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EXECUTIVE SUMMARY 
 
 Is geologic sequestration of carbon dioxide in underground reservoirs a safe and long-term 
disposal option for this greenhouse gas?  An important but little-studied data source are the 
naturally occurring geologic CO2 fields.  Such deposits are common in sedimentary basins 
worldwide, where they formed over geologic time by biologic, igneous, or geochemical processes.  
In the USA, several large CO2 fields have been commercially developed to supply CO2 primarily for 
enhanced oil recovery.  These fields offer extensive geologic and operational data sets providing 
unique insights on the long-term impacts of CO2 on reservoirs and cap rock integrity, as well as 
field-tested technologies for safely and economically drilling and operating CO2 sequestration sites. 
 

The Natural CO2 Analogs for Carbon Sequestration (NACS) study began with a systematic 
compilation and analysis of existing data from three major natural CO2 fields in the USA.  We 
obtained extensive geologic, engineering, and operational data from three CO2 field operators: 
Kinder Morgan CO2 Co. LLC (McElmo Dome in Colorado); Ridgeway Petroleum Corp. (St. Johns 
Dome in Arizona and New Mexico); and Denbury Resources Inc. (Jackson Dome in Mississippi).  
The three CO2 fields provide contrasting geologic settings (carbonate vs. sandstone reservoir; 
supercritical vs. free gas state; normally pressured vs. overpressured), as well as stages of 
commercial development (undeveloped to mature; see Table E-1).  GIS and well log data bases 
were built for the fields and they were mapped for detailed geologic analysis.  The key findings are: 

1) CO2 storage is a natural process.  Our study has documented in detail that CO2 storage in 
geologic formations occurs on a large scale due to natural processes.  Prior to being 
developed, the three study sites stored 2.4 billion t (46 Tcf) of CO2, equivalent to over one 
year of power plant emissions in the USA.  They are comparable in size to the largest 
proposed individual sequestration sites.  Demonstrating that CO2 storage is a natural 
process helps counter the notion that injecting it underground amounts to unprecedented 
“waste disposal.” This evidence provides justification for industrial-scale geologic 
sequestration as an environmentally compatible GHG mitigation option. 

 
2) Reliable reservoir seals require evaporites or shales as the cap rock.  Complementing 

parallel modeling and laboratory studies, NACS demonstrated empirically that, in favorable 
settings, CO2 has been stored essentially “forever” (on human timescales; most likely 70 
million years at McElmo and Jackson Domes) with no major adverse impacts on reservoir 
and cap rock.  Thick salt cap rocks (such as the 400 m of halite at McElmo Dome) appear 
nearly impermeable and self-sealing to faults over geologic time in tectonically stable 
locations.  Anhydrite (St. Johns Dome) and shale (Jackson Dome) also can be highly 
effective cap rocks.  Remarkably, Jackson Dome’s cap rock has contained excess pressures 
50% above normal hydrostatic, probably for millions of years.  We recognize that every 
geologic setting is unique and it is not realistic to formulate universal criteria for cap rock 
integrity based on our limited study.  Nevertheless, this information can provide guidelines 
useful for screening candidate CO2 storage sites, particularly in similar geologic settings.  To 
build confidence, it is recommend that early sequestration site selection follow existing CO2 
field analog criteria, including comparably thick and secure evaporite or shale cap rocks. 

 
3) Natural CO2 production practices provide valuable “lessons learned” for CO2 storage.  

During the past two decades, the commercial CO2 production industry has developed safe 
and cost-effective CO2 production, processing, monitoring, transportation, and safety 
techniques and equipment that can be adapted for long-term storage of CO2.  The study 
fields are collectively producing 18.5 million t/year (986 MMcfd) of CO2 for commercial use, 
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mainly EOR.  Corrosion control is achievable with chromium steel, carbon steel with amine 
carbon gauze coatings, batch corrosion inhibitors (e.g., NaHCO3), or cathodic protection of 
flowlines; corrosion surveillance using boroscope, ultrasound, weight-loss coupons, and 
other methods.  Wireline-set plugs downhole automatically shut in the well in case of 
accidental damage to the wellhead.  However, certain components (e.g., well casing, 
cements, etc.) would need to be upgraded to withstand the much longer time scale required 
for geologic sequestration projects.  For example, CO2-resistant cements may be adequate 
for short-term application (decades), but require advancements to withstand long-term 
geologic storage lasting many thousands of years. 

 
4) Efficient operation of CO2 storage will require its own set of practices and 

technologies.  Despite the encouraging evidence and lessons learned of long-term secure 
CO2 storage at the three study fields, future geologic sequestration sites will differ is several 
important respects.  For example, a depleted oil and gas field will have significant remaining 
hydrocarbons, whereas the studied natural analogs are essentially pure CO2 with minimal 
contaminants.  Also, the natural accumulation took many thousands of years to fill, yet 
sequestration sites may inject CO2 for a few decades or less. 

 
5) Future Natural Analog Work Needed.  The three CO2 fields assessed in this study have 

yielded useful information but they cannot alone prove the case for safe, long-term storage in 
every geologic province.  Additional work involving natural analogs might include: 

 
• Develop a national data base of natural CO2 deposits.  This could help identify geologic 

provinces that are particularly suitable for long-term storage, since they already have 
demonstrated natural CO2 trapping.  The data base also would provide sequestration site 
operators with local analogs to support their projects. 

• Evaluate natural analogs in high-priority sequestration basins near major anthropogenic CO2 
sources (such as Appalachia, Ohio Valley, California, etc.).  Even if they are smaller deposits 
or have lower CO2 concentrations, they are more likely to closely resemble the geologic 
settings for local projects and thus could help strengthen scientific and public confidence. 

• The CO2 fill rate of natural analogs was probably very slow (thousands, perhaps millions of 
years) compared to decades for engineered storage sites.  A well-characterized depleted 
natural CO2 field (e.g., McElmo Dome) could be simulated to model the efficiency and safety 
of rapid re-fill rates, including hysteresis effects and tensional stress changes on the cap rock. 

• Natural CO2 field cap rocks are not normally cored, thus there is little direct data on their 
composition, texture, fracturing, and chemistry that make them such excellent seals.  The cap 
rock of a well-characterized depleted CO2 field could be cored for detailed analysis. 

• Soil gas analysis, not yet performed at CO2 fields, could help characterize cap rock integrity. 

• New long-term CO2-resistant cements designed to withstand exposure for >10,000 years.. 

 
Table E-1:  Summary of Natural CO2 Field Study Site Characteristics 

Original 
CO2 in 
Place  

2003 CO2 
Production 

Reservoir 
Lithology 

Depth 
(m) 

Cap Rock Years 
Stored 

Field State Operator 

106 t Tcf 106 t/yr MMcfd  
St. Johns AZ/NM Ridgeway 730 14 0.02 1 Sandstone 500 anhydrite 0 – 6 Ma 
Jackson 
Dome 

MS Denbury 
Resources 

100 2 3.5 185 Sandstone 
Some carb 

4,700 carbonate 70 Ma 

McElmo 
Dome 

CO Kinder 
Morgan 

1600 30 15 800 Carbonate 2,300 400 m salt 70 Ma 

All 3  2,430 46 18.5 986  
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EXPERIMENTAL 

 
 
This project did not involve experimental work, thus the Experimental section is not relevant.  All of 
the work involved analysis of field data. 
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RESULTS AND DISCUSSION 

 
 

1.0 Introduction 
 

Carbon dioxide can occur naturally in large, high-purity (>90%) deposits within geologic 
formations in many sedimentary basins as a result of natural geologic processes.  Most of the 
known CO2 fields were discovered accidentally in the course of routine oil and gas exploration.  For 
example, two of the study sites described in this report, the McElmo Dome (discovered in 1948) and 
St. Johns Dome (1994), were such accidental discoveries.  Because most CO2 deposits have little 
economic value, they are seldom an exploration target in themselves and it is likely that they are 
more common than currently recognized. 

 
However, certain conveniently located CO2 fields in the United States, Hungary, Turkey, and 

other countries have been exploited for decades to provide injectant for enhanced oil recovery 
projects.  In 2005, an estimated 35 Mt (equivalent to a rate of approximately 1.8 Bcfd) of naturally 
sourced CO2 was injected, mainly in the Permian basin of Texas and New Mexico, southwestern 
USA.  Over 3,000 km of dedicated pipelines are in operation for transporting CO2.  Gross annual 
revenues from commercial sales of CO2 approach $1 billion.  Other commercial uses for CO2 
include bottling, horticulture, and chemical manufacturing.  Thus, in many settings CO2 can be 
viewed as a valuable commodity rather than simply a waste product. 
 

Naturally occurring carbon dioxide deposits provide unique (albeit imperfect) natural analogs 
for evaluating the long-term safety and efficacy of storing anthropogenic CO2 in geologic formations.  
The time scale for CO2 storage in these fields is far longer than that of enhanced oil recovery (EOR) 
or underground gas storage (UGS) activities.  CO2 has been trapped for millions of years in those 
“natural analog” reservoirs (such as in our study) that have effective cap rocks, including thick salt or 
shale deposits.  Meanwhile, in geologic settings studied by other researchers, CO2 springs and 
fluxes developed where cap rocks were breached or faulted.1,2   

 
Understanding why certain natural geologic settings are effective CO2 traps while others are 

not can help guide the screening and designing of engineered sites for CO2 sequestration.  In 
addition, commercial production operations underway at developed CO2 fields can provide proven 
and low-cost technologies that may be applicable to engineered geologic storage sites.3  Geologic 
carbon dioxide deposits also are useful as “Natural Analogs” which provide unique sites for 
evaluating the long-term safety and security of geologic CO2 storage, as well as CO2 handling and 
monitoring technologies and their costs.  Such natural analogs can provide insight into the safety 
and security of geologic sequestration, the long-term impact of CO2 on reservoirs and cap rocks, 
and field operating and monitoring technologies which could be adapted for geologic sequestration. 

 
Advanced Resources International, Inc. (ARI), a petroleum consulting firm active in geologic 

sequestration R&D, has performed this data compilation and analysis of three large naturally 
occurring CO2 fields in the United States for the U.S. Department of Energy Carbon Sequestration 
Program.  We were assisted on geochemical sampling and analysis by Dr. Martin M. Schoell with 
GasConsult International, Inc. and Professor Chris Ballentine at Manchester University, UK.   
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To perform the study, ARI obtained extensive confidential geologic and engineering data 
from three major operators of natural CO2 fields (Map 1-1).  Kinder Morgan CO2 Co. LLC provided 
information from its McElmo Dome field in Colorado.  Ridgeway Petroleum Corp. provided data on 
its St. Johns field in Arizona and New Mexico.  Denbury Resources Inc. acquired the former Shell 
Jackson Dome CO2 field in Mississippi in 2000 and has provided geologic and engineering data for 
this largest Gulf Coast CO2 field.  These three fields provide contrasting geologic and operational 
settings (carbonate vs. sandstone reservoir; deep vs. medium vs. shallow; supercritical vs. free gas 
state; normally pressured vs. overpressured), and in degree of development (partly depleted vs. 
largely undeveloped). 
 
1.1 Study Background 

This report represents a Final Report for the technical services contract between U.S. 
Department of Energy (USDOE) and Advanced Resources International, Inc. (Contractor).  It is part 
of the USDOE’s R&D program to lower the costs of carbon capture and sequestration to reduce 
CO2 emissions to the atmosphere. 

1.2 The Utility of Natural Analogs Study 
 

Geologic sequestration has been set forth as one of the most promising options for 
controlling emissions of CO2.  But is geologic sequestration of CO2 a safe and long-term disposal 
option?  Can it satisfy public perception as well as scientific review?  Or will geologic sequestration 
become bogged down because of fears that underground storage of anthropogenic CO2 will result in 
premature leakage or cause harmful impacts on the environment? 

 
Since the early 1980’s, in the USA and several other countries, CO2 has been injected 

underground on a large scale into depleted oil fields for enhanced oil recovery (EOR).  The safety 
record of this activity has been excellent and industry’s two-decade experience with EOR is 
invaluable for assessing the near-term performance of geologic sequestration projects.4,5

  
However, the long-term safety and performance of geologic sequestration sites is still 

unknown, yet must be established to evaluate the feasibility of this method as well as to win public 
acceptance.6  One approach is to numerically simulate the flow and storage CO2 in candidate 
sequestration sites; this requires an extremely large data set about reservoir properties, as well as 
upgrading simulator code to better model long-term geochemical reactions, but is feasible at well-
documented depleted oil and gas fields.7,8

 
A parallel empirical approach, such as taken by this study, is to examine sites where large 

volumes of nearly pure CO2 have naturally accumulated and been stored in geologic formations 
over a demonstrably long time period (e.g., millions of years).  These “Natural Analogs” offer unique 
natural laboratories to study the long-term storage of CO2 underground and can help to screen 
candidate sites for geologic sequestration.  The petroleum industry has been exploiting natural CO2 
fields for over two decades, primarily in the USA, yet little has been published about this activity.9

 
Our study of Natural Analogs has three broad objectives that are consistent with USDOE’s 

research goals for understanding geologic storage and developing long-term, cost-effective 
verification and monitoring technologies: 
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• Establish CO2 Storage as a Natural Process.  Studying Natural Analogs can uniquely 

document that CO2 storage in geologic formations occurs due to natural processes.  This can 
help counter the notion that injection of CO2 underground is unprecedented and environmentally 
harmful “waste disposal.” 

 
• Document Long-Term Impacts of CO2 Storage.  More convincingly than any model or lab 

experiment, study of Natural Analogs can demonstrate empirically the long-term chemical and 
physical interactions of CO2 with reservoir rock and fluids.  Dating the origin of Natural Analogs, 
although not possible in this limited study of existing data, can uniquely establish the safety and 
security of geologic storage over very long time periods (thousands to millions of years). 

 
• Assess Surface and Subsurface CO2 Handling Technologies.  Many of the production, 

monitoring, and safety techniques and equipment developed by the commercial CO2 production 
industry can be adapted for long-term geologic storage of CO2.  These technologies and their 
costs have never been comprehensively documented. 

 
The current study funded by USDOE involves collection and analysis of primarily existing data 

provided by the operator partners. 
 

1.3 Previous and Ongoing Work 
 

Until recently, little information had been published on the geology and production operations 
of natural CO2 fields from an oil and gas production perspective; even less has been published on 
Natural Analogs from a geologic sequestration perspective.  We discuss previous local geologic 
work at the beginning of each field description. 

 
ARI initiated research on Natural Analogs in early 2000 using internal funds, while USDOE 

funding began during the second half of 2001.  To date, we have presented the following 
preliminary talks and papers related to this project: 
 
• Workshop on Geological Storage of CO2 in Saline Aquifers in Leuuwenhorst, The 

Netherlands, organized by IEA GHG and the Sleipner Aquifer CO2 Storage Project (SACS) in 
April 2000.  ARI presented a very preliminary concept for a Natural Analogs study, which along 
with the NASCENT project was recognized here as a key R&D area supporting geologic 
sequestration. 

 
• GHGT-5, Cairns (Fifth International Conference on Greenhouse Gas Control Technologies).  

ARI prepared a preliminary technical paper and talk, with Kinder Morgan and Ridgeway 
personnel as co-authors, on the geology of Natural Analogs for the GHGT-5 conference in 
Cairns, Australia in August 2000.10 

 
• GHGT-6, Kyoto, Japan (Sixth International Conference on Greenhouse Gas Control 

Technologies).  ARI prepared a technical paper and talk, also with Kinder Morgan and 
Ridgeway personnel as co-authors, on production operations at Natural Analogs for the GHGT-
6 conference in Kyoto, Japan in September-October 2002.11 
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• AAPG, Salt Lake City (American Association of Petroleum Geologists, Annual Meeting and 
Exhibition), ARI presented a poster on NACS work in May 2003.12  Scott Stevens also served 
as Chair for the technical session on geologic sequestration. 

 
• USDOE, Alexandria.  ARI presented a talk in May 2001 and a poster in May 2003 on its NACS 

research.13,  14  Scott Stevens also chaired a technical session. 
 
• AGU, San Francisco.  (American Geophysical Union National Meeting)  ARI’s research 

associates the University of Manchester and Swiss Federal Institute of Technology, presented 
results of geochemical analysis at Jackson Dome in December 2003.15 

 
• GHGT-7, Vancouver, Canada ((Seventh International Conference on Greenhouse Gas Control 

Technologies).  ARI prepared a technical paper and talk on geochemical results of the 
project.16 

 
 Apart from ARI’s study on commercial CO2 production field analogs for the USDOE, there 
are several other efforts underway to study naturally occurring geologic CO2 systems.  In a separate 
USA project, the Utah Geological Survey is conducting research on CO2 occurrences in aquifers in 
the Paradox Basin portion of the Colorado Plateau region, particularly in Utah.17  This wide-ranging 
regional project complements our more focused studies of McElmo and St. Johns Dome fields.  
There are other studies of leakage along fault zones in the Colorado Plateau as analogs for failed 
geologic sequestration systems.18

 
 In Europe, the EU funded a major research project to investigate European Natural Analogs.  
The “Natural Analogues for the Storage of CO2 in the Geological Environment” (NASCENT) project 
was a Natural Analog research consortium headed by the British Geological Survey.19  Other study 
participants included geological research organizations from France, Germany, Greece, Hungary, 
Italy, and the Netherlands, as well as several petroleum companies.  NASCENT studied the 
geology and geochemistry of commercial natural CO2 deposits and non-commercial CO2 seeps in 
Europe.   
 
 ARI has coordinated its work on Natural Analogs in the USA with the parallel NASCENT field 
studies.  There are many useful synergies between the two projects.  The USA fields studied 
demonstrate highly effective CO2 storage, whereas most of the European natural analogs are 
actively leaking CO2.  The USA fields are very large deposits, several orders of magnitude larger 
than the European analogs.  The USA analogs are commercially developed, whereas the 
European analogs are mostly undeveloped.  Finally, the USA analogs are mostly in remote 
locations, whereas the European analogs are located close to significant population centers, and 
thus highly valuable for demonstrating safety and human impacts. 
 
 Project coordination included attendance at the initial NASCENT technical meeting held in 
Lyon, France, as well as a visit to the British Geological Survey office in Nottingham, UK.  
NASCENT researchers visited ARI’s office in the USA.  ARI has also reviewed many of the 
NASCENT field studies and provided draft reports of the USA CO2 field studies to NASCENT for 
review.  In addition, side-by-side technical presentations of the two projects were held at DOE-
NETL, AAPG, and GHGT conferences. 
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 The GEODISC Program of the Australian Petroleum Cooperative Research Centre, a joint 
industry/government organization researching geologic sequestration, had a component to 
examine natural CO2 deposits in onshore Australia, where they appear to be less prevalent than in 
Europe or the USA.20  ARI also coordinated work with GEODISC on natural analogs and held 
several technical review meetings.  Together, these projects covered many of the key aspects of 
Natural Analogs studies in preparation for future geologic CO2 sequestration operations. 
 
 Table 1-1 provides a quick summary of the three fields in the NACS study. 

Table 1-1:  Natural CO2 Fields Discussed in This Study 
 

Original CO2 
in Place  

2003 CO2 
Production 

Reservoir 
Lithology 

Depth 
(m) 

Cap Rock Years 
Stored1

Field State Operator 

106 t Tcf 106 t/yr MMcfd     
St. Johns AZ Ridgeway 730 14 0.02 1 Sandstone 500 anhydrite 0 – 6 Ma? 
Jackson 
Dome 

MS Denbury 
Resources 

100 2 3.5 185 Sandstone 
Some carb 

4,700 carbonate 70 Ma? 

McElmo 
Dome 

CO Kinder 
Morgan 

1600 30 15 800 Carbonate 2,300 400 m salt 70 Ma? 

All 3   2,430 46 18.5 986     
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2.0 St. Johns Dome CO2 Field, Arizona and New Mexico 
 

This section discusses our evaluation of existing data from the St. Johns Dome CO2 field, 
encompassing geology, geochemistry, geophysics, and production operations.  The GIS mapping, 
reservoir analysis, and operations data set collected on this field is represented in the Maps, 
Figures, and Tables section. 
 
2.1 Field Summary 
 

• Geologic Setting.  The St. Johns Dome is a large (1,800-km2), asymmetrical, faulted 
anticline located on the southern Colorado Plateau.  CO2 is trapped within the Permian 
Supai Fm.  Overlying and intercalated evaporite deposits (anhydrite, gypsum) and shales act 
as cap rocks.  The Supai Fm thins over the dome, concordant with the structure, 
demonstrating that the dome began as an older (280 Ma) basement structure which later 
intensified during the Laramide Orogeny (Cretaceous, 65 Ma).  The St. Johns field is 30 km 
northeast of the Springerville Volcanic Field (SVF), a large Plio-Pleistocene (0.3 to 5 Ma) 
igneous feature, but we have found no data connecting the two. 

• CO2 Storage.  The Supai Fm contains an estimated 730 million t (13.9 Tcf) of CO2 which, 
due to its relatively shallow depth (300-750 m), is stored in a free gas state.  Reservoir 
architecture is complex, with multiple, vertically dispersed reservoirs consisting of sandstone, 
siltstone, and vuggy dolomite (porosity 11 to 20%, permeability 0.5 to >100 mD) that are 
separated by thin, impermeable anhydrite seals (k < 0.01 mD).  CO2 concentration varies 
from 83 to 99%, averaging 92%.  Other constituents include nitrogen (6.6%), argon (0.2%), 
and commercially significant quantities of helium (0.6%). 

• CO2 Origin.  δ13CO2 values were quite uniform at three wells across the field (-3.65 to -
3.85‰), suggesting that the CO2 was generated from a single or well-mixed multiple source 
and that internal barriers and compartmentalization are minimal.  3He, which is chemically 
unreactive indicate that the CO2 in these samples is of magmatic origin. Major gas 
composition within the reservoir exhibits significant reverse gravity segregation: heavier CO2 
is concentrated at the crest and lighter helium and nitrogen more prevalent on the northern 
flank.  There are two possible explanations.  The more likely is that CO2 and helium are 
continuously emanating from beneath the halite-anhydrite boundary at the southeastern 
edge of the nearby Holbrook salt basin, entering the northwest portion of St. Johns Dome.  
This origin is supported by heat flow distribution, which is low over the salt basin and high 
(>100 mW/m2) over the St. Johns field, suggesting convective flow.  Another possible 
explanation for the geochemical trends is that the lighter (and smaller) helium and nitrogen 
components have preferentially escaped from the crest of the structure, leaving behind 
extremely pure (99%) CO2.  This is less likely given that all wells sampled have similar 
overburden thickness, so the flank wells should be just as likely to leak (or not leak) helium 
as the crest.  The SVF is another potential CO2 source, but we have found no evidence of a 
connection with St. Johns Dome, as there appears to be with the Holbrook salt basin. 

• CO2 Timing.  Current data suggests that the earliest likely storage of CO2 was immediately 
following the Laramide Orogeny (65 Ma) that generated the current structural closure.  Given 
the thinning of the Supai Fm over the dome, it is even possible (but unlikely) that a modest 
structural closure existed as early as during the Permian (280 Ma).  There is no data 
establishing the most recent possible time of CO2 emplacement.  CO2 and other gases could 
be continuing to fill the St. Johns Dome, overspilling the structure and charging the overlying 
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Glorieta Sandstone and San Andres Limestone, without necessarily leaking through the cap 
rock. 

• Cap Rock Integrity.  The multiple but thin, mainly anhydrite cap rocks at St. Johns Dome -- 
while a reasonably good seal for preserving commercial quantities of CO2 and helium – 
probably did not form as thorough a long-term seal as the thicker halite cap rocks at McElmo 
and Jackson Domes.  Four wells at the field encountered voids (karsts?) and/or lost 
circulation while drilling through the San Andres Fm and had to be abandoned.  CO2 is 
widely present (in non-commercial quantities) in the overlying Permian Glorieta Sandstone 
and San Andres Limestone, entering these formations either by gradual seepage through the 
cap rock matrix or by overspill and lateral migration, or along fault planes.  On the other 
hand, the presence of helium -- a light and small molecule particularly prone to leakage – in 
high concentrations (up to 1.1%) indicates that the cap rock is sealing over the north flank of 
the field.  But the low helium concentration (0.1%) at the crest of the structure -- the reverse 
expected under gravity segregation – suggests that it and nitrogen may have preferentially 
leaked through the cap rock, leaving behind nearly pure (99%) CO2.  Detailed sampling and 
analysis of noble gases in the reservoir, along with soil gas analysis above the field, is 
needed to fully evaluate cap rock integrity. 

