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Disclaimer: 

 

This report was prepared as an account of work sponsored by an agency of the United States Government. 

Neither the United States Government nor any agency thereof, nor any of their employees, makes any warranty, 

express or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or usefulness 

of any information, apparatus, product, or process disclosed, or represents that its use would not infringe 

privately owned rights. Reference herein to any specific commercial product, process, or service by trade name, 

trademark, manufacturer, or otherwise does not necessary constitute or imply its enforcement, recommendation, 

or favoring by the United States Government or any agency thereof. The views and opinions of authors 

expressed herein does not necessarily state or reflect those of the United States Government or any agency 

thereof. 
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1 Abstract 
 

GeoMechanics Technologies has completed a geomechanical caprock integrity analysis and risk assessment 

study funded through the US Department of Energy. The project included:  a detailed review of historical 

caprock integrity problems experienced in the natural gas storage industry; a theoretical description and 

documentation of caprock integrity issues; advanced coupled transport flow modelling and geomechanical 

simulation of three large-scale potential geologic sequestration sites to estimate geomechanical effects from 

CO2 injection; development of a quantitative risk and decision analysis tool to assess caprock integrity risks; 

and, ultimately the development of recommendations and guidelines for caprock characterization and CO2 

injection operating practices. Historical data from gas storage operations and CO2 sequestration projects suggest 

that leakage and containment incident risks are on the order of 10
-1

 to 10
-2

, which is higher risk than some 

previous studies have suggested for CO2. Geomechanical analysis, as described herein, can be applied to 

quantify risks and to provide operating guidelines to reduce risks. The risk assessment tool developed for this 

project has been applied to five areas:  The Wilmington Graben offshore Southern California, Kevin Dome in 

Montana, the Louden Field in Illinois, the Sleipner CO2 sequestration operation in the North Sea, and the In 

Salah CO2 sequestration operation in North Africa. Of these five, the Wilmington Graben area represents the 

highest relative risk while the Kevin Dome area represents the lowest relative risk. 
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2 Executive Summary 
A primary factor influencing long-term geologic storage of CO2 is caprock integrity. Large-scale CO2 injection 

projects require improved and advanced simulation tools and risk assessment techniques to better predict and 

manage system failures. GeoMechanics Technologies has completed a multi-phase geomechanical caprock 

integrity study to advance understanding of caprock integrity issues. 

 

First, we completed a detailed review, description, and analysis of historical leakage events related to caprock 

integrity within the natural gas storage industry. The majority of underground natural gas storage (UNGS) 

occurs in depleted oil and gas reservoirs (85%). Although accounting for only 10% of storage facilities overall, 

most geologically controlled leakage has occurred from aquifers converted to gas storage (65%). In these cases, 

conduits in the caprock are present due to fracturing or faulting associated with reservoir-creating anticlinal 

structures. Leaks occur as a result of the more challenging nature of aquifer gas storage:  less geologic data, 

higher required pressures, and unconfirmed sealing. To estimate failure rates and risk, several researchers have 

documented incidents of leakage at UNGS facilities. Based on our survey of these studies, the rate of failure can 

be estimated:  of 485 operational and abandoned UNGS facilities in the U.S., Europe and Central Asia available 

for study, 22 of these reservoirs have leaked because of some form of caprock failure, representing a 4.5% 

failure rate. Although leakage events involving well failure are much more common (about 200 such cases, or 

41% incident rate), leaks occurring from caprock failure are more difficult to detect and control in-situ and, 

therefore, have demanded particular pre-operational attention and, as a result, been largely avoided in the past 

35 years. The review of these incidents provides new and critical information for the CO2 sequestration industry 

that can significantly improve project design and operating practices.  From our detailed review, analysis, and 

description of historical leakage events related to caprock integrity within the natural gas storage industry, we 

conclude that risks for gas leakage events are generally higher than previously estimated and published, and are 

in the range of 10
-2

 to 10
-1

. 

 

Second, we developed and described analytical equations and numerical models that can be applied for first 

order estimates of induced stresses and strains due to pressure and temperature changes related to CO2 injection. 

 

Third, a process for one-way coupled fluid and heat flow simulation and geomechanical simulation to estimate 

induced stresses and failure risks was applied to three large-scale potential geologic sequestration sites to 

ascertain their risk of caprock failure due to geomechanical damage:  the offshore Los Angeles Wilmington 

Graben; the northern Montana Kevin Dome structure; and the Louden natural gas storage field in central 

Illinois. Detailed geologic models of each site were created from stratigraphic and lithologic information 

collected from maps and wells located throughout the fields. The completed geologic models of each of these 

three sites were used as input for CO2 injection and fluid migration modelling. To manage areas with uncertain 

geology, several geologic scenarios were simulated to determine the horizontal and vertical extent of the CO2 

plume after 30 or more years of injection. Geomechanical models were used to evaluate induced deformations 

and stresses within the reservoirs and overlying caprocks and to analyze potential fault activation. This report 

includes detailed results from our fluid flow and geomechanical modelling for these three potential geologic 

sequestration sites in the US. 
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Fourth, a quantitative risk and decision analysis tool (QRDAT) to assess caprock integrity was also developed 

and applied. Loss of caprock integrity was assumed to occur via tensile fracturing, fault activation and wellbore 

failure. The likelihood of loss events can be assessed with a spreadsheet model for these leakage pathways 

based on a set of general gas-storage and CCS-specific risk factors. For each factor, a range of parameter values 

associated with high, moderate and low leakage potential was made available and assigned a score. This leads 

to a total score of each set of site-specific parameter values, which can be translated into a loss event 

probability. The tool has been applied to the three modeled potential sequestration sites, as well as two 

operating large-scale sequestration sites, resulting in relative risk estimates. 

 

Last, we have developed recommendations and guidelines for caprock characterization and CO2 injection 

operating practices which will reduce caprock integrity damage risks. 
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3 Historical Data Review and Documentation of Caprock Integrity 
Observations in the Gas Storage Industry and in the Oil and Gas Waste 
Injection Industry 

 

We have reviewed historical data and documented caprock integrity problems in the gas storage industry. 

Reviewing and analyzing many of these incidents provide new and critical information to the CO2 sequestration 

industry, which should significantly improve project design and operating practices to help ensure permanent 

geologic storage. This effort has consisted in collecting and analyzing gas storage data associated with caprock 

integrity problems, and examining maximum pressure limits and analyzing past failure incidents that have 

occurred during gas storage operations. 

 

Some of this information was gathered by contacting State Oil and Gas Boards. This information is public but 

not commonly known to be available. Several examples include migration of storage gas from the Mt. Simon 

formation, the St. Peters formation and others into overlying formations at several storage fields throughout the 

Illinois Basin. 

  

The primary source of information has come from a review of publicly available literature, as well as from 

incident reports, petitions, affidavits, and root cause analysis reports submitted to State Oil and Gas Boards. 

Additional information has come from legal court filings. We have searched records for all states with historical 

gas storage operations in depleted reservoirs and saline aquifers.  

 

 

3.1 Underground Storage of Natural Gas 

Natural gas is stored underground primarily in depleted gas and oil reservoirs, aquifers, and mined salt caverns 

to help meet cyclic seasonal and/or daily demands for gas. It is a practice that reduces price volatility and 

balances the flow in pipeline systems (Benson, 2002; DNV, 2010). 

In seasonal (or base-load) storage, natural gas is injected during the summer, when demand for heating is low, 

and is withdrawn during the winter season. Depleted gas reservoirs and aquifers are used for this type of 

storage. Salt caverns are used for short-term storage, because they can quickly switch from injection to 

withdrawal and operate at large injection and extraction rates. Salt caverns are more expensive to construct, but 

have the flexibility to react immediately to unexpected changes in gas demand and/or price (Benson, 2002).  

Natural gas can be stored for an indefinite period of time. The exploration, production, and transportation of 

natural gas all take time, and the natural gas that reaches its destination is not always needed right away, so it is 

often injected into these underground storage facilities. These storage facilities can be located near market 

centers that do not have a ready supply of locally produced natural gas (NaturalGas.org, 2011). 

The necessary conditions for underground natural gas storage are (Figure 1): 
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• A geologic structure under which fluid can accumulate (e.g., an anticline with sufficient closure). 

Closure is the vertical distance from the top of the anticline to the highest adjoining syncline (or possible 

spill point). 

• A reservoir (i.e., porous and permeable layers of rock). 

• A caprock (i.e., impermeable or low-permeable, water-wet rock layers that prevent the stored fluid from 

rising or moving laterally to rise elsewhere). 

• Water present to confine the stored fluid in all directions. 

• Adequate overburden (depth) to allow the storage of fluids under sufficiently high pressures. 

 

The most common form of underground storage consists of depleted gas/oil reservoirs (about 80% of all storage 

fields in North America). The presence of hydrocarbons indicates the existence of a reservoir and an effective 

caprock to hold fluids below it (Katz and Coats, 1968). Depleted reservoirs are those formations from which 

most recoverable hydrocarbons have already been produced. This leaves a naturally occurring, underground 

formation already proven to be geologically capable of securely holding natural gas for millennia in the past. 

Furthermore, using an already developed reservoir for storage purposes allows the use of the extraction and 

distribution equipment (existing wells, gathering systems, pipeline connections, etc.) left over from when the 

field was productive. Having this network in place reduces the cost of converting a depleted reservoir into a 

storage facility.  

