Constraints  
 
 In this case, the injection and production modes are all set as BHP control to ensure a 
MMP could be reached during the whole injection process. Early on, the daily CO2 injection rate 
was significantly higher than later time periods because the BHP increased, resulting in a 
decrease in the injectivity. The prediction ends in July 1, 2042, a 30-year prediction. The total 
injection volume of acid gas is 267 MMscf in this scenario. The average pressure remained 
above 2500 psi to ensure miscibility was obtained. An ultimate recovery from this scenario was 
3.65%. The high-permeability channels in the Zama Member of Muskeg Formation result in very 
low sweep efficiency for this case.  
 

Muskeg L Pool Case 2: Well 102/05-01-116-06W6/00 Shut-In  
 
 Based on the analysis of history match and Case 1, early breakthrough ends the EOR 
process if no action is taken on Well 102/05-01-116-06W6/00 to improve the sweep efficiency of 
injected gas. In this case, the well is shut in and other wells keep working under BHP constraints. 
The prediction ends July 1, 2042, a 30-year prediction. The result shows that the productivity of 
the whole reservoir drops as a result of shutting in Well 102/05-01-116-06W6/00. The oil rate of 
100/04-01-116-06W6/00 did not improve as predicted. By tracking the distribution of CO2 mole 
fraction, the CO2 migrated smoothly to the whole reservoir with the injection continuing. There 
was no effective pressure gradient between producer and gas injector, indicating that there was 
no connectivity between the injector–producer pair, resulting in virtually no incremental 
recovery. The recovery contribution from the CO2 injection is only 1.60%. The volume stored in 
the reservoir is much more than that of Case 1, which indicates a low utilization efficiency.  
 

Muskeg L Pool Case 3: Infill Drilling 
 
 Based on the analysis of the previous Muskeg L cases, the current injection and production 
system is not favorable to form an effective flow path for EOR and storage. A pseudo-production 
well is configured in the model at the beginning of the prediction. To reduce the hypothetical 
drilling cost, the new well is designed as a vertical production well. The well is completed above 
the original oil–water contact in an area with high predicted residual oil saturation. The 
prediction case covers a 30-year production and injection timeframe. The incremental oil 
recovery from this scenario is 11.80% of OOIP. With more production, the usage of gas is 
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increased by 45.4%. The cumulative CO2 injection in Case 3 is 0.176 MMt. The oil production 
contributed by CO2 injection is up to 0.22 MMstb. 
 
 
CO2 STORAGE EFFICIENCY IN ZAMA REEFS 
 
 There are hundreds of pinnacle reefs throughout the world that hold in excess of 1 million 
barrels of oil each. These pinnacles represent an excellent opportunity to recover incremental oil 
through EOR and have a great potential to store CO2. With all detailed investigations presented 
above, more efforts were put into developing a methodology to evaluate the CO2 storage in other 
pinnacle reefs of the Zama. Three more pinnacle reefs (NNN, RRR, and Z3Z) in the Zama oil 
field, currently under acid gas EOR, are evaluated in this section. Based on the similarity of 
pinnacle reefs in the same deposit, the methodology introduced here is to use high-resolution 
simulation in pools of sufficient data to calibrate the quick estimates of similar pools.  
 

Real-Time Injection  
 
 According to the literature, the original solution gas produced from Keg River oil pools 
contained approximately 5% CO2 and 3% H2S. The Zama gas-processing plant also processes 
nonassociated gas, which contains approximately 13% H2S and 8% CO2. An amine extraction 
system generates an effluent stream that is approximately 4% methane, 66% CO2, and 30% H2S. 
This stream is injected as the acid gas miscible flood solvent. A summary of the injected acid gas 
composition for all six pools over time is shown in Figure 56.  
 
 The acid gas injection in the G2G pool started in June 2006, as one of the production wells 
was converted into an injector. By the end of May 2012, the cumulative acid gas injection in the 
G2G pool is 3.06 Bscf. Table 10 presents the average composition of four components since the 
acid gas injection started in the six-pool area. Table 11 counted the injected CO2 volume for each 
of the six pools (to June 2012).  
 

Simulation Prospections 
 
 Each of the three simulated pinnacles is analyzed in this section regarding its use for CO2 
storage.  
 

F Pool 
 
 In the first two scenarios, the simulation model keeps the current EOR injection and 
production system, that is, acid gas injection through one injector and oil production through two 
existing producers, and continues for the next 30 years with BHPs of 300 and 2100 psi in the 
producer in the two scenarios. With the BHP control of 300 psi, 0.21 MMt CO2 can be stored in 
the F pool. With the minimum production BHP constraint of 2100 psi, 0.30 MMt CO2 can be 
stored. In the scenario of configuring a water extraction well at the bottom of the pool, the CO2 
storage capacity of the F pool is predicted as high as 1.22 MMt.  
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Muskeg L Pool 
 
 The gas injection well is close to the production well. A significant EOR effect can be seen 
at the early stage of the injection. Once breakthrough happens, it is difficult for the injectant to 
spread out and increase the sweep efficiency. According to the prediction, the current production 
mode would keep 32,000 tons of CO2 underground after 30 years of the EOR process. The CO2 
utilization factor is as much as 13.14 Mscf/bbl. Similar to the G2G pool, the WAG process, 
which is very successful in a conventional and integral reservoir, could not work functionally in 
pinnacles because of the complex structure. The CO2 storage capacity after a WAG process is 
very close to the case of the current production mode. The infill drilling dramatically lowers the 
residual oil saturation and brings the pinnacle another 9.74% of OOIP in production. Meanwhile, 
the CO2 utilization factor is also dropped to 3.98 Mscf/bbl, and the CO2 storage capacity of 
Muskeg L can be as high as 59,000 tons. 

 
Sensitivity Analysis  

 
 A key point in evaluation of CO2 storage capacity in a hydrocarbon reservoir is the volume 
of hydrocarbon. In such a case, the fundamental assumption is that the volume previously 
occupied by the produced hydrocarbons becomes, by and large, available for CO2 storage. The 
storage capacity can be calculated on the basis of reservoir properties such as original OOIP, 
recovery factor, temperature, and pressure, which are related to in situ CO2 characteristics such 
as phase behavior and density.  
 