• CO2 Production Operations.  Ridgeway Petroleum Corp., the field operator, has drilled 21 
CO2 production wells since discovering the field in 1994.  At present, due to limited local 
market demand and lack of a CO2 pipeline, only one well is on line producing approximately 
50 t/day (1 MMcfd).  The production wells were drilled with air or with a fresh water and 
starch-based mud to avoid formation damage and were completed in one or more of the 
three CO2-bearing zones (Ft. Apache, Amos Wash, and Upper Abo/Granite Wash) at an 
average depth of 850 m.  The wells were completed using 11.4-cm (4.5-inch) diameter 
casing, consisting of amine carbon gauze fiberglass or conventional carbon steel lined with 
high-density polyethelene (HDPE) to minimize corrosion.  The St. Johns wells were 
considerably less expensive to drill and complete ($300,000) than the deeper wells at 
McElmo and Jackson Domes, making them good analogs for shallow geologic sequestration 
projects.  Since discovery in 1994, CO2 exploration and production activities at the field have 
been accident free.  Given the extremely low population density at the field (<0.1 
residents/km2), impacts on the natural and human environment have been negligible.  

• Implications for Geologic Sequestration.  St. Johns Dome is a large but operationally 
immature CO2 field.  It is not yet as well defined by drilling and production operations as the 
Jackson or McElmo Dome CO2 fields.  In addition, the thin anhydrite cap rocks, the large 
bounding fault that reaches to surface, and the presence of CO2 in groundwater across this 
fault (but less so apparently directly above the field itself) all suggest that cap rock integrity 
may be somewhat less secure than at the two other sites.  On the other hand, it is the only 
field that traps significant helium, a highly fugitive molecule.  Nevertheless, the field is a good 
analog for sequestration sites with cap rock uncertainty, as well as shallow settings where 
gas is stored in the free state. 

 
2.2 Overview 
 
 The St. Johns Dome is a large anticline located in the southwestern United States, extending 
over an area of about 1,800 km2 along the Arizona/New Mexico border (Map 2-1).  A relatively 
newly discovered and still largely undeveloped natural CO2 deposit, the St. Johns field was 
discovered in 1994, in the course of conventional petroleum exploration.  The operator of the field is 
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Ridgeway Petroleum Corp., a Canadian independent oil and gas producer headquartered in 
Calgary, Alberta. 
 
 The St. Johns field is located in a sparsely populated and relatively barren area.  Apache 
County, Arizona has a total population of 70,105; population density in the county averages 2.4 
people/km2.  The nearby town of St. Johns has a population of 3,545, while Springerville to the 
south has about 1,990.  The Ridgeway leasehold area itself is even less populated, with 
approximately 100 residents in all (<0.1 residents/km2).  The local economy depends mainly on 
ranching, farming, mining, government services, and tourism.  The climate is arid, frequently with 
high winds.  Annual rainfall averages about 25 cm/year.  The topography is high desert plateau, 
covered with distinctive slow-growing pinion juniper trees, many over one hundred years old. 
 

From the standpoint of population density and human impacts of CO2 storage and potential 
leakage, the St. Johns field is an appropriate natural analog for geologic sequestration in similar 
sparsely populated areas, such as in the USA Rocky Mountains, Canada, Australia, or the Middle 
East.  However, St. Johns would not be a very good analog in this regard for more densely settled 
areas of the USA and Europe.  Nevertheless, study is warranted by the promise of extrapolating 
geological and operating data to prospective geological sequestration sites with similar conditions. 
 

Two large coal-fired power plants are located close to the St. Johns field (Map 2-2).  Since 
1985, Tucson Electric Power Co. (TEP) has operated the 760-MW (2 x 380) Springerville generating 
station, located near the center of St. Johns field.  TEP, already the largest employer in the region, 
is currently constructing an 800-MW expansion (2 x 400) to bring total generating capacity to 1,560 
MW.  As part of the expansion, combustion technology at the plant will be modernized to reduce 
total NOx and SOx emissions by 55% compared with current levels. 

 
North of St. Johns field, the Salt River Project operates the 780-MW (2 x 380) Coronado 

generating station, which started up in 1979.  Ridgeway has discussed potential joint geologic 
sequestration projects with the owners of these power facilities, including the possibility of injecting 
flue gas CO2 into the St. Johns reservoirs.  However, currently there are no firm plans for such a 
project. 
 

Conditions at St. Johns Dome are geologically and operationally distinctly different from 
those at the other two study fields (McElmo and Jackson Dome), providing useful contrast as a 
sequestration analog.  For example, whereas McElmo Dome produces supercritical CO2 from a 
deep carbonate reservoir, the St. Johns field is much shallower and produces CO2 in a gas state 
from a clastic sandstone reservoir.  There is currently little gas pipeline infrastructure at St. Johns, 
although in the long term Ridgeway plans to construct a pipeline to EOR fields in California.  Limited 
commercial production was initiated in mid-2002 with the construction at the field of a CO2 
liquification plant currently operating from one production well.  In this regard, the field represents a 
relatively unaltered natural CO2 field setting.   

 
The regional geology of the St. Johns and nearby Springerville area was discussed in a 

recent Arizona Geological Survey publication.21  However, the AGS report did not present 
proprietary Ridgeway data that we had access to in conducting this study. 
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2.3 Operator Profile: Ridgeway Petroleum Corporation 
 
 The operator of the St. Johns CO2 field is Ridgeway Petroleum Corporation, an independent, 
publicly traded petroleum producer based in Calgary, Alberta, Canada (listed on the Vancouver 
Stock Exchange).  Ridgeway holds a 100% working interest over 810 km2 (200,000 acres) at St. 
Johns and has spent a cumulative total of US$41.8 million to date in acquiring, exploring, and 
developing the field.  Ridgeway maintains a local office in St. Johns, Arizona to oversee operations 
at the field (Figure 2-12). 
 
 Although CO2 was first tested at St. Johns as early as 1959, Ridgeway was the first 
company to recognize and map out the extent of the St. Johns Dome, a subtle feature which turned 
out to be one of the largest untested anticlines in the onshore Lower-48 USA.  Originally intended as 
an oil and gas test, Ridgeway’s 1994 discovery well encountered potentially commercial quantities 
of carbon dioxide and helium.  While drilling further wells to delineate the field extent, Ridgeway has 
pursued potential markets for its CO2 and helium. 
 

Ridgeway’s business plan is to start out producing small volumes of compressed CO2 for 
local markets in the near term, followed by helium separation and marketing in the medium term.  
Eventually, they plan to construct a long-distance pipeline to transport large quantities of CO2 to 
depleted oil fields in California for enhanced oil recovery (Figure 2-2).  In 2002, Ridgeway signed an 
agreement with CIG Resources Co., a division of El Paso Corp., on joint future CO2 exploration and 
development at St. Johns.  In 2003, Ridgeway signed a 15-year take-or-pay agreement with Air 
Liquide America LP for the purchase of helium from the field. 

 
Ridgeway provided information from the 22 wells they have drilled at the St. Johns area 

since 1994 (Map 2-3).  Data included logs, core description, reservoir test data, gas composition, 
and well drilling and operating procedures. 
 
2.4 Regional Geology 
 

Regionally, the St. Johns Dome region is located on the southern edge of the Colorado 
Plateau, in the Transition Zone with the Basin and Range and Rio Grande Rift tectonic provinces 
(Map 2-1).  St. Johns lies on the southeastern Mogollon Slope, which comprises Precambrian 
crystalline rocks, sedimentary rocks of Paleozoic, Mesozoic, and Cenozoic age, and Cenozoic 
volcanic rocks.22  The entire sequence was uplifted several thousand meters during Tertiary time, 
accompanied by minor northward tilting, as indicated by the presence of Cretaceous marine strata 
above 2,000 m elevation. 

 
Structurally, the Defiance Uplift is a prominent and long-lived structural high that influenced 

deposition into the Mogollan Slope (where St. Johns is located) during Paleozoic and later time.  
Cambrian, Devonian, and Mississippian strata that are present over most of the Colorado Plateau 
wedge out in the St. Johns area; either they were never deposited or were eroded. 

 
The surface geology at the St. Johns Dome reflects the Colorado Plateau – Rio Grande Rift 

transition (Map 2-4).  The oldest rocks exposed at the surface are Triassic Moenkopi and Chinle 
Fms and Cretaceous sedimentary rocks to the north of the field, representing the Mogollon Slope on 
the southern edge of the Colorado Plateau.  Tertiary intrusive igneous rocks occur south of St. 
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Johns Dome in the White Mountains.  Extensive Tertiary volcanic related to the Springerville 
Volcanic Field as well as Tertiary sedimentary rocks occur throughout the field area.  (Arizona and 
New Mexico use different stratigraphic nomenclature and are mapped at different resolution, thus 
the mismatch along the border on Map 2-4.) 

 
The main CO2-bearing strata are within the Permian Supai Formation, although CO2 also 

occurs locally in the overlying Permian Glorieta Sandstone and San Andres Limestone as well as 
the Cretaceous Moenkopi Fm. (Figure 2-3).  The Supai Fm ranges from 425 to 580 m (1,400 to 
1,900 ft) thick at St. Johns Dome and rests directly on Precambrian basement.  It consists primarily 
of siltstone and sandstone, with local carbonate and evaporite beds that may act as seals to vertical 
CO2 migration.  The Supai formed in a coastal desert eolian to sabkha depositional setting.23

 
A GIS log data base was developed using all available petroleum and CO2 wells to define 

the detailed field structure and stratigraphy at St. Johns.  We used this data base to construct the 
analytical logs and maps in this report.  It should be noted that the St. Johns region has a relatively 
low density of oil and gas exploration well data control points available to define the field structure 
and stratigraphy (<1 well per 100 km2), because it is not a petroleum producing area. 

 
The St. Johns field is defined by a broad, asymmetrical anticline that trends northwest, 

parallel to regional tectonic trends (Map 2-5).  Maximum vertical closure amounts to about 250 m.  
Structural dip is almost imperceptible, only 0.5 degrees across the northeastern flank; this partly 
explains why such a large anticline went untested until 1994.  A major northwest-trending, high-
angle reverse fault (referred here as the “St. Johns Fault”) parallels the anticline.  The fault and fold 
appear to be related and likely formed from a common east-northeast to west-southwest 
compressional event.  This fault, and smaller related splays, may have influenced the sourcing and 
trapping of carbon dioxide at St. Johns.  Figure 2-4 shows a structural cross-section of the field. 

 
The St. Johns fault/fold set, with its eastward vergence, appears to be a typical structure 

formed by the Late Cretaceous Laramide Orogeny.  The structural fabric of the St. Johns – 
Springerville area is dominated by numerous sub-parallel, northwest-trending elements comprising 
folds, faults, joints, lineaments, travertine outcrops, and subsurface contours.  Aeromagnetic data 
suggested a basement fault and positive closure directly below the Antelope Valley anticline; this 
became the basis for discovery of the much larger and more continuous St. Johns fault. 

 
Examination of the surface geology map shows oddly discordant structural trends in Arizona 

vis-à-vis New Mexico.  This discordance is hard to explain, particularly given the predictable and 
easy-to-map subsurface structure locally on both sides of the state boundary at St. Johns, which is 
well constrained by the Ridgeway drilling data (Map 2-4).  This part of Arizona has a fabric of 
northwest-southeast trending faults, folds, and formation contact boundaries.  But the adjacent area 
in New Mexico shows a completely different southwest-trending structural fabric, which actually is 
more consistent with the regional gravity and magnetic anomaly data (see below).  Perhaps this 
mismatch is an artifact of inadequate surface mapping. 
 

The Springerville Volcanic Field (SVF), located about 50 km southwest of St. Johns field, 
is one of many late Pliocene to Holocene, mostly basaltic, volcanic fields along the southern margin 
of the Colorado Plateau (Map 2-1).24  The SVF covers nearly 3,000 km2, with a volume of 300 km3; 
it comprises some 400 volcanic cones.  Vent alignment parallels the edge of the Colorado Plateau, 
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with no sign that Precambrian structures have been reactivated.  Unusually for this region, it lacks 
coeval silicic centers or large composite volcanoes.  Some 407 individual lava flow units have been 
mapped in the SVF; many have been age dated using K-Ar and magnetic chrono-polarity. 
 

The SVF is characterized by two main types of mafic lavas.25  An older (5-6 Ma) olivine 
phyric basalt erupted during initial regional extension; its geochemistry suggests derivation from two 
enriched lithospheric mantle sources, subsequently modified by crustal interactions.  The younger 
(0.3 to 2.1 Ma) alkalic basalts also reflect mixing, possibly an oceanic-island type mantle source with 
a lithospheric mantle source.  No igneous or volcanic rocks were cored within the sedimentary 
sequence at the St. Johns Dome.  A soil sampling study conducted at 27 sites around the 
Springerville area showed no anomalous CO2 leakage.26

 
 Geophysical Data.  Ridgeway has not conducted seismic or other geophysical data 
collection at the St. Johns field.  However, there is a limited amount of geophysical data, including 
gravity, magnetic, heat flow, and microseismicity data available from published sources to evaluate 
the regional geologic setting at St. Johns. 
 

Gravity and Magnetics.  Gravity, magnetics, and teleseismic P-wave velocity anomalies all 
suggest the presence of a crustal hot spot related to the Springerville Volcanic Field.27  Map 2-6 
shows isostatic residual gravity anomalies in the St. Johns region.  The mapped grid was derived 
from Bouguer and free-air gravity anomaly data.  The isostatic model assumed averaged digital 
topography, crustal thickness of 30 km, crustal density of 2.67 g/cc, and a density contrast between 
the crust and the upper mantle of 0.40 g/cc.  Positive anomalies (red) delineate rocks denser than 
the surrounding rocks.  Negative anomalies (blue) delineate relatively low-density rocks.  
Illumination is from the northeast.   

 
The St. Johns field is located on the southeast side of the Holbrook basin, in an area largely 

free of isostatic residual gravity trends.  The Springerville Volcanic Field is prominent as a low-
density anomaly, perhaps caused by upwelling of relatively hot, low-density igneous rocks.  
Regionally, the gravitational fabric of basement trends NE-SW, which is perpendicular to the NW-SE 
trend of the St. Johns fault and dome.  The Defiance Uplift, Paleozoic high, is prominent.  Overall, 
the gravity data suggest that deep basement structures are less important in defining the structural 
history of the St. Johns Dome than the more surficial Laramide folding. 

 
Map 2-7 shows a merged aeromagnetic anomaly map of the St. Johns region.  Just as for 

the gravity data, the aeromagnetic fabric trends NE-SW, which is perpendicular to the NW-SE trend 
of the St. Johns fault and dome.  Again, this suggests that the St. Johns structure is Laramide rather 
than basement in origin. 

 
Microseismicity.  Geothermal areas such as St. Johns are often associated with shallow 

microseismic activity, i.e., multiple small events rather than large single events.  No shallow (<5 km) 
microseismic events were detected in the St. Johns area during a relatively short (2-week) survey 
which employed 19 seismographs on 20-km spacing in the Clifton and Springerville-St. Johns 
areas.28  However, a longer survey would be needed to monitor long-term activity. 
 
 Direct-Current Resistivity and Telluric Current Measurements.  Surveys of the 
geothermal potential of the Springerville area determined that low DC resistivity values associated 
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with high TDS in spring water north and south of Springerville.29  Telluric current surveys found a 
low-resistivity zone southwest of Springerville, reflecting conductive rock at anomalously shallow 
depths: only 12 km deep compared with 24 km elsewhere in the region.  This anomaly also 
correlates with a gravity low several hundred km2 in size.  The anomaly was interpreted as a crustal 
scale hot spot that heats water, causing high geochemical temperatures and high TDS. 

 
Geothermal Gradient and Heat Flow Measurements.  The St. Johns – Springerville area 

is well known for hydrothermal activity (whence the name Springerville) and considered prospective 
for geothermal energy development.  Late Tertiary and Quaternary travertine deposits are 
commonly associated with local structures near St. Johns, particularly anticlines, where they form 
cones or coalesced cones or cap hills.  Deposition apparently has ceased and these travertine 
deposits may respresent a waning phase of formerly more extensive geothermal activity.30  A good 
example is the row of travertine-capped buttes along the St. Johns Anticline seven miles southeast 
of the town of St. Johns.  Here, lime-bearing hydrothermal fluids apparently ascended along the 
(then-unmapped) fault and associated longitudinal joints and fractures.31

 
A geothermal exploration project tested heat flow in 18 water wells in the Springerville-Alpine 

area during the late 1970s.32  The shallow (150-450 m) boreholes were TD’d in the Supai Fm and 
completed with 50-mm diameter steel pipe.  The wells penetrated sandstone and interbedded 
basalts and cinder, along with copious formation water.  Heat flow was logged at 5-m intervals.  
Geothermal gradients in the wells ranged from 46 to 60○C/ km, significantly above the regional 
average of about 22.5○C/km.33  Thermal conductivity of representative drill cuttings was measured 
to calculate heat flow.  These wells defined a low-amplitude heat flow high (maximum Q > 120 
mW/m2) in the southern portion of Ridgeway’s CO2 field, as well as a smaller maximum of similar 
magnitude just north and west of the field (Map 2-12). 
 
2.5 Stratigraphy 
 
 The stratigraphic sequence at St. Johns Dome comprises Precambrian basement, Permian 
evaporites and clastics, Triassic limestone, Cretaceous sandstone and shales, and Tertiary volcanic 
and sedimentary rocks.  Figure 2-3 shows a generalized stratigraphic sequence for the rocks in the 
St. Johns Dome area.  The following description of the stratigraphy at the field is based on log 
analysis, such as for the Ridgeway State 22-1X well (Figure 2-5) and on core analysis performed by 
Ridgeway on selected wells, such as the State 9-21 well (Figures 2-6). 
 

Precambrian Granite/Granodiorite forms the crystalline basement at St. Johns.  A total of 
13 m of whole conventional core was sampled from the Ridgeway State #9-21 well at a drill depth of 
808 to 821 m (2,650.5 to 2,693 ft).  Although, the granite is not now considered to be a prospective 
CO2 reservoir at St. Johns, it was selected for coring because similar fractured basement provides 
the reservoir for Arizona’s largest oil field.  The granite is fractured and rubblized in core and 
weathered to dark reddish brown to dark pinkish gray color, reflecting its extreme alteration by low-
grade metamorphic mineralogic replacement. 
 

A detailed profile of a 13-m core of the granite is shown in Figure 2-7.  Much of this core has 
been fractured and/or rubblized, with secondary dolomite and anhydrite mineralization in the 
fractures.  X-ray diffraction analysis showed that about half of the granite had been replaced by 
dolomite and rhodochrosite.  Clay and hematite had replaced another 30% as replacement phases 
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and fracture-filling cements.  Clay mineralogy is illite/smectite replacing plagioclase feldspar (85%), 
with the remainder being chlorite (15%). 
 

Core analysis of the granite showed porosity averages about 10%.  Permeability averages 
about 20 mD, but ranges widely from 0.03 to 147 mD.  The principal pore types are fracture and 
dissolution pores, although most of the tectonic fractures have been effectively healed by 
dolomite/rhodochrosite deposition.  Acid flood testing on one core plug dissolved some of the 
carbonate minerals within the granite and increased permeability by 10-fold, but to a still extremely 
low 0.006 mD (to brine). 
 

Permian Supai Formation is the main CO2-bearing formation at St. Johns Dome.  From its 
base, the Supai Fm consists of the Amos Wash, Big A Butte, Fort Apache, and Corduroy Members.  
Most of the high-quality CO2 zones are located in the Big A Butte and Amos Wash Members.  In 
New Mexico, the Supai Fm correlates with the Yeso and underlying Abo Fm.  The Supai Fm 
consists largely of red to reddish-brown clayey siltstone and mudstone, with significant evaporatic 
gypsum and anhydrite.  Some halite is present in the northwest portion of St. Johns, but it is much 
thinner (<10 m) compared with more than 300 m encountered in the center of the Holbrook basin 50 
km to the west. 

 
The Supai Fm thins significantly over the St. Johns Dome (Map 2-8).  The close correlation 

between formation thickness and structure suggests that the Laramide-age (Cretaceous) dome and 
related fault actually may be reactivated basement structures that formed a high during Permian 
time, perhaps as part of the regional and long-lived Defiance Uplift which resulted in non-deposition 
or erosion of Cambrian-Mississippian strata in the area. 

 
Amos Wash Member of the Supai Fm (also known as Granite Wash) consists of reddish 
brown sandy to gravelly conglomerate, fine-grained sandstone, and minor shaly siltstone.  
Anhydrite nodules and caliche are common locally.  Core analysis indicates porosity 
averaging 6.6%, formed by reduced intergranular pores and micropores.  Permeability 
averaged 1.4 mD, but ranged widely from 0.01 to 7.6 mD.  The productive zone near the 
base of the Amos Wash is called the Riggs Zone by Ridgeway.  A generally non-productive 
basal zone called the Upper Abo underlies the Riggs Zone. 
 
Big A Butte Member of the Supai Fm comprises reddish brown siltstone and very fine-
grained sandstone, with minor gray-brown dolomite and five thin but laterally persistent 
anhydrite beds (Figure 2-8).  The base of the Big A Butte is defined by a 0.7-m thick gray, 
argillaceous limestone.  The Big A Butte ranges from about 80 to 120 m thick.  Conventional 
core plug porosities of the fine-grained clastic beds ranged from 4.7 to 30.3% and 
permeability from <0.01 to as high as 1,619 mD.  
 
Fort Apache Member is a distinctive carbonate marker unit near the top of the Supai Fm 
that can be traced throughout central and east-central Arizona.  The base of the Fort Apache 
Member can be readily identified on well logs by a distinctive gamma ray shift.  The Member 
comprises an upper anhydrite unit and lower vuggy-to-cavernous dolomite unit that is up to 
30 m thick at St. Johns Dome.  West of St. Johns near Winslow, it thins to a 3-m thick 
carbonate with some anhydrite and gypsum.  The Fort Apache Member is 20 to 30 m thick.  
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Siltstone core plugs tested from 3.1 to 26.7% porosity and 0.01 to 0.78 mD permeability, 
while the dolomite ranged from 3.5 to 30.1% porosity and 0.01 to 233 mD permeability. 
 
Corduroy Member ranges from 180 to 230 m thick and consists of very fine grained red-bed 
clastics interbedded with thin anhydrite and carbonate beds.  Locally, the base of the 
Corduroy sometimes has friable water sands. 

 
Permian Glorieta Sandstone is the main aquifer in the St. Johns Dome area. It is 

correlative with the better known Coconino Sandstone, but lacks the large-scale cross bedding of 
the latter; the Salt River Lineament forms the boundary between these two formations.  The Glorieta 
Sandstone is white to gray, very fine- to fine-grained, well-sorted, and friable.  The Glorieta is 50 to 
80 m thick.  Some water wells in the area produce carbonated water, suggesting (but not proving) 
that some CO2 has made its way through the cap rock at St. Johns.  A second explanation is that 
CO2 has overfilled the capacity of the St. Johns Dome, allowing CO2 to enter the overlying Glorieta 
Sandstone; this explanation does not require leakage through the cap rock.  Testing of gas 
geochemistry in the water wells is needed to resolve the origin of CO2 in the Glorieta Sandstone. 
 
 Permian San Andres Limestone is the eastern equivalent of the Kaibab Formation found in 
the Grand Canyon west of the Salt River Lineament that marks the transition.  The San Andres is 
generally 80 to 110 m thick in the St. Johns Dome area.  It consists of gray-brown, finely crystalline 
limestone.  It is locally fractured and cavernous in the St. Johns area.  Lost circulation during drilling 
is common.  Correlating the top of the unit is impeded by solution collapse breccia. 
 

Tertiary to Quaternary Tufa.  Many terraces, mesas and buttes in the St. Johns area (e.g., 
near Lyman Lake) are capped by tufa deposits.34  These tufa-capped buttes, consisting of the 
mineral travertine (CaCO3), are probably erosional remnants of a formerly more extensive and 
continuous deposit.  The presence of soil, sand or gravel within the carbonate suggests a pedogenic 
(rather than caliche) origin.  Surveys of the St. Johns area using a portable gamma-ray 
spectrometer found only normal (<6 ppm) uranium levels.  Given erosion rates of roughly 30 cm per 
thousand years in the region, and the position of the travertine up to 60 m above the currently active 
CO2 seepage areas, travertine deposition has been active for at least several hundred thousand 
years.35

 
2.6 Reservoir Geology 
 

The St. Johns field produces CO2 from Permian Supai Formation, which consists primarily of 
fine-grained non-marine sandstone, with intercalated siltstone, anhydrite, and dolomite.  Well depths 
are relatively shallow (200 to 700 m) and CO2 exists as free gas in the reservoir.  Because 
production operations to date have been very limited, there is less reservoir information available on 
St. Johns than for the McElmo or Jackson Dome study fields. 