 

 

 
Figure 1. Definition of a Storage System (section of an anticlinal reservoir; Katz, 1978) 
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Aquifers are more expensive to develop for gas storage than depleted O&G fields and generally less desirable 

for a number of reasons. First, the geological characteristics of aquifer formations are not as thoroughly known, 

as with depleted reservoirs. A significant amount of time and money goes into evaluating the geological 

characteristics of an aquifer, and determining its suitability as a natural gas storage facility. Second, in order to 

develop a natural aquifer into an effective natural gas storage facility, all of the associated infrastructure must be 

developed. Third, aquifer formations often require a great deal more 'cushion gas' than depleted reservoirs. 

Finally, aquifer storage creates pressure gradients that the storage and caprock formations have not previously 

experienced. This could result in failure of the caprock due to the displacement of the static water column, 

forcing water out of the caprock and permitting gas to leak from the storage formation. This process is known as 

exceeding the threshold displacement pressure or threshold pressure (Evans & West, 2008). 

The final primary gas storage environment is within solution mined salt caverns. These have the advantage of 

high deliverability and relative simplicity (generally requiring only a single well per cavern). They have the 

disadvantage of relatively small volume, and the further disadvantage of long-term salt creep (on the order of 

1% to 5% closure rate per year in some instances). Salt caverns were initially assumed to be more secure than 

depleted reservoirs because of the relatively impermeable nature of the surrounding salt. In practice, however, 

the rate of failure and loss events in salt caverns has been similar to, if not more frequent, than depleted 

reservoir storage. And because the high pressure gas can release so quickly, loss events at salt caverns have 

been more catastrophic and damaging with several fires and blowouts occurring over the past 10 years.  
 

 

3.2 Leakage from Gas Storage Operations 
 

Gas storage fields are operated around the world, and the majority of these operate without problems. In some 

instances, however, gas has migrated from the storage zone to overlying formations, to shallow groundwater, 

and even to the surface. Some of the primary leakage mechanisms are illustrated in Figure 2, and include but are 

not limited to: 

 

• Pore space/capillary pressure/permeation (caprock matrix) 

• Fault plane/fracture transmission (structural; Figure 3) 

• Induced fracturing, faulting and bedding slip (geomechanical; Figure 4) 

• Dissolution channels/shrinkage cracks (geochemical); and, 

• Leakage along poorly cemented wells. 
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Figure 2. Some Gas Storage Reservoir Leakage Mechanisms   (Nygaard, 2010) 

 

 
Figure 3:  Schematic illustration of faulted sand-shale sequence (after Færseth, 2006) 
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Figure 4. Geomechanical processes associated with geologic sequestration of CO2 

Though created to demonstrate CO2 injection geomechanical processes, natural gas injection in geomechanically analogous in this 

context. Top: different regions of plume, pressure and geomechanical changes; bottom left: injection-induced stress, strain, 

deformations, and microseismicity resulting from temperature and pressure changes; bottom right: unwanted inelastic changes 

compromising sequestration efficiency (Rutqvist, 2012). 

 

 

Most instances of geologically controlled gas migration problems have occurred in aquifer gas storage 

operations. In some cases the flaws in the caprock were associated with previously unrecognized fracturing or 

faulting associated with the anticlinal structure of the gas storage field. With depleted oil and gas operations, the 

initial seal is relatively secure, but can sometimes become degraded over time with repeated pressure and stress 

cycling. This is particularly true if the caprock is relatively thin and brittle.  Finally, gas storage in salt caverns 

presents the added problem of long term salt creep and large scale deformations, which can lead to significant 

well damage.  

In the vast majority of cases overall, gas leakage has been caused by defective wells (poorly completed or 

improperly plugged abandoned wells) or by wells which became damaged due to deformations. Over time, as 

engineering practices have improved and regulatory oversight has grown more stringent, wells have become 

better designed and more secure. But leaks that occur due to caprock integrity issues are more difficult to detect 

and control (Benson, 2002). 

 

The gas storage industry has successfully applied several caprock integrity testing techniques, individually or 

combined to assess safe storage conditions (Perry, 2005). These include: 

 

 Geologic assessment 

 Threshold pressure 
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 Production/injection tests (pump test) 

 Flow/shut-in pressure tests 

 Air/CO2 injection 

 

 

3.3 US Gas Storage Overview 

The first instance of natural gas successfully being stored underground occurred in Weland County, Ontario, 

Canada, in 1915. This storage facility used a depleted natural gas well that had been reconditioned into a storage 

field. The Zoar field, also a depleted gas reservoir located south of Buffalo, New York, is the oldest U.S. 

storage project. It has been in use since 1916 and is still in commercial operation today. By 1930, there were 

nine storage facilities in six different states. Until the first aquifer storage project in 1946, essentially all 

subsurface natural gas storage was in partially or fully depleted gas reservoirs. Storage in mined cavities came 

later. Depleted reservoirs remain the most commonly used underground storage sites because of their wide 

availability and proven ability to store hydrocarbons (Benson, 2002).  

According to Evans (2009), as of 2005 there were 410 UNGS facilities operting in in the United States (Evans, 

2009), clustered mainly in Illinois, Michigan, Ohio, Pennsylvania, West Virginia, Louisiana, Texas, and 

California ( see Figure 5 and Figure 6), and distributed thusly among the three principal types of storage (EIA, 

2013 a&b): 

 depleted natural gas or oil fields (330); 

 aquifers (43); and,  

 salt caverns (37). 

 

 

 
Figure 5. U.S. Underground Natural Gas Storage Facilities (EIA) 
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Figure 6:  Underground gas storage states in the U.S. (EIA, 2006) 

 

 

In 2012, the largest monthly total amount of natural gas stored in subsurface formations in the U.S. was about 

8.3 Tcf (169 million metric tonnes (Mt)) in early November; 3.9 Tcf (79 Mt) as working or active gas and 4.4 

Tcf (90 Mt) as base or cushion gas. Base gas is the volume of gas that must be left underground to provide 

pressure and volume to cycle the normal working storage volume and to avoid water intrusion. Working gas is 

the maximum developed volume of gas in the storage reservoir above the designed level of base gas (EIA, 

2013a & 2013b).  

 

 

3.4 US Storage Leak Risks and Incidents 
 

A number of researchers have attempted to document incidents of leakage at gas storage facilities in the US, 

with the aim to estimate failure rates and risk (Evans & West, 2008; Evans, 2009; Benson, 2002; Perry, 2005; 

Keeley, 2008; Miyazaki, 2009). Evans (2009) identifies 228 reported events of widely varying cause, nature, 

and severity at underground storage facilities. We present in Table 1 a summary of reported incidents (modified 

from Evans, 2009). Based on these incidents alone, the approximate risk for leakage at any facility can be 

estimated as follows: 

 

 ~373 US UNGS facilities operational and abandoned in O&G fields and aquifers 

 28 of these reservoirs have leaked 
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 28/373 = 7.5% leakage risk 

It is important to note, however, that not all instances of leakage are reported and published. GeoMechanics 

Technologies has been contracted to provide forensic analysis and testimony on several fields that have not 

been documented and published. These fields have gas migration out of the storage interval and into a higher 

interval being produced by another operator, leading to legal dispute. After settlement, these cases are generally 

sealed under confidentiality agreements. It is our belief that the number of actual leak incidents is significantly 

larger that the number of reported incidents, and that the estimate shown above is low. 

The majority of the incidents presented in Table 1and Table 2 (about 65%) have occurred in aquifers storage 

facilities, even though they are fewer in number than depleted reservoir storage facilities. This is not surprising, 

given the more challenging aspects of storing gas in aquifers (due to less geologic data, higher pressures 

required, and unconfirmed sealing).  

 

 
Table 1  Reported gas loss events at US UNGS facilities 

(modified from Evans, 2009) 

 
 

 

 

 

 

  

O&G 

Fields
Aquifers Totals

Migration from Injection Footprint/Cavern 

(not Due Entirely to Well Problems)
11 13 24

Caprock - Not Gas Tight/Salt Thick Enough 3 12 15

Caprock - Fractured/Faulted, Not Gas-Tight 4 5 9

Seismic Activity 1 0 1

Not Available 4 1 5

Contributory 

processes/mechanisms 

attributed to leakage/failure

Storage Facility Type
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Table 2  Reported Leak/Migration Incidents from UNGS Reservoirs Attributed to Caprock Integrity Issues 
Roughly chronological order, depleted O&G fields in peach, aquifers in green; US & European incidents (after Evans, 2009) 
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The amount of leakage for the incidents listed in Table 2 is given where known, but this is for only about half of 

the cases. For those which have a leakage of “0 Bcf” this is the result of either the leaked gas being produced at 

a higher stratigraphic level than the target reservoir, before it is able to reach the surface (e.g., Troy Grove & 

Waverly), or the abandonment of the operation before any natural gas was injected, but after failed injection 

tests (e.g., Leaf River & Pontiac). For most with a “?” value, simply no record of a leaked volume was found 

(almost all CA leaks), but for some it is difficult to evaluate because they are leaking into adjacent producing 

areas (e.g., Castaic Hills & SW Kinsale), though this has been measured in the case of Huntsman. The total 

leaked gas for the five incidents for which it has been reported is about 14.5 Bcf. Extending an average of 3 

Bcf/incident to the 12 unknown cases, ~50 Bcf of total leaked natural gas due to caprock integrity issues is a 

reasonable estimate for all depleted O&G and aquifer storage operations, over the past 60 years of UNGS 

history. This amounts to less than half of the most recent estimated yearly methane emissions from the natural 

gas transmission and underground storage segment in the U.S. (~106 Bcf in 2011), less than 12% of methane 

emissions for the same period for the entire oil & natural gas industry in the U.S. (~424 Bcf), and only a half a 

percent for all U.S. methane emissions in 2011 (~986 Bcf; EPA, 2013a & 2013b).  