 Compared with existing research on conventional hydrocarbon reservoirs, the gas storage 
in reefs is more complex. According to this research, a few uncertainties and sensitive 
parameters that affect the CO2 storage efficiency are found as following:  

 
Effective Storage Bulk – The first uncertainty is to fix the effective pore volume which 
relates to the storage capacity directly. The lack of consistent methodologies and 
guidelines for capacity estimations is the problem that all the gas storage efforts in 
hydrocarbon reservoirs are facing. As a rule of thumb, high-resolution geologic modeling 
is the key to estimating pore volume. Without sufficient time and tools to develop a 
geologic model, a few key parameters should be considered in a quick estimation of 
effective pore volume, like pinnacle shape, porosity, capillary pressure, etc.  
 
Displacement Mechanisms – Gravity difference dominates the displacement in the first 
depletion stage. Later in the gas injection process, vertical flow contributes more to long-
term injection.  
 
Vertical Connectivity – Compared with large-scale deposition, the vertical connectivity of 
pinnacles takes more weight in both oil displacement and CO2/acid gas migration. The 
recognition of internal barriers is the key to evaluating vertical flowability.  
 
Aquifers – Different from conventional reservoirs, aquifers in the production of pinnacles 
are usually more active. According to the analysis on the Zama F and G2G pools, the 
bottom water moves frequently during production. With the reservoir pressure 
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fluctuating, mainly decreasing after being put into production, the oil–water contact 
increases, which has been interpreted in production logging. Since the storage 
mechanisms are different between aquifers and hydrocarbon, oil–water contact must be 
fixed in long-term storage.  
 

Storage Capacity and Efficiency Evaluation 
 
 The volumetric-based CO2 storage resource estimate is based on the standard industry 
method to calculate OOIP (Litynski and others, 2010). In this section, a semi-production-based 
process for CO2 storage resource estimate in pinnacle pools is discussed. Production-based CO2 
storage resource estimates are generally preferred over volumetric-based CO2 storage resource 
estimates because production data contain detailed information collected from the formation. If 
no production data are available, then volumetric-based CO2 storage resource estimates may be 
applied. In the Zama research, the quick volumetric-based CO2 storage resource estimate was 
developed on the basis of reservoir simulation, which provided evidence of mechanisms of 
displacement and the ranges of important parameters. 
 
 With the condition that storage volume methodology for oil and gas reservoirs was based 
on quantifying the volume of oil and gas that has been or could be produced, and assuming that it 
could be replaced by a similar volume of CO2 under certain CO2 utilization factors, both oil/gas 
and CO2 volumes are calculated at initial formation pressure or a pressure that is considered a 
maximum CO2 storage pressure.  
 
 A simple form of the volumetric equation to calculate the capacity of acid gas storage in 
hydrocarbon pinnacle reefs is as follows (Litynski and others, 2010):  
 
 

ܩ ൌ ܣ ∙ ݄௡ ∙ φୣሺ1 െ S୵୧ሻB ∙ ρୡ୭ଶ ∙ E                                          [Eq. 1] 
 
 

The variables include the product area (A), net thickness (hn), average effective porosity 
(φe), original hydrocarbon saturation (1-initial water saturation, expressed as a fraction [Swi]), 
and initial oil (or gas) formation volume factor (B) yield (OOIP or organic gas in place). The 
storage efficiency factor (E) is derived from local CO2 EOR experience or reservoir simulation 
as a standard volume of CO2 per volume of OOIP. The standard CO2 density (ρco2) converts 
standard CO2 volume to mass. 

 
 The expression of storage capacity can be simplified as: 
 
 

ܩ ൌ OOIP ∙ E௨ ∙ E௥஼ைଶ ∙ ρୡ୭ଶ                                                         [Eq. 2] 
 
 

 The simplified variables include OOIP (bbl), the CO2 utilization factor -Eu (Mscf/bbl), and 
the hydrocarbon recovery factor contributed by CO2-ErCO2 (%). 
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 Based on the simulation results for the F, G2G, and Muskeg L pools, the ranges of the 
above parameters are fixed and listed in Table 12. The average CO2 utilization factor for all three 
pools is 10.02 Mscf/bbl. The recovery contribution by CO2 was also averaged. In a pessimistic 
estimate, the Zama pools would have another 6.20% of OOIP in recovery once acid gas is 
employed. All the infill-drilling cases show a good opportunity to boost the contribution to 
15.60% of OOIP. Quick estimates of storage capacity are made for the NNN, RRR, and Z3Z 
pools with both optimistic and pessimistic results, which can be seen in Table 13. The average 
optimistic storage capacity of all six pools is 0.397 MMt. Assuming the 840 pools in Zama have 
similar storage capacity, the CO2 that can be stored in this area is up to as much as 334 MMt.  
 
 
KEY OBSERVATIONS AND CONCLUSIONS 
 
 Since December 2006, the Zama oil field in northwestern Alberta, Canada, has been the 
site of acid gas injection for the simultaneous purpose of EOR, acid gas disposal, and CO2 
storage. PCOR Partnership Phase III activities included laboratory studies of the effects of acid 
gas on storage integrity and modeling efforts to develop improved predictions of both oil 
recovery and CO2 storage capacity at Zama. The results of these research activities are not only 
directly applicable to ongoing and future acid gas injection activities at Zama but also offer 
insights that can be applied to future CO2 storage and EOR operations in the thousands of 
pinnacle reef reservoirs that exist in sedimentary basins around the world. Key observations and 
conclusions from the PCOR Partnership Zama activities are presented below. 
 