 
Table 2-1 provides a summary of reservoir properties at three of the CO2 wells.  Net pay 

thickness ranged from 3.4 m in the Riggs Zone to over 25 m in the Amos Wash Member.  Formation 
porosity ranges from 11-20%.  Permeability varies widely, averaging approximately 10 millidarcies.  
Initial bottomhole pressures generally were below the hydrostatic gradient (0.3 psi/foot) in all 
formations.  Reservoir temperatures ranged from 30○C in the Ft. Apache Member to 49○C in the 
deeper Riggs Zone. 
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Table 2-1 : Average Reservoir Properties for the 
Three CO2 Production Zones at St. Johns 

 
Formation Permeability 

(mD) 
Porosity 

(%) 
Net Pay 

Thickness 
(m) 

Bottomhole 
Pressure 

(psi) 

Bottomhole 
Temperature 

(C) 
Ft. Apache 0.5 – 20 13 12.2 400 30 
Amos Wash 0.5 – 100 20 25.3 480 31 

Riggs Zone (L. 
Amos Wash) 

2 11 3.4 690 49 

 
Source: Ridgeway Petroleum 
 

The representative Ridgeway State 22-1X well produces from the lower portion of the Big A 
Butte Member, within the Permian Supai Formation (Figure 2-5).  The Big A Butte Member in this 
well has three thin anhydrite layers which act as intra-reservoir seals.  Analysis of core from the 
lowermost perforated zone in this well (depth 495 m or 1624.7 feet) showed significant porosity 
(26.5%) and permeability to gas (92.2 mD). 
 
2.7 Cap Rock Geology 

 
The cap rock at a carbon dioxide field (just as an oil or gas field) is seldom of much interest 

to an oil and gas operator.  To the operator, the discovery of pressurized CO2 is manifest proof that 
the cap rock is adequately sealed, at least during the life span of a typical production field (tens of 
years).  Instead, data collection efforts are focused on obtaining useful information from the CO2 
reservoir itself, based on log or core analysis. 

 
Consequently, there are no cores or detailed cuttings description for the overlying cap rock 

at St. Johns Dome.  However, there is useful information about the internal evaporite seals within 
the reservoirs.  The main sealing cap rocks are evaporite minerals within the Supai Fm itself, 
consisting of anhydrite and gypsum; minor muddy (not clear) halite totals less than 20 m thick.  This 
complex evaporate deposit apparently provides the main seal for CO2 storage at St. Johns. 

 
Depth to the top of the Supai Fm -- the main CO2 reservoir -- was computed by subtracting 

the top Supai Fm structure map from the digital elevation model (Map 2-9).  The map thus 
generated is equivalent to the thickness of cap rock above the main CO2-bearing Supai Fm.  
Minimum cap rock thickness (approximately 250 m) occurs near the St. Johns fault.  This is near the 
250-m overburden threshold below which salt karsts occur in the southwestern Holbrook basin (see 
below).  An artesian water well containing high CO2 levels occurs to the northwest across the fault.  
Future gas or soil sampling work should include tests for CO2 migration here.  Maximum overburden 
thickness within the lease approaches 1,000 m in the south, due to the combined effect of south-
dipping structure and rising topography. 

 
The St. Johns Dome lies on the eastern margin of the Holbrook basin, which contains 

extensive Permian salt deposits covering an area of approximately 9,000-km2 in eastern Arizona 
(Map 2-10).36  Halite thickness in the Permian Supai Fm ranges from about 200 m in the basin 
center down to near zero eastwards towards the Arizona-New Mexico state boundary.  Anhydrite 
and gypsum extend further east beyond the halite deposition line in the vicinity of the St. Johns field. 
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The Holbrook basin salt deposit was formed in an intermittent marine to coastal sabkha and 

salt pan environment.  Marine circulation was sourced from the south across a southeast-trending 
barrier generally coincident with the present-day Mogollon Rim.  Although apparently barren of oil 
and gas resources, the Holbrook salt deposit is analogous to the well-known Permian Clear Fork Fm 
in the petroleum-rich Permian Basin of eastern New Mexico and west Texas. 

 
Exploration drilling in the Holbrook basin has defined five cycles of halite deposition within 

the Supai Fm, each separated by a regionally extensive carbonate bed.  Each cycle starts with 
deposition of halitic mudstone and ends with a fining-upward sequence of siltstone and shale 
overlain by carbonate, probably representing flooding of the marginal and inner sabkha by marine 
waters. 

 
However, only two such evaporite cycles (the two oldest, Cycles 1 and 2) are present at St. 

Johns Dome.  Cycle 1 starts at the base of the Big A Butte Member and ends with deposition of the 
Fort Apache Member.  The Fort Apache Member contains an upper anhydrite and lower dolomite 
zone up to 30 m thick.  Cycle 2 starts at the base of the Corduroy Member and ends with the first 
regionally extensive dolomite below the top of the evaporate strata.  The top of the evaporate 
interval shows evidence of differential settling, while cores show slickensides on fracture planes, 
and indications of salt flowage. 

 
Multiple impermeable cap rocks are present at St. Johns field, in the form of anhydrite and 

shale beds in the Fort Apache and Big A Butte Members.  These barriers trap carbon dioxide within 
multiple permeable zones.  Overlying the CO2 sequence and providing additional seal are the 
uppermost Yeso Member, Upper Permian San Andres Limestone, and the Lower Triassic 
Moenkopi, Shinarump, and Chinle Formations. 
 
 Anhydrite formed a small percentage of recovered core in the potential reservoir zones and 
is also readily visible on logs (e.g. Figures 2-5 and 2-6).  The anhydrite typically is light gray to light 
bluish gray, crudely bedded to massive to mottled.  Porosity ranged from 0.4 to 10.6% (average 
4.0%).  Permeability was very low at <0.01 to 0.02 mD.  The anhydrite likely formed in a continental 
to marginal marine to supratidal sabkha depositional setting, where evaporation rates are high. 
 

Karsting in the Colorado Plateau.  Karsts are topographical collapse features such as 
caves, sinkholes, depressions, and internal drainage.  Karsts form by dissolution of soluble rocks, 
primarily limestone, gypsum, and salt, and the subsequent collapse of overlying strata.  Karst 
features are common on the Colorado Plateau of northern Arizona, including the Grand Canyon 
region and the Holbrook basin, which are underlain by extensive limestone, gypsum, and salt 
deposits.37  Karsting is highly significant for this Natural Analog study because of its potential to 
disrupt the seal integrity of an evaporite deposit – otherwise an ideal CO2 cap rock -- at a geologic 
sequestration site. 

 
Karsting in the Grand Canyon region of the western Colorado Plateau is extreme and 

particularly worrisome for cap rock integrity.  Ancient (200-300 Ma) breccia pipes formed by solution 
of the 240-m thick Permian Redwall limestone (equivalent to the San Andres Limestone at St. 
Johns).  Some of these pipes reached the surface as much as 1,000 m above the original cave 
level.  About 1,300 breccia pipes have been identified, mainly near the south rim of the Grand 
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Canyon.  Breccia pipes are suspected in the Flagstaff region, but are obscured by younger volcanic 
rocks.  The Redwall Limestone thins and pinches out to the southeast, thus breccia pipes are 
unlikely to occur at St. Johns Dome. 

 
Salt karsting in the Holbrook basin reflects a different type of karst that is probably more 

relevant to the cap rock integrity of the St. Johns area.  These karsts formed by dissolution of halite 
and gypsum beds within the Permian Supai Fm.  The Holbrook basin contains up to 200 m (655 ft) 
of halite interbedded with anhydrite, gypsum, and carbonate, which was deposited in a sabkha 
environment.38  The halite grades laterally into anhydrite, gypsum, or mudstone, which extend 
beyond the limit of the halite deposits. 

 
Spectacular karsts occur in the southwestern portion of the Holbrook salt basin, as near as 

30 km west of St. Johns Dome (Map 2-11).  Local stories relate apparently “bottomless” features 
that purportedly have swallowed cattle and at least two people.39  Numerous petroleum exploration 
wells in this region encountered sudden lost circulation as they drilled through underground voids 
caused by karsting.  Although karsts are less evident at the St. Johns CO2 field, where the Permian 
salt is mostly deeper than 300 m, the karsts of the Holbrook basin vividly demonstrate potential 
erosional impacts on CO2 seal integrity in areas where a salt cap rock is shallow (<300 m) and 
exposed to meteoric water flows. 

 
Karsting in the Holbrook basin is concentrated along the Holbrook Anticline (actually a 

monocline) west of Snowflake, Arizona.  Karsts are much less common east of Snowflake, due to 
increased volcanic cover, young eolian and sedimentary deposits, and thus less salt dissolution.  
The karsting is manifested as numerous open fissures and sinkholes into the partly dissolved 
Permian Supai (Corduroy Member) evaporite deposits.  More than 500 fissures and sinkholes, some 
formed during the past several decades, have been identified between Springerville and Winslow, 
Arizona.  Two playa lakes (Dry and Twin Lakes) have repeatedly drained into newly formed fissures 
and sinkholes, collectively losing an estimated 1.23 x 107 m3 of water in four catastrophic drainage 
episodes during the past 40 years.  Typical fissures measure up to 200 m across, 0.3 to 15 m wide, 
and are 50 m deep (Figures 2-9 to 2-12).  
 

Natural fracturing and intersecting jointing in the Moenkopi and Coconino Fms that overly the 
Corduroy Member salt trends parallel to the Holbrook Anticline and apparently influence karst 
development.  The crest and south flank of this anticline are in tension, opening fissures that 
conduct ground water into the relatively shallow (250 m) salt beds below.  Many karsts are square-
cornered due to joint control.  Sinkhole formation began during Pliocene time as uplift and tilting of 
the Colorado Plateau intensified hydrologic processes.  Karst activity is ongoing, as shown by 
repeated draining of the playa lakes. 

 
Nevertheless, karsting is highly site specific in the Holbrook Basin.  Only 30 km to the east of 

Holbrook in Adamana, Arizona, there is a commercial underground liquefied petroleum gas (LPG) 
storage site operated by Ferrellgas, the largest marketer of LPG in the USA (Map 2-11).  This facility 
stores up to 318,000 m3 of butane and propane within 11 leached salt caverns.  The storage 
reservoir here is the 75-m thick Corduroy salt at a depth of about 300 m beneath the surface.  The 
closest suspected karst -- the Blue Mesa Sink -- is located about 8 km away. 
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Although some karsting in the upper Supai Fm was encountered during the drilling of the St. 

Johns CO2 wells (Table 2-2), the geology of karst occurrences in the Holbrook basin suggests it is 
unlikely that the St. Johns Dome is at near-term risk of developing karstic leakage that would impair 
the integrity of the CO2 cap rock.  However, further erosion could expose much of the field to karst 
risk within 80,000 years. 
 

• First, as discussed above, halite is much less prevalent at St. Johns; the thick halite found in 
the Holbrook basin mainly grades into anhydrite and gypsum deposits towards the east.  
These minerals are less readily dissolved by meteoric water. 

 
• Second, the depth to the CO2 reservoir at St. Johns on the crest of the anticline generally is 

at least 500 m, which is safely below the 250-m depth threshold for karst occurrence 
experienced in the Holbrook basin.  However, a small area (Map 2-9) in the northwest 
portion of the field could be approaching the 250-m overburden threshold. 

 
• Given the estimated regional erosion rate of approximately 30 cm/100 years, it may take 

80,000 years to erode the cap rock at the crest from 500 m to the 250-m level. 
 
 

Table 2-2 : Drilling Problems in the St. Johns Dome Area 
 

Operator Well Location Year Drilling Problem Depth (ft) Formation 
Eastern 

Petroleum 
Coyote Ck 

#1 
27-T10N-

R30E 
1962 Encountered Open 

cave, lost hole 
476 Glorieta SS 

Eastern 
Petroleum 

Coyote Ck 
#1A 

27-T10N-
R30E 

1962 Lost circulation 472-638 Glorieta SS 

Ridgeway State #22-1 22-T12N-
R29E 

1995 Lost circulation; no 
cuttings returns 

218 San Andres 
LS 

Mae 
Belcher 

State #1 20-T9N-
R31E 

1959 Lost circulation 640 Moenkopi 
SS 

 
Source:  Ridgeway Petroleum drilling records 
 
2.8 CO2 Origin and Trap 

 
It is important to establish the origin of CO2 at St. Johns, because this helps to date the 

timing of emplacement and thus establish how long CO2 has been stored at this location.  ARI and 
study partner Manchester University conducted a geochemical sampling and analysis program from 
accessible Ridgeway Petroleum CO2 wells.  Only three Ridgeway CO2 wells were accessible for 
sampling, thus overall geologic data control on the St. Johns field is less complete than at McElmo 
or Jackson Domes.  Despite the small data set, CO2 isotope and noble gas geochemistry -- 
particularly the isotopic composition and abundances of He, Ne and Ar – clearly established the 
origin of CO2 at St. Johns to be magmatic (mantle derived).40

 
Other theoretically possible origins for the CO2 at St. Johns include: 
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• Thermal decomposition of carbonates by contact metamorphism.  This is unlikely because 

there is no evidence of nearby igneous intrusion (the SVF is too far).  Also, there are no 
significant carbonate rocks below the Ft. Apache Limestone Member of the Supai Formation. 

 
• Carbonate dissolution linked to silicate hydrolysis; 

 
• Bacterial degradation of organic matter, which is unlikely given the lack of source rocks 

beneath the Supai Fm; 
 

• Bacterial hydrocarbon oxidation, which is unlikely given the lack of hydrocarbons in the area; 
 

• Migration directly from Laramide and younger intrusive rocks; or 
 

• Migration of juvenile CO2 from the mantle.  Given that the Supai rests unconformably on 
Precambrian granite, these latter two explanations appear to be the most likely candidates. 
 
Shallow water wells in the St. Johns – Springerville area frequently contain elevated CO2.  

CO2 levels are much higher on the west side of the St. Johns fault.  One theory is that the St. Johns 
Dome has overfilled with CO2, which then flows underneath the structural closure and/or migrates 
along the fault into the groundwater west of the field.  If so, then producing CO2 at St. Johns Dome 
actually might help mitigate natural CO2 emissions in the area. 

 
Available drilling records for wells in the St. Johns area generally are brief.  Only the most 

obvious drilling problems and CO2 shows were recorded.  The first petroleum test to show high CO2 
in the St. Johns area was the Mae Belcher State #1 well drilled in 1958.  This well, which was drilled 
using a cable tool rig, tested 78.7% to 87.2% CO2 (with 0.17% He) from Cretaceous Moenkopi Fm 
sandstones at a depth of 747 to 892 ft.  A second test of CO2 was reported from 1135 to 1675 ft in 
the Glorieta Sandstone.41

 
The next CO2 indication was encountered in the Tenneco Merrill #1 well, which in 1967 

flowed non-flammable gas (probably CO2) from the Permian San Andres Limestone at a depth of 
518 ft. 

 
CO2 Volumes and Geochemistry at St. Johns.  An independent reservoir analysis 

commissioned by Ridgeway in 1999 estimated a total resource of 780 billion m3 (14.8 Tcf) of original 
gas in place at the St. Johns field.  Of this resource in place, approximately 730 billion t (13.9 Tcf) is 
estimated to be CO2, 1.8 billion m3 (64 Bcf) is helium, and the balance primarily nitrogen.  
Recoverable CO2 reserves are an estimated 420 billion t (8 Tcf). 

 
A total of 12 gas analyses from six wells was available for St. Johns, including three new 

samples collected by ARI in May 2003 and analyzed by IsoTech Laboratories, Inc.  Most of the 
other wells were temporarily abandoned and could not be sampled.  Overall, gas composition 
averages about 92% CO2, 6.6% nitrogen, and 0.6% helium, along with minor methane and argon 
(Table 2-3).  Heavier hydrocarbons, H2S, and CO are scarce. 
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Table 2-3: Gas geochemistry at the St. Johns CO2 field.  There is significant variation in CO2, He and 
other constituents across this large and stratigraphically diverse field. 

 
Constituent Low High Average

CARBON DIOXIDE 82.94% 99.42% 92.36%
NITROGEN 0.00% 15.61% 6.61%
HELIUM 0.07% 1.13% 0.59%
ARGON 0.04% 0.22% 0.12%
METHANE 0.01% 0.13% 0.08%
ETHANE 0.00% 0.10% 0.03%
PROPANE 0.00% 0.04% 0.01%
NORMAL BUTANE 0.00% 0.04% 0.01%
ISOBUTANE 0.00% 0.00% 0.00%
NORMAL PENTANE 0.00% 0.04% 0.01%
ISOPENTANE 0.00% 0.00% 0.00%
CYCLOPENTANE 0.00% 0.00% 0.00%
HEXANE PLUS 0.00% 0.00% 0.00%
OXYGEN 0.00% 0.01% 0.01%
HYDROGEN 0.00% 0.02% 0.17%
HYDROGEN SULFIDE 0.00% 0.01% 0.00%

Total 100.00%  
 
Sources: Gas analysis performed by Ridgeway Petroleum Corp. and ARI. 
 

There is significant variation in CO2, He and other constituents across this large and 
stratigraphically diverse field, but this level of variation was not seen in the δ13CO2 data.  Map 2-13 
shows the distribution of CO2 content at four wells.  There is a clear increase in CO2 content from 
the north flank of the dome (88.2-93.1%) up to the crest of the structure, where it reaches a 
maximum of 98.9%.  Nitrogen content shows an inverse trend, from a maximum of 14.5% on the 
north flank of the dome to only 1.0% at its crest (Map 2-14). 
 

Helium content likewise increases from only 0.1% on the domal crest to 1.1% on the north 
flank (Map 2-15).  This is counter to the extremely buoyant nature of helium, which normally would 
cause it to be concentrated at the crest of a dome.  One possible explanation is shown in Map 2-10.  
Helium may be outgassing from a mantle source in the center of the Holbrook basin, where the thick 
salt deposits suggest a crustal weakness leading to subsidence.  Helium (and CO2) could not 
penetrate the thick salts and thus was deflected out to the north (Pinta Dome helium field) and 
southeast (St. Johns Dome).  The high helium content at St. Johns and Pinta Dome both occur near 
the halite pinchout, where vertical migration would become possible. 
 
 Stable carbon isotopes provide insight into the origin of CO2 at St. Johns field, as well as 
compartmentalization (or the lack thereof in this case) within the field.  Table 2-4 shows analyses of 
gas samples taken in May 2003 at three wells in the St. Johns field.  δ13CO2 values were very similar 
in these three wells, even though they were sampled from wells spaced about 10 km apart and 
tested from different stratigraphic intervals (Map 2-16).  Zones tested ranged from the Lower Supai 
Fm Riggs Zone (just above Precambrian granite) in the 10-22 State well, to the Middle Supai Big A 
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Butte member.  The relative uniformity of δ13CO2 at around -3.8‰  suggests that there are few 
internal barriers in the field to lateral mixing and no significant compartmentalization within the 
reservoir.  This uniformity was not seen in the wide range in CO2, helium, or nitrogen content. 
 
 By comparison, the δ13CO2 analysis at McElmo Dome (see separate chapter) ranged from -
4.3 to -4.5‰ for a much larger data set.  However, these values do not provide unambiguous 
insights on the origin of CO2 at these fields, thus the noble gas analysis is crucially important. 
 

Table 2-4 : Carbon isotope geochemistry of CO2 at the St. Johns field. 
 

 
Well 

δ13CO2

(‰) Zone 
Location in 
Supai Fm 

State 3-1 -3.85 Big A Butte Middle 
22-1X -3.65 Big A Butte Middle 

10-22 State -3.79 Riggs Zone Lower 
 
Source: Gas analysis performed by IsoTech, Inc. 
 
 CO2/3He ratios provide an important constraint on the origin of CO2 within continental basins. 
This is because the mantle CO2/3He ratio measured in mid-ocean ridge basalts (MORB) has a small 
range, from 1.00 x 109 and 7.00 x 109 (Marty and Jambon, 1987; Trull et al., 1993; Burnard et al., 
2002), compared with the range observed in natural gases.42  Well 3-1 exhibits a CO2/3He ratio of 
1.53 x 109 which plots at the lower end of the MORB range and clearly indicates a mantle origin for 
the CO2 (Figure 2-12).  Wells 22-1X and 3-1 exhibit lower CO2/3He ratios of 4.80 x 108 and 1.25 x 
108, respectively.  Because 3He is chemically unreactive and therefore a conservative tracer, these 
lower ratios indicate that the CO2 in these samples is also of magmatic origin, but both the CO2 
concentration and CO2/3He ratio have been reduced as a result of the loss of the mantle carbon 
component to a sink either on transport to or within the gas field. 
 

The St. Johns Dome field exhibits a clear relationship between the reduction of the CO2/3He 
ratio with an increase in 20Ne and 36Ar concentrations (Figure 2-13). The reduction of the CO2/3He 
ratio can only occur as a result of the loss of the mantle CO2 component relative to 3He. The 
isotopes 20Ne and 36Ar within basin systems are derived from the atmosphere and typically enter 
deep basinal fluids dissolved in the groundwater.43  Hence, an increase in 20Ne and 36Ar 
concentration within well gas samples is indicative of increased gas/groundwater interaction. 
Therefore, wells which are closest to the gas/water contact are predicted to have the highest 
concentrations of 20Ne and 36Ar. 

 
Indeed, in the St. Johns field there is a clear spatial relationship between the distance to the 

gas/water contact and both 20Ne and 36Ar concentrations. This spatial relationship is also reflected in 
the CO2/3He ratio. In more detail, these relationships can be explained by consideration of the 
reservoir hydrology. The region sampled by well 10-22 has the highest CO2/3He ratio and lowest 
20Ne and 36Ar concentrations and is at the highest point of the field above the gas/water contact. On 
moving northwards the depth of the reservoir increases and the wells 3-1 and 22-1X sample deeper 
CO2, which are progressively closer to the gas/water contact and have lower CO2 and higher 20Ne 
and 36Ar concentrations. This confirms our earlier predictions that the groundwater system is playing 
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a key role in both reducing the CO2/3He and increasing 20Ne and 36Ar concentrations. A similar 
CO2/3He relationship with groundwater-derived 20Ne and 36Ar was documented in the Jackson Dome 
CO2 field. 
 

The influence of the groundwater system is further corroborated by the 4He concentration 
variations across the field. 4He (often called ‘crustal helium’) is continually produced in the 
subsurface by the radiogenic decay of U, Th and K.  This is in contrast to groundwater (dissolved 
air) derived 20Ne. Therefore, there is no reason to expect a correlation between 4He and 20Ne. 
However, within the St. Johns field, the three samples analyzed indicate that there is a clear 
relationship between the concentration of 4He and 20Ne (Figure 2-14).  A similar correlation between 
4He and 20Ne has been recently documented in the Hugoton-Panhandle giant gas field.  This 
relationship indicates that the crustal 4He and groundwater derived 20Ne were mixed before entering 
into the gas phase within the basin. This is reasonably explained if both 4He and 20Ne were 
transported by the groundwater together and are then degassed upon equilibrating with the 
reservoir gas phase at the gas/groundwater contact.  N2 present in the field is also likely of crustal 
origin, indicated by the clear correlation between N2 concentration and 4He concentration, and 
therefore undergoes the same groundwater transport process. This data confirms that a similar 
groundwater focusing mechanism to that operating in the Hugoton-Panhandle gas field is focusing 
4He and N2 into St. Johns Dome. 

 
Pinta Dome Helium Field.  A relatively high-grade helium deposit, now depleted, was 

commercially produced at Pinta Dome and Navajo Springs, located 55 km northeast of Holbrook on 
the north flank of the Holbrook basin (Map 2-12).44  Helium was produced from the upper part of the 
Permian Coconino Sandstone, an important aquifer just above the Supai Fm and correlative with the 
Glorieta sandstone at the St. Johns Dome.  Normally, helium is a minor by-product in natural gas 
fields, but the Pinta Dome contained primarily helium and nitrogen, with only minor CO2 and 
hydrocarbons (<1%), making it possibly the only known such occurrence in the world.  A total of 246 
million m3 (8.7 Bcf) of helium (computed on a pure basis) was extracted from Pinta Dome and the 
nearby Apache Springs fields during 1956 to 1976.45  Gas composition averaged 8.2% He, an 
exceptionally high value. 
 