 

3.4.1 Loudon 
As of 2009, Illinois ranked second only to Michigan, with total underground natural gas storage capacity at 

28.01 × 10
9
 m

3
 (Figure 6). In past years, some of the aquifer storage facilities experienced leak problems, and 

some were shut down. The leaks were generally the result of inadequately sealing caprocks and problems 

associated with faulting (Agyarko & Mansoori, 2013). We have analyzed nine such geologically controlled 

leakage incidents in Illinois (Table 2 & Figure 7), and have chosen to present here our in-depth examination one 

such relatively recent incident, at the Loudon Field. 
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Figure 7. Locations of main gas storage sites in Illinois having experienced difficulties with caprock integrity 

blue lines indicate southern limits of the Mt. Simon, Galesville, and St. Peter Sandstones, respectively, as USDWs (after Evans & 

West, 2008) 
 

The Loudon Field is located in Fayette County, Illinois within the Illinois Basin (Figure 8). Loudon Field was 

discovered in 1937 by Carter Oil Company. It is an asymmetrical NE-SW anticline 14 miles long by 4 miles 

wide (Figure 9), with 146 feet of closure on top of the storage formation, the Devonian Grand Tower. Over 350 

million barrels of oil have been produced from strata of Mississippian, Devonian and Ordovician age, making it 

the only former oil reservoir used for gas storage in Illinois. The Grand Tower dolomitic reservoir produced 

19.5 million barrels of oil before, its 100 wells were recompleted with new casing and storage operation began 

in 1969 (Buschbach & Bond, 1974; PETCO/BPC v NGPL, 2004). 
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Figure 8. Loudon & Illinois Basin 
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Figure 9. Structure Map of Grand Tower formation 

(Buschbach & Bond, 1974) 

 

 

In 1964, Humble Oil and Refining Company, Carter Oil company’s successor, entered into an agreement with 

The Natural Gas Pipeline Company of America (NGPL) to utilize the depleted Devonian Grand Tower 

dolomite reservoir for underground gas storage, using the 85 feet thick Cedar Valley dense limestone as the 

primary caprock and the 100+ foot thick New Albany shale as secondary, and ultimate, caprock (Figure 10). 

NPGL began injection in 1967, testing in 1968 and injection operation in 1969 (Buschbach & Bond, 1974). In 

1992, Bergman Petroleum Corp. (BPC) acquired the Loudon Field rights to the stata immediately overlying the 

New Albany Shale from Humble and contracted with PETCO Petroleum Corporation for operation activities. 

Original reservoir pressure of the Grand Tower reservoir was 1,350 psi. Peak bottom hole pressure during gas 

storage operation reached 1,675 psi during the onset of the winter heating season (PETCO/BPC v NGPL, 2004). 
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Figure 10 is a schematic stratigraphic column for Loudon Field in the vicinity of Lydia Weaber #8 (LW#8) 

well. Paleozoic sediments lie over the basement rock. The predominant lithology is dolomites followed by 

limestones, shales and sandstones. Erosion dominated post Paleozoic history. The area was then covered by 

Pleistocene glacial drift. 

 

 

Figure 10. Stratigraphic Column of Loudon Field near LW#8 well vicinity 

 

 

The Devonian age Grand Tower Formation is 3050 feet below surface, and a 65 feet thick vuggy and 

fossiliferous dolomite with an average porosity of 16% and up to 1 Darcy calculated permeability from 

performance data (Buschbach & Bond, 1973). New Albany shales are rich in organic content (Total Organic 

Content 1 to 2.5%), have indigenous gas, and cover the Cedar Valley Formation. Within the Illinois Basin, New 

Albany shales have been an effective cap rock in confining Devonian production. A thin Mississippian age 

limestone bed, the Chouteau Formation rests on top of the New Albany shales. Above the Chouteau, the Carper 
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Sand is a member of the Borden/Osage Formation. This productive sand is 16 feet thick and must be fractured 

to produce (PETCO/BPC v NGPL, 2004). 

 

Two small normal faults with approximately 40 feet displacement are recognized on the western flank of the 

Loudon Field structure. These faults are confined to rocks of the Mississippian age; therefore should not affect 

caprock integrity, which is of Devonian age (PETCO/BPC v NGPL, 2004). 

 

After June 16, 2000 stored gas from the Grand Tower formation was found in the gas produced by PETCO/BPC 

from the Carper Sand. PETCO/BPC suspected, or at least contended, that this was trespass caused by NGPL 

either overpressurizing their reservoir in the Grand Tower during injection, and thus either fracturing or 

reopening fractures in the New Albany Shale underlaying the former, overlying the latter, or allowing one of 

their wells to leak into the Carper. This specific date is important, however, as tests of gas samples before that 

date indicate no shows of the stored Grand Tower gas, though they do afterwards. And this is the date on which 

PETCO/BPC conducted a fracturing treatment in the thin Carper Sand above the New Albany Shale. 

Subsequent hearings (PETCO/BPC v NGPL, 2004, 2011a & 2011b) determined that it was these fracturing 

treatments above the ultimate caprock which led to the breech of the ultimate caprock, and communication 

between the two reservoirs 

 

3.4.2 Southern California 
There are nine natural gas storage fields in northern and southern California, owned and operated either by 

PG&E or Southern California Gas. These storage facilities, designed to help meet seasonal gas demand and 

improve the efficiency of securing gas supplies, are regulated by the California Public Utilities Commission 

(Burton et al, 2007). Five gas storage fields that have operated in the Los Angeles area and experienced 

migration problems due in part, perhaps, to caprock integrity issues include Castaic & Honor Rancho, Playa Del 

Rey, El Segundo, Whittier, and Montebello (the latter three have been abandoned, Figure 11 & Figure 12).  
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Figure 11. California, showing 3 UNGS storage sites discussed 

Castaic & Honor Rancho and Playa del Rey are in this section, Pleasant Creek following (after Evans, 2008) 
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Figure 12. Map of oilfields and main tectonic features of the Los Angeles Basin 

4 of 5 Southern California UNGS sites experiencing caprock integrity issues circled in red, see Figure 11 above for Castaic & Honor 

Rancho (After Evans, 2008) 

 

 

Underground fuel storage facilities in California account for the majority of the documented problems in 

depleted oil and gas fields (69%), and 18.5% of all problems (Keeley, 2008), but Southern California in 

particular provides a very different environment to that of other UGS storage regions in a number of significant 

respects. First, there are many more poorly located wells stemming from a long history of relatively unregulated 

oil exploration. Second, it is a tectonically very active area, with present day seismic activity and major faults 

causing surface ground ruptures. Many of the oilfields are compressional features formed during the Cenozoic 

(late Miocene to present) with associated faulting of the reservoir and caprock units causing ongoing leakage 

from the reservoirs and in one case, fracturing of a well (Evans, 2008 & 2009). 
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The Los Angeles region has been an area of intense hydrocarbon exploration and production since the latter part 

of the 19
th

 Century. Over 70 oilfields have been discovered, most of them in the early part of the 20
th

 Century, 

with hundreds of oil wells having been drilled from derricks that once blanketed the landscape (Figure 13). The 

majority of these oilfields are now abandoned, but the area has been left with a legacy of old wells, the locations 

of which are often poorly known, but which now lie beneath densely populated urban areas (Evans, 2008).  

 

 

 

Figure 13. Oil Derricks along Ocean Front at Playa del Rey 

(Evans, 2008) 

 

 

The Los Angeles basin is a deep, sediment filled structural depression with recent alluvial deposits overlying 

older Miocene and Pliocene sedimentary rocks (Figure 14), with major through-going fault zones (Figure 12). It 

was formed during rifting that commenced in early Miocene times, forming a series of basins and basement 

highs, the latter comprising the Catalina Schists and granites (Figure 14). These basement rocks were a source 
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of the Puente and Repetto Formations, which form a thick sequence of coarse, clastic sediments unconformably 

overlying the basement rocks and deposited by late Miocene and early Pliocene subaqueous fan systems. The 

sedimentary rocks have been uplifted, tilted, and folded by compressive movements between the North 

American and Pacific plates to produce structures that have trapped and accumulated oil and gas, resulting in 

numerous oil and gas fields within the basin (Figure 12).  

 

 

 
Figure 14. Stratigraphy of the Los Angeles area 

(After Evans, 2008) 

 



Geomechanics Technologies  DE-FE0009168 

 

Title:  Development of Improve Caprock Integrity and Risk Assessment Techniques 

 

PI: Dr. Michael Bruno  Final Report 

 

31 

 

 

Clearly, there is plenty to beware of in the Southern California subsurface, in terms of storing fluids securely. 

However, to illustrate that the integrity of such reservoirs, their caprocks, and even their wells, are not 

universally vulnerable, even in the event of a major and proximal seismic event, the following case is offered. 