 

Table 12. CO2 Utilization Factor and Recovery Contribution Based on Simulation 
Predictions  

Pool 
Eu, Mscf/bbl Erco2, % 

Pessimistic Optimistic Pessimistic Optimistic 
Keg River F 22.9 9.73 12.60 22.00 
Keg River G2G 5.6 4.77 4.40 15.00 
Muskeg L 13.15 3.98 1.60 9.80 
Average 10.02 6.20 15.60 

 
 

Table 13. Estimates on CO2 Storage Capacities for Three Extra Pools  

Pool 
OOIP, 
MMstb 

CO2 
Utilization (Eu), 

MMscf/bbl 

Recovery Contributed 
by CO2 (ErCO2), % 

Storage Capacity G, 
MMt 

Pessimistic Optimistic Pessimistic Optimistic
Keg River Z3Z 2.380 10.02 6.20 15.60 0.083 0.209 
Keg River RRR 4.700 10.02 6.20 15.60 0.164 0.412 
Keg River NNN 3.530 10.02 6.20 15.60 0.123 0.310 
 
 
 
  



 

77 

 The laboratory experimental examinations of geochemical interactions between Zama 
reservoir rocks, brine, pure CO2, and CO2–H2S under Zama reservoir pressure and temperature 
conditions showed no clear differences between the preexposure and postexposure mineralogy. It 
should be noted that the applicability of these results may be limited because the rock samples 
that were available for these efforts were all limestones (i.e., predominantly calcite) while more 
mineralogically complex dolomite-dominated facies are common in the Zama pinnacle reefs. 
This is an important caveat to bear in mind when considering these results, because the Phase II 
modeling results (Smith and others, 2009) indicated that dolomite and iron-bearing minerals such 
as pyrite may be the source for much of the dissolution and precipitation that was predicted to 
occur in a Zama pinnacle undergoing acid gas injection. It is also important to note that the 
experiments were of a short duration (28 days) and static. Longer-duration experiments that 
incorporate dynamic variables representing the pressure, temperature, and hydrogeochemistry 
changes that would occur in an operating injection and production scenario are necessary. Such 
long-term experiments would more accurately assess the geochemical interactions that may 
occur between acid gas and a carbonate reservoir.  
 
 While the rock analysis data may have limited applicability, some insight may be gained 
from the evaluation of changes in the composition of the fluids in which the rocks were 
immersed during the experiments. Some of the experimental results suggest that a gas stream 
that includes H2S may be less reactive with a carbonate reservoir than a stream of pure CO2. This 
is based on the clear decrease in the reactivity of both calcium and sulfate that was observed in 
the samples exposed to the H2S-rich gas stream. Also, measurements of TDS data indicate that a 
CO2–H2S mixture will dissolve a lesser quantity of total mineral content. From the perspective of 
storage integrity, this lower mineral loss will presumably correspond to a minimal loss of 
structural integrity of the reservoir formation. This suggests that, under some conditions, the 
presence of H2S may actually reduce the reactivity of some carbonate rocks, in turn possibly 
serving to maintain reservoir and wellbore integrity rather than degrading it.  
 
 The results of the Class H portland cement exposure experiments indicated that the 
addition of H2S to the CO2 storage system resulted in 1) the precipitation of significant amounts 
of ettringite and 2) the precipitation of pyrite in the carbonated rim of the cement. Ettringite 
formation subsequent to the hardening of cement can lead to cracking, spalling, strength loss, 
and degradation. Pyrite precipitation can also potentially lead to degradation of cement integrity. 
However, the experimental results indicated that CO2 in the system may dissolve the ettringite 
and reprecipitate calcium carbonates that may potentially help improve the overall cement 
integrity.  
 
 Laboratory experimental studies on the effects of corrosion on seven well casing steels 
when exposed to CO2 and acid gas under typical Zama reservoir conditions showed that the 
highest level of corrosion was observed in steels that were submerged in high-TDS water and 
exposed to pure CO2. Corrosion rates from experiments that included H2S were consistently 
lower than those that include pure CO2, with higher corrosive mass loss appearing in all samples 
reacted with pure CO2. However, a significant amount of sulfur was found on the surfaces of 
samples exposed to CO2–H2S mixtures. While pitting was observed in all of the exposed 
samples, it was more severe in cases of pure CO2 exposure as compared to cases where H2S was 
present. As with the rock studies, these results appear to suggest that, in some circumstances, the 
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presence of H2S may actually serve to counteract the effects of CO2, helping to maintain 
wellbore integrity rather than contributing to its degradation. 
 
 Overall, the laboratory results indicate that the injection of a CO2–H2S mixed-gas stream 
into a carbonate formation for EOR and CO2 storage is not likely to be more deleterious to 
wellbore integrity than the injection of pure CO2. In fact, it appears that, under some 
circumstances, the presence of H2S may actually help maintain wellbore integrity against 
degradation from CO2. These observations are supported by the fact that industrial-scale acid gas 
injection projects have been conducted in Alberta for over 20 years with no reported breaches in 
the wellbore integrity of acid gas injection wells. The results of the PCOR Partnership Phase II 
Zama activities indicated that the implementation of an MVA plan that is based on the current 
Alberta regulations for acid gas disposal is an effective approach to ensuring the long-term, safe 
storage of CO2 and/or CO2–H2S in deep carbonate pinnacle reef formations. The results of the 
Phase III efforts offer no evidence to counter that previous conclusion. In fact, while the toxicity 
of H2S will require specialized monitoring at surface facilities, the results indicate that the 
presence of H2S in the system does not necessarily require any additional or extraordinary MVA 
technologies to be applied in the deep subsurface.  
  
 PVT modeling work was performed to investigate the effect of H2S and varying GOR on 
MMP. The results indicate that MMP decreased nearly linearly with increasing levels of H2S in 
the injection gas, dropping from 2780 psi with pure CO2 to 2020 psi with 20 mol% H2S in the 
G2G pool. Likewise, when the GOR was reduced from 414 to 200 scf/bbl, the simulated MMP 
dropped from 2780 psi to 1950 psi. These results indicate that it is important to consider both the 
components of the injected gas and the GOR of the current oil when estimating the MMP. 
 
 Static models of six pinnacles were created and used to conduct dynamic simulation 
modeling of potential operational scenarios, including various combinations of acid gas 
injection, EOR, and water extraction. The integration of seismic data was critical to the 
development of static models that accurately represent the geometry of the pinnacles, and, 
correspondingly, their volumetric parameters. Well log data that could be correlated to core 
analysis data were also highly valuable in the development of the static model. Such data are 
particularly important with respect to the realistic distribution of porosity and permeability 
properties within the many facies that are present in a typical carbonate pinnacle reef. Future 
carbon capture, utilization, and storage (CCUS) projects that target pinnacle reefs should include 
core collection and analysis, a robust well-logging program, and seismic survey data acquisition 
as part of the site characterization phase. History matching was used to improve the reliability of 
the simulation results.  
 