2.9 CO2 Production Operations 
 

Unlike McElmo Dome, which is a fully developed CO2 field with more than 15 years of 
continuous commercial production, the more recently discovered St. Johns field has only undergone 
testing and limited commercial development.  Starting in 1994, Ridgeway drilled a total of 21 wells: 
15 wells in Arizona and 6 wells in New Mexico, two of which were considered dry and thus outside 
the field limit.  Field delineation drilling was completed in 1999.  Starting July 2002, Ridgeway 
initiated small-scale commercial sale of CO2 from one production well.  Currently, all other wells are 
shut in pending pipeline construction.  Eventually, Ridgeway plans to construct a pipeline to 
California to transport up to 26,000 t/day (500 MMcfd) of CO2 injectant for potential EOR projects.  A 
helium separation unit is also planned. 
 
Well Drilling, Completion, Stimulation.  St. Johns Dome currently has a total of 19 CO2 
production wells, one of which is occasionally on line.  Two other wells were abandoned at shallow 
depth and later redrilled.  Figures 2-15 through 2-21 illustrate surface operations the St. Johns 
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Dome field, while Appendix A-1 provides a detailed record of CO2 well drilling, completion and 
stimulation data at the field. 
 

The production wells were rotary drilled using air or with a fresh water and starch-based 
mud.  Total depth ranged from 553-1,210 m (1,813-3,968 ft), averaging about 915 m (3,000 ft).  The 
wells were completed in one or more of the three CO2-bearing zones (Ft. Apache, Amos Wash, and 
Upper Abo/Granite Wash) at an average depth of about 850 m.   Typically, a surface casing of 
conventional carbon steel 24.4-cm (9 5/8-in) to 34-cm (13 3/8-in) in diameter was first cemented into 
place at a depth of about 30-40 m (100-130 ft) in the Quaternary, Triassic Chinle, Moenkopi or other 
outcropping units to shut off potential fresh-water zones. 

 
Next, an intermediate casing string of 22-cm (8 5/8-in) pipe was cemented to a depth of 

about 210-400 m (700-1300 ft).  The base of the intermediate casing was generally near the top of 
the Supai Fm, often in the Glorieta Sandstone or San Andres Limestone, but occasionally partway 
into the Corduroy Member of the Supai.  Finally, a production string 11.4-cm (4.5-inch) in diameter 
was selected for corrosion control.  In the western (Arizona) portion of the field the casing is amine 
carbon gauze fiberglass.  But in the eastern region (New Mexico), state regulations required the 
casing to be conventional carbon steel lined with high-density polyethelene (HDPE).  

 
Most wells (14 out of 19) were simply completed without hydraulic fracture stimulation.  Five 

of the wells (22-1X, 11-21, 9-21, 9-22-29, and 10-16-31) were stimulated using an unrecorded 
volume of water and approximately 45 t (100,000 lbs) of sand. Three of the wells were fracced in 
two zones (Riggs and Big A Butte zones).  The other two wells employed a single frac (Riggs or Big 
A Butte).  No further details on the frac jobs were available. 

 
Production and sale of CO2 to the Reliant Processing liquids plant commenced in July 2002.  

CO2 production is intermittent, often reaching 50 t/day (1 MMcfd) from the State 10-22 well, which is 
curtailed by demand below its open flow potential of 100 t/day (2 MMcfd).  CO2 produced at the field 
is used primarily by the food industry.  In the long term, Ridgeway plans to construct a 987-km (617-
mi) pipeline from the St. Johns field to a delivery point near Bakersfield, California.  The CO2 would 
be used mainly for immiscible enhanced oil recovery in the relatively heavy depleted oil fields in the 
southern San Joaquin Valley. 

 
The St. Johns wells were considerably less expensive to drill and complete ($300,000) than 

the deeper wells at McElmo and Jackson Domes, making them good analogs for shallow geologic 
sequestration projects.  Since discovery in 1994, CO2 exploration and production activities at the 
field have been accident free.  Given the extremely low population density at the field (<0.1 
residents/km2), impacts on the natural and human environment have been negligible. 
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3.0 Jackson Dome CO2 Field, Mississippi 
 

This section discusses evaluation of existing data from the Jackson Dome CO2 deposit in 
Mississippi, southeastern United States.  Like the previous section, this field study encompasses 
geology, geochemistry, and production operations.  The GIS mapping, reservoir analysis, and 
operations data set collected on this field is represented in the Maps, Figures, and Tables section. 
 
3.1    Field Summary 
 

• Geologic Setting.  The Jackson Dome (Pisgah) CO2 field is a significant and commercially 
important CO2 accumulation, albeit slightly smaller than St. Johns and McElmo Dome fields.  
It is a symmetrical, faulted anticline located in the onshore Gulf of Mexico province.  CO2 is 
trapped within the Jurassic Buckner, Smackover, and Norphlet Fms by structural closure and 
permeability barriers.  Jackson Dome itself is an igneous intrusion of Late Cretaceous age 
(70 Ma), associated with numerous small to medium-sized CO2 fields, of which Pisgah Dome 
is the largest. 

• CO2 Storage.  The Pisgah anticline originally contained an estimated 100 million t (2 Tcf) of 
CO2.  It is deep (4,700 m) and CO2 is in the supercritical state.  Reservoir architecture is 
complex, with fluvial and eolian sandstones characterized by 8-15% porosity and up to one 
darcy of permeability.  The CO2 concentration is 99%, with significant H2S levels of up to 1%.  
As of December 31, 2005, Denbury’s net proved CO2 reserves from Pisgah and other 
nearby Jackson Dome fields stood at 240 million t (4.6 Tcf), with another 160 to 210 million t 
(3 to 4 Tcf) of probable reserves.  In all, preliminary estimates put CO2 resources in the area 
at about 630 million t (12 Tcf). 

• CO2 Origin.  New noble gas isotope analysis collected for this study, including 3He, prove 
that the CO2 at Pisgah Dome was outgassed from the mantle, not derived from thermal 
decomposition of carbonate.  The most likely source was the Jackson Dome intrusion. 

• CO2 Timing.  The noble gas data suggest that timing was coeval with the Jackson Dome 
intrusion, about 70 Ma, but this remains uncertain. 

• Cap Rock Integrity.  Sudden geopressuring at reservoir depth – about 50% higher than 
hydrostatic gradient – attests that the Bruckner Carbonate is an excellent cap rock seal to 
underlying CO2 reservoirs.  However, this cap rock remains poorly characterized. 

• CO2 Production Operations.  Stainless steel is used for the production casing and 
downhole fittings, the high-pressure wellheads, and surface flow lines to the central facility.  
Produced CO2 is dehydrated, compressed, and transported to EOR fields via 400 kms of 
carbon steel pipelines.  Production capacity for all Denbury fields is 8.6 million t/year (450 
MMcfd) as of 2006, and scheduled to exceed 15 million t/year (800 MMcfd) by 2011.  
Current actual production is about 5.8 million t/year (300 MMcfd) and continuing to increase. 

• Implications for Geologic Sequestration.  Jackson (Pisgah) Dome is highly significant in 
that it securely contains CO2 at extreme pressure, yet its cap rock is neither salt nor shale 
but rather a carbonate.  It is a good analog for Gulf of Mexico area sequestration sites.  The 
challenging operating conditions (deep, overpressured, toxic H2S) make its accident-free 
operation a good example of the petroleum industry’s capability to take on typically tamer 
sequestration projects. 
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3.2  Overview 
 

The Jackson Dome CO2 area is located in the state of Mississippi, southeastern United 
States, within the Mississippi Interior Salt Basin and the onshore Gulf of Mexico petroleum province 
(Map 3-1).  Jackson Dome itself is a large igneous intrusive dome that was emplaced about 70 to 80 
million years ago.  Large and relatively pure natural CO2 deposits, estimated at at least 670 million 
metric tonnes (t; equivalent to 12 Tcf) in all, occur in more than one dozen salt-cored anticlines and 
domes on the northeast flank of McElmo Dome.  The largest of these CO2-bearing structures in the 
Jackson Dome area is called Pisgah Dome, which has an estimated 110 million t (2 Tcf) of 
recoverable CO2. 

 
The Pisgah Dome field was originally developed by Shell starting in the 1970’s.  Since 1999, 

the field operator has been the independent petroleum producer Denbury Resources Inc. (DRI).  
DRI currently produces close to 5.8 million t/year (300 MMcfd) of CO2 at Pisgah Dome and other 
fields, transports it south and east via two dedicated CO2 pipelines, and re-injects it at several 
depleted oil fields for enhanced oil recovery (EOR; (Map 3-2).  Our study of the Jackson Dome CO2 
deposits focuses primarily on the Pisgah Dome, largest of the Jackson Dome CO2 fields, and which 
is the location of most of the commercial CO2 development in this area.  DRI has generously 
contributed data for this study. 
 

Jackson Dome is located in a primarily rural area in central Mississippi.  The city of Jackson, 
the Mississippi state capital with a population of about 185,000, is located some 20 km southwest of 
Pisgah Dome.  The local economy depends mainly on forestry and farming.  The climate is 
moderate and fairly wet, with annual rainfall averaging about 140 cm/year.  The topography is 
mostly flat, ranging from 110-140 m (350-450 ft) above sea level (Map 3-3). 
 

From the standpoint of population density and human impacts of CO2 storage and potential 
leakage, the Jackson Dome area is an appropriate natural analog for geologic sequestration in 
areas with similar low-moderate population density, such as non-urban areas of the USA Gulf Coast 
region, the northeastern USA, or rural areas of Europe.  In terms of potential impacts on humans, 
Jackson Dome setting may be more relevant than the two western CO2 fields with extremely low 
population density.  There is good potential for extrapolating geological and operating data to 
prospective geological sequestration sites with in the Gulf Coast region. 
 

Conditions at Pisgah (Jackson) Dome are geologically and operationally distinctly different 
from those at the other two study fields (McElmo and St. Johns Domes), providing further useful 
contrast as a sequestration analog.  For example, whereas Pisgah Dome produces supercritical 
CO2 from a deep, overpressured reservoir, the St. Johns field is much shallower and produces CO2 
in a gas state from a clastic sandstone reservoir.  Pisgah Dome has been in production since 1985 
and currently produces CO2 mainly for enhanced oil recovery.  In this regard, the field represents a 
commercially mature natural CO2 field setting, unlike the St. Johns field, where the reservoir is still 
relatively unaffected by operations. 

 
The regional geology of carbon dioxide deposits in the Jackson Dome area was discussed in 

a review article containing mainly data from Shell’s exploration and initial field development during 
the 1970s and 1980s.46  This previous article did not present more recent Denbury Resources data 
available for conducting this study. 
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3.3  Operator Profile: Denbury Resources Inc. (DRI) 
 

The operator of the Pisgah Dome and nearby CO2 fields at Jackson Dome is Denbury 
Resources Inc. (DRI), an independent petroleum producer with headquarters in Plano, Texas, USA.  
DRI, which has about 460 employees, is listed on the New York Stock Exchange and has a market 
capitalization of roughly $3 billion. 
 

DRI first entered the CO2 business by acquiring the Little Creek CO2-EOR project in 
Mississippi from Shell in September 1999.  Shell had initiated commercial-scale CO2 flooding at this 
field in 1985.  DRI currently produces about 10,000 bopd of EOR.  Incremental tertiary oil recovery 
at Little Creek is estimated to be 17% of OOIP, compared with 20% for primary and 18% for 
secondary (waterflood) recovery.  DRI further expanded their EOR business by acquiring the West 
Mallalieu and McComb fields in 2001-2. 

 
In February 2001, DRI acquired a nearly 100% working interest in 40 million t (800 Bcf) of 

proved producing CO2 reserves and the 183-mile Choctaw CO2 pipeline for $42 million ($1.05/t or 
$0.05/Mcf).  By end-of-year 2005, DRI had drilled 9 wells and acquired two more, increasing proved 
CO2 reserves to 240 million t (4.6 Tcf) through revisions and drilling.  DRI spent $16.4 million on 
CO2 acquisitions and capital expenditures during 2002, for a cumulative total of $58.4 million 
($0.69/t or $0.04/Mcf).   DRI’s CO2 production at Pisgah Dome and other fields increased to 
approximately 5.8 million t/year (300 MMcfd) by 2006 (Figure 3-1).  Production capacity is expected 
to further increase to over 15 million t/year (800 MMcfd) by 2011.  DBI oversees its CO2 production 
operations at Jackson Dome out of a local field office in Laurel, Mississippi. 

 
DRI provided information from the wells in the Jackson Dome area (Map 3-3).  Data included 

logs, reservoir test data, gas and water composition, and well drilling and production facilities 
design. 
 
3.4 Regional Geology 
 

The Jackson Dome CO2 region is located in the Mississippi Interior Salt Basin,, which is 
bounded on the north by the Pickens-Gilbertown fault system, by the updip limit of the Jurassic 
Louann Salt unit, on the west by the Monroe Uplift and LaSalle Arch, and on the south by basement 
highs of the Wiggins and South Mississippi arches (Map 3-4).  

 
(We did not construct a surface geology map of the Jackson Dome area, as we had for the 

St. Johns and McElmo Dome fields.  This is because the CO2 zone at Pisgah Dome is much deeper 
(5,000 m) and overlain by a thick, flat, and undissected Tertiary sequence.  Surface outcrop geology 
of Pisgah Dome does not reveal much about the reservoir and cap rock geology.) 

 
Downwarp of the Gulf Coast in early Mesozoic time caused gravity faulting and limited the 

northern extent of thick Jurassic sediments.  Gravity flowage of the basal Louann Salt caused the 
formation of salt domes, pillows, and ridges, many of which are prospective for hydrocarbons or CO2 
(Map 3-5).  One of these structures, Pisgah Dome, is nearly 30 km long and with 300 m of vertical 
closure, making it one of the largest structures in Mississippi.  Closure dies out up section and is 
minor at the Cotton Valley and shallower levels.  The northeast Jackson Dome area is flanked on 
the east and west by salt piercement structures. 
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Jackson Dome is the dominant structural feature in Madison, Rankin, and Scott counties.  

One of numerous similar-aged igneous intrusions in the Gulf Coast region, the Jackson Dome 
intruded into the sedimentary sequence up to the Austin Chalk formation in late Cretaceous to early 
Tertiary time, about 70 million years ago.  It is a circular 25-km diameter volcanic plug.  Shell 
geologists theorized that Jackson Dome formed the CO2 deposit by causing thermal breakdown of 
carbonate (Figure 3-2).  Later seismic stratigraphy studies elucidated the impact of Jackson dome 
on the host stratigraphy (Figure 3-3).47  However, new isotopic and noble gas data presented in 
Section 3-7 clearly demonstrates that it formed instead by mantle outgassing, probably related to 
the Jackson Dome intrusion. 

 
The main CO2-bearing strata are the Jurassic Buckner, Smackover, and Norphlet 

Formations, which overlie the Louann Salt (Figure 3-4).  Figure 3-5 shows a typical geophysical log 
from Pisgah Dome, the Denbury Hauberg No. 1 CO2 production well.  Stratigraphic units are readily 
identifiable on the logs.  This well was completed in the upper Norphlet Fm. and flowed at initial 
rates of 1,000 t/day (20 MMcfd) of 99% CO2 with 5 ppm H2S. 

 
The CO2-bearing structures in the northeast Jackson Dome area are Jurassic in age and 

formed by salt tectonics.  The Louann Salt, dating to Mid-Upper Jurassic, is a thick, aerially 
widespread unit that underlies the CO2 reservoirs at Jackson Dome.  Susceptible to upward buoyant 
flow, the Louann Salt played a role in the formation of most deep structures in the region.  Early salt 
movement of Norphlet age with associated faulting occurred along the Pisgah anticline and other 
nearby structures.  Both the upper Smackover and Buckner sections expand on the downthrown 
side of faults, indicating syn-depositional movement. 

 
Some of the faults, which range up to 500 m in throw, are sealing to CO2 whereas others are 

transmissive.  One large fault that did not seal was demonstrated by the unsuccessful Shell Martin 
No. 1 well in Rankin County, which targeted Jurassic reservoirs juxtaposed with porous Cotton 
Valley sandstones.  In contrast, the Shell Stuart No. 1 well encountered CO2 trapped in Smackover 
Fm reservoir that is similarly juxtaposed against Cotton Valley sandstone.  CO2 flow behavior across 
faults remains difficult to predict at Jackson Dome. 

 
A GIS log data base was developed using representative petroleum and CO2 wells to define 

the detailed field structure and stratigraphy at Jackson Dome.  We used this data base to construct 
the analytical logs and maps in this report.   Although this region is heavily drilled, relatively few 
wells have penetrated the relatively deep (5,000 m) CO2 deposits. 

 
Map 3-7 shows structure on top Norphlet Fm. at Pisgah Dome.  The anticline is fairly 

symmetrical and much tighter than the relatively broad St. Johns and McElmo Dome fields in the 
Colorado Plateau.  It has about 300 m of vertical closure.  The main CO2 field development is 
located on the southeastern flank of the structure, where porosity and permeability are locally 
favorable.  ARI sampled wells in this area for isotopic analysis. 

 
Figure 3-7 is a structural cross-section down the plunge of the Pisgah Dome.  The section 

then turns northeast to cross the bounding normal fault with 65 m (>200 feet) of vertical throw. 
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 Geophysical Data.  Shell collected about 1,000 line km of 2-D seismic data at Jackson 
Dome during the 1970’s and early 1980’s, but this was not available for this study.  Shell reportedly 
was able to reliably pick the top of the Buckner Carbonate and the Norphlet Fm, but it was 
impossible to identify the Smackover Fm and Louann Salt.  The latter was a concern because of the 
risk of salt penetration and consequent drilling problems. 
 
 Geopressuring.  Drilling in the Jackson Dome area has revealed hydrocarbons, CO2, and 
water with abnormally high pressure gradients of 0.65 psi/foot at Pisgah Dome and as much as 0.88 
psi/foot at Thomasville field.  These geo-pressured zones occur mainly in the Smackover and 
Norphlet porosity, but also may occur in overlying formations.  The Buckner Carbonate generally is 
the pressure seal, with mostly normal hydrostatic pressure in overlying units.  To handle the high 
pressures during drilling, protective casing is generally set to the top of this unit and mud weight 
increased.  Drilling can then continue with few well control problems. 

 
Geothermal Gradient and Heat Flow Measurements.  Temperature increases at a fairly 

uniform rate of 1.5○ F per 100 feet down to a depth of 14,000 feet, increasing to about 2○ F per 100 
feet below that depth in the overpressured zone (Figure 3-6).  Note that current temperatures are 
far below the 518 to 1,598○ F temperature range needed to break down calcite.  Shell had measured 
uncorrected geothermal gradients from well logs to be a uniform 1.4○ F per 100 feet. 

 
Hydrogeology.  Formation water averages about 5,000 ppm TDS and is primarily 

bicarbonate in composition (Table 3-1).  Produced water is disposed into the shallower Tuscaloosa 
Sandstone saline aquifer at depths of about 2,200 m.  No further information is available on the 
hydrogeology of Pisgah Dome. 
 

Table 3-1 : Formation water composition at Jackson Dome 
 

Component Concentration 
Na+ 2,000 ppm 
Ca2+ 30 
Mg2+ Trace 
Fe2+ Trace 
Cl- 50 

SO4
2- 50 

HCO3
- 3,000 

TDS 5,000 
pH 7.5-9.0 (atm) 

 
 

3.5 Stratigraphy/Reservoir Geology 
 

Figure 3-4 shows a generalized stratigraphic sequence for the rocks in the Jackson Dome 
area.  The following is a generalized description of the stratigraphy in the area, in order from oldest 
to youngest. 
 

Precambrian Granite/Granodiorite forms the crystalline basement at Jackson Dome.48  
The Jackson Dome area, located at the southern edge of the Ouachita Fold and Thrust Belt, is just 
landward of the suture between Laurentian (Grenville) basement and a continental fragment or 
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island arc system that collided with North America during the Late Paleozoic, associated with an 8-
km thickening of the crust.49

 
 Mid-Upper Jurassic Louann Salt is an extensive evaporite deposit 60 to 1,000 m thick near 
Jackson Dome.  It was deposited in a basinward-thickening wedge which thins updip (north) against 
an eroded Paleozoic floor and was the effective basement for exploration until sub-salt seismic 
techniques were developed.  The Louann Salt’s original thickness has been greatly affected by salt 
flowage, which began soon after acquiring a thin overburden.  It is thicker on anticlinal structures, 
having flowed and warped up the overlying sediments. 
 
 Jurassic Buckner Formation consists of interbedded quartz sandstone, nodular anhydrites, 
cherts, and carbonates (mainly dolomite).  In general, it acts as a seal for the CO2 accumulations in 
the Smackover and Norphlet Fms.  Porosity is secondary with moderate compaction.  The Buckner 
was deposited in a sabkha environment with sand derived from Ordovician highs to the north.  
Reservoir quality rock is found in two sandstone members, the Upper and Main Buckner. 
 
 The Upper Buckner consists of interbedded sandstones and shales of fluvial origin at a 
depth of 4,270 to 4,570 m.  Commercial CO2 accumulations have only been encountered at the 
Pisgah Dome and Holly Bush Creek field.  These accumulations probably formed by leakage of CO2 
through the underlying Buckner Carbonate, which was then trapped by the thick overlying marine 
Bossier Shale.  Upper Buckner reservoirs consist of a massive channel sandstone 8 to 22 m thick, 
with additional underlying pay stringers.  These quartz sandstones are relatively free of clays and 
have porosities of 12 to 18%, with permeability of several hundred mD to one darcy. 
 
 The Buckner Carbonates form a geopressured seal for the deeper units, which have 
abnormally high pressures of 0.5 to 0.75 psi/ft.  The Main Buckner is a sandstone in the lower 
portion of the formation.  It has porosity of about 6% with very low permeability (<0.1 mD). 
 
 The Jurassic Smackover Formation, generally a carbonate unit outside of Mississippi, 
consists of interbedded carbonate and sandstones with complex and rapid lateral facies changes.  
The Smackover was the primary drilling objective at McElmo Dome during early development, but it 
tends to be high in H2S, thus focus has shifted to sweeter Upper Buckner and Norphlet objectives. 
 

The Smackover was divided by Shell into three distinct sedimentary and stratigraphic 
members: microlaminated zone (MLZ), brown dense zone (BDZ), and high-energy zone (HEZ).  The 
MLZ consists of interbedded lime mudstones and organic rich carbonaceous shales.  It has been 
postulated as the source rock for most updip Mississippi oil fields.  The BDZ is a dark brown, dense 
lime mudstone to wackestone with interbedded dolomite, the latter being oolite bars or intertidal 
channel deposits.  The HEZ consists of oolite grainstones and quartz sandstones characterized by 
good porosity and permeability. 

 
The Smackover Fm changes facies laterally as well as vertically.  Two general facies 

patterns occur.  The eastern facies consists of interbedded quartz sandstone reservoirs with non-
reservoir carbonates.  The western facies is entirely carbonate, with reservoir rock limited to porous 
dolomites. 
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 The Late Jurassic Norphlet Formation is a thick (120-275 m) primarily continental quartz 
sandstone that has undergone extensive compaction and cementation.  High-angle cross beds and 
hematite-coated sand identify it as an eolian dune deposit.  The Norphlet has 8 to 15% porosity and 
permeabilities ranging from <0.1 mD to more than one darcy, depending on the presence of pore-
filling halite and illite.  The Norphlet can be divided into two members (Upper and Lower).  The 
Upper Norphlet (40-80 m thick) consists of white, porous, permeable sands.  The Lower Norphlet 
(40 m) has lower porosity and permeability, due to late-stage illite and halite cementation.  The 
permeable zones are capable of producing at rates of over 566,000 m3/day (20 MMcfd). 
 
3.6 Cap Rock Geology 

 
The cap rock at a carbon dioxide field (just as an oil or gas field) is seldom a topic of much 

interest to an operator.  To the operator, he discovery of pressurized CO2 is manifest proof that the 
cap rock is adequately sealed, at least during the life span of a typical production field (tens of 
years).  Instead, data collection efforts are focused on obtaining useful information from the CO2 
reservoir itself, based on log or core analysis. 

 
Consequently, there are no cores or detailed cuttings description for the overlying cap rock 

at the Jackson Dome field.  However, the Buckner Carbonate appears to be a highly effective cap 
rock, not only because of the CO2 trapped beneath it, but also because of the extreme 
overpressured reservoir conditions frequently encountered in the Smackover and Norphlet Fms.   

 
Despite the overpressuring, it still is possible that some leakage through the cap rock or up 

faults could be occurring, assuming the reservoir is being continuously recharged.  However, 
significant leakage is unlikely since it would eventually lead to a pressure equilibrium across a wide 
stratigraphic zone, rather than preserving the sharp increase (+50%) in pressure gradient that is 
actually encountered in the Smackover and Norphlet Fms, just below the Buckner Carbonate. 
 