The magnitude 6.7 Northridge Earthquake of 1994 occurred almost directly beneath (within 5 miles of) the 

Aliso Canyon Gas Storage Field, which stores more than 100 billion cubic feet of gas for the metropolitan Los 

Angeles area (Figure 11 & Figure 15). The main quake occurred at a depth of almost 12 miles, aftershocks up to 

magnitude 3 were scattered within the field itself at typical well depths, and caused no significant problems 

(only one out of 400 wells was deformed slightly, without any gas release). 

 

 

 
Figure 15. Approximate Location of the Aliso Canyon Gas Storage Field and the Epicenter of Northridge Earthquake 

(After SCEC, 2013) 
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3.4.2.1 Montebello 
We have analyzed all five potentially geologically controlled leakage incidents in Southern California (Figure 

11 & Figure 12), and have chosen to present here our in-depth examination of leakage at the Montebello oilfield 

storage location. 

 

At the depleted Montebello oilfield in Los Angeles (Figure 12 & Figure 16), gas had been injected by Southern 

California Gas at a depth of 7500ft (2286m) from the early 1960’s, ceasing in 1986 after significant gas 

seepages were discovered at the surface within a large housing development above the gas storage facility 

(Khilyuk et al, 2000). 

 

 

 
Figure 16. Location map for Los Angeles County & the Montebello field 

 

 

The oilfield produced from multiple zones in the Puente and Repetto Formations. Gas storage began in the 

1950’s in the depleted 8
th

 zone (Figure 17). During the 1970’s, soil-gas was detected in a residential area 

overlying the NE part of the Montebello Gas Storage Field. Analytic test results indicated the presence of 

imported and processed storage gas. Several homes were purchased and demolished. Seven shallow extraction 

wells were installed in the early 1980’s, along with a collection system and blower to extract soil-gas. This 

system successfully reduced soil gas concentrations to undetectable levels for 20 years, during which time the 

cushion gas was extracted, leading to the decommissioning of the storage facility in 2003 (Miyazaki, 2009). 
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Figure 17. Montebello Cross Section 

(See for Figure 18 location, DOGGR, 1992) 
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Figure 18. Montebello Structure Map of gas storage reservoir 

Cross section CD in Figure 17 (DOGGR, 1992) 

 

 

It has been determined that gas was found to be leaking to the surface along old wells, many of which were 

drilled in the 1930’s, before today’s rigorous drilling and completion standards were implemented and applied 

(Evans, 2008). Investigations revealed that the old well casings and cements were unable to cope with the 

increased pressures (injection pressures exceeded 105.6 kg/cm
2
 (1502 psi)), allowing high-pressure gas to enter 

the old wells and migrate to shallower depths (Benson & Hepple, 2005). 

 

In addition to leaky wells, leakage also occurred along fractures and faults in the caprock, some pre-existing, 

some the result of high injection pressures, exceeding prior oil field pressures (Gurevich et al, 1993). 

 

 

3.5 European Gas Storage Overview 
 

According to Gas Storage Europe (GSE, 2012, a subdivision of Gas Infrastructe Europe), there are 111 

underground gas storage (UGS) facilities operating in depleted oil and/or gas fields and aquifers in Europe 



Geomechanics Technologies  DE-FE0009168 

 

Title:  Development of Improve Caprock Integrity and Risk Assessment Techniques 

 

PI: Dr. Michael Bruno  Final Report 

 

35 

 

(including Turkey, Belarus and Ukraine; (Figure 19 & Table 3), with Ukraine, Germany and France leading the 

way (Figure 20). 

 

 

 
Figure 19. UGS sites in the Europe and Central Asia 

(IEAGHG, 2009) 
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Table 3  155 Operational European Underground Natural Gas Storage Facilities 

(Gas Infrastructure Europe: GSE Storage Map May 2012) 
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Figure 20. Working Gas Capacity by Country in Europe 

(Gas Infrastructure Europe: GSE Storage Map May 2012) 

 

 

 

3.6 European Storage Leak Risks and Incidents 
 

 ~112 European UGS facilities operational and abandoned in O&G fields and aquifers (Table 3) 

 11 of these reservoirs have leaked (Table 4) 

 11/112 = 9.8% leakage risk 
 

Table 4  European UGS Leakage Events (Evans, 2009) 
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Evans (2009) reports that only two of these facilities have experienced leakage due to caprock integrity issues 

(see Table 5 and Table 6), but geologic data suggests a faulted caprock may have played a significant role in 

another european gas storage leak as well.  We have analyzed all three of these incidents, but have selected our 

in-depth study of Ketzin to present here. 

 

Table 5  European UGS Leakage Events for Depleted O&G Fields (Evans, 2009) 
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Table 6  European UGS Leakage Events for Aquifers (Evans, 2009) 

 
 

 

3.6.1 Ketzin, Germany   
The Ketzin gas storage facility (Table 6) is a former aquifer storage site ~25 km (15.5 miles) west of Berlin 

operated by UGS Mittenwalde (Evans, 2009). It was developed in the Northeast German Basin (NEGB), part of 

a Permian basin system that extends from the east of England and the North Sea across Denmark, the 

Netherlands and northern Germany to Poland (Figure 21; Förster et al, 2006). Thick sequences of salt were 

deposited during the Permian, followed by a thick series of sandstones and mudstones deposited during Triassic 

and Jurassic times. Consequent vertical and lateral salt flow resulted in a series of pillows, walls and diapirs, 

further resulting in deformation of the overlying Mesozoic sedimentary overburden, and forming a system of 

anticlines and synclines (Figure 22; Förster et al., 2006; Juhlin et al., 2006).  
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Figure 21. Permian Basin (grey), with Northeast German Basin (NEGB) 

(Förster et al, 2006) 
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Figure 22. Schematic cross section and block diagram of regional and local, respectively, deformation of Paleozoic salt 

sequences (light blue) and overlying Mesozoic sedimentary series (purple, blue and green) at Ketzin 

Ketzin is represented in the block diagram, also note Quaternary glacial troughs (uppermost yellow), which in some cases reach down 

into the Upper Mesozoic (CO2sink.org) 

 

 

The Ketzin site lies on the eastern part of a double anticline, the Roskow-Ketzin Anticline (Figure 23), which is 

formed above an elongated NNE-SSW trending salt pillow that developed at a depth of 1500-2000 m (4925-

6550 ft). The anticline developed during several phases of salt movement during the Mesozoic (Juhlin et al., 

2006). The axis of the anticline similarly strikes NNE-SSW; the flanks gently dip about 15° (Yordkayhun et al, 

2009). Lower Cretaceous rocks were eroded around 106 Ma, or perhaps never deposited on this local structural 

high, but Jurassic rocks clearly were deposited then eroded at this later time, about 500 m (1600 ft) thereof 

(Figure 24 & Figure 25; Förster et al, 2006). Sediments of the Oligocene (Rupelian) form the first formation 

unaffected by anticlinal uplift resting above Jurassic sediments. These transgressive sediments are the first 

indicators of regional downwarping of the central parts of the NEGB that lasts until present (Förster et al, 2006). 

 



Geomechanics Technologies  DE-FE0009168 

 

Title:  Development of Improve Caprock Integrity and Risk Assessment Techniques 

 

PI: Dr. Michael Bruno  Final Report 

 

42 

 

 
Figure 23. Roskow-Ketzin double anticline 

Isolines (m) indicate K2 (gypsum/anhydrite) seismic reflector (for stratigraphic relation see Figure 26; for shallow cross section along 

green line of section see Figure 29; encircled numbers on inset map denote locations of shallow boreholes, also on main map in green, 

used for structure map in Figure 30: after Förster et al, 2006) 

 

 

Faulting affects the crest of the anticlinal structure, with a 600-800 m (1970-2625 ft) wide E-W striking central 

graben fault zone (CGFZ) (Figure 24). Faulting in the CGFZ extends down to Triassic levels and the bounding 

faults have about 30 m (100 ft) of downthrow, but faulting appears to die out quickly in the overlying Rupelian 

clay/mudstones (Figure 24 & Figure 25; Juhlin et al., 2006). 

 

Figure 26 
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Figure 24. Geologic cross section through Ketzin Anticline, showing normal faulting in anticline crest 

(Christensen, 2004) 

  

 
Figure 25. UGS cross section of maximum gas distribution in 1999 and 2004 

Note that the shown fault would be the furthest south normal fault in the CGFZ (Schilling, 2007) 
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Saline aquifers of Lower Jurassic age (Hettangian stage Lias sands) at between 250 and 400 m (820-1310 ft) 

below sea level are present in the Ketzin anticline and were used for storage of natural gas between the 1960s 

and 2000 (Juhlin et al., 2006). The thick (80-90 m (260-295 ft)) overlying Tertiary (Oligocene) Rupelian 

clay/mudstones form the caprock for the aquifer system (Figure 24 - Figure 26; Yordkayhun et al, 2009). This 

Tertiary clay acts as a major aquitard separating the saline waters (brines) in the deeper aquifers from the non-

saline groundwater in shallow Quaternary aquifers (Yordkayhun et al, 2009). The facility was largely imported 

from Siberia originally but was modernized in the 1990’s (Schilling, 2007). In 2000 injection ceased, and in 

2004 the site was abandoned (Yordkayhun et al, 2009) after the (aquifer) reservoir pressure had been lowered to 

approximately 17 bar (247 psi) below hydrostatic pressure (Juhlin et al., 2006). The maximum extents of the 

stored gas plume just before injection ceased and at the time of abandonment five years later are shown in 

Figure 27. 