 The storage capacity of the six examined Zama pinnacles ranged from a minimum of 
175,000 tons of CO2 to a maximum of 1,220,000 tons of CO2, with the average storage capacity 
of the six pinnacles being nearly 400,000 tons. Assuming the 840 pinnacles in the Zama area 
have similar storage capacity, the CO2 storage capacity of the entire Zama area may be nearly 
334 million tons. With respect to EOR potential, conservative estimates indicate that the Zama 
pools would recover an additional 6.2% of OOIP through the injection of acid gas. The use of 
infill-drilling schemes as part of an acid gas EOR operation may boost that productivity to as 
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high as 15.6% of OOIP. The simulated CO2 utilization factor results for the modeled Zama pools 
averaged approximately 0.62 tons/bbl or 11 Mscf/bbl.  
 
 While the laboratory results speak to the integrity of CO2 storage containment, the 
modeling results confirm that miscible flooding with sour acid gas is an excellent means of 
storing large volumes of CO2 while improving oil recovery. There are hundreds of pinnacle reefs 
throughout the world that hold in excess of 1 million barrels of oil each. The results of the PCOR 
Partnership research activities at Zama indicate that, globally, pinnacle reef structures represent 
an excellent opportunity to recover millions of barrels of incremental oil through CO2-based 
EOR and also have a great potential to perhaps store billions of tons of CO2. Also, the success of 
the ongoing Zama injection activities combined with the results of the PCOR Partnership 
research clearly demonstrate that CO2 streams do not have to be “pure” to be considered for use 
in CCUS projects and that some impurities may even be desirable under certain circumstances. 
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MINERALOGICAL COMPOSITION AND FLUID 
ANALYSIS DATA FROM ROCK REACTIVITY 

EXPERIMENTS
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Table A-1. Mineralogical Composition 
Sample Name EERC Sample ID Rock Type Formation Calcite Dolomite Magnesium Calcite Quartz Amorphous 
Plug 1-A 1598-031-1-IS Limestone Keg River 

Preexposure 85.75 8.46 0.00 0.65 5.14 
Postexposure CO2 84.52 9.78 0.00 1.45 4.21 

Plug 1-B 1598-031-2 IS Limestone Keg River   
Preexposure 87.81 7.88 0.00 0.66 3.65 

Postexposure CO2+H2S 84.23 9.76 0.25 1.87 3.22 
Plug 2-A 1598-031-3 IS Limestone Muskeg   

Preexposure 86.39 0.00 0.00 0.00 13.61 
Postexposure CO2 86.45 0.00 0.00 0.00 13.23 

Plug 3-A 1598-031-4-IS Limestone Keg River   
Preexposure 90.05 6.09 0.00 1.47 2.38 

Postexposure CO2 92.25 5.62 0.00 2.13 1.98 
Plug 3-B 1598-031-5-IS Limestone Keg River   

Preexposure 90.33 5.19 0.00 1.33 3.15 
Postexposure CO2+H2S 89.25 7.20 0.65 2.13 2.92 

Plug 4-A 1598-031-6-IS Dolomitic Limestone Keg River   
Preexposure 79.59 12.92 0.00 7.23 0.26 

Postexposure CO2 77.63 16.59 1.36 5.62 0.96 
Plug 4-B 1598-031-7-IS Dolomitic Limestone Keg River   

Preexposure 80.36 16.74 0.00 1.15 1.76 
Postexposure CO2 81.79 15.26 0.00 2.12 2.51 

Plug 5-A 1598-031-8-IS Limestone Zama   
Preexposure 80.84 0.56 5.63 0.99 11.98 

Postexposure CO2 82.35 0.42 6.12 0.63 13.42 
Plug 6-A 1598-031-9-IS Limestone Keg River   

Preexposure 87.46 0.75 2.30 0.73 8.75 
Postexposure CO2 87.46 0.75 2.30 0.73 8.75 

Plug 6-B 1598-031-10-IS Limestone Keg River   
Preexposure 94.85 1.02 0.00 0.38 3.75 

Postexposure CO2+H2S 94.85 1.02 0.00 0.38 3.75 
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Experimental Setup

• Seven types of steel coupons

• Two types of fluid presaturation:

– Tap water

– 16.5 wt% NaCl brine

• Two acid gas injection scenarios:

– Pure CO2

– 30 mole% H2S + 70 mole% 
CO2

• Zama oilfield conditions:

– 2100 psi exposure pressure

– 71°C temperature

Pressure: 2100 psi

CO2 Content: 100 and 70 mol%

H2S Content: 0 and 30 mol%

Temperature: 71°C (140°F)

Saturation 
Conditions:

1. Tap water
2. NaCl,
100,000 mg/L

Time of Exposure: 28 days

Number of Steel 
Coupon Types:

7
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Steel 5LX65
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Steel 5LX65 (x400) after Exposure

Tap Water, CO2–H2S
Brine, CO2–H2S

Tap Water, Pure CO2 Brine, Pure CO2
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Steel J55
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Steel J55 (x400) after Exposure

Tap Water, CO2–H2S
Brine, CO2–H2S

Tap Water, Pure CO2 Brine, Pure CO2
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J55 Fluid Analysis after Exposure

Al Cr Fe Mn Ni P Si V S Na
Tap + CO2 1 0 38 14 1 1 14 0 116 11

Tap + H2S 1 0 2 29 17 1 20 0 3730 11

Brine + CO2 5 0 114 13 1 1 13 0 896 47,600

Brine + H2S 1 0 2 32 0 2 19 0 2720 37,600
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Steel N80
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Steel N80 (x400) after Exposure

Tap Water, CO2–H2S
Brine, CO2–H2S

Tap Water, Pure CO2 Brine, Pure CO2
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N80 Fluid Analysis after Exposure

Al Cr Fe Mn Ni P Si V S Na
Tap + CO2 1 0 58 22 1 1 16 0 55 11
Tap + H2S 1 0 2 41 1 1 16 0 444 10
Brine + CO2 1 0 112 19 0 1 13 0 576 42,000
Brine + H2S 1 0 2 54 0 2 19 0 262 44,600
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Steel C90
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Steel C90 (x400) after Exposure

Tap Water, CO2–H2S
Brine, CO2–H2S

Tap Water, Pure CO2 Brine, Pure CO2
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C90 Fluid Analysis after Exposure