3.7 CO2 Origin and Trap 

 
Carbon dioxide had been discovered in the Jackson Dome area as early as 1950 in Madison 

County, as improved seismic reflection techniques enabled operators to probe units below the 
Cotton Valley Fm at depths greater than 4,500 m.  Drilling defined a zone of high-purity CO2 north 
and east of Jackson Dome.  South of this area, a prolific sour gas play was discovered at depths of 
about 6,000 m. 

 
In 1963, the Chevron West No. 1 well experienced a CO2 blowout in the Buckner Fm.  

Chevron later (1967) drilled the Cox No. 1 at Goshen Springs and encountered CO2 in the 
overpressured Buckner Fm and in the moderately pressured Smackover and Norphlet Fms.  In 
1968, Shell drilled the Mashburn No. 1 well in Rankin County, encountering sour CO2 and 
hydrocarbon gas in the Smackover Fm.  These and other wells in the area defined a region of high-
purity CO2 north and east of Jackson Dome.  Shell’s first well drilled specifically for CO2 reserves 
was the Hauberg No. 1 (South Pisgah) in 1978. 

 
During the 1980’s, Shell identified about 16 structures in the northeast Jackson Dome area 

that formed by Louann Fm salt flow and associated faulting.  At least eight of these were tested and 
seven were found to have trapped large CO2 deposits.  These included the Gluckstadt, East 
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Fannegusha, Pisgah (North and South), Hollybush (Creek), Leesburg, the fault block south of 
Pisgah, and Pelahatchie (Map 3-3). 

 
Faults related to salt flow are contained within the Buckner carbonates -- which also acts as 

the sealing cap rock -- and do not extend into the overlying Cotton Valley clastics.  Some of the 
faults leak CO2, as demonstrated by the dry hole that Shell drilled in the Cato structure.  However, 
other faults in the nearby sour gas play do seal, as shown by Shell’s successful Leesburg well and 
Thomlinson’s Mayton field. 
 

Jurassic-aged structures at Jackson Dome -- i.e., those formed at the Buckner, Smackover, 
and Norphlet horizons -- are prospective for CO2.  Younger structures that formed above the 
Buckner level occurred too late to trap the CO2 which flowed through the sequence.  A less likely 
explanation is that any CO2 trapped at higher levels dissolved into formation waters and was 
transported away from the traps. 
 

Geochemical Analysis.  Gas produced at Jackson Dome is about 98-99% CO2, with small 
amounts of methane, nitrogen, and hydrogen sulfide (Table 3-2).  A few wells have encountered 
significant hydrocarbon content, but most of the deposit is high-purity CO2.  Particularly in the 
Smackover Fm, which has the most reserves, the most significant contaminant is H2S, a dangerous 
gas which is removed at the gas processing plant at Jackson Dome to <10 ppm before entering the 
pipeline.  Gas from the Buckner and Norphlet Fms has much lower H2S levels (<10 ppm). 
 

Table 3-2: Gas geochemistry at the Jackson Dome CO2 field (Pisgah). 
 

Constituent Minimum Maximum Average 
CO2 73.5% 99.3% 99.0% 
H2S 1 ppm 7,000 ppm 100 ppm 
N2 0.3% 6.1% 0.5% 

CH4 0.2% 17.3% 0.4% 
C2H6+ 0 3.1% 0.3% 

 
 
It is important to establish the origin of CO2 at Jackson Dome, because this would help date 

the timing of emplacement and thus establish how long CO2 has been stored.  The source, 
generation, migration, and accumulation of CO2 gas in the Earth’s crust still are highly uncertain.  
Noble gases provide one of the best tools to resolve these questions, because they are relatively 
unaffected by normal geologic and hydrologic processes that can preferentially remove or add other 
geochemical constituents.  Noble gases that are derived from the atmosphere, become dissolved in 
groundwater, but then do not react with the rock system.  Noble gases that are produced in the rock 
phase by radioactive decay or input from magmatic sources are isotopically distinct and can be 
differentiated from the dissolved atmospheric-derived noble gases. 

 
With DRI’s assistance, ARI gathered 10 gas samples from production wells at Pisgah Dome 

(Figure 3-8 and 3-9).  Gas analyses were performed by the University of Manchester, comprising a 
suite of high-precision compositional, stable isotope, and noble gas analyses. 
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Map 3-7 shows the distribution of gas composition at Pisgah Dome.  CO2 content is 
extremely high at around 99%, but there are subtle variations.  Note that CO2 content is lowest 
(though still quite high in absolute terms) near the crest of the structure in the Hauberg #1 and #5 
wells and in the Denkmann #1 (98.84% to 98.96%).  CO2 content increases slightly but significantly 
down the flank of the structure to 99.38% in the Hauberg #2 well and almost identical levels in the 
structurally similar Hauberg #3, #4 and #6 wells and the Cruthirds #1.  Across the fault, a similar 
structurally controlled increase in CO2 is apparent between the updip McKay #1 well (98.75%) and 
the downdip McKay #2 well (99.26%).  This trend may reflect gravity stratification with preferential 
concentration of low-density methane on the crest, and conversely higher concentration of denser 
CO2 on the flanks. 

 
Statistically, gas composition at Jackson Dome ranges from 98.75 to 99.38% CO2, with small 

amounts of methane and nitrogen.  CO2 content increases linearly with the decrease of CH4.  The 
δ13CO2 abundance in all samples ranges from -3.55 to -2.57 ‰ and increases directly with CO2 
content.  Atmosphere-derived He contributions are negligible in all samples.  3He/4He ratios range 
from 4.27 to 5.01 Ra, indicating a strong mantle signature.  Crustal 4He in these samples therefore 
accounts for 7.0% to 20.8%, the remainder being magmatic in origin.  40Ar/36Ar ratios all are above 
normal air ratio, ranging from 4,071 to 6,420.  Air-corrected 40Ar vary from 92.7 to 95.4%, yielding 
4He/40Ar ratios of 1.26 to 2.52.  This range is comparable to values estimated for the upper mantle.   

 
Figure 3-10 illustrates a plot of CO2/3He vs. CO2 concentration at Jackson Dome.  The 

CO2/3He ratio is relatively fixed in magmatic (mantle) gases and not very susceptible to post-
emplacement changes due to basin evolution.  Thus, this ratio provides a reliable indication of CO2 
origin.  The shaded region shows the field of purely magmatic sources established by sampling 
hundreds of sites globally.  The CO2 at Jackson Dome plots in the middle of this field (1.09 x 109 to 
4.62 x 109) and thus is magmatic in origin.  It is not derived from thermal breakdown of carbonate 
minerals, as this would produce CO2/3He values well above the magmatic range.  Crustal-sourced 
CO2 contains little or no 3He.  Values within this range or below are dominated by a magmatic CO2 
component, even if they have experienced loss of CO2.  The Denkmann 1 gas sample is an outlier 
on most of the gas analyses. 

 
Figure 3-11 shows the results of 20Ne analysis, another useful noble gas marker.  The 

change in CO2/3He ratio correlates with 20Ne at Jackson Dome.  Because 20Ne is dominantly derived 
from groundwater, the mechanism appears to be through exchange at the groundwater contact.  
The strong anti-correlation between 20Ne and CO2/3He indicates that groundwater plays the principle 
role in controlling changes in CO2/3He ratio.  Given that 3He is immobile, changes in the CO2/3He 
ratio are probably caused by dissolution and loss of about 75% of original CO2 into the water phase. 

 
Figure 3-12 shows that CO2/3He ratios at Jackson Dome also correlate with δ13CO2.  

Formation water plays a key role in controlling CO2/3He ratios and δ13CO2. If the original gas ratio 
CO2/3He was 4.5 x 109, then the hydrologic system would be responsible for 25% loss in CO2 as 
well as a 1‰ change in δ13CO2. 

 
Figure 3-13 reveals that crustal radiogenic 4He increases locally with water-derived 20Ne at 

Jackson Dome.  This relationship suggests that 4He is pre-mixed with the groundwater prior to 
contact with the CO2 gas phase. 
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Nitrogen concentrations at Jackson Dome also correlate with 20Ne and appear to be sourced 
from the groundwater as well (Figure 3-14).  The 20Ne/36Ar ratio at Jackson Dome correlates with 
the CO2/3He ratio (Figure 3-15).  CO2 gas contact with the groundwater appears to be associated 
with an elemental fractionation of the groundwater-derived 20Ne/36Ar.  The fractionation mechanism 
has yet to be identified. 

 
3.8 CO2 Production Operations 
 

DRI currently produces about 5.8 million t/year (300 MMcfd) of CO2, mainly from the Buckner 
and Norphlet Fms.  Produced gas is delivered to the surface processing facilities via stainless steel 
flowlines, dehydrated, and transported south by the 50-cm (20-inch) diameter, 293-km (183-mi) long 
Choctaw main pipeline.  In addition, in early 2006 DRI commissioned the new 134-km (84-mi) Free 
State pipeline with 7.7 million t/year (400 MMcfd) capacity to flood new depleted oil fields for EOR 
(Map 3-8).  CO2 is maintained in supercritical state at all times, including at the wells, processing 
facility, and the Choctaw and Free State pipelines. 

 
Initial development at Jackson Dome during 1979 to 1984 required a total investment in 

wells, facilities, and pipeline of more than $100 million (Table 3-3).  It should be noted that 
development occurred during and just after a period of relatively high oil prices.  The tight markets 
for petroleum services and equipment which prevailed during the early 1980’s were just beginning to 
slacken.  Today’s costs using improved technologies would likely be somewhat lower. 
 

Table 3-3 : Capital Investment for Initial Jackson Dome Development (1977-84) 
 

Component Cost (million $) 
Production Wells 41 

Gathering & Central Facilities 64 
Choctaw Pipeline 37* 

Total Est $142 million 
 
*estimated by ARI using $10,000/inch-mile construction factor ($10,000 * 20 in * 183 mi) 
 
As of 2006, DRI’s CO2 production capacity at Jackson Dome has grown to about 8.6 million 

t/year (450 MMcfd), up five-fold from the time of acquisition in 2001.  DRI’s most recently drilled 
wells are capable of producing 385,000 to 575,000 t/year (20 to 30 MMcfd) of CO2.  Actual 
production in 2006 is estimated to be (300 MMcfd).  DRI plans to drill several new CO2 production 
wells during the next few years to increase production capacity to about 15 million t/year (800 
MMcfd; Figure 3-1). 

 
Most of this incremental production would be used by DRI for its EOR production, but some 

1.4 million t/year (74 MMcfd) is sold to industrial consumers (non-EOR), generating $7.58 million in 
revenues during 2002.  DRI has obligations to deliver about 13 million t (250 Bcf) of CO2 to industrial 
customers through 2020. 

 
According to SEC filings, DRI’s production costs for CO2 (including royalties) totaled about 

$0.16/Mcf in 2005.  This was higher than the $0.07/Mcf incurred in 2001 due to incremental costs on 
gas compression equipment and increased maintenance, labor, and utilities expenses.  Including 
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depreciation and amortization expenses, DRI’s total production cost for CO2 averaged $0.25/Mcf 
during 2005; about the same as for 2001.  Operating margins averaged $0.52/Mcf in 2005; the 3-
year average 2003-2005 was $0.49/Mcf. 
 

Field Development.  State regulations prescribe 2.6-km2 (640-acre) units for gas wells in 
the depth range of the Jackson Dome deposits. 

 
Well Drilling, Completion, Stimulation.  The CO2 wells are typically completed by running 

casing and perforation.  The wells start with 40.6-cm (16-inch) conductor pipe set at 20 m.  24.4-cm 
(9 5/8 inch) surface casing is set to a depth of about 900 m to close off fresh water sands and other 
unconsolidated formations.  The is followed by a 17.8-cm (7-inch) protective casing from surface to 
about 70 m into the top of the Buckner Carbonate at a depth of about 14,800 m.  The protective 
casing allows increasing mud weight to deal with potential overpressuring in the underlying 
Smackover and Norphlet Fms.  Finally, a 12.7-cm (5-inch) production liner is run through the 
Norphlet to a depth of around 5,000 m.  A permanent packer constructed of stainless steel is set 
above the perforation.  Diesel fuel is used in the annular space to prevent corrosion.  Production 
tubing is 8.9-cm (3.5-inch) 22 Cr duplex stainless steel. 

 
The protective casing and production liner are cemented to surface, both to prevent 

movement and to minimize buckling due to increases in mud weight and circulating temperatures as 
the well is drilled deeper.  Surface casing is typically cemented with a pozzolan-lime cement.  The 
operator has not encountered any unusual cement deterioration. 

 
Wells completed in the Buchner generally have a 5000-psi working pressure wellhead with 

stainless steel clad valves, whereas Norphlet (overpressured) completions get a 10,000-psi tree 
(Figure 3-17).  Both ratings are safely above the actual 2,500 psi and 5,000 psi respective 
pressures.  The well head is equipped with an air-operated automatic master valve, a choke, and a 
manual valve located downstream of the choke.  The automatic master valve can be opened or 
closed by a control station located 30 m away from the well head (Figure 3-18). 

 
The first dozen wells at Pisgah Dome and vicinity during 1977-1981 cost about $3.5 

million/well to drill and set production casing.  More recent DBI wells cost considerably but have 
much larger reserves and deliverability than early wells.  DBI plans to spend $45 million during 2006 
in the Jackson Dome area to drill three CO2 wells and construct related production facilities. 

 
Surface Facilities.  Map 3-8 shows the layout of the CO2 gathering system and surface 

facilities and Figure 3-19 shows the general process flow of produced fluids at Jackson Dome field.  
The major functions of the facility is to gather gas from the production wells, separate CO2 from 
produced water, dehydrate the CO2, recompress flashed CO2 back to supercritical pressure, and 
provide dehydrated CO2 for sales by the Choctaw pipeline.  The Jackson Dome Plant Facility 
originally was designed to dehydrate 2.9 million t/year (150 MMcfd) of CO2, but has since been 
expanded by DRI to 6.7 million t/year (350 MMcfd). 
  
 Flowlines originally were 316 stainless steel, although most recent construction has used 
seamless high-density polyethylene (HDPE)-lined carbon steel flow lines, which are less expensive 
(Figure 3-20).  Due to the extreme pressures, the first 50 m of flowline is mounted on piers above 
ground and rated to 3,000 psig (Figure 3-21).  It is equipped with a high-low pressure sensor set at 

            _______________________________________________________________________________________ 
   Advanced Resources International, Inc. 37  April 13, 2007 



NACS - Natural CO2 Analogs for Carbon Sequestration  Final Report tor USDOE 

1,800 psig (high) and 500 psig (low), a relief valve set at 1,900 psig, a manual vent valve, a 
temperature indicator, and an inline block valve in the longer flowlines.  The next flowline section is 
buried and 2,000-psig rated.  The final section exits the ground to rest on piers en route to the inlet 
manifold header system.  The final section also is equipped with similar relief valves and monitors, 
as well as an orifice run that transmits flow and pressure to the computer monitoring system. 
 
 The test separator loop is designed to isolate individual wells from the total facility production 
for analysis, generally a one-day test conducted monthly. 
 
 At the central processing facilities, the CO2 is dehydrated to reduce corrosion and preclude 
the formation of hydrates in the pipeline.  CO2 from the inlet manifold enters the an inlet gas heater 
via a 30.5-cm (12-inch) stainless steel line, where gas temperature is raised to about 650○C.  The 
heated gas enters the inlet separator, where produced water released from the CO2 is metered and 
dumped into the low-pressure flash tank.  Joining the main flow of CO2 from the inlet separator is 
gas from the test separator and recompressed flash CO2 from the low-pressure flash tank. 
 

The gas flow is then dehydrated using a 97% lean glycerol solution as the desiccant.  Design 
circulation rate is 3 gallons of glycerol per lb water removed, safely above the theoretical 1.7 gal/lb 
needed to achieve design dew points. Pipeline specification for water content is <0.27 kg H2O/tCO2 
(30 lbs water/MMscf CO2). 

 
Dehydrated CO2 is scrubbed to remove any glycerol that may have been carried with the gas 

from the contactor.  It then flows to the Choctaw pipeline tie-in via a 35.6-cm (14-inch) stainless 
steel flow line.  The tie-in has important controls and instruments, such as a flowback pressure 
controller and a moisture analyzer. 

 
Local pneumatic controls are used to operate the facility.  A Computer Assisted Operations 

System runs the production, monitors the plant for alarms, and collects statistics for efficiency 
reports.  Electrical power is purchased from the grid and transformed down to 480 kv, with battery 
power as backup.  Fuel gas is purchased via a 10-cm, 10-km supply line off a nearby gas pipeline.  
The plant has an Emergency Shut Down System that provides for manual or automatic control of 
valves, isolate vessels, and shut down pumps and heaters to protect vessels, valves, piping, 
equipment, and personnel.  The system is controlled by a Westinghouse PC900B Numa-Logic Unit. 

 
Produced water is collected from the inlet separator, test separator, glycerol contactor and 

piped to the low-pressure flash tank, which is operated at low pressure to condense any remaining 
entrained CO2 gas from the water.  Water from this vessel, along with the low- and high-pressure 
flash gas scrubbers, is carried through 5-cm (2-inch) 316 stainless steel lines into a common waste 
water header of 7.5-cm (3-inch) fiberglass pipeline.  It then empties into two 1,500-bbl capacity 
storage and settling tanks.  Waste water is filtered and injected into the South Pisgah saltwater 
disposal well, which is completed in the Tuscaloosa Sand at a depth of 2,160-2,185 m (7086-7168 
ft).  Casing is carbon steel; the annulus is filled with inhibited salt water to prevent corrosion.  The 
well tree and valves are stainless steel and rated to 3,000 psig. 

 
CO2 Pipelines. DRI transports supercritical CO2 produced at Jackson Dome to enhanced oil 

recovery projects via two pipelines : the 293-km, 50-cm diameter Choctaw pipeline, which was 
constructed by Shell in 1985; and the 134-km Free State pipeline constructed by DRI in 2006.  The 
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design capacity of the Choctaw pipeline is about 12.5 million t/year (650 MMcfd), but it has always 
operated far below its capacity.  The pipeline originates at South Pisgah field in Mississippi and 
terminates in Lafayette, Louisiana (Map 3-2).  The pipeline currently sends CO2 to DRI’s Little Creek 
and Mallalieu enhanced oil recovery (EOR) projects.  This pipeline is constructed of carbon steel 
with no internal protective coating.  Thus, produced CO2 must be thoroughly dehydrated prior to 
entry to the pipeline, as described above, to specification of <0.27 kg H2O/tCO2 (30 lbs water/MMscf 
CO2). 

 
The 134-km Free State pipeline, which runs from Rankin County to Jones County, 

Mississippi, has a capacity of 7.7 million t/year (400 MMcfd) and was commissioned only in 
February 2006.  During 2005, DBI spent $46.0 MM on constructing this pipeline plus an additional 
$19.0 MM during 1Q-2006, for a total of $65 MM (sometimes reported as $50 MM).  That equates to 
$485,000/km or roughly $40,000/in-mi. 

 
A good example of the potential to reduce capital costs for CO2 projects is DRI’s 2005 

acquisition from Southern Natural Gas Company (Sonat) of a disused 163-km (102-mi) long natural 
gas pipeline.  DRI paid approximately $5.2 million to acquire and remediate this pipeline for CO2 
transportation purposes (32,000 $/km or about $2,500/inch-mile).  This is far less expensive than 
constructing a new pipeline.  In another January 2006 transaction, DRI also acquired a 20-cm (8-in) 
pipeline formerly used for underground natural gas storage.  This illustrates how CO2 operators in 
mature areas can benefit from existing surface infrastructure to reduce costs creatively. 
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4.0 McElmo Dome CO2 Field, Colorado 
 

This section discusses evaluation of existing data from the McElmo Dome CO2 field.  Like 
the previous sections, this chapter encompasses geology, geochemistry, and production operations.  
The GIS mapping, reservoir analysis, and operations data set collected on this field is represented 
in the Maps, Figures, and Tables section. 
 
4.1 Field Summary 
 

• Geologic Setting.  McElmo Dome is a large (800 km2) anticline located on the Colorado 
Plateau.  CO2 is trapped within the Carboniferous (Mississippian) Leadville Limestone.  
McElmo Dome is only a few km north of the Sleeping Ute Mountain laccolith, a large igneous 
intrusion of dacite composition dated at 70 Ma, which may have directly sourced the CO2 
deposit. 

• CO2 Storage.  The Leadville Fm originally contained an estimated 1.6 billion t (30 Tcf) of 
CO2 stored in a supercritical state at about 2,300 m depth.  Reservoir architecture is 
complex, with interbedded dolomite (porous, permeable) and limestone (tight) capped by a 
significant erosional unconformity.  Porosity averages 11% and permeability 20 mD.  CO2 
concentration is (96-98%), with minor N2 (1.6-2.2%), CH4 (0.2-0.9%) and H2S (0-15 ppm).  
Trapping is provided by structural closure, permeability barriers in the Leadville, the 
water/CO2 contact, and a 400-m thick salt cap rock; faults in the Leadville die out in the lower 
portion of this salt cap rock. 

• CO2 Origin.  δ13CO2 from gas sampled at 28 wells within the field are quite uniform (-4.3 to -
4.5‰), demonstrating no significant internal flow barriers or compartments.   However, a 
subtle gradation is apparent, emanating away from the Ute Mountain laccolith.  The CO2 
likely formed by direct outgassing from Ute Mountain rather than from thermal decomposition 
of the Leadville Limestone (which has δ13CO2 of -0.64‰), as previously thought.  Noble gas 
analysis showed mantle levels of 3He, confirming a magmatic (not crustal) origin for the CO2. 

• CO2 Timing.  Under either CO2 origin scenario (outgassing or decomposition), the most 
likely timing of CO2 emplacement at McElmo Dome was coeval with the intrusion of the Ute 
Mountain laccolith (70 Ma). 

• Cap Rock Integrity.  The 400-m thick halite unit above the Leadville CO2 reservoir has 
acted as an excellent cap rock for millions of years; there is no significant evidence of CO2 
locally above the Leadville or in the ground water.  Faults that cut the Leadville die out in the 
lower portion of this salt layer, with fine-scale stratigraphy of thin shales within the salt 
unaffected by faulting.  Cap rock cores and sampling and analysis of soil gas above the field 
could help to more fully evaluate cap rock integrity. 

• CO2 Production Operations.  Shell, the original field operator, and current operator Kinder 
Morgan have drilled a total of 60 CO2 production wells since 1976.  Currently the field 
produces about 21 million t/year (1.1 Bcfd) of CO2 from 52 wells; individual wells produce as 
much as 1.1 million t/year (55 MMcfd).  Early wells were completed using perforated carbon 
steel casing across the Leadville production zone, with high-chromium steel (13% Cr) 
production tubing to convey CO2 to the surface.  Recent wells employ tubingless 
completions using 7-inch chromium steel casing and are considerably less expensive.  
Processing facilities reduce water content of produced gas to <0.09 kg H2O/tCO2 (10 
lbs/MMscf).  Dry CO2 is compressed to 2,100 psi and then transported in supercritical state 
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via the 800-km, 76-cm carbon steel Cortez pipeline to EOR projects in the Permian basin.  
Since commercial production began in 1984, over 260 million t (5 Tcf) of CO2 has been 
produced with no safety or environmental incidents. 

• Implications for Geologic Sequestration.  McElmo Dome is the largest and operationally 
most mature commercial CO2 field and possibly the best analog for future geologic 
sequestration sites, particularly in the Colorado Plateau.  CO2 has been stored at this field 
for approximately 70 million years, implying that geologic sequestration can be sufficiently 
long term in favorable settings.  The porous, permeable dolomitized carbonate reservoir is 
continuous and CO2 floats atop a regional aquifer; in this regard it is an excellent model for 
sequestration reservoirs.  Early storage sites also should attempt to replicate the thick, self-
sealing salt cap rock at McElmo Dome.  The field’s over 20-year safe and environmentally 
sound operations provides a track record helpful for permitting storage sites.  On the other 
hand, the field’s tubular, cement, and monitoring technologies are appropriate for the multi-
decade projected field life, but upgrades are needed for long-term (>1,000-year) CO2 
storage. 

4.2 Overview 
 

The McElmo Dome and nearby Doe Canyon CO2 fields are located in the southwestern 
United States, extending over an area of about 800 km2 in southwest Colorado (Map 4-1).  The field 
is in the Four Corners region of the northeastern Colorado Plateau.  McElmo Dome has a number of 
characteristics that make it an appropriate analog and possible model for future geologic 
sequestration sites, including large size, excellent cap rock integrity, and operational maturity. 