 

Although abandoned in 2004, some infrastructure from the facility remained and deeper aquifers in the 

lithologically heterogeneous Stuttgart Formation of Upper Triassic age have been tested for CO2 storage 

purposes since (Figure 22 - Figure 27; Juhlin et al., 2006). Establishment of the EU-funded CO2SINK, the first 

European research and development project related to the in-situ testing of geologic sequestration (Förster et al, 

2006), and, consequently, the characterization of the Stuttgart Formation and its overlying thick mudstone 

formations for CO2 sequestration, began as soon as the site was abandoned, in April 2004, and trial injection of 

CO2 commenced in June 2008 (Bergmann et al, 2011). Whereas the gas storage reservoir was largely within the 

CGFZ, the CO2 sequestration trial is being carried out outside of the fault zone (Figure 25 & Figure 27 & Figure 

28). 
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Figure 26. Well-correlated stratigraphic column for Roskow-Ketzin Anticline 

(for borehole locations see Figure 23; Förster et al, 2006) 

 

 

 

Figure 27. UGS map of maximum gas distribution in 1999 and 2004 

CO2 injection site denoted by blue square, just south of 1999 max gas extent; red lines indicate near sides of glacially eroded troughs 

depicted in Figure 29 & Figure 30;  red star indicates location of Knoblauch, the green star the location of the town, Ketzin (after 

Schilling, 2007) 

 



Geomechanics Technologies  DE-FE0009168 

 

Title:  Development of Improve Caprock Integrity and Risk Assessment Techniques 

 

PI: Dr. Michael Bruno  Final Report 

 

46 

 

 
Figure 28. Simplified geology of Ketzin anticline with lithology 

Aquifers in light gray, auqitards in dark gray (Bergmann et al, 2011) 

 

 

Though information is incomplete during the 1960’s when this area was in the GDR (DDR), reports indicate 

that stored gas migrated out of the reservoir and found its way to the surface, causing the permanent evacuation 

of the nearby village of Knoblauch (see Figure 27 for location; Kanter, 2007).  

 

One source (not independently verified; Augustiniak) indicates that wells were originally drilled in 1963 and 

that gas was injected for the first time in September 1964. CO was detected in Knoblauch houses in the winter 

of 1965. A wellhead blowout occurred in the summer of 1966, followed by a larger blowout in October 1966 

resulting in evacuations. Consequently, GDR (DDR) officials decided to completely and permanently evacuate 

the town in December 1966. This was carried out in early 1967, with most of the residents being relocated about 

2.5 km (1.5 miles) SSW to the town of Ketzin. 

The mechanism by which this migration occurred has been attributed to an insufficient caprock (not gas tight) 

or leaky faults in the caprock, or both (Evans, 2008). A third possibility is that the caprock seems to be 

nonexistent in some places due to deep Quaternary glacial erosion (Förster et al, 2006; Yordkayhun et al, 2009).  
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Seismic reflection studies about 2005 revealed amplitude anomalies in the aquifer units, indicating that remnant 

(cushion or residual) gas remained in some aquifer units near the crest of the Central Graben Fault Zone 

(CGFZ; Figure 24 & Figure 25). Amplitude anomalies and a gas chimney about 1 km (3281 ft) long and 100 m 

(328 ft) wide was observed on seismic reflection data acquired over the southwestern, east-west striking main 

fault of the CGFZ. This indicated that the stored or remnant gas either had been or was at that time migrating 

out of the reservoir formations, circumstantially implicating the faults as conduits (Juhlin et al., 2006).  

While characterizing the deeper aquifers for CO2 sequestration, special attention in the scrutiny of previous 

exploration data was directed toward fault zones that may cross the Ketzin anticline and may become crucial in 

evaluating Triassic caprock integrity as part of the risk assessment. Several seismic sections in the NEGB show 

that the Mesozoic and younger overburden in anticlinal structures are intersected by faults of the CGFZ. The 

fault zone is about 600 m (1968 feet) wide, with subtle throws from 0 to 20 m (66 feet). The identification and 

mapping of fault zones has not been without controversy in the Ketzin structure, especially with regard to extent 

at depth, but there does seem to be convergence of opinion with regard to the faulted nature of the Jurassic 

section, in which the natural gas was stored (Förster et al, 2006). 

Concerning the possibility that the caprock is “insufficiently gas tight,” this is explained further in the literature. 

Given that the Rupelian caprock of clay/mudstones is 80-90 m (260-295 ft) thick and has proven to be an 

effective aquitard separating brines in the deeper aquifers from non-saline groundwater in the shallow 

Quaternary aquifers (Figure 24 - Figure 26 & Figure 28; Yordkayhun et al, 2009), perhaps any non-faulted 

migrations of storage gas are attributable to glacially eroded ‘gaps’ in the caprock. There is evidence that local 

erosion of the Rupelian aquitard at some locations does in fact allow saline waters to ascend and mix with fresh 

water in the shallower aquifers (Förster et al, 2006). 

A typical feature of the subhorizontal base of the Quaternary is a glacial erosional trough incised down to the 

Upper Jurassic and filled with Quaternary sediments (Figure 29). At the western and eastern flanks of the 

Ketzin anticline, two glacial, NNE-SSW oriented erosional troughs are incised into the Tertiary clay aquitard 

and into the Jurassic (Figure 30). These troughs are filled with Quaternary sediments. The local erosion of the 

Rupelian aquitard may allow saline waters to ascend and mix with fresh water in shallow aquifers. The lower 

part of the Quaternary sedimentary infill consists of two sand aquifers which are hydraulically connected with 

the Jurassic aquifer system and are separated from each other by clayey and silty units (Förster et al, 2006; 

Yordkayhun et al, 2009). 
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Figure 29. Schematic cross section of the Quaternary groundwater system at Ketzin. Below the Rupelian clay saline 

groundwater is present, freshwater above; glacially eroded and filled surface also shown 

Location of green line of section indicated on Figure 23 (after CO2sink.org) 
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Figure 30. Structural map of the base of Quaternary (CI: 25 m [82 ft]) derived from a numerical geological model. 

Dotted lines denote seismic lines, and crosses denote boreholes incorporated in this spatial model. Areas of glacial troughs incised into 

the Upper Jurassic are hachured. Blue numbered dots designate shallow boreholes also found on Figure 23 (after Förster et al, 2006) 

 

  

Although the upper part of the trough fill predominantly comprises silty and clayey sediments mostly 

prohibiting an upward migration of saline water, by geographically coordinating and overlaying different maps, 

it also seems possible that stored natural gas in the 1960’s could have found a path to the surface via these 

erosional troughs (Figure 27 & Figure 30). In fact, given these Figures (Figure 23 & Figure 29 as well), it’s 

surprising that more gas wasn’t reported to have migrated out of the Jurassic reservoir after the 1960’s. 

 

3.7 Gas Leakage Incident Rates 
 

We have reviewed historical data and documented caprock integrity problems of the gas storage industry. 

Reviewing and analyzing many of these incidents provides useful information to the CO2 sequestration 

industry, helping to recognize and identify risk conditions and improve project design and operating practices to 

help ensure permanent geologic storage. This effort consisted in collecting and analyzing gas storage data 

associated with caprock integrity problems, and examining maximum pressure limits and analyzing past failure 

incidents that have occurred during gas storage operations. 
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Relying principally on two previous studies (Perry 2005 & Evans 2009), we identified 22 incidents of gas 

leakage due to caprock integrity issues worldwide, about 10% of all reported leakage incidents. Of these, half 

were due solely to an insufficiently gas-tight caprock, whether too thin, too permeable, or made of dissoluble 

constituents. Another quarter of these incidents were due solely to undetected or incorrectly characterized faults 

and/or fractures through the caprock, allowing fluid communication between the reservoir and formations 

unintended for storage. Finally, the remaining quarter were cases in which both of these factors are believed to 

have played a role in leakage. 

 

It should come as no surprise that most instances of these geologically related gas migration problems have 

occurred in aquifer gas storage operations. While comprising only about 10% of natural gas storage reservoirs 

overall, aquifer storage operations account for about 65% of these 22 incidents. In these cases, conduits in the 

caprock are present because of previously unrecognized fracturing or faulting of the gas storage field. Leaks 

occur as a result of the more challenging nature of aquifer gas storage:  less geologic data, higher required 

pressures and unconfirmed sealing. 

 

Typically, a large anticlinal structure with as many feet of closure as possible is an important criteria for an 

aquifer gas storage field (see Fig. 2). Large structural deformation, however, introduces a greater possibility of 

caprock flaws and potential leakage (Perry 2005), since the same forces that create folded structures also create 

faulted structures. 

 

Thus the two root causes for failures for many of these, and likely for all of these 22, cases are because the 

geology of the site was not properly characterized and/or the pressure in the storage reservoir was too high 

(Benson 2002).  

 

Creating pressure gradients that the storage formations have not experienced before can result in the 

displacement of the static water column, forcing water out of the caprock and causing gas to leak from the 

storage formation (Katz 1999), thus exceeding the threshold displacement pressure or threshold pressure (i.e., 

the gas pressure is high enough to displace water-gas menisci in the rock pores) (Benson 2002). 