Al Cr Fe Mn Ni P Si V S Na
Tap + CO2 1 0 68 11 2 1 18 0 33 11
Tap + H2S 1 0 1 21 1 1 34 0 5880 16
Brine + CO2 5 0 163 4 0 1 13 0 384 40,800
Brine + H2S 1 0 3 27 0 2 25 0 2320 42,600
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Steel C95
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Steel C95 (x400) after Exposure

Tap Water, CO2–H2S
Brine, CO2–H2S

Tap Water, Pure CO2 Brine, Pure CO2
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C95 Fluid Analysis after Exposure

Al Cr Fe Mn Ni P Si V S Na
Tap + CO2 1 1 52 16 0 0 17 0 19 11
Tap + H2S 1 0 2 37 1 1 23 0 6160 16
Brine + CO2 5 0 175 26 0 1 13 0 306 44,200

Brine + H2S 1 0 2 40 0 2 15 0 3120 38,400
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Steel K55
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Steel K55 (x400) after Exposure

Tap Water, CO2–H2S
Brine, CO2–H2S

Tap Water, Pure CO2 Brine, Pure CO2
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K55 Fluid Analysis after Exposure

Al Cr Fe Mn Ni P Si V S Na
Tap + CO2 1 1 86 12 2 0 17 0 18 11
Tap + H2S 1 0 1 52 1 1 19 0 3440 10
Brine + CO2 5 0 143 20 0 1 16 0 246 40,000
Brine + H2S 1 0 2 41 0 2 20 0 3800 38,400
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Steel P110
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Steel P110 (x400) after Exposure

Tap Water, CO2–H2S
Brine, CO2–H2S

Tap Water, Pure CO2 Brine, Pure CO2
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P110 Fluid Analysis after Exposure

Al Cr Fe Mn Ni P Si V S Na
Tap + CO2 1 1 35 26 1 0 14 0 17 14
Tap + H2S 1 0 2 535 1 1 18 0 4720 10
Brine + CO2 5 1 155 16 0 1 11 0 210 41,600
Brine + H2S 1 0 2 51 0 2 20 0 2980 41,400
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Al Cr Fe Mn Ni P Si V S Na
5LX65 Tap + CO2 2 0 21 18 13 0 15 0 668 12

5LX65 Tap + H2S 1 24 2 34 0 1 17 0 2310 11

5LX65 Brine + CO2 5 0 147 18 4 1 13 0 2960 5200

5LX65 Brine + H2S 5 0 2 44 0 2 18 0 2880 4040

J55 Tap + CO2 1 0 38 14 1 1 14 0 116 11

J55 Tap + H2S 1 0 2 29 17 1 20 0 3730 11

J55 Brine + CO2 5 0 114 13 1 1 13 0 896 47,600

J55 Brine + H2S 1 0 2 32 0 2 19 0 2720 37,600

N80 Tap + CO2 1 0 58 22 1 1 16 0 55 11

N80 Tap + H2S 1 0 2 41 1 1 16 0 444 10

N80 Brine + CO2 1 0 112 19 0 1 13 0 576 42,000

N80  Brine + H2S 1 0 2 54 0 2 19 0 262 44,600

C90 Tap + CO2 1 0 68 11 2 1 18 0 33 11

C90 Tap + H2S 1 0 1 21 1 1 34 0 5880 16

C90 Brine + CO2 5 0 163 4 0 1 13 0 384 40,800

C90 Brine + H2S 1 0 3 27 0 2 25 0 2320 42,600

C95 Tap + CO2 1 1 52 16 0 0 17 0 19 11

C95 Tap + H2S 1 0 2 37 1 1 23 0 6160 16

C95 Brine + CO2 5 0 175 26 0 1 13 0 306 44200

C95 Brine + H2S 1 0 2 40 0 2 15 0 3120 38,400

K55 Tap + CO2 1 1 86 12 2 0 17 0 18 11

K55 Tap + H2S 1 0 1 52 1 1 19 0 3440 10

K55 Brine + CO2 5 0 143 20 0 1 16 0 246 40,000

K55 Brine + H2S 1 0 2 41 0 2 20 0 3800 38,400

P110 Tap + CO2 1 1 35 26 1 0 14 0 17 14

P110 Tap + H2S 1 0 2 35 1 1 18 0 4720 10

P110 Brine + CO2 5 1 155 16 0 1 11 0 210 41,600

P110 Brine + H2S 1 0 2 51 0 2 20 0 2980 41,400

Control Tap + CO2 1 0 0 0 0 0 13 0 0 9

Control Tap + H2S 0 0 0 0 0 0 16 0 6760 16

Control Brine + CO2 1 0 1 0 0 0 10 0 180 38,200

Control Brine + H2S 1 0 0 0 0 0 10 0 6000 42,000
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Elements in Brine after Exposure

0

10

20

30

40

50

60

M
n

C
on

ce
nt

ra
tio

n,
 m

g/
L

Mn Concentration

0
20
40
60
80

100
120
140
160
180
200

Fe
 C

on
ce

nt
ra

tio
n,

 m
g/

L

Fe Concentration



The International Center for Applied Energy Technology®

Additional Information
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PI:

Set Number:

Contact Person:

Fund#:

Request Date:

Due Date:

Set Description: Zama core plugs saturated with two types 
of fluids exposed to pure CO2

52856

15416

Steve Smith

Monday, July 11, 2011

Monday, July 25, 2011

Blaise Mibeck

Parameter ResultSample

52856-01 A-1 1633-025-01  NaCl brine
Aluminum < 2 mg/L

Barium < 0.03 mg/L

Calcium 363 mg/L

Iron < 0.2 mg/L

Magnesium 9.30 mg/L

Manganese < 0.2 mg/L

Potassium 3 mg/L

Sodium 66.3 mg/L

Strontium 1.02 mg/L

Sulfate 41 mg/L

Total Dissolved Solids 580 mg/L

52856-02 A-2 1633-025-02  pure water
Aluminum < 10 mg/L

Barium < 0.2 mg/L

Calcium 424 mg/L

Iron < 1 mg/L

Magnesium 10.5 mg/L

Manganese < 1 mg/L

Potassium < 20 mg/L

Sodium 63600 mg/L

Strontium 1.56 mg/L

Sulfate 86 mg/L

Total Dissolved Solids 178000 mg/L

52856-03 B-1  1633-025-05  pure water
Aluminum < 2 mg/L

Barium < 0.03 mg/L

1 of 7
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PI:

Set Number:

Contact Person:

Fund#:

Request Date:

Due Date:

Set Description: Zama core plugs saturated with two types 
of fluids exposed to pure CO2

52856

15416

Steve Smith

Monday, July 11, 2011

Monday, July 25, 2011

Blaise Mibeck

Parameter ResultSample

52856-03 B-1  1633-025-05  pure water
Calcium 342 mg/L

Iron < 0.2 mg/L

Magnesium 22.6 mg/L

Manganese < 0.2 mg/L

Potassium 20 mg/L

Sodium 99.9 mg/L

Strontium 1.48 mg/L

Sulfate 155 mg/L

Total Dissolved Solids 900 mg/L

52856-04 B-2  1633-025-06  NaCl brine
Aluminum < 10 mg/L

Barium 3.12 mg/L

Calcium 376 mg/L

Iron < 1 mg/L

Magnesium 21.2 mg/L

Manganese < 1 mg/L

Potassium < 20 mg/L

Sodium 64800 mg/L

Strontium 3.08 mg/L

Sulfate 183 mg/L

Total Dissolved Solids 172000 mg/L

52856-05 C-1  1633-025-09  pure water
Aluminum < 2 mg/L

Barium 0.060 mg/L

Calcium 516 mg/L

Iron < 0.2 mg/L

Magnesium 15.5 mg/L

Manganese < 0.2 mg/L

Potassium 3.3 mg/L

Sodium 60.0 mg/L

Strontium 2.24 mg/L
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ANALYTICAL RESEARCH LAB - Final Results April 30, 2013

PI:

Set Number:

Contact Person:

Fund#:

Request Date:

Due Date:

Set Description: Zama core plugs saturated with two types 
of fluids exposed to pure CO2

52856

15416

Steve Smith

Monday, July 11, 2011

Monday, July 25, 2011

Blaise Mibeck

Parameter ResultSample

52856-05 C-1  1633-025-09  pure water
Sulfate 80.5 mg/L

Total Dissolved Solids 800 mg/L

52856-06 C-2  1633-025-10  NaCl brine
Aluminum < 10 mg/L

Barium 7.36 mg/L

Calcium 462 mg/L

Iron < 1 mg/L

Magnesium 26.0 mg/L

Manganese < 1 mg/L

Potassium < 20 mg/L

Sodium 67600 mg/L

Strontium 4.68 mg/L

Sulfate 99 mg/L

Total Dissolved Solids 176000 mg/L

52856-07 D-1  1633-025-13  pure water
Aluminum < 2 mg/L

Barium 0.033 mg/L

Calcium 354 mg/L

Iron < 0.2 mg/L

Magnesium 27.4 mg/L

Manganese < 0.2 mg/L

Potassium 4.1 mg/L

Sodium 71.4 mg/L

Strontium 1.85 mg/L

Sulfate 128 mg/L

Total Dissolved Solids 780 mg/L

52856-08 D-2  1633-025-14  NaCl brine
Aluminum < 10 mg/L

Barium < 0.2 mg/L

Calcium 374 mg/L
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ANALYTICAL RESEARCH LAB - Final Results April 30, 2013

PI:

Set Number:

Contact Person:

Fund#:

Request Date:

Due Date:

Set Description: Zama core plugs saturated with two types 
of fluids exposed to pure CO2

52856

15416

Steve Smith

Monday, July 11, 2011

Monday, July 25, 2011

Blaise Mibeck

Parameter ResultSample

52856-08 D-2  1633-025-14  NaCl brine
Iron < 1 mg/L

Magnesium 14.7 mg/L

Manganese < 1 mg/L

Potassium < 20 mg/L

Sodium 62400 mg/L

Strontium 1.94 mg/L

Sulfate 138 mg/L

Total Dissolved Solids 179000 mg/L

52856-09 E-1  1633-025-17  pure water
Aluminum < 2 mg/L

Barium 0.13 mg/L

Calcium 312 mg/L

Iron < 0.2 mg/L

Magnesium 16.6 mg/L

Manganese < 0.2 mg/L

Potassium 3.8 mg/L

Sodium 46.2 mg/L

Strontium 2.3 mg/L

Sulfate 59.0 mg/L

Total Dissolved Solids 540 mg/L

52856-10 E-2  1633-025-18  NaCl brine
Aluminum < 10 mg/L

Barium < 0.2 mg/L

Calcium 360 mg/L

Iron < 1 mg/L

Magnesium 22.8 mg/L

Manganese < 1 mg/L

Potassium < 20 mg/L

Sodium 65200 mg/L

Strontium 2.88 mg/L

Sulfate 76 mg/L
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PI:

Set Number:

Contact Person:

Fund#:

Request Date:

Due Date:

Set Description: Zama core plugs saturated with two types 
of fluids exposed to pure CO2

52856

15416

Steve Smith

Monday, July 11, 2011

Monday, July 25, 2011

Blaise Mibeck

Parameter ResultSample

52856-10 E-2  1633-025-18  NaCl brine
Total Dissolved Solids 176000 mg/L

52856-11 F-1  1633-025-21  pure water
Aluminum < 2 mg/L

Barium 0.063 mg/L

Calcium 318 mg/L

Iron < 0.2 mg/L

Magnesium 16.6 mg/L

Manganese < 0.2 mg/L

Potassium < 3 mg/L

Sodium 29 mg/L

Strontium 1.64 mg/L

Sulfate 67.0 mg/L

Total Dissolved Solids 420 mg/L

52856-12 F-2  1633-025-22  NaCl brine
Aluminum < 10 mg/L

Barium 9.02 mg/L

Calcium 376 mg/L

Iron < 1 mg/L

Magnesium 21.0 mg/L

Manganese < 1 mg/L

Potassium < 20 mg/L

Sodium 68000 mg/L

Strontium 2.5 mg/L

Sulfate 65 mg/L

Total Dissolved Solids 177000 mg/L

52856-13 G-1  1633-025-25  pure water
Aluminum < 2 mg/L

Barium < 0.03 mg/L

Calcium 717 mg/L

Iron < 0.2 mg/L
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ANALYTICAL RESEARCH LAB - Final Results April 30, 2013