 
As of mid-2006, McElmo Dome supplies about 21 million t/year (1.1 Bcfd; up about 25% in 5 

years) of CO2 to enhanced oil recovery (EOR) projects in the Permian basin of west Texas and 
eastern New Mexico (Maps 4-2 and 4-3).  The field accounts for about 70% of total CO2 supplies to 
this largest EOR province (Figure 4-1).  The remainder is sourced from Bravo Dome and Sheep 
Mountain CO2 fields and several local gas processing plants.  CO2 production at McElmo Dome has 
exceeded 10 million t/year since about 1986.  Cumulative production since production began in 
1984 through end of year 2005 has totaled about 260 million t (5 Tcf). 

 
CO2 was discovered in the McElmo Dome area in 1948 with completion of Bird-Frost 

Schmidt 1 well.  This well and four others supplied a small CO2 plant operated by Amerigas.  In 
1975-76, Shell began to acquire leases in the area for the purpose of securing a CO2 supply for 
injection in planned EOR projects.  By June 1976, Shell had acquired rights to nearly 565 km2 
(140,000 acres) at the southeastern portion of what eventually became the McElmo Dome 
(Leadville) production unit.  Simultaneously, Mobil acquired large blocks of leases in what is now the 
northwestern two-thirds of the unit. 

 
In 1976, Shell and Mobil each began drilling programs to delineate the accumulation and 

evaluate their leases.  During delineation drilling, seven contiguous voluntary Federal production 
units were formed (two operated by Shell and five operated by Mobil).  A combined total of 15 wells 
indicating the presence of CO2 were drilled, followed in 1980-81 by another 13 wells.  This program 
established commercial quantities of about 900 million t (16.8 Tcf) of CO2 in place.  The 820 km2 
(202,605 acre) McElmo Dome (Leadville) Unit was approved by the Colorado Oil and Gas 
Commission in April 1983.  The original developers were Shell (44.6% and operator), Mobil (43.5%), 
and Gulf (4.2%), with the remaining working interest distributed among about 120 owners each with 

            _______________________________________________________________________________________ 
   Advanced Resources International, Inc. 41  April 13, 2007 



NACS - Natural CO2 Analogs for Carbon Sequestration  Final Report tor USDOE 

less than 1%.  Shell began development and construction in 1983 and initiated commercial 
production in 1984. 
  
 The McElmo Dome field is located in a sparsely populated area of Montezuma County.  The 
only significant town nearby is Cortez, Colorado, located 35 km to the southeast and with a 
population of about 8,000.  The lease area itself is less populated with an estimated 1 resident/km2.  
The local economy depends mainly on ranching, farming (on the mesas), and tourism.  The climate 
is arid, frequently with high winds.  Annual rainfall averages about 50 cm/year.  The topography is 
rugged, with flat mesas at about 2,200 m elevation which are incised by steep canyons that cut 
about 350 m of relief into the plateau and hinder accessibility across the field (Map 4-4; Figure 4-2).  
Surface access restrictions helped to dictate Shell’s “multi-well cluster” development approach at the 
field. 
 

From the standpoint of population density and human impacts of CO2 storage and potential 
leakage, the McElmo Dome field is an appropriate natural analog for geologic sequestration in 
similar sparsely populated areas, such as in the USA Rocky Mountains, Canada, Australia, or the 
Middle East.  However, McElmo Dome would not be a very good analog in this regard for more 
densely settled areas of the USA and Europe.  Nevertheless, study is warranted by the promise of 
extrapolating geological and operating data to prospective geological sequestration sites with similar 
conditions. 
 
4.3 Operator Profile: Kinder Morgan CO2 Company LLC 
 
 The operator of the McElmo Dome CO2 field is Kinder Morgan CO2 Company LLC, which is 
controlled by Kinder Morgan, Inc., an independent, publicly traded petroleum producer and 
transporter based in Houston, Texas (listed on the New York Stock Exchange).  Kinder Morgan 
acquired Shell’s 45% interest and operatorship in McElmo Dome field in 2000.  Kinder Morgan also 
is a major EOR producer in the Permian Basin, notably the SACROC field.  In 2005, Kinder Morgan 
earned $161 MM from producing CO2 at McElmo Dome and delivering it via the Cortez pipeline to 
EOR operators in the Permian basin. 
 

Kinder Morgan provided information from more than 50 wells drilled at the McElmo Dome 
area.  Data included logs, core description, reservoir test data, gas composition, and well drilling and 
operating procedures. 
 

A GIS log data base was developed using all available petroleum and CO2 wells to define 
the detailed field structure and stratigraphy at McElmo Dome.  We used this data base to construct 
the analytical logs and maps in this report.  The region is a petroleum producing area that has a 
moderate density of oil and gas exploration well data control points available to define the field 
structure and stratigraphy (25 wells per 100 km2 compared with <1 well per 100 km2 at the St. Johns 
Dome site).  Out of a total 356 wells in the study area, we gathered logs from 274 wells (Map 4-5).  
Of these, 163 bottomed out in the salt and another 87 penetrated the Leadville CO2 zone. 
 
4.4 Regional Geology 
 

McElmo Dome is located in the Four Corners area of the Colorado Plateau, at the 
southeastern end of the Paradox Basin (Map 4-6).  The typically flat-lying Colorado Plateau 
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stratigraphy is recognizable on the regional geologic map (Map 4-7).  The Ute Mountain igneous 
laccolithic intrusion is located just south of the CO2 field, while the La Plata Mountain intrusion is to 
the east; these both date to approximately 40 to 72 million years ago (ma).  Other nearby intrusions 
include the San Juan Mountains (20 to 40 ma) and Abajo Mountain (20 to 30 ma). 

 
On the more detailed geologic map (Map 4-8), the Cretaceous Dakota and Purgatoire 

Formations are extant on the high plateaus, while the Jurassic Morisson Fm is exposed in the 
canyon floors.  The Ute Mountain laccolith is just a few km south of the southern end of the McElmo 
Dome production unit. 

 
Resting on an igneous and metamorphic basement, the lithologic column at McElmo Dome 

comprises a shallow-water carbonate sequence (containing the CO2 reservoir) that is overlain by a 
massive evaporite salt deposit, and finally capped by continental-dominated terrigenous 
sedimentary rocks (Figure 4-3).  The Carboniferous (Mississippian) Leadville Limestone is the main 
CO2 reservoir, capped by thick salts in the Paradox Fm.  The overlying sequence is largely free of 
CO2, but oil and natural gas shows are prevalent.  A small volume of CO2 also was tested in the 
Triassic Chinle Fm in one well, but the units above the Paradox Fm salt cap rock are remarkably 
free of CO2. 

 
Figure 4-4 illustrates a typical geophysical log and completion style for the CO2 production 

wells at McElmo Dome.  It shows the distinctive Ouray, L. Hermosa, Molas, and Leadville Limestone 
markers.  The curve separation on the resistivity log indicates porosity development in Leadville, 
usually in three or four well-defined zones at the top of the formation.  The overlying Molas is shale 
with thin carbonate interbeds.  The U. Hermosa contains salt and black shales; the 400-m salt layer 
overlays this log section. 

 
The Leadville was deposited on a broad shallow stable shelf, whose margin was located in 

western Utah.  McElmo Dome was near the axis of the shallow Mississippian sea, whereas Doe 
Canyon lay in a more shoreward direction toward the Uncompahgre Uplift.  The Leadville crops out 
in the San Juan Mountains about 80 km east of McElmo Dome at about 3,000 m elevation.  The unit 
dips westward into the Paradox Basin, plunging to 500 m below sea level at McElmo Dome.  To the 
west, the laterally equivalent Redwall Limestone crops out in the Grand Canyon of northern Arizona. 

 
At the end of Mississippian time, regional uplift occurred and the Leadville became an 

erosional surface.  During Pennsylvanian through Permian time, the Paradox basin subsided and 
received sediments derived from the emerging Uncompahgre Uplift to the north.  Salt, about 300 to 
500 m thick at McElmo Dome, was deposited in middle Pennsylvanian time and slowly filled the 
basin.  Regional uplift, erosion, and subsidence continued during Pennsylvanian through Triassic 
time, when the Kaibab and Uncompahgre Uplifts were elevated and shed sediments into adjacent 
basins.  The Laramide Orogeny occurred from the end of the Cretaceous to Early Tertiary time and 
was responsible for formation of the Rocky Mountains and numerous intrusions, such as the Ute 
Mountain laccolith (dacite).  Finally, uplift during Neogene time has probably exceeded 3 km. 

 
Hydrogeology.  The CO2-water contact is constrained by eight wells that penetrated the 

contact within the Leadville Limestone, as well as six nearby wells which encountered only water 
within the Leadville.  Formation water averages about 23,000 ppm TDS and is primarily NaCl in 
composition (Table 4-1). 
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Table 4-1 : Formation water composition at McElmo Dome 
 

Component Concentration 
Water 1 - 2 bbl/MMscf 
Na+ 5,000 – 7,000 ppm 
Ca2+ 1,100 – 1,300 
Mg2+ 400 - 500 
Fe2+ 50 – 400 
Cl- 8,000 – 20,000 

SO4
2- 500 - 700 

HCO3
- 900 - 1,200 

TDS 20,000 – 30,000 
pH 5.7 – 6.0 (atm) 

 
 
The CO2-water contact at McElmo Dome tilts west at a gradient of about 10 m/km (50 

ft/mile), or one-half degree.  This tilt does not appear to be controlled by local structure or 
stratigraphy.  Instead, it most likely reflects regional hydrodynamic conditions in the Leadville 
Formation.  Meteoric water charges the Leadville in the San Juan Mountains, flows westward into 
the Paradox Basin, and exits at the Grand Canyon.50  The structural interpretation and the geometry 
of the CO2-water contact also suggest that McElmo Dome is filled to the spill point. 

 
Hydrodynamic theory states that the interface between the CO2 and water should incline by 

the following relationship:51

 
z/x = [(ρ1/ ρ1 - ρ2) * (h/x)] 

or: 
tan Ф = (ρ1/ ρ1 - ρ2) * (tan λ) 

   
(tilt of interface = amplification factor * tilt of potentiometric surface) 

 
where: 
 

z/x = tan Ф = inclination from horizontal of interface between two fluids. 
ρ1 = density of dynamic fluid (water) 
ρ2 = density of trapped, static fluid (CO2) 
h/x = tan λ = potentiometric gradient (unit is feet water distance) 

 
At McElmo Dome, the relevant values are: 

 
ρ1 = 0.4195 psi/ft (CO2-saturated brine with 20,000 ppm TDS) 
ρ2 = 0.236 psi/ft 
Potentiometric head = 4684-4319 = 365 ft 
 

Using these values: 
 

tan Ф = [(0.4195 psi/ft)/(0.4195 psi/ft – 0.236 psi/ft)] * 
[(4684 ft – 4319 ft)/15 miles * 5280 ft/mile)] 
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= 0.0105 

 
Ф = 0.6 degrees 

= 56 ft/mile 
 

Thus, the calculated tilt of 56 ft/mile is very close to the observed mapped 50 ft/mile gradient, 
indicating that the CO2/water contact is primarily controlled by regional hydrodynamics with only 
minor local influence from permeability changes and flow barriers.  Over geologic time, CO2 from the 
field would dissolve in the aquifer and be transported to the west.  However, the fact that the Dome 
is still filled to near spill point, as well as lack of evidence of CO2 recharge, indicate that the CO2 
deposit is extremely stable. 
 
 Geophysical Data.  Seismic data from McElmo Dome was not available for this study.  Shell 
had collected a limited amount of seismic but it reportedly proved to be ineffective during field 
development.  This is because the thick salt cap rock obscures acoustical signals in the underlying 
Leadville Fm, particularly using 1980’s-vintage collection and processing methods.  Furthermore, 
the weathered unconformity at the top of the Leadville renders advanced seismic stratigraphy 
imaging of this carbonate unit ineffective; such methods, if successful, could help locate ahead of 
drilling the seemingly random variation in facies-controlled reservoir quality at McElmo Dome. 
 

Gravity and Magnetics.  Gravity and magnetic anomaly data were analyzed for the McElmo 
Dome area and interpreted within the framework of regional gravity/mag studies.52  Large-scale 
tectonic features are visible, although with much lower resolution than provided by the subsurface 
well control, which fortunately is much better here at McElmo Dome than at St. Johns. 

 
Map 4-9 shows isostatic residual gravity anomalies in the McElmo Dome region.  The 

mapped grid was derived from Bouguer and free-air gravity anomaly data.  The isostatic model 
assumed averaged digital topography, crustal thickness of 30 km, crustal density of 2.67 g/cc, and a 
density contrast between the crust and the upper mantle of 0.40 g/cc.  Positive anomalies (red) 
delineate rocks denser than the surrounding rocks.  Negative anomalies (blue) delineate relatively 
low-density rocks.  Illumination is from the northeast.  The regional northwest-southeast structural 
fabric is vaguely apparent at the mapped scale.  Structural features that are clearly visible include 
the Uncompahgre Plateau, Paradox Valley, San Juan Mountains, Abajo Mountains, Monument 
Uplift, San Juan Basin, and Ute Mountain intrusive.  The gravity low associated with McElmo Dome 
is consistent with the thick, low-density salt cap and the lack of igneous intrusions within the field.  
The gravity high at Ute Mountain is consistent with its high-density dacite laccolith. 

 
Map 4-10 shows a merged aeromagnetic anomaly map of the McElmo Dome region.  In 

general, high-frequency subcircular anomalies should be more conspicuous on the aeromagnetic 
map than on the corresponding gravity map, due to the presence at surface or near-surface of rocks 
with strong local magnetization.  However, there is only a weak sign of Sleeping Ute Mountain, 
whereas it is quite prominent on the gravity map.  Furthermore, the closest plausible signal is shifted 
some distance to the east of the actual surface outcrop.  North of McElmo Dome, there is a sizeable 
positive anomaly not associated with any identified geologic feature.  This might be a buried 
intrusive, which could provide an alternative CO2 source to Ute Mountain, but this seems unlikely as 
there is no gravity anomaly associated with this feature. 
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Geothermal Gradient and Heat Flow Measurements.  Figure 4-5 shows static bottom-
hole temperatures that were calculated for McElmo Dome CO2 wells when multiple log run 
temperature and circulation times were available.  In this example, static bottom-hole temperature is 
estimated to be 71○ (160○F), significantly higher than the nominal 100-120○F.  Figure 4-6 shows the 
temperature vs. depth relationship at McElmo Dome field.  There is considerable scatter but a loose 
correlation with a temperature gradient of about 1.0○F per 100 feet, which is about average for this 
region.  If the Ute Mountain laccolith had caused thermal breakdown of the Leadville Limestone to 
generate CO2, there is no sign of an elevated geothermal gradient today. 
 
4.5 Stratigraphy 
 
 Figure 4-3 shows a generalized stratigraphic sequence for the rocks in the area.  The 
following description of the stratigraphy at the field is based on log analysis, such as for the Federal 
19-38-18 (HA-1) well, which shows distinctive Ouray, L. Hermosa, Molas, and Leadville Limestone 
markers (Figure 4-4). 
 

Cambrian and Precambrian Gneiss/Schist forms the crystalline basement at McElmo 
Dome.  Only one of the McElmo Dome wells penetrated to basement, about 300 m beneath the 
Leadville.  Descriptions from nearby uplifts place the age of Precambrian at 1.7 billion years.  Many 
major structures on the Colorado Plateau are interpreted as reactivated basement faults. 

 
Devonian Ouray Limestone, actually a 70-m thick fine-grained dolomite and limestone, 

directly underlies the Leadville CO2 zone.  The Ouray has been tested as CO2-bearing but is not 
considered reservoir quality.   

 
Carboniferous (Mississippian) Leadville Limestone is the main CO2-bearing formation at 

McElmo Dome.  The Leadville was deposited on a broad shallow stable marine shelf, which 
extended from Canada down to Arizona, and whose margin was located in western Utah.  At the 
end of Mississippian time, regional uplift occurred and the Leadville became an erosional surface.  
Note the low gamma response in the Leadville, indicating low shale content.  Curve separation on 
the resistivity log indicates porosity development in Leadville, usually in 3-4 well-defined zones at 
the top of the formation.  The Leadville is 75 to 90 m thick, consisting of dense limestone and 
porous, permeable dolomite (see Section 4.6 for detailed description).  The top of the formation is 
an erosional unconformity overlain by a soil regolith. 

 
Lower Pennsylvanian Molas Fm, resting unconformably above the Leadville, is a 

continental terra rosa soil complex approximately 60 m thick.   
 
Middle Pennsylvanian Paradox Fm (Hermosa Group) is the most important cap rock at 

McElmo Dome.  It consists of massive 400-m thick salt beds, with thin shaley (volcanic ash?) 
interbeds that can be readily correlated.  See Section 4-7 for detailed discussion. 

 
Middle Pennsylvanian Hermosa Shale is cross-bedded fluvial sandstone, with fossiliferous 

marine limestone, micaceous siltstone and chert. 
 
Lower Permian Cutler Group is a continental sequence of coarse-grained sandstone and 

conglomerate about 600 m thick. 
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Lower-Mid Triassic Moenkopi Fm is relatively thin (10 m) at McElmo Dome, comprising 
shaly siltstone to massive sandstone. 
 
4.6 Reservoir Geology 
 

We performed a particularly detailed study of the structure and stratigraphy of the Leadville 
Limestone CO2 reservoir and its overlying cap rock at McElmo Dome.   

 
Structure.  Map 4-11 shows a structure contour map of the top Permian Leadville 

Limestone.  Structural elevation ranges from 730 m below sea level (-2,400 ft) in the down-dip 
western margin of the field, to -305 m (-1000 ft) in the up-dip eastern crest of the field.  There is 
minimal four-way closure in our interpretation; McElmo Dome field is a combination structural 
stratigraphic trap.  The faults present in the southern portion of the field do not segregate the field 
into pressure cells.  Granite was reached in only one well, about 300 m beneath the Leadville. 

 
Seven normal faults mostly trending NE/SW and with varying throw and sealing character 

were identified by detailed geologic mapping.  Some of the faults with smaller throws (3 to 10 m) 
have no influence on pressure response and appear to be essentially transmissive.  Reservoir 
simulation conducted by Shell indicates that most faults are not flow barriers and do not significantly 
compartmentalize the reservoir.  Other faults with greater throw (100 m), such as in the southern 
portion of the field, may have lower transmissibility. 

 
Figure 4-7 shows a north-south cross-section across McElmo Dome field.  At this scale, the 

continuity of stratigraphic units and scarcity of faulting in the cap rocks is evident.  Note the fine-
scale stratigraphy in the Pennsylvanian salt units immediately overlying the Leadville Fm CO2 
reservoir.  All faults affecting the Leadville die out in the overlying salt cap rock, as discussed in 
more detail in Section 4-7. 
 

Stratigraphy.  The Leadville Limestone with a complex distribution of porosity and 
permeability.  The Leadville is a marine carbonate composed of interbedded dolomite and limestone 
capped by a significant erosional unconformity.  Only the muddy facies has been dolomitized, 
whereas the grain-supported limestone was cemented early after deposition, precluding migration of 
dolomitizing fluids. 

 
Reservoir quality is determined by carbonate diagenesis: the dolomite is porous and 

permeable, whereas the limestone is tight.  Productive reservoir rock is limited to the dolomitized 
marine sediments, which comprise only a portion of the unit.  This unit grades from mainly lime 
fossiliferous grainstones comprising shallow-water stromatolitic and oolitic rocks in the eastern 
portion of the field, to lime muddy sediments comprising open-marine crinoidal fossiliferous muddy 
sediments and marine muds in the northwest. 

 
Regional studies of Leadville stratigraphy in the Paradox Basin indicate that reservoir-quality 

rock is controlled mainly by the original depositional texture of the rock and by subsequent 
dolomitization.53  The productive rock types are dolomitized lime muds, wackestones, and pelletal-
skeletal packstones with intercrystalline, relict interparticle, intraparticle, and leached fossil mold 
pore space.  High-energy crinoidal lime sands (grainstones) that were cemented became 
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impermeable to dolomitizing fluids and thus make poor-quality reservoir rocks.  In contrast, the 
lower-energy mudstones were dolomitized and leached, forming the most porous reservoir rocks. 

 
Distribution of these original depositional textures was controlled by regional and local 

variations in bottom topography and currents.  This greatly complicates prediction of 
porosity/permeability distribution at McElmo Dome.  For example, at the Yellowjacket well cluster, 
which has three wells drilled only 300 m apart, the YA-2 well is mostly dolomite and a high producer, 
whereas the adjoining YA-1 well is dominantly limestone and a low producer. 

 
The Leadville consists of dense limestone and porous dolomite totaling 75 to 90 m thick.  

The CO2 accumulation is controlled by the plunging anticlinal structure and is limited by a west-
sloping CO2/water contact.  The large-scale features of the reservoir include: 
 

• A central area characterized by superior reservoir characteristics where the entire gross 
Leadville interval is CO2 bearing.  Pay quality ranges from 3.5 to 25% porosity (average 
11%) and 0.1 to >500 mD permeability (average 23 mD). 

 
• A peripheral area where CO2 is underlain by water within the Leadville, which is less 

desirable for development since it produces significant water (corrosion, coning problems). 
 

• Pressure data indicate that the CO2 accumulation is one continuous reservoir without 
barriers.  There is no geologic evidence of compartmentalization, although very subtle 
geochemical variations do exist (see geochemistry section).  Faulting and stratigraphic 
variations, although present, do not appear to effectively partition the CO2 deposit. 
 
The main rock types within the Leadville Limestone, in order from best to worst reservoir 

quality, are: 
 

• (Best) Dolomitized Packstone/Wackestone is the most porous and permeable reservoir 
rock at McElmo Dome, ranging from 12 to 25% porosity with 10 to over 500 mD of 
permeability.  It is fine- to medium-grained, light brown to tan Archie type III/I to III with 
abundant fossil (mostly crinoid) molds and intraparticle pores.  Crinoids, corals, and 
bryozoans are abundant.  The best reservoir rocks have sucrosic texture with relict pelletal 
fabric. 

 
• (Moderate) Dolomitized Wackestone is very fine-grained, dark brown Archie type I/III to 

III/I dolomite matrix with B, C. and D sized isolated vugs of fossil molds and some 
intraparticle (mostly bryozoan) pores.  Porosity ranges from 6 to 12% with permeability of 1 
to 10 mD.  Fossil types are crinoids and fenestrate bryozoans; burrowing and churning is 
common.  Nodular chert is also present. 

 
• (Worst) Dolomitized Mudstone consisting of fine-grained, dark brown Archie type I to I/III 

with few vugs.  Indistinct relict soft pellet texture is sometimes present.  Porosity ranges from 
3 to 8% with permeability of 0.1 to 1.0 mD. 

 
These three reservoir rock types/fabrics are end members that commonly are intermixed by 
burrowing and/or churning.  In some areas, dolomitization has nearly destroyed the original texture.   
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Other non-reservoir quality (but porous) rock types are present but less abundant, including: 
 

• Sucrosic Dolomite.  Archie type III/I to III with small amounts of C and D size fossil molds 
and B size pores which appear to be relict interpellet.  Porosity ranges from 12 to 18% with 
10 to 100 mD of permeability. 

 
• Dolomitized Packstone.  Archie type I/III with few leached particles and some B size relict 

interpaticle porosity. 
 

• Dolomitized Mudstone.  Light colored Archie type I/II to II/I with few vugs.  Porosity can range 
up to 20%. 

 
• Dolomitic Limestone and Limey Dolomite.  These include packstone and wackestone where 

the mud matrix has been dolomitized to fine/very fine grained crystalline dolomite, but 
particles remain limestone. 

   
Other textual features of the Leadville Limestone that influence pore space and reservoir 

properties include: 
 

• Karst Features, such as karst towers and sink holes, are present in the upper Leadville near 
the paleo unconformity, but are not nearly as prevalent as at St. Johns Dome.  These include 
fractures, breccias, and cave deposits filled with terra rosa soils of the overlying Molas Fm.  
The variable thickness of the Leadville Fm is largely due to the unconformity surface.  

 
• Breccia Zones, probably collapse breccias, are frequent but usually cemented and 

impermeable.  The usually occur at the base of a new cycle of deposition, probably the result 
of dissolution of anhydrite at the top of the regressive cycle.  Cave and soil breccias may be 
present in the upper karsted portions of the Leadville.  