 

It is also important to recognize that the pressure required to fracture a reservoir is not constant, but changes 

with average reservoir pressure. It is easier to fracture a formation that is in a pressure depleted state as 

compared to the reservoir at original pressure conditions. 

  

We estimated failure rates and risk based on our survey of the studies mentioned above. The rate of failure for 

O&G and aquifer gas storage fields can be estimated thusly:  of 485 operational and abandoned such UNGS 

facilities in the U.S., Europe and Central Asia studied, 22 have experienced leakage due to caprock 

insufficiencies, representing a 4.5% rate of caprock failure. 

 

It is very important to recognize, however, that reported and documented leakage incidents are not at all 

comprehensive. Most leakage incidents are not documented. During the past five years GeoMechanics 

Technologies has been involved in half a dozen legal disputes involving storage gas migration which are not 

documented or mentioned in literature. The natural gas storage industry has a strong economic incentive not to 

lose gas. Yet it does not achieve anything close to 99% containment over decades, the stated goal of some 

organizations such as the US Department of Energy Geologic Storage Program. In our opinion 99% 

containment over 100 years is a worthy goal, but not a likely outcome. 
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Based on historical data from the gas storage industry, and even based on recent experience with large scale 

CO2 sequestration projects to date (consider In Salah for example), a one in ten (10
-1

) probability of out-of-zone 

leakage incidents is a reasonable order of magnitude estimate for leakage risk with CO2 sequestration projects. 

That is, of every 10 large scale CO2 sequestration projects, expect that one or more will experience out of zone 

leakage incidents. But it is also important to note that leakage out of zone does not generally result in leakage to 

surface. Reservoir and overburden geologic and geomechanical characterization is a critical requirement for risk 

assessment. 

 

 

3.8 Summary:  UNGS Caprock Lessons for CCS 
 

No reservoir caprock or trap has ever been shown to be a perfect seal to hydrocarbon migration (Keeley, 2008), 

especially not over a geologic timescale, but a review of all 22 cases in our final report (Table 1) indicate that 

on a human timescale such migration can be avoided by proper geologic characterization, using modern tools 

and protocols, and keeping reservoir pressures below threshold displacement pressures (Benson, 2002). A 

detailed list of critical factors requiring consideration for avoiding all incidents at UNGS facilities is offered by 

Evans & West (2008), offered as an appendix in our final report. 

 

If a unit already traps hydrocarbons at depth, especially natural gas, then it is highly likely that it will also trap 

CO2 for millennia. For aquifer storage projects, however, extensive site characterization is required. The quality 

of the caprock needs to be determined by examining cores and testing them in the laboratory. Well testing 

methods have been developed specifically for evaluating the permeability of the caprock. In addition, capillary 

pressure measurements on core samples can quantify the amount of buoyant force a caprock can maintain 

before failing. Conventional well-logging tools and techniques, field measurements, and stratigraphic mapping 

and analysis are particularly useful for determining the large-scale features of the caprock that could not be 

tested on laboratory samples, such as thickness and lateral continuity, an appropriate structure with sufficient 

closure, and the presence of faults or fractures (Benson, 2002 & Burton et al, 2007). And, of course, if a 

structure with sufficient closure is identified, the presence of faults and fractures is all the more likely, and in 

need of close scrutiny (Perry, 2005). 

 

Evaluating safe operating conditions for CO2 injection in reservoirs, which would guarantee the absence of CO2 

leakage from overpressuring, is a challenge being met at UNGS facilities with the development of both 

geomechanical and fluid flow models. Such simulations can determine when, upon fluid injection, the joint 

action of pressure buildup and thermal expansion will lead to the development of tensile stresses in the caprock. 

When these stresses overcome the tensile strength of the rock, the caprock fractures. Whether such fractures can 

cause CO2 leakage depends on their ability to propagate, which is driven by fluid outflow from the reservoir 

(Gor et al, 2012). 

 

As has been pointed out, most leaks are because of wellbore issues (Evans & West, 2008; Evans, 2009; Perry, 

2005), but we don’t know how to fix caprock integrity problems. The gas storage and oil and gas industries 

have been successful in repairing wellbore leaks but there is no known case where a geologic leak through a 

confining layer or caprock has been sealed (Perry, 2005). This has been due, at least in part, to the two 

industries which mainly rely on caprock integrity not having had sufficient economic reason to develop such an 
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ex post facto fix. First, in the case of the oil and gas industry, the need is usually not present, as any caprock 

flaw would have precluded the trapping of commercial volumes of hydrocarbons in the first place. Without the 

commercial potential the oil and gas industry has neither interest in these features nor any incentive to 

investigate caprock seals. Second, the gas storage industry clearly does have interest in caprock seals, especially 

in the aquifer storage area, and has performed some, but limited, research (Perry, 2005). But a review of the 22 

cases in our final report (Table 2) indicates that caprock leakage has been largely avoided in the past 35 years, 

most likely through the application of geologic characterization and geomechanical and fluid flow simulations, 

as recommended here, both more economical and practical than in situ, underground remediation. 

 

The loss of gas from UNGS facilities should not be overstated, however. The release rates of gas from non-

point leaks in depleted O&G fields are relatively slow (Table 7). And Evans & West (2008) estimate that for all 

leakage events in the U.S., not just caprock integrity breaches, data covering more than 10,000 facility years 

demonstrate that “operational engineered storage systems can contain methane with release rates of 10
-4 

to 10
-6 

per year.”  (Evans & West, 2008)  Unfortunately they don’t include units here, but those are relatively small 

release rates, no matter the units. And this is a rough estimation, as Evans opines, “a lack of information relating 

to many of the 65 problems described above means that at this stage, information on the number of wells at any 

one site, the years of operation/downtime or exact opening/closure date is not available. It is, therefore, difficult 

to determine the incident rates relative to ‘storage experience’, either as the total operational hours of gas 

storage against number of incidents, or the total operational well hours against the number of incidents.” (ibid.) 

 

Table 7  Summary of CH4 leakage rates for different pathways from a depleted O&G field 

For a reservoir area of 1km
2
, thickness of 100m, and temperature of 288K, the amount of reservoir gas is 2.67e9 to 

1.00e10 kg (Watson et al, 2008). 

 
 

Nonetheless, Perry suggests there have been significant advances in recent years in many areas that may allow 

for the successful sealing of a caprock leaks in the future. While not successful to date, significant potential has 

been indicated through application of newer seismic and well steering for locating and accessing the leak zone. 

And new fluids such as foams and other materials to control fluid flow in the storage zone and the overlying 

caprock could then be applied. Thus, this is an area where the CO2 storage industry may wish to perform 

additional research (Perry, 2005). 
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4 Theoretical Description and Documentation of Caprock Integrity Issues 
 

4.1 Numerical Development 
 

Injection of large quantities of CO2 into a porous media necessarily requires elevation of the pore pressure in 

order to displace the existing fluids. Large scale CO2 injection also modifies temperature, as injected material is 

generally lower temperature than the formation. These pressure and temperature changes in the storage zone 

cause formation expansion and induce stresses in the overlying caprock. The geomechanical integrity of the 

caprock can be compromised by three basic mechanisms. These are: 

 

1. Potential tensile fracturing; 

2. Potential fault activation; 

3. Potential bedding plane slip.  

 

In general the stresses induced in the caprock and resulting damage risk must be determined through 3D 

geomechanical modelling and numerical simulation. It is important, however, to consider the underlying 

physics and fundamental analytical solutions upon which such analyses are based, in order to gain insight into 

the important mechanisms and parameters which influence caprock integrity. 

 

If we consider a small volume element V within the storage zone, the change in volume ΔV induced by pressure 

and temperature changes may be expressed as: 

 

ΔV/V = CbΔP + 3αΔT     (1) 

 

where Cb is the material bulk compressibility and α is the linear coefficient of thermal expansion. Note that 

both pressure increase and temperature increase induce expansion. Conversely, a pressure decrease and a 

temperature decrease induce contraction.  

 

If the storage formation was completely free to expand or contract in all directions, there would be no stresses 

induced. The surrounding formations, however, constrain this deformation. The result is that stresses are 

induced both within the storage reservoir and within the surrounding material (including the caprock). 

Considering only pore pressure increase, for example, compressive stresses are induced within the storage zone 

and tensile and shear stresses are induced in the caprock. These can lead to one or several of the caprock failure 

mechanisms listed above.  