PI:

Set Number:

Contact Person:

Fund#:

Request Date:

Due Date:

Set Description: Zama core plugs saturated with two types 
of fluids exposed to pure CO2

52856

15416

Steve Smith

Monday, July 11, 2011

Monday, July 25, 2011

Blaise Mibeck

Parameter ResultSample

52856-13 G-1  1633-025-25  pure water
Magnesium 89.7 mg/L

Manganese < 0.2 mg/L

Potassium 79.8 mg/L

Sodium 85.8 mg/L

Strontium 8.58 mg/L

Sulfate 1560 mg/L

Total Dissolved Solids 3500 mg/L

52856-14 G-2  1633-025-26  NaCl brine
Aluminum < 10 mg/L

Barium < 0.2 mg/L

Calcium 546 mg/L

Iron < 1 mg/L

Magnesium 72.2 mg/L

Manganese < 1 mg/L

Potassium 83 mg/L

Sodium 64000 mg/L

Strontium 9.66 mg/L

Sulfate 929 mg/L

Total Dissolved Solids 176000 mg/L

52856-15 H-1  brine standard
Aluminum < 2 mg/L

Barium < 0.03 mg/L

Calcium 2.93 mg/L

Iron 0.24 mg/L

Magnesium < 0.09 mg/L

Manganese < 0.2 mg/L

Potassium < 3 mg/L

Sodium 27 mg/L

Strontium < 0.006 mg/L

Sulfate 25 mg/L

Total Dissolved Solids 120 mg/L
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PI:

Set Number:

Contact Person:

Fund#:

Request Date:

Due Date:

Set Description: Zama core plugs saturated with two types 
of fluids exposed to pure CO2

52856

15416

Steve Smith

Monday, July 11, 2011

Monday, July 25, 2011

Blaise Mibeck

Parameter ResultSample

52856-15 H-1  brine standard

52856-16 H-2  water standard
Aluminum < 10 mg/L

Barium < 0.2 mg/L

Calcium 14 mg/L

Iron < 1 mg/L

Magnesium < 0.6 mg/L

Manganese < 1 mg/L

Potassium < 20 mg/L

Sodium 66800 mg/L

Strontium < 0.04 mg/L

Sulfate 30 mg/L

Total Dissolved Solids 178000 mg/L
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ANALYTICAL RESEARCH LAB - Final Results April 30, 2013

PI:

Set Number:

Contact Person:

Fund#:

Request Date:

Due Date:

Set Description: Zama core plugs saturated with two types 
of fluids exposed to  CO2 and H2S

52857

15416

Steve Smith

Monday, July 11, 2011

Monday, July 25, 2011

Blaise Mibeck

Parameter ResultSample

52857-01 A-3 1663-025-03  NaCl brine
Aluminum < 2 mg/L

Barium 0.069 mg/L

Calcium 203 mg/L

Iron < 0.2 mg/L

Magnesium 17.2 mg/L

Manganese < 0.2 mg/L

Potassium < 3 mg/L

Sodium 66.9 mg/L

Strontium 1.15 mg/L

Sulfate 20 mg/L

Total Dissolved Solids 880 mg/L

52857-02 A-4 1663-025-04  pure water
Aluminum < 10 mg/L

Barium 0.74 mg/L

Calcium 314 mg/L

Iron < 1 mg/L

Magnesium 9.64 mg/L

Manganese 1.3 mg/L

Potassium < 20 mg/L

Sodium 58800 mg/L

Strontium 1.8 mg/L

Sulfate 35 mg/L

Total Dissolved Solids 166000 mg/L

52857-03 B-3 1663-025-07  pure water
Aluminum < 2 mg/L

Barium 0.078 mg/L
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ANALYTICAL RESEARCH LAB - Final Results April 30, 2013

PI:

Set Number:

Contact Person:

Fund#:

Request Date:

Due Date:

Set Description: Zama core plugs saturated with two types 
of fluids exposed to  CO2 and H2S

52857

15416

Steve Smith

Monday, July 11, 2011

Monday, July 25, 2011

Blaise Mibeck

Parameter ResultSample

52857-03 B-3 1663-025-07  pure water
Calcium 378 mg/L

Iron < 0.2 mg/L

Magnesium 37.5 mg/L

Manganese < 0.2 mg/L

Potassium 7.5 mg/L

Sodium 27 mg/L

Strontium 1.65 mg/L

Sulfate 57.5 mg/L

Total Dissolved Solids 920 mg/L

52857-04 B-4 1663-025-08  NaCl  brine
Aluminum < 10 mg/L

Barium 0.36 mg/L

Calcium 264 mg/L

Iron < 1 mg/L

Magnesium 29.0 mg/L

Manganese < 1 mg/L

Potassium 22 mg/L

Sodium 59600 mg/L

Strontium 2.28 mg/L

Sulfate 110 mg/L

Total Dissolved Solids 163000 mg/L

52857-05 C-3 1663-025-11  pure water
Aluminum < 2 mg/L

Barium 0.32 mg/L

Calcium 297 mg/L

Iron < 0.2 mg/L

Magnesium 17.5 mg/L

Manganese < 0.2 mg/L

Potassium < 3 mg/L

Sodium 17 mg/L

Strontium 1.89 mg/L

2 of 7

Distribution Date



ANALYTICAL RESEARCH LAB - Final Results April 30, 2013

PI:

Set Number:

Contact Person:

Fund#:

Request Date:

Due Date:

Set Description: Zama core plugs saturated with two types 
of fluids exposed to  CO2 and H2S