 
• Fractures and Solution Channels, although present, do not significantly influence fluid 

recovery at McElmo Dome.  Most natural fractures observed in core are cemented with 
calcite or anhydrite or filled with internal sediment. 

 
• Silicification is present locally, particularly in Zone 3.  Silica preferentially replaces thin 

grainstone bands between more muddy sediments.  
 

• Andydrite is present primarily as pore and fracture filling with some replacement anhydrite. 
   

Shell developed a conceptual geologic model of the Leadville Fm that proved useful in 
explaining the reservoir quality distribution and for locating new wells (Figure 4-8).54  Shell 
recognized that porosity and permeability are highest at the bryozoan mud mounds, which were 
heavily dolomitized.  In contrast, the grain-supported massive limestones are tight, as they were 
cemented at an early stage and not affected by dolomitizing fluids.  This model is based on the St. 
Joe Limestone of Mississippian age in northwest Arkansas and southwest Missouri, where massive 
mud-rich mounds with topographic relief have been mapped.  Bryozoans are the dominant faunal 
type.  The mounds are flanked by crinoid-rich grainstones.  The intermound area is horizontally 
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bedded.  Although well spacing is too wide at McElmo Dome to identify individual mounds, existing 
data are consistent with this model. 

 
Reservoir Properties.  Average reservoir properties for the Leadville Limestone are shown 

in Table 4-2.  Porosity and permeability is good in the better reservoir zones, allowing for CO2 
production wells with adequate reserves and deliverability. 

 
Table 4-2 : Average Reservoir Properties at McElmo Dome (Original State) 

 
Property Value 
Porosity 11% 

Permeability 20 mD 
Connate Water Saturation 7% 

Initial Pressure 2,580 psi 
Reference Depth 1,640 ft subsea 

 
 
4.7 Cap Rock Geology 

 
The cap rock at a carbon dioxide field (just as an oil or gas field) is seldom a topic of much 

interest to an operator.  To the operator, the discovery of pressurized CO2 is manifest proof that the 
cap rock is adequately sealed, at least during the life span of a typical production field (tens of 
years).  Instead, data collection efforts are focused on obtaining useful information from the CO2 
reservoir itself, based on log or core analysis. 

 
Consequently, there are no cores or detailed cuttings description for the overlying cap rock 

at McElmo Dome.  However, there is useful information from geophysical logs.  We conducted fine-
scale stratigraphic correlations of the cap rock above the Leadville Limestone across the field to 
investigate the nature of faulting that is known to cut the reservoir and could present a pathway for 
leakage. 

 
Figure 4-9 shows a west-east structural cross section of the Leadville CO2 reservoir and its 

cap rock at McElmo Dome, based on interpretation of geophysical logs.  The Leadville Fm CO2 
reservoir is overlain by the 60-m thick Hermosa Shale plus a more substantial cap rock consisting of 
400 m of salt (halite) in the Paradox Fm.  Up section there is an additional 300 m of shale and 1,700 
m of clastics.  Note that the fault cutting the Leadville dies out in the lower portion of the salt. 

 
Figure 4-10 shows detailed cross-section through the Leadville and overlying Paradox salt.  

While the Leadville clearly is cut by a normal fault with throw of about 100 m, we were easily able to 
correlate fine-scale shale layers (volcanic ash?) within the Paradox with no fault offset.  The normal 
fault has >100 m of throw within the reservoir but dies out in the bottom of the salt cap rock, as 
indicated by the continuous multiple, thin shale layers within the salt.  The self-sealing nature of salt 
is generally well known, but finding this graphic evidence at McElmo Dome itself constitutes one of 
the major findings of our study. 
 
 Other evidence that the cap rock at McElmo Dome is not leaking include: absence of CO2 in 
overlying strata at the field, the lack of evidence for CO2 leakage in ground water, and Shell’s 
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interpretation that the CO2 originally had been filled to the spill point.  New data -- such as cap rock 
coring, uphole well testing, and soil gas analysis – would be needed to confirm these inferences. 
 
4.8 CO2 Origin and Trap 

 
It is important to establish the origin of CO2 at McElmo Dome, because this would help date 

the timing of emplacement and thus establish how long CO2 has been stored.  ARI conducted a 
program of gas sampling and isotopic analysis to investigate CO2 origin and timing at McElmo 
Dome. 

 
Shallow water wells in the McElmo Dome area, unlike at St. Johns – Springerville, do not 

contain elevated CO2, nor is CO2 locally present in the strata above the Leadville Fm.  On the other 
hand, CO2 has been tested in the underlying Devonian Ouray and Elbert Limestones; this casts 
doubt on the dissolution of Leadville carbonate as a CO2 source at McElmo Dome.  The salt and 
other cap rock appear to act as effective seals. 

 
CO2 Volume and Geochemistry.  Kinder Morgan and partners currently hold more than 0.5 

billion t (10 Tcf) of proved CO2 reserves from an estimated original gas in place of approximately 1.6 
billion t (30 Tcf). The field contains a high concentration of CO2 (96-98%), with minor N2 (1.6-2.2%), 
CH4 (0.2-0.9%) and H2S (0-15 ppm).  Prior to field development, Shell developed a thermodynamic 
model to represent downhole solid-liquid-vapor phase equilibria at McElmo Dome.  The model 
features a reference substance approach to extrapolate available salt solubility data to extreme 
conditions of temperature, pressure, and ionic strength. 

 
ARI sampled 28 wells at McElmo Dome for stable carbon and noble gas isotope analysis, 

collecting 49 samples in all (Maps 4-12 and 4-13).  Figures 4-11 through 4-15 illustrate gas 
sampling procedures and apparatus, performed under supervision of Dr. Martin Schoell, a 
hydrocarbon gas geochemist formerly with Chevron and now principal of GasConsult International.  
Stable carbon isotopes provide insight into the origin of CO2 at McElmo Dome field, as well as 
compartmentalization (or the surprising lack thereof in this case) within the field. 

 
Figure 4-16 shows analyses of gas samples taken by ARI and Dr. Schoell and analyzed by 

the commercial laboratory IsoTech, Inc.  δ13CO2 values for all wells (except for the separate Doe 
Canyon field) fell within a tight range of -4.3 to -4.5‰ for this large data set.  This is much more 
consistent than the widely ranging -11.4 to -4.0‰ values measured by the U.S. Geological Survey in 
three McElmo Dome samples (see below).  The reproducibility of the analyses is ±0.01‰ (1 sigma 
standard deviation). Statistically, different groups can be discerned for which the differences of the 
averages are more than 2 sigma apart. 

 
McElmo Dome gases can be grouped into four geochemical groups based on carbon isotope 

composition of CO2.  (Doe Canyon represents a physically and isotopically separate fifth group.)  
Indicated by color on Figure 4-16, and by statistical cluster analysis on Figure 4-17, we can 
discriminate the McElmo Dome groups into lowest δ13CO2 concentration (LL), low (L), medium (M), 
medium-high (MH), and heavy (H).  These groups are close to analytical precision but differ by more 
than two standard deviations. 
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The concentration of CO2 in the isotope groups at McElmo Dome overlap and are not 
significantly different (Figure 4-18). However, helium and argon gases correlate positively at 
McElmo Dome (Figure 4-19).  The high δ13CO2 group (H) tends to have high argon concentration, 
whereas helium concentrations in the different groups overlap.  Figure 4-20 shows that hydrocarbon 
gas concentrations also are not random.  The L group tends to have higher ethane concentrations, 
reflecting possibly lower generation or reservoir temperatures. 

 
We then mapped the distribution of carbon isotopes (Map 4-14), overlaying CO2 isotope 

groups on Top Leadville Limestone structure at McElmo Dome.  There is a subtle but statistically 
robust gradation of progressively lighter carbon isotopes towards the north across the field.  The 
direction of this gradient is away from the Ute Mountain intrusion in the south, suggesting possible 
fractionation during migration of CO2 from the intrusion area, or possibly the influence of unresolved 
hydrodynamic flows. 
 

Noble Gas Analysis.  Noble gas isotope data sampled by ARI and analyzed by Manchester 
University indicate that CO2 at McElmo Dome is of magmatic origin.55  CO2/3He ratios provide an 
important constraint on the origin of CO2 within continental basins. This is because the mantle C/3He 
ratio measured in mid-ocean ridge basalts (MORB) has a small range (from 1.00 x 109 to 1.00 x 
1010) compared with the range observed in natural gases.  
 

All bar one of the samples measured (HE-2) have CO2/3He values which plot within the 
magmatic range of 1.00 x 109 to 1.00 x 1010 observed in mid-ocean ridge basalts (MORB).  The 
McElmo Dome samples exhibit a CO2/3He range of 7.18 x 108 to 9.01 x 109, with all except well HE-
2 plotting within the MORB range. The reduction of the CO2/3He ratio of sample HE-2 is due to 
reduction of the magmatic CO2 component relative to the 3He concentration within the sample. 
These data indicate a mantle origin for the CO2 in the McElmo Dome field (Figure 4-21).  As 3He is 
chemically unreactive and therefore a conservative tracer, this lower ratio indicates that the CO2 in 
this sample is probably also of magmatic origin. 

 
The single sample measured from the Doe Canyon field constitutes a clear end member for 

the groundwater focussing model which has had the most groundwater contact.  The Doe Canyon 
sample exhibits lower CO2 concentration, a lower δ13CO2 of -3.89, and significantly lower CO2/3He 
ratio of 1.54 x 108; the 3He/4He ratio also is lower than those of the McElmo Dome field.  This 
corresponds with a significantly lower CO2 concentration within the field, while the concentration of 
groundwater degassed CH4, 4He and N2 is much higher.  The increased concentration of 4He as a 
result of groundwater degassing also explains the lower 3He/4He ratio measured. 

 
The McElmo dome samples clearly show a reduction of the CO2/3He with a corresponding 

increase in 4He concentration. The reduced CO2 concentration corresponds to increased N2 and 4He 
concentrations within the field.  It is highly probable that the N2 present in the field is also of crustal 
origin, indicated by the clear correlation between N2 concentration and He concentration (Figure 4-
22), and therefore undergoes the same groundwater transport process. 

 
4He (often called ‘crustal helium’) is continually produced in the subsurface by the radiogenic 

decay of U, Th and K, and typically dissolves in the groundwater over time. Once dissolved in the 
groundwater phase the 4He will be transported until the gas/groundwater contact is reached, 
whereupon it will be degassed into the reservoir.  We also documented this groundwater focusing 
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mechanism in St. Johns Dome. Hence, an increase in 4He concentration is indicative of increased 
proximity to the gas/groundwater contact and therefore greater gas/groundwater interaction. 
 

As 3He is an unreactive tracer which is not influenced by any reactive processes acting on 
the CO2, reduction of the CO2/3He ratio can only occur as a result of loss of the mantle CO2 
component relative to 3He. Hence, the relationship between 4He and CO2/3He observed in McElmo 
Dome indicates that the groundwater is playing a key role in reducing the mantle CO2 component. 

 
In several gas fields where a similar groundwater focussing relationship between 4He and N2 

exists (e.g., St. Johns Dome), an increase in 4He concentration directly correlates with an increase 
in 20Ne. 20Ne within basin systems is almost entirely atmosphere derived, and is typically introduced 
into the subsurface dissolved in the groundwater. Hence, variation in 20Ne concentration can be 
used as a tracer of gas/groundwater interaction.  However, while sample HE-2 represents a high 
4He and 20Ne endmember in the McElmo Dome field, this relationship is not clearly observed in the 
samples with lower 20Ne concentrations (those below 3.0 x 10-9 cc/cc; Figure 4-23).  This can be 
reasonably explained if the groundwater was perturbed before 4He addition. Perturbation of the 
groundwater would alter the regional 20Ne concentration within the field and therefore limit its use as 
a groundwater tracer. 

 
To further investigate internal barriers to CO2 flow at McElmo Dome, we also performed 

high-resolution gas chromatography (HRGC) of oils sampled from the HCF and Mogul central 
facilities (Figure 4-24).  The individual peaks represent specific compounds in the oil. The large 
peaks here are the so-called normal alkanes. The peak height or signal intensity is proportional to 
the concentration of the compound in an oil.  Note the almost identical nature of the two oil samples, 
indicating that the reservoir is essentially continuous and not compartmentalized.  McElmo oils also 
have very similar concentration ratios of different compounds (Figure 4-25).  Comparison of the 
same concentration ratios of the HCF and Mogul oils in a star diagram show similarity that suggests 
that they derive from on continuous reservoir (Figure 4-26). 

 
The relatively uniform carbon isotope data and oil composition demonstrate that there are no 

significant fault or stratigraphic barriers to flow at McElmo Dome.  However, the carbon isotope 
values do not provide unambiguous insights on the origin of CO2 at these fields.  Noble gas testing 
should be able to determine gas origin at these fields. 
 

Ute Mountain Laccolith.  An obvious potential candidate for the origin of CO2 at McElmo 
Dome is the nearby Ute Mountain intrusion, at Sleeping Ute Mountain just south of McElmo Dome.  
It is an igneous intrusive laccolith that dates to about 72 Ma, based on K-Ar fission track dating.56  It 
consists of calc-alkaline diorite porphyry, cut by younger dikes and sills of lamprophyre (spessartite).  
Mineralization and alteration are present as minor shear zone controlled pyrite-chalcopyrite-quartz 
carbonate barite veins. 

 
There are two possible ways that the Ute Mountain laccolith could have sourced the CO2 at 

McElmo Dome.  However, either explanation is consistent with a generation time of approximately 
70 Ma for the McElmo Dome CO2 field. 
 

• Thermal Breakdown of Carbonate.  The Ute Mountain laccolith could have caused thermal 
breakdown of the Leadville Limestone, so that the reservoir sourced CO2 from itself.  This 

            _______________________________________________________________________________________ 
   Advanced Resources International, Inc. 53  April 13, 2007 



NACS - Natural CO2 Analogs for Carbon Sequestration  Final Report tor USDOE 

interpretation was favored by an earlier study, which included three δ13CO2 values, ranging 
from -11.4 to -4.0‰.57  However, calcite from the Leadville reservoir averaged -0.64‰, 
which would require mixing with unidentified organic-derived CO2 from hydrocarbon 
maturation with much more negative 13CO2 values to fit the measured data. 

 
• Mantle Outgassing Related to Ute Mountain.  The δ13CO2 values also are consistent with 

this explanation and the noble gas analysis, particular diagnostic concentrations of 3He, 
prove that the CO2 at McElmo Dome was derived from the mantle.  CO2 has also been found 
in the Devonian Ouray Limestone beneath the Leadville Ls, which would be unlikely if the 
Leadville was self-sourcing by thermal breakdown. 

 
4.9 CO2 Production Operations 
 

With more than 260 million t (5 Tcf) produced since 1984 and current production of about 21 
million t/year (1.1 Bcfd) from 52 wells, McElmo Dome has the most extensive production history of 
the three natural analog sites -- in fact of any natural CO2 source.  During two decades of operation, 
CO2 exploration and production activities at McElmo Dome have been accident free.  Given the 
extremely low population density at the field (<0.1 residents/km2), impacts on the natural and human 
environment have been negligible.  CO2 production operations at McElmo Dome also were briefly 
discussed in an earlier paper related to this study.58

 
 McElmo Dome field has several operational constraints that influenced the particular design 
of its CO2 production system.  The terrain is rugged with steep canyons separating flat mesas.  
Facilities must be located on the tops of mesas, which very often can also be productive farm land.  
McElmo Dome lies just across the valley from Mesa Verde National Park, famous for its Anasazi 
Indian cliff dwellings and protected artefacts.  Any surface activity first requires an archeological 
survey, which could identify valuable finds requiring relocation of planned facilities.  Environmental 
impacts also need to be limited.  Doe Canyon includes a portion of the San Juan National Forest 
and is bisected by the deep and scenic canyon of the Dolores River, a designated “Wild River.”  
Given these constraints, Shell determined that the most efficient facilities design would be to 
develop well “clusters” with multiple vertical wells draining a large area from one location.  Kinder 
Morgan is continuing to add wells within this basic layout. 
 
 Reservoir Fluid Properties.  The production and processing facilities at McElmo Dome 
were designed to handle this reservoir’s particular fluid properties.  There was no analog for this 
particular engineering challenge, and little industry experience with large CO2 production fields, thus 
Shell had to conduct extensive testing and theoretical work to design a suitable production system.  
The original fluid characteristics at McElmo Dome include 98% CO2 with minor nitrogen and 
hydrocarbon gases, fluid density of about 585 kg/m3 (36.5 lb/ft3), and compressibility factor of 
approximately 0.5 at reservoir conditions.  When this supercritical mixture is produced by flowing to 
the surface, it loses pressure because of the fluid head of the column and friction in the tubing.  
Once reaching the wellhead, this fluid has dropped below both the critical pressure and critical 
temperature, producing an unstable two-phase system that is susceptible to hydrate formation.  
Hydrates can block the tubing and surface equipment from the well to the separator and reduce 
production capacity of the well.  In addition, dehydration or free water control is more difficult in a 
two-phase system. 
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Field Development.  Shell initiated exploration drilling at McElmo Dome in 1976, to secure a 
supply of CO2 for injection in the Permian basin of west Texas.  The 820 km2 (202,605 acre) 
McElmo Dome (Leadville) Unit was approved by the Colorado Oil and Gas Commission in April 
1983 following a hearing in October 1982 for field-wide unitization.  At that time there were 35 wells 
drilled within the perimeter of the unit, including 28 drilled by Shell or Mobil.  The unitized zone 
encompasses the interval from the top of the Leadville to the top of the Devonian Elbert Fm. 

 
Shell began development and construction at McElmo Dome in 1983 and initiated 

commercial production later that year.  Nine of the previously drilled wells and thirteen new wells (22 
wells total) were completed in 1983.  Gathering and processing facilities were constructed.  37 km of 
25 kv and 115 km of 115 kv electric power lines were installed.  At start up the field had 22 wells 
producing into two central facilities (Maps 4-15 and 4-16). 

 
The steep canyons at McElmo Dome significantly limit and isolate drillable area.  Thus, the 

field originally was developed in five “clusters” of closely spaced wells producing into central 
processing facilities: Hovenweep, Yellow Jacket, Cow Canyon, Moqui, and Risley (Maps 4-17 and 
4-18).  The wells in each cluster are located within a 500-m radius of their corresponding processing 
facility.  Tight well spacing is feasible given a kh of more than 1,000 md-ft, which corresponds to the 
better reservoir rocks that offer 30-50 m of net pay with 10 mD average permeability. 

 
Howenweep and Yellow Jacket facilities areas were the first selected for development 

because they were the most accessible and had the most favorable terrain within the high-
permeability sweet spot.  These central facilities are fed from clusters spaced 2 to 3 km apart.  Each 
cluster has one to four wells spaced 150 to 350 m apart.  Each facility had an initial design capacity 
of 11,000 t/day (210 MMcfd).  The Moqui and Risley facilities were added soon after.  Later facilities 
were sized smaller 3,700 t/day (70 MMcfd)  to minimize surface handling problems and to add 
production capacity in smaller increments.  Currently there are 12 well cluster facilities. 

 
During initial field development, some of the wells drilled off structure were found to produce 

at relatively high water rates.  Water production is undesirable given the adverse impacts of water 
coning, corrosion, and water disposal.  Shell abandoned six of these wet wells. 
   

Well Drilling, Completion, Stimulation.  Most of the 58 CO2 production wells at McElmo 
Dome (including 16 temporarily abandoned wells) were drilled during the 1970’s and 80’s, although 
Kinder Morgan has drilled several new wells during the past few years.  The wells were drilled with 
salt-saturated light mud (Rmf 0.2 ohm-m at bottom hole conditions) to an average depth of 2,300 m.  
The logging program consists of dual resistivity, compensated neutron/formation density, BHC sonic 
log, and microlaterolog. 

 
Wells generally were completed using 19.4-cm (7 5/8-in) diameter carbon steel casing 

across the Leadville production zone, which was later perforated.  Figure 4-27 shows a completion 
diagram for production well 19-38-18.  The well was cased with 13 3/8-inch surface casing to a 
depth of 505 feet.  7-inch steel intermediate casing was cemented in to a depth of 7,995 ft.  4.5-inch 
production liner was set to a depth of 7,879 feet, perforated at 2 shots/foot intermittently at depths of 
8,284-8,500 ft, and acidized with 11,000 gallons of 15% HCl.  Finally, the lower two perforation 
groups were squeezed with cement to shut off water producing intervals.  The well is producing from 
the upper Leadville Fm. 
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High-chromium steel (13% Cr) production tubing conveys the CO2 to the surface.  13% Cr 
steel also is used for downhole packers and nipples.  13% Cr steel is a passive alloy that normally 
retains its passivated surface when exposed to CO2 solutions.  In acidic solutions free of HCO3

-, it 
loses its passive film but retains its good corrosion resistance by forming a black tarnish film which 
is a Cr-rich oxide.  During initial development, plastic-coated tubing had been used in 18 wells, but 
these were replaced with stainless after developing early leaks.  The initial production tubing size of 
11.4-cm (4.5-inch) diameter was found to constrain well productivity and has since been expanded 
to 14.0-cm (5.5-inch), the maximum tubing size for this casing; these upgrades have increased per-
well production capacity from 1,000 t/day (20 MMcfd) to nearly 1,600 t/day (30 MMcfd).  Upgrades 
of existing wells also avoids the added cost of new flow lines as well as permitting.  At the surface, 
the wellhead is insulated to protect from freezing (Figure 4-28). 

 
Two recent production wells drilled in 2001 by Kinder Morgan utilized 17.8-cm (7-inch) 

chromium-steel casing with 15.2-cm (6-inch) open-hole completions through the Leadville.  The 
wells produce at high rates, generally over 1,100 t/day (20 MMcfd).  Advanced deviated wells have 
been considered at McElmo Dome for new wells or recompletions to bypass water zones and 
connect with high-porosity pockets within the reservoir.  Purely horizontal wells are not considered a 
good option because they risk intersecting zones with poor vertical communication within the 
Leadville Fm.  High-angle (60º) deviated wells would allow twice the exposure to the reservoir 
compared with a vertical well, but with less risk of completing an isolated zone. 

 
Surface Facilities.  Map 4-17 shows the layout of surface facilities.  Flow lines from the 

wellheads deliver the liquid and wet CO2 vapor to a production separator for initial processing.  In 
the separator, the liquids (both water and CO2) are gravity separated from the wet CO2 vapor.  Free 
water is separated and then re-injected back into the Leadville Fm.   

 
Following dehydration, the dry CO2 is compressed to 14.2 MPa (2,100 psig) in two-stage, 

electrically driven compressors.  Supercriticality is achieved within the first stage, where pressure is 
boosted from 600 initially up to 1,300 psig and temperature from 4ºC up to 49ºC.  A second stage 
further boosts pressure to 2,100 psig (@ 86ºC).  After cooling to a pipeline-acceptable temperature 
of 16-38ºC, the dry, supercritical CO2 is transferred to the pipeline. 

 
A field-wide SCADA system provides communications with and control of the facilities from 

the Cortez and field offices.  Capability includes remotely open/close wellhead and cluster shutdown 
valves, compressors, and the central facilities.  The system processes alarms, statuses and analogs 
indicating when alarms occur and clear, and maintains statistics for identifying historical trends.  
Should a CO2 leakage occur, an alert system will notify the local community.  However, no leakage 
affecting the community has occurred in nearly 20 years of field operation at McElmo Dome. 

 
Produced water is collected through 3-inch diameter gathering lines and disposed in several 

dedicated water-disposal wells by reinjection into the Leadville.  The lines are carbon steel with a 
corrosion inhibitor injected for protection.  Despite these measures, the Yellow Jacket salt water 
disposal system was abandoned in 1988 because the internally bare Schedule 40 carbon steel line 
had developed internal pitting, caused by CO2 corrosion accelerated by the presence of oxygen.  
This had led to pinhole size leaks in the 29-km long water pipeline.  After the bare line was shut in, 
all water was trucked to the disposal well.  Shell then installed memory-expanded polyethylene 
lining inside the existing steel line.  This lining matches the inside diameter of the steel pipe, but is 
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temporarily reduced in size slightly using a sizing die during insertion.  Once in place, the liner 
slowly regains its original diameter, providing a tight liner fit under any pressure service.  The lining 
cost about 60% as much as a new carbon steel line.  The Yellow Jacket system was successfully 
restored and has not experienced new leaks.  The 19-km Hovenweep, 10-km Moqui, and Sand 
Canyon water disposal system lines also were remediated using memory-expanded polyethylene 
liners. 