 

To further illustrate and discuss this fundamental mechanism inducing stresses in the caprock, we consider the 

displacements that are induced in the surrounding formation due to a center of dilation or contraction within the 

storage zone. As a first approximation, we describe and consider the fundamental equations for displacements, 

strains, and stresses in a continuum. Using index notation, strains εij are related to displacement gradients 

ui,j through the equations: 
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εij =
1

2
(ui,j + uj,i)     (2) 

For general elasticity, the stresses in a body σij are related to the strains through a general stiffness matrix Cijkl 

and tensor relationship as follows:   

σij = Cijklεkl      (3) 

 

The number of independent material properties contained in the stiffness relations of equation (3) depends 

on the type of material behavior. For completely “isotropic” materials (in which stiffness properties do not vary 

in any direction), there are only two independent material properties. Sedimentary formations are typically 

“transversely isotropic”. That is, stiffness properties are constant in both directions parallel to bedding, but 

different in a direction perpendicular to bedding. For such materials, there are five independent material 

properties. But sedimentary layers with vertical fracture will have different stiffness properties even in the two 

directions parallel to bedding. Such materials are called “orthotropic”, and contain nine independent material 

properties. Considering the simplest case of isotropic materials, the stress-strain and stress-displacement 

relations can be expressed as follows: 

 

σij = λδijεkk + 2Gεij = λδijui,j + G(ui,j + uj,i)   (4) 

where λ and G are two independent material properties and δij is the Kronecker delta which takes a value of 

unity when i=j and a value of zero otherwise. The material properties λ and G are can be expressed in terms of 

the more commonly used Young’s Modulus, E, and Poisson’s Ratio, ν, through: 

 

λ =
νE

(1+ν)(1−2ν)
 and G =

E

2(1+ν)
     (5) 

Equation (4) can be applied to estimate the stresses induced in the caprock if the strains or displacement field is 

known. Solutions for the displacements and stresses induced in a half-space due to a center of dilation (or 

contraction) have been presented by Sen (1950) and Geertsma (1973) and applied by a number of researchers to 

evaluate subsidence and casing deformations induced by compacting reservoirs (see for example Bruno et al. 

1998 & 2002). The displacement field produced by a center of dilation located at position (xo, yo, zo) with 

pressure and temperature change, as given in Equation (1), is provided by the set of equations below: 

ux = P [
∂V1

∂x
+ 2z

∂2V2

∂x ∂z
+ (3 − 4ν)

∂V2

∂x
]    (6) 

uy = P [
∂V1

∂y
+ 2z

∂2V2

∂y ∂z
+ (3 − 4ν)

∂V2

∂y
]    (7) 

uz = P [
∂V1

∂z
+ 2z

∂2V2

∂z2
− (3 − 4ν)

∂V2

∂z
]    (8) 

Where, 

 

P =  
(1+ν)

12π(1−ν)
[Cb ∆P + 3α∆T]    (9) 

 

V1 = [(x − x0)2 + (y − y0)2 + (z − z0)2]−1
2   (10) 
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V2 = [(x − x0)2 + (y − y0)2 + (z + z0)2]−1
2   (11) 

 

Equation (4) may now be combined with equations (6) through (11) to determine the stresses induced in the 

caprock due to pressure and temperature changes occurring within the storage zone. This is valid for elastic 

behavior of isotropic materials. For example, the horizontal shear stresses induced in the caprock, which might 

lead towards bedding plane slip and well damage, can be expressed as: 

 

σxz = G [
∂ux

∂z⁄ +
∂uz

∂x⁄ ] =
EP

(1+ν)
[

∂2V1

∂x ∂z
+ 2z

∂3V2

∂x ∂z2
+

∂2V2

∂x ∂z
]  (12) 

 

and, 

 

σyz = G [
∂uy

∂z
⁄ +

∂uz
∂y⁄ ] =

EP

(1+ν)
[

∂2V1

∂y ∂z
+ 2z

∂3V2

∂y ∂z2 +
∂2V2

∂y ∂z
]  (13) 

 

Similar equations can be developed for any of the stress components at any location within the caprock. The 

change in pressure and temperature is measured from some reference state (typically the initial reservoir 

conditions) from which induced stresses are to be determined. The total induced stresses caused by varying 

temperature and pressure fields within an arbitrarily shaped reservoir can be obtained by integrating the 

contribution of all the center of dilation points over the entire reservoir volume. The equations above may be 

integrated analytically if the pressure and temperature distribution and reservoir shapes are simple functions, or 

numerically if they are more complex.  

 

To illustrate a typical distribution of shear stresses within the caprock at the top of a reservoir, we present 

parametric results from numerical integration of equations (12) and (13) for an axisymmetric reservoir volume 

of radius R and height H, located at depth d below the surface, in which pressure change varies linearly from a 

maximum of ΔP at r=0 to zero at r=R. Shear stresses in 

Figure 31. Nare normalized with respect to reservoir radius, height, pressure change, and material properties.  
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Figure 31. Normalized shear stress at the top of an axisymmetric reservoir with linear pressure change distribution 

 

 

Although only a very few simple reservoir configurations can be solved analytically, the theoretical description 

nevertheless provides insight and guidance on relative risk factors. For example, it can be seen that induced 

shear stress magnitude increases with larger radius to depth ratio. But once a reservoir is deeper than about the 

distance of its radius, shear stress magnitude is relatively insensitive to depth and is instead controlled primarily 

by the ratio of reservoir thickness to reservoir radius. That is, pressure changes over a thicker reservoir interval 

will induce proportionately large shear stresses in the caprock than the same pressure change generated over a 

thinner reservoir interval. Analytical solutions can also be used for comparison and validation of numerical 

modelling approaches.  

 

 

4.2 Theoretical Geomechanical Model Study 
 

A 3D geomechanical model was created using FLAC 3D (Figure 32) to illustrate a typical distribution of 

induced shear stresses, caused by uniform pressure and linear pressure changes in the reservoir, within the 

caprock at the top of a radial shaped reservoir. For the first case, the pressure change is uniform over the entire 

reservoir, for the second case, the pressure change varies linearly from the center of the reservoir to its 

boundary. 

 

The reservoir is near the center of the model (Figure 33). We have done a sensitivity study by varying the 

reservoir thickness (100m, 200m, and 400m) and radius (500m, 1000m, and 2000m). Additionally, we also vary 
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reservoir depth. For the initial model, the depth from the surface to the center of reservoir is 1000m, the caprock 

bottom is at the top of reservoir, and the formation surrounding the reservoir  extends down to 4000m. The 

distance from the boundary to the center of the model in x, y directions is about six times the reservoir radius. 

For example, if the reservoir radius is 1000m, the model dimension will range from -6000m to 6000m in both x, 

y directions, and range from 0 to -4000m in z direction (Figure 32). About 216,000 total elements compose the 

model. 

 

 

 
Figure 32. 3D geomechanical model used to illustrate induced shear stress in caprock 

 

(-6000m, 6000m)
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Figure 33. Cross section view of the geomechanical model through the model center 

 

 

To illustrate the influence of pressure distribution shape on shear stress pattern and magnitude, we present in 

Figure 34 a comparison of uniform and linear pressure change in the field. In the example, the maximum 

pressure change is 8.25 MPa, the reservoir radius is 325m, the thickness is 50m, and the reservoir depth is 

475m. The Young’s Modulus for the caprock, reservoir and ‘surround formation’ is assumed to be 1 GPa, and 

the Poisson ratio is 0.25. Note that for a linearly varying pressure distribution, the shear stress is relatively 

uniformly distributed over the top of the reservoir. However, for the constant pressure distribution, the shear 

stress is asymptotic at the outer radius where there is severe discontinuity in the reservoir pressure and volume 

strain. 
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Figure 34. Comparison of induced shear stress for cases with linear and uniform pressure change. 

 

 

For the same reservoir depth of 1000m with the same reservoir thickness, the induced shear stress is higher 

when the reservoir radius is smaller, for both uniform pressure change and linear pressure change in the 

reservoir (see Figure 35). However, for the same reservoir radius, the induced shear stress is higher when the 

reservoir is thicker, for both uniform pressure change and linear pressure change in the reservoir (see Figure 

37).  
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Figure 35. Induced shear stress in the caprock with 100m, 200m, and 300m reservoir thickness (clockwise from upper left) 

while changing reservoir radius from 500m to 2000m under uniform pressure change. 

 

 

 
Figure 36. Induced shear stress in the caprock with 100m, 200m, and 300m reservoir thickness (clockwise from upper left) 

while changing reservoir radius from 500m to 2000m under linear pressure change. 
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Figure 37. Induced shear stress in the caprock with 500m, 1000m, and 2000m reservoir radius (clockwise from upper left) 

while changing reservoir thickness from 100m to 400m under uniform pressure change. 

 

 

 
Figure 38. Induced shear stress in the caprock with 500m, 1000m, and 2000m reservoir radius (clockwise from upper left) 

while changing reservoir thickness from 100m to 400m under linear pressure change. 
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Finally, when retaining the same reservoir shape, with 100m thickness and 500m radius, the induced shear 

stress in the caprock is higher the shallower the reservoir; however, for deep reservoirs, the induced shear stress 

is almost the same when the depth is equal to or larger than the reservoir radius (see Figure 39).  

 

 

 

 

 

  

 
Figure 39. Induced shear stress in the caprock for the same reservoir shape, while changing the reservoir depth, with linear 

pressure change in the reservoir. 
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5 Advanced Transport and Geomechanical Simulation for a Range of 
Typical Geologic Settings and Operating Conditions 

 

A general workflow developed and applied by GeoMechanics to evaluate injection (or production) effects, 

including induced stresses, possible fault activation or bedding plane slip, subsurface and surface deformation, 

and well damage risks, is presented in Figure 40. The first step is to establish a 3D geologic model for the area, 

based on well log data, seismic data, and drilling data. The next step in the characterization process is to 

develop integrated fluid flow and geomechanical models to simulate CO2 injection and migration, and to 

simulate the stresses and displacements induced by injection related pressure and temperature changes.  