52857

15416

Steve Smith

Monday, July 11, 2011

Monday, July 25, 2011

Blaise Mibeck

Parameter ResultSample

52857-05 C-3 1663-025-11  pure water
Sulfate 28 mg/L

Total Dissolved Solids 900 mg/L

52857-06 C-4 1663-025-12  NaCl brine
Aluminum < 10 mg/L

Barium < 0.2 mg/L

Calcium 172 mg/L

Iron < 1 mg/L

Magnesium 25.4 mg/L

Manganese < 1 mg/L

Potassium < 20 mg/L

Sodium 56400 mg/L

Strontium 3.3 mg/L

Sulfate 67 mg/L

Total Dissolved Solids 170000 mg/L

52857-07 D-3 1663-025-15  pure water
Aluminum < 2 mg/L

Barium 0.066 mg/L

Calcium 282 mg/L

Iron < 0.2 mg/L

Magnesium 21.6 mg/L

Manganese < 0.2 mg/L

Potassium < 3 mg/L

Sodium 17 mg/L

Strontium 1.49 mg/L

Sulfate 39 mg/L

Total Dissolved Solids 640 mg/L

52857-08 D-4 1663-025-16  NaCl brine
Aluminum < 10 mg/L

Barium < 0.2 mg/L

Calcium 181 mg/L
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ANALYTICAL RESEARCH LAB - Final Results April 30, 2013

PI:

Set Number:

Contact Person:

Fund#:

Request Date:

Due Date:

Set Description: Zama core plugs saturated with two types 
of fluids exposed to  CO2 and H2S

52857

15416

Steve Smith

Monday, July 11, 2011

Monday, July 25, 2011

Blaise Mibeck

Parameter ResultSample

52857-08 D-4 1663-025-16  NaCl brine
Iron < 1 mg/L

Magnesium 17.2 mg/L

Manganese < 1 mg/L

Potassium < 20 mg/L

Sodium 70000 mg/L

Strontium 1.64 mg/L

Sulfate 30 mg/L

Total Dissolved Solids 170000 mg/L

52857-09 E-3 1663-025-19  pure water
Aluminum < 2 mg/L

Barium 0.099 mg/L

Calcium 321 mg/L

Iron < 0.2 mg/L

Magnesium 21.2 mg/L

Manganese < 0.2 mg/L

Potassium < 3 mg/L

Sodium 16 mg/L

Strontium 2.35 mg/L

Sulfate 37 mg/L

Total Dissolved Solids 980 mg/L

52857-10 E-4 1663-025-20  NaCl brine
Aluminum < 10 mg/L

Barium 0.54 mg/L

Calcium 94.4 mg/L

Iron < 1 mg/L

Magnesium 26.8 mg/L

Manganese 8.0 mg/L

Potassium < 20 mg/L

Sodium 71200 mg/L

Strontium 3.80 mg/L

Sulfate 58 mg/L
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ANALYTICAL RESEARCH LAB - Final Results April 30, 2013

PI:

Set Number:

Contact Person:

Fund#:

Request Date:

Due Date:

Set Description: Zama core plugs saturated with two types 
of fluids exposed to  CO2 and H2S

52857

15416

Steve Smith

Monday, July 11, 2011

Monday, July 25, 2011

Blaise Mibeck

Parameter ResultSample

52857-10 E-4 1663-025-20  NaCl brine
Total Dissolved Solids 171000 mg/L

52857-11 F-3 1663-025-23  pure water
Aluminum < 2 mg/L

Barium 0.723 mg/L

Calcium 266 mg/L

Iron < 0.2 mg/L

Magnesium 23.1 mg/L

Manganese < 0.2 mg/L

Potassium < 3 mg/L

Sodium 10 mg/L

Strontium 1.60 mg/L

Sulfate 21 mg/L

Total Dissolved Solids 560 mg/L

52857-12 F-4 1663-025-24  NaCl brine
Aluminum < 10 mg/L

Barium < 0.2 mg/L

Calcium 181 mg/L

Iron < 1 mg/L

Magnesium 22.4 mg/L

Manganese < 1 mg/L

Potassium < 20 mg/L

Sodium 69200 mg/L

Strontium 2.24 mg/L

Sulfate 42 mg/L

Total Dissolved Solids 171000 mg/L

52857-13 G-3 1663-025-27  pure water
Aluminum < 2 mg/L

Barium 0.060 mg/L

Calcium 345 mg/L

Iron < 0.2 mg/L
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ANALYTICAL RESEARCH LAB - Final Results April 30, 2013

PI:

Set Number:

Contact Person:

Fund#:

Request Date:

Due Date:

Set Description: Zama core plugs saturated with two types 
of fluids exposed to  CO2 and H2S

52857

15416

Steve Smith

Monday, July 11, 2011

Monday, July 25, 2011

Blaise Mibeck

Parameter ResultSample

52857-13 G-3 1663-025-27  pure water
Magnesium 74.4 mg/L

Manganese < 0.2 mg/L

Potassium 60.6 mg/L

Sodium 37.5 mg/L

Strontium 7.65 mg/L

Sulfate 267 mg/L

Total Dissolved Solids 2360 mg/L

52857-14 G-4 1663-025-28  NaCl brine
Aluminum < 10 mg/L

Barium 0.2 mg/L

Calcium 280 mg/L

Iron < 1 mg/L

Magnesium 50.0 mg/L

Manganese < 1 mg/L

Potassium 63 mg/L

Sodium 62400 mg/L

Strontium 7.28 mg/L

Sulfate 362 mg/L

Total Dissolved Solids 168000 mg/L

52857-15 H-3 brine standard
Aluminum < 2 mg/L

Barium < 0.03 mg/L

Calcium 1.7 mg/L

Iron < 0.2 mg/L

Magnesium < 0.09 mg/L

Manganese < 0.2 mg/L

Potassium < 3 mg/L

Sodium 6.0 mg/L

Strontium < 0.006 mg/L

Sulfate 19 mg/L

Total Dissolved Solids < 10 mg/L
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ANALYTICAL RESEARCH LAB - Final Results April 30, 2013

PI:

Set Number:

Contact Person:

Fund#:

Request Date:

Due Date:

Set Description: Zama core plugs saturated with two types 
of fluids exposed to  CO2 and H2S

52857

15416

Steve Smith

Monday, July 11, 2011

Monday, July 25, 2011

Blaise Mibeck

Parameter ResultSample

52857-15 H-3 brine standard

52857-16 H-4 water standard
Aluminum < 10 mg/L

Barium < 0.2 mg/L

Calcium < 2 mg/L

Iron < 1 mg/L

Magnesium < 0.6 mg/L

Manganese < 1 mg/L

Potassium < 20 mg/L

Sodium 65600 mg/L

Strontium < 0.04 mg/L

Sulfate 30 mg/L

Total Dissolved Solids 169000 mg/L
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