 
CO2 Pipeline. Kinder Morgan transports supercritical CO2 produced at McElmo Dome to 

enhanced oil recovery projects in the Permian basin of western Texas and eastern New Mexico via 
the 808-km (500-mi) long, 76.2-cm (30-in) diameter Cortez pipeline, the world’s largest with a 
production capacity of over 60,000 t/day (1.1 Bcfd).  The pipeline originates in Cortez, Colorado and 
terminates in Denver City, Texas (Maps 4-2 and 4-3).  This pipeline is constructed of carbon steel 
with no internal protective coating.  Thus, produced CO2 must be thoroughly dehydrated prior to 
entry to the pipeline, as described above. 

 
At flow rates below about 35,000 t/day (650 MMcfd), the Cortez pipeline operates as a 

gravity flow line and does not require compression.  The CO2 simply travels downhill from the 
mountains of southwest Colorado to the flat plains of west Texas.  However, compression is needed 
to overcome friction losses at higher flow rates, such as the current 43,000 t/day (820 MMcfd) that 
have prevailed throughout most of its operation.  Centrifugal pumps were selected over 
reciprocating or centrifugal compressors because of lower cost, higher efficiency and reliability, and 
better operating flexibility.  Suction pressure for the pumps range from 1,300 to 1,800 psi.  Maximum 
discharge pressure is about 2,000 psi.  Testing of single-seal pumps gave unacceptable results (20-
hour seal life) due to the poor lubricating properties of supercritical CO2.  Instead, a double-seal 
design was selected with oil between the seals to enhance seal life (two years). 

 
There are seven mainline stations along the pipeline, including three pressure-reducing 

stations downstream of the Sandia Mountains, where the elevation difference of 900 m creates a 
static pressure gain of about 1,200 psi.  These stations keep the CO2 above its critical pressure of 
1,100 psi but below the 2,145 psi pressure limit of the pipe in this stretch.  The wall thickness of the 
Cortez pipeline is telescoped from (0.688 to 1.000 inch) to handle the pressure changes.  Fittings 
are either ANSI 900 lb or ANSI 1,500 lb, depending on the local pressure requirement. 

 
The Cortez station is where the gathering system pipelines join to form the mainline.  Both 

legs of the gathering system are monitored for line integrity, using vortex shedding meters, and for 
quality control.  Pressure relief valves were installed on each incoming gathering line to avoid 
overpressuring of the gathering system and mainline.  The remaining stations include three pump 
and three pressure-reducing stations.  Meter runs equipped with orifice meters and densitometers 
are used to calculate throughput. 

 
Corrosion Control.  Given the highly corrosive environment of the McElmo Dome CO2 field 

setting, and the potential hazards of leakage, Shell and Kinder Morgan have employed a variety of 
measures to assure environmental and health safety.  Production at McElmo Dome comprises a 
combination of liquid CO2, water and a CO2/H2O vapor, produced at a temperature of approximately 
13º C.  Prior to field development during the early 1980’s, Shell conducted an extensive program of 
laboratory research on corrosion inhibition to formulate an appropriate production system.  They 
determined that the use of costly high-chromium steel components could be minimized by an 
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effective dehydration system, which precludes the formation of free water and corrosion within the 
Cortez pipeline. 
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5.0 Preliminary “Good Practices” Operational Techniques for Geologic Sequestration 
 
 The three natural CO2 fields evaluated in this study provide useful insights for the 
development of “Good Practices” operational techniques and procedures for geologic CO2 
sequestration facilities.  These insights, coupled with understanding gained from analysis of 
enhanced oil recovery and underground gas storage fields by other studies, provide a foundation for 
establishing good practices and guiding further research to address gaps in knowledge.  However, 
an obvious gap is that the three types of industry operations (natural CO2 production, EOR, UGS) 
are relatively short-term activities (time scale of decades), whereas CO2 sequestration will need to 
be conducted over a much longer time frame (time scale of thousands of years). 
 
5.1 Environmental and Safety Procedures (Sub-Task 3.2) 

 
There have been relatively few environmental and safety incidents associated with natural 

CO2 fields, and none at the three fields in this study (McElmo, Jackson, St. Johns).  Given that CO2 
in high concentrations can be dangerous, each of the fields employs environmental and safety 
procedures.  This mainly involves monitoring the pressure, concentration, flow rate, and extent of 
corrosion of the CO2 production wells at the fields.  In cases of emergency, there are loudspeakers 
to warn field personnel and surrounding communities to evacuate.  Industry’s experience at other 
natural CO2 fields and certain oil production fields provides further insights on environmental and 
safety procedures. 
 

Sheep Mountain Blowout.  25 years ago, a well blew out at the Sheep Mountain natural 
CO2 field in Southern Colorado, providing an example of CO2 leakage and the remedial actions 
taken to control the situation.  The Sheep Mountain CO2 field contains 110 million tons (2 Tcf) of 
original CO2 gas in place (OGIP).  The CO2 reserves are contained in the K Dakota sandstone 
reservoir at a depth of about 1 kilometer (3,300 feet). The field currently supplies about 3,000 
tons/day (54 MMcfd) of CO2, down from 15,000 tons/day in 1987, for use in CO2-EOR operations in 
the Permian Basin. 

 
On March 17, 1982, a directional CO2 production well at Sheep Mountain (Well 4-15-H) blew 

out during coring operations.  The well flowed for 18 days at an estimated rate of 11,000 tons/day 
(200 MMcfd) of CO2. Total emissions from the blowout were estimated at 190,000 t (3.6 Bcf) of CO2, 
which vented out of surface rock fractures on the slope of a hill directly above the drill site. 

 
This well blowout occurred early in the Sheep Mountain field’s life, when pressure in the field 

was still high, and the subsurface structure was poorly understood. The underground blowout 
apparently occurred at the base of surface casing (84 m depth), with the released CO2 connecting 
with offset wells and surface fissures. The blowout event was induced by reduction in mud weight to 
remove solids for improved coring. 

 
The operator was initially unable to control the well by injecting overbalanced fluids 

(generally the simplest solution) because the small tubing size of the well (11.4-cm or 4.5-in) caused 
excessive frictional pressure losses. Instead, the well was finally controlled by use of dynamic 
control technology where the frictional pressure was reduced by adding friction reducers to the 
CaCl2-brine fluid. Approximately 1,500 barrels of fluid were required to control the well.  This mixture 
was injected through a snubbing unit at a rate of 570 cubic meters per hour down the production 
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tubing. This well was then plugged and abandoned.  Fortunately, no adverse environmental or 
health impacts occurred in this sparsely populated area.  

 
The incident demonstrated that industry’s well control techniques can be successfully 

applied to CO2 production and (by analogy) injection.59  Unlike the over-pressured Sheep Mountain 
field, some of the future CO2 storage sites are likely to be depleted oil and gas fields, with lower risk 
of blowout during injection, and will have much more geological data.  However, because saline 
formations are already, in general, at hydrostatic pressure, CO2 injection will entail high pressure, 
calling for additional reservoir characterization and safety measures to assure safe options in these 
types of CO2 storage reservoirs. 

 
Induced Faulting.  Under certain conditions, oil field production operations can induce 

faulting within a field.  The initial reservoir study of the Valhall and Ekofisk oil fields in the North Sea 
showed that normal faulting existed on the crest of the structures in these two fields.60  Reservoir 
depletion appeared at Ekofisk to create faults on the flanks.  Passive seismic monitoring at these 
fields measured micro-earthquakes which corroborated active normal faulting. 

 
The production-related induced faulting at the Ekofisk Field was identified based on 

problems associated with sheared well casings, subsidence, and gas leakage through the caprock.  
The 15 years of reservoir depletion reduced the pore pressure in the reservoir.  Initially, stress on 
the crest was high enough to cause active normal faulting over geologic time, although these faults 
appeared to have sealed (approximately 30 to 40 MPa).  Production operations caused the stress 
regime to cross into normal faulting regime (<30 MPa) as the reservoir was depleted. Injection of 
water and the maintenance of pore pressure in the reservoir would have helped mitigate the induced 
faulting. 

 
Future CO2 storage operations will need to evaluate the potential for stress-induced changes 

in fault kinematics, where CO2 injection and field pressurization changes could lead to reactivation 
of dormant faults or even the creation of new faults.  Selecting sites with thick, ductile rock salt cap 
rock at McElmo Dome and similar sites would mitigate such faulting risk. 
 
 
5.2 Assessing Cross Technologies from EOR and UGS Fields (Sub-Task 3.3) 
 
 Enhanced oil recovery (EOR) and underground gas storage (UGS) fields also can provide 
valuable insights for developing good practices operational technologies for geologic CO2 
sequestration. 
 
UGS Fields.  An in-depth look at gas storage gives confidence that, with proper site selection, 
rigorous well design, thorough modeling, targeted monitoring, and workable mitigation strategies, 
the storage of CO2 in geological formation can be safe and secure. 61  The gas storage industry has 
operated efficiently, and with very few incidents of leakage, for nearly 100 years.  Many of the gas 
leakage incidents in gas storage were due to problems with well integrity and were promptly 
remediated.  Improper site selection, particularly the inadequate testing of the gas storage 
formations caprock (seal), accounts for the remaining incidents of natural gas leakage. 
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The incidents of reported leakage from the more than 600 gas storage sites, many in 
operation for 30 to 50 years or more (approximately 25,000 site years of operation) are quite small, 
with only 10 such leakage incidents identified by a recent GTI study of the U.S. natural  gas storage 
industry.  Even smaller are the volumes of gas leakage, estimated at 0.015% per year of stored 
volume.  Assuming that about 80% of the gas that leaked was captured by shallow wells, the 
volume of gas leakage to the atmosphere has been even less, estimated at 0.003% per year of 
stored volume, or 0.2 Bcf/year from a storage capacity of 7,000 Bcf.   

 
With more rigorous site selection procedures helping to avoid areas with inadequate 

reservoir caprock (seals), with modern well design, materials, and completion procedures helping 
improve well integrity, with considerably more rigorous CO2 plume modeling and installation of CO2 
monitoring systems, and with the much less buoyant nature and lower mobility of the CO2, the 
levels of leakage in CO2 storage fields should be considerably less than experienced in the past by 
natural gas storage fields. 
 

The review of natural gas storage sets forth the following geological conditions essential for 
successful, safe storage: 
 

• An impermeable caprock 
• Rigorous mapping and remediation of all old abandoned wells 
• An anticline with sufficient and clearly defined structural closure 
• A porous and permeable reservoir with sufficient pore volume and depth to provide storage 

capacity. 
• A sufficiently deep reservoir to provide safe distance from sources of potable water. 

 
The study noted only five incidents of caprock leakage in UGS fields, all prior to 1980.  All 

noted incidents of caprock leakage in underground gas storage fields were associated with aquifer-
based natural gas storage.  This finding is particularly insightful in that aquifer storage accounts for a 
relatively small (13%) of the natural gas storage installations.  Natural gas storage operators give 
particular attention to evaluating the presence of abandoned oil and gas wells that could 
compromise the integrity of the gas storage site.  In spite of the potential problems with older wells, 
and the large number of depleted oil and gas fields being used for underground natural gas storage, 
only one incident of gas leakage is reported due to an old, improperly plugged well. 
 

In the 1970’s, natural gas was detected as leaking from abandoned oil and gas wells in the 
West Montebello, California (USA) gas storage field.  The leaked natural gas was trapped and thus 
accumulated in a shallower zone and did not reach the surface.  The problem wells were plugged 
and the natural gas in the shallower zones may eventually be produced. 
 

Gas storage operators spend considerable effort to select closed aquifer systems, with 
structural closure provided by dome-like formations sealed with an impermeable caprock.  Natural 
gas (like CO2) is buoyant, less dense than the water in an aquifer and will remain in the dome, 
preventing horizontal and lateral migration.  When selecting an aquifer with structural closure, it is 
important to establish the “spill point”, the lowermost position of the dome that would prevent natural 
gas from spilling out and escaping structural confinement.  The lack of proper definition and 
observance of the “spill point” led to one example of the gas leakage.   
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In 1992, a salt cavern gas storage field in Benham, Texas (USA) was overfilled.  Natural gas 
entered into an adjoining brine pit and then formed a low-lying cloud several hundred yards long.   
The released natural gas exploded, killing three people, injuring 21 people and causing $9 million of 
damage. 
 
EOR Projects.  There has been more than three decades of CO2 injection and monitoring 
experience in the oil fields of the Permian Basin, Rocky Mountains, and other areas.  Detailed 
analysis of EOR is beyond the scope of the Natural Analog study, but a particularly valuable study 
that has begun to examine industry’s experience is the comprehensive study of CO2-EOR projects 
performed by Grigg.62

 
Another in-depth study of the long-term storage mechanisms and risks of CO2 leakage is 

provided by the Weyburn CO2 Monitoring and Storage Project.63   Weyburn is a major CO2-EOR 
and CO2 sequestration field project, currently injecting over 2 million tons of industrial CO2.  The 
source of the CO2 is the Northern Great Plains gasification plant in North Dakota, and the CO2 is 
injected into the Midale Formation of the Weyburn oil field in Saskatchewan, Canada.  

 
During the CO2-EOR phase of the project, from years 2000 to 2035, EnCana, the operator of 

the Weyburn oil field, plans to store 23 million metric tons of CO2 in the Midale oil formation.  
Subsequent to the CO2-EOR project, and during the CO2 sequestration phase from years 2035 to 
2055, the operator plans to inject and store another 32 million metric tons of CO2.  As such, a total 
of nearly 55 million metric tons of CO2 will be stored in this oil field. 

 
The trapping and long-term storage of CO2 at Weyburn is expected to occur by four 

mechanisms.  The major mechanism, accounting for 44% of long-term storage, is dissolution in the 
oil left behind after the CO2-EOR project.  Solubility trapping in water and mineral trapping are each 
estimated to account for about 28% of long-term storage.  Ionic trapping of CO2 in water makes only 
a small contribution.  Given the presence of these various CO2 trapping mechanisms and the 
competence of the caprock, the presence of structure, and the safety provided by overlying 
sediments, a risk assessment of the Weyburn Project estimated that only 0.2% of the injected CO2 
will leak to the atmosphere in 5,000 years. 
 
 
5.3 Good Practices Technologies for CO2 Sequestration (Sub-Task 3.4) 
 

The development of “Good Practices” technologies for CO2 sequestration is a major ongoing 
effort supported by USDOE, industry, and other groups.  This Natural Analog study is one small part 
of this effort, but we can draw some very preliminary conclusions on this area based on our work.  

 
The dominant strategy for leak prevention and remediation is obviating the need for 

remediation in the first place, by selecting storage sites that have an extremely low risk of leakage 
over geologic time.  In selecting geologically favorable, safe and secure storage sites, five 
considerations stand out: 

 
• Caprock (Seal) Integrity.  Does the proposed reservoir's caprock and bounding layer(s) 

have sufficient thickness, low permeability, and minimal faulting to serve as essentially a 
permanent seal for stored CO2? 
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The first step in addressing caprock integrity is to develop a sound, overall understanding of 

the geological formations and particularly the regional extent of the caprock and the storage 
reservoir. This would be followed by undertaking a detailed investigation of the geological formations 
at the storage site, such as constructing in the Natural Analog study on McElmo, St. Johns, and 
Jackson Dome fields.  Geologic cross-sections are essential for understanding the regional extent of 
the caprock as well as for identifying large anticlinal structures and other features that would contain 
and thus limit the movement of the injected CO2.  Detailed log evaluations of the subsurface at and 
around the storage site will help place the local data into a regional context. 

 
The second step is to take core samples of the caprock and test the samples for the 

threshold pressure of the caprock.  This is particularly important for establishing the safe maximum 
bottomhole pressure during injection and storage of CO2. 

 
The third step is to conduct a series of permeability tests of the caprock involving water 

withdrawal from the zone below the caprock to create a pressure differential across the caprock.  
Any unexpected changes in pressure above the caprock would indicate the potential for faults or 
other paths of permeability whose presence would compromise the integrity of the caprock. 

 
• Assured Natural Confinement.  Does the proposed storage reservoir have a structural 

component or other mechanisms that would confine the updip migration of CO2?  Has the 
reservoir site been selected in areas or where tectonic activity would not potentially 
compromise storage confinement? 

 
Structural confinement is a critical component for a safe, secure storage site.  By definition, 

oil and natural gas fields have an established history of structural confinement.  However, when 
assessing saline aquifers for secure CO2 storage, structural confinement is just as essential as it is 
for oil and gas fields.  The site assessment activity should look for two types of structural 
confinement. 
 

The first type of structural confinement is a distinct, classic anticline (dome) that would trap 
CO2, much as the structures found over conventional oil and gas fields or used for establishing an 
aquifer-based natural gas storage field.  The second type of structural confinement is an updip 
closure, created by an arch or a major discontinunity. 
 

• Assured Wellbore Integrity.  Are there any older producing or abandoned wells in the 
expected path of the CO2 plume?  To what extent have the wells been designed for safe, 
long-term operations involving CO2 injection?  Will the procedures for plugging and 
abandoning the CO2 injection wells assure essentially no leakage?  

 
The initial step for ensuring wellbore integrity is to identify the location and vertical 

penetration of all wells drilled in the vicinity of the potential CO2 storage site.  State oil and gas 
boards, geological surveys and private well record archives are the first place to look for the 
locations and completion records for abandoned wells. 

 
In some cases, particularly where the abandoned wells have been drilled some time ago and 

prior to more modern well recording and abandonment standards, it may be essential to 
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independently locate the old, abandoned wellbores.  New techniques, such as those being 
developed and tested by the U.S. DOE Carbon Sequestration Program provide one means by which 
to locate these older, poorly recorded wells that could create a CO2 leakage pathway.  More than 
likely, these independently identified wells will need to be properly recorded and re-plugged. 

 
For wells whose locations are correctly identified in state or other records, and are (or will 

be) in the path of the CO2 plume, it will be important to assess the completion methods that were 
used on the well, including: a) the extent and nature of well cementing (partial or fully to the 
surface), particularly for wells still in operation; b) the specifics of the well casing, particularly across 
the interval of interest (if the casing is still in-place); c) the prior use of hydraulic fracturing 
(particularly in the interval of interest), to determine whether a hydraulic fracture may have created a 
leakage pathway though the caprock; and d) the actual well plugging and abandonment procedures 
that were recorded and used. 

 
• Sufficient Reservoir Storage Capacity.  Will the proposed geological formation be able to 

store sufficient volumes of CO2 without exceeding a "spill-point" or reaching an escape 
conduit? 

 
The three Natural Analogs studied are relatively large compared with the capacity required 

for individual power plants.  An ideal CO2 storage site (or combination of closely located sites) would 
accommodate and accept CO2 injection volumes for 30 to 50 years, equal to the CO2 emissions 
from a plant (or combination of plants).  For example, a single 500-MW coal-fired power plant, with 
annual CO2 emissions of about 3 million tons (depending on the efficiency of the plant), will need on 
the order of 90 to 150 million tons of overall CO2 storage capacity. 

 
As an example of advanced storage design, the CO2-EOR and CO2 storage project at the 

Weyburn oil field, with 1.4 billion barrels of original oil in-place, is planning to store 23 million tons of 
CO2 during EOR plus an additional 32 million tons of CO2 as part of its CO2 storage phase, over a 
period of about 55 years.  This is still much less volume than the original CO2 in place at McElmo 
Dome field, which is estimated at approximately 1.6 Bt (30 Tcf). 
 

• Sufficient Reservoir Injectivity Rate and Safe Pressures.  Will the proposed geological 
formation accommodate sufficient rates of CO2 injection and pressure without creating 
fracturing or other leakage pathways? 

 
Once caprock integrity, structural confinement, wellbore integrity and storage capacity are 

addressed, assessing the reservoir’s ability to safely accept CO2 via injection is the next step in the 
evaluation process.  The key reservoir parameters that control the injection rate of CO2 are: a) 
reservoir permeability and relative permeability; b) reservoir net thickness; and c) the current and 
the maximum safe reservoir pressure.  Many of the same tools and procedures for gathering 
information for establishing CO2 storage mechanisms in the Natural Analogs, discussed in 
preceding chapters of this report, could be used to collect geologic and reservoir data that will help 
define the CO2 injectivity of the storage reservoir.   
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6.0 Conclusions 
 
 Analysis of three naturally occurring, commercially productive CO2 fields in the United States 
has provided numerous insights useful for the screening, selection, design, approval, and operation 
of engineered geologic CO2 storage facilities.  Natural analogs studies complement parallel work on 
industrial analogs, field testing and demonstrations, and reservoir and cap rock modeling.  However, 
many of these insights are unique to commercial natural analogs, which had not previously been 
assessed in this context. 
 

• Natural Processes Stored CO2.  The St. Johns, McElmo, and Jackson Dome CO2 
accumulations all formed by natural geologic processes -- in these particular fields by direct 
outgassing of CO2 from the mantle -- illustrating that engineered CO2 storage sites are not 
necessarily inconsistent with nature.  Seemingly self-evident, this analysis could be helpful in 
garnering broad public and scientific support for industrial-scale geologic CO2 storage. 

 
• Similar Scale to Proposed Engineered Sites.  The natural analogs are similar in scale to, 

or somewhat larger than, most proposed engineered CO2 storage sites (100 to 1,500 million 
t of CO2 originally in place; 2 to 30 Tcf).  McElmo Dome alone stored the equivalent of one 
year’s emissions from power generation in the USA.  Once depleted, the sites could provide 
excellent sites for storing anthropogenic CO2, thanks to excellent existing subsurface data, 
wellbores, and surface infrastructure. 

 
• CO2 Stored for Millions of Years.  Noble gas and stable carbon isotopes conducted at the 

three fields demonstrate that CO2 was sourced directly from the mantle, rather than by 
thermal breakdown of carbonate as previously theorized, and was probably associated with 
nearby igneous intrusions that date back as long as 70 million years.  The three fields stored 
CO2 for a very long period of time (millions of years, effectively “forever” in human terms), 
thanks to thick, sealing cap rocks.   

 
• Effective Cap Rocks.  Thick and effectively sealing cap rocks have kept CO2 from leaking 

from the storage reservoir at the three sites.  McElmo Dome has 400 m of rock salt (halite) 
and over 1 km of massive shale above the Leadville CO2 reservoir.  Detailed mapping 
showed that faults cutting the Leadville die out and anneal within the overlying salt cap rock, 
illustrating the resilience of this rock type in obviating leakage due to tectonic activity.  
Jackson Dome fields have geopressured reservoir conditions up to 50% above hydrostatic 
levels, demonstrating a tight seal.  The area around St. Johns Dome shows signs of CO2 at 
the surface.  However, it more likely came from another source (e.g., Springerville volcanics) 
or perhaps by overfilling and spillage from St. Johns Dome, rather than by direct leakage 
through the cap rock.  Elevated helium content of up to 1% across St. Johns indicates 
sealing cap rocks, since helium is a much smaller and more fugitive molecule than CO2. 

 
• Safe, Cost-Effective Commercial Production Technologies.  St. Johns, McElmo and 

Jackson Dome fields are commercially productive, currently providing about 27 million t/year 
(1.4 Bcfd) of CO2, mainly for injection into depleted oil fields for enhanced recovery.  During 
the past two decades, over 260 million t (5 Tcf) of CO2 has been produced and transported 
at the three fields without a significant accident or loss of life.  Regulation and permitting is 
routinely conducted under state oil and gas rules.  The commercial CO2 production industry 
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has developed cost-effective technologies for drilling, completing, and operating CO2 wells 
as well as transporting it long distance, as long as 808 km (500 mi) in the case of the Cortez 
pipeline.  These technologies, documented here for the first time, could be adapted for the 
longer-term time scale needed for storing anthropogenic CO2. 

 
This study was conducted mainly based on existing data, apart from new geochemical data 

that was collected.  However, further work at natural CO2 fields offers big potential for improving the 
design, permitting, and construction of engineered CO2 storage. 
 

• Core the Cap Rock.  Understanding cap rock geology is one of the most important inputs 
for selecting and designing safe and effective CO2 storage sites.  Yet, very little data exists 
on cap rock geology.  During normal commercial operations the reservoir is typically cored, 
but not the cap rock.  Thanks to current high oil prices, there is the unique opportunity to 
core and study cap rock from new wells being drilled at the CO2 fields.  This would provide 
data to constrain long-term simulation models for engineered storage, particularly leakage 
rates and pathways. 

 
• National Database of CO2 Fields.  Permitting engineered CO2 storage sites would go more 

smoothly if there were documented natural analogs nearby.  The three analogs studied are 
appropriate analogs only for nearby fields with similar cap rock geology.  What is needed is a 
national data base of natural CO2 fields, particularly to document long-term storage in 
regions with high anthropogenic emissions, such as the mid-West, Northeast, and California. 
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