 

In summary, first a 3D static geologic model (or models) is established consistent with available seismic, log, 

and drilling data. Based on this 3D geometry and grid structure, a fluid flow and geomechanical model are also 

established. In general the fluid flow models cover a smaller volume space than either the geology model or the 

geomechanical model, as the latter two must extend to the surface and beyond the lateral extent of the reservoir. 

For this particular project we used RockWorks16 for the static geologic models, TOUGH2 for the fluid and heat 

flow simulation, and FLAC3D for the geomechanical simulation. 

 

 

 
Figure 40. Generalized workflow for assembly and application of integrated geology, fluid flow, and geomechanical modeling 

 

To illustrate the process and sample application, during the course of this project we created detailed geologic 

models for three large-scale geologic sequestration sites, encompassing a range of geologic settings. Modelling 

was completed for the Kevin Dome area in Montana, the Wilmington Graben area offshore Los Angeles, and 

the Louden oil and gas field in Illinois. The Kevin Dome is a relatively low risk operation, the Wilmington 
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Graben is a relatively higher risk operation, and the Louden oil and gas field somewhere in between (as will be 

described later in this report). 

 

Initial static geologic models for each site were developed from stratigraphic and lithologic information 

collected from maps and wells located throughout the fields. The completed geologic models of each of these 

three sites were used as input for three-dimensional coupled transport flow and geomechanical models to 

investigate and describe caprock behavior, for a range of CO2 injection conditions. 

 

Pressure and temperature distributions were simulated using the TOUGH2 family of codes from Lawrence 

Berkeley National Labs. These codes have been developed to simulate multi-phase, multi-component fluid and 

heat flow in porous and fractured media. Pressure and temperature results from the TOUGH2 simulations were 

then used as input into three-dimensional geomechanical models to evaluate induced deformations and stresses 

within the reservoir and overlying caprock. The geomechanical simulation tool used was FLAC3D, with 

enhanced constitutive behavior functions developed by Geomechanics Technologies to model formation 

deformation, faulting, and bedding plane slip. To manage areas with uncertain geology, several geologic 

scenarios were simulated to determine the horizontal and vertical extent of the CO2 plume after 30 years of 

injection. We developed and applied this combined and coupled fluid and temperature flow simulation and 

geomechanical simulation technique over a range of operating conditions (single and multiple injection wells at 

varying rates and temperature). 

 

 

5.1 Kevin Dome, Montana 
 

The Kevin Dome is located in Northern Montana. The area is being studied and characterized for large scale 

CO2 sequestration by the Big Sky Carbon Sequestration Partnership (see www.bigskyCO2.org for latest updates). 

The proposed sequestration site contains a low-sloping anticline structure composed of carbonate and detrital 

rocks. Studies are underway by the Big Sky Partnership to characterize injection into the Duperow formation, a 

zone of high porosity dolomite located at a depth of 1250 m (4100 ft).  

 

For the GeoMechanics Technologies caprock integrity study, however, we were requested by US DOE to 

perform geomechanical analysis and risk analysis completely independent of the partnership efforts. We 

therefore collected and analyzed well log data and geologic data from Montana State public records in order to 

develop combined geologic, fluid flow, and geomechanical models for the area. Figure 41 presents a map view 

of the project area, with contours elevation of the Duperow Formation, and showing the areal extent of our 

geologic, fluid flow, and geomechanical model boundaries. 

 

 

http://www.bigskyco2.org/
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Figure 41. Kevin Dome map. Blue box marks perimeter of the geologic model domain. Black box indicates location of the 

10km X 10km combined fluid flow and geomechanical model domains 

 

 

5.1.1 Geologic Model 
 

First, a 3D stratigraphic and lithology model was constructed for the area (see Figure 42 below) based on well 

log marker data and available maps. This was constructed using RockWorks16 software. Well control is 

available but somewhat limited in this area (see available wells in white boxes of Figure 43). While there is a 

great deal of hydrocarbon production in this region, it is generally limited to shallower formations. Only a few 

wells penetrate into the proposed, deeper injection formation. Figure 43 shows a cross section through the 

stratigraphic model centered on the proposed injection well. Digital sonic and density logs for wells State 22-21 

and Potlatch O & R 1 were obtained and analyzed for rock mechanical properties. 
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Figure 42. Lithology model developed by GeoMechanics for the Kevin Dome CO2 injection analysis 

 



Geomechanics Technologies  DE-FE0009168 

 

Title:  Development of Improve Caprock Integrity and Risk Assessment Techniques 

 

PI: Dr. Michael Bruno  Final Report 

 

67 

 

 
Figure 43. Cross section through stratigraphy model centered on proposed injection well 

 

 

5.1.2 Fluid Flow Model 
 

After establishing a 3D geology model, the next step in the process is to develop a 3D fluid flow model. For this 

step we developed a TOUGH2 fluid migration model using the PetraSim graphical user interface. The model 

established (see Figure 41 and Figure 42) is 10km X 10km in the lateral dimension and 1400m in the vertical 

direction, spanning a depth interval from -231.72 to 1174.8 m, and centered on the proposed injection well. The 

injection interval is between -75 m & -95 m (note:  negative sign indicates below sea level), which is 1250-1270 

m below ground level. The mesh is finer around the well and in the injection interval; totaling 56,129 elements. 

The stratigraphy and lithology data from the RockWorks16 geologic model were input to the TOUGH2 model.  

 

 



Geomechanics Technologies  DE-FE0009168 

 

Title:  Development of Improve Caprock Integrity and Risk Assessment Techniques 

 

PI: Dr. Michael Bruno  Final Report 

 

68 

 

 
Figure 44. Fluid flow model mesh for Kevin Dome 

 

 

The density (kg/m
3
), effective porosity (%), and three-dimensional permeability (mD) of each material were 

estimated from literature values. We gathered relative permeability and capillary pressure curves based on 

similar lithologies and in-situ conditions found near the Kevin Dome area. After we compared the formation 

depth, pore pressure, temperature, permeability and porosity properties typical for the Kevin Dome area, we 

chose the Muskeg Anhydrate, Wabamun Carbonate (low K and high K, respectively), and Calmar Shale as our 

reference formations for determining the relative permeability and capillary pressure curves by using Van 

Genuchten-Mualem function (Bennion & Bachu 2005 and Bachu & Bennion 2008). 

 

Initial temperature and pressure conditions were set consistent with well log data from this area. The surface 

temperature is set to 15.56 C (60 F), with a 0.0145 C/m (0.8 F/100ft) temperature gradient. The surface pressure 

is set to 1.01325E5 Pa (14.7 psi), with a 1.0857 Pa/m (0.48 psi/ft) pressure gradient. The side boundaries are set 

with constant pressure (initial gradient). We used the ECO2N module for supercritical CO2 injection simulation, 

and simulated isothermal conditions for up to 50 years of constant injection pressure 1.62E7 Pa (2350 psi). This 

is about 17% higher than the initial pressure. About 15.4 million tons of CO2 are injected over 50 years (0.308 

million tons per year).  

 

Figure 45 presents a top view of the resulting CO2 plume migration after 50 years of injection. CO2 flow is well 

contained vertically beneath the caprock, and extends about 2000 m laterally away from the wellbore. Figure 46 

shows the pressure contour in NE-SW and NW-SE directions, centered on the injection well, at the end of 50 

years injection. Figure 47 shows the pressure profiles at time = 0 and time = 50 years on a horizontal section 

through the injection zone, centered at the injection wellbore. The pressure increase at the injection well is 

about 2.5 MPa (360 psi). This pressure change profile is subsequently used as input to the geomechanical 

model, in order to estimate induced stresses and deformations. 
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Figure 45. CO2 supercritical gas plume after 50 years of injection – top view 

 

 

 
Figure 46. Supercritical CO2 saturation contour centered on injection well, in NE-SW and NW-SE directions after 50 years of 

injection 

 

 

t = 50 years
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Figure 47. Pressure profile in the injection zone, centered on the injection well, in NE-SW direction 

 

 

5.1.3 Geomechanical Model 
 

We next developed a 3D geomechanical model for Kevin Dome, mapping grid information and data from the 

geology and fluid flow models. The dimensions of the geomechanics model are 10,000m x 10,000m in the 

lateral direction, and about 2500 m in the vertical direction, extending from the surface about 1175m above sea 

level to 1345 m below sea level, and centered on the injection wellbore. The model has a total of 144,000 

elements, with a finer mesh near the injection well and in the Duperow injection formation (Figure 48).  
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Figure 48. 3D geomechanics model established for Kevin Dome 

 

 

The mechanical properties of each formation were estimated from log data, as no laboratory core test data are 

available. We applied roller boundary conditions on all surfaces except the top surface, which is free to move in 

both vertical and lateral directions. We then simulated the induced stress and displacement during 50 years of 

injection, by applying pressure changes from the fluid flow simulation to the geomechanics model. The 

resulting surface deformations are presented in Figure 49. The maximum displacement is above the injection 

well, with a maximum uplift of about 5 mm. This is relatively minor, primarily due to the low pressure increase 

and relatively stiff material properties. 

 
 

Geomechanics Technologies
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Figure 49. Vertical displacement:  3D view (top) and cross section (below), after 50 years of injection (meters) 

 

 

We present in Figure 50 cross section views of the induced horizontal stresses. Compressive stresses are 

induced within the injection interval (zone of increased pressure), while tensile stresses are induced above and 

below the injection zone. The maximum induced horizontal compressive stress is about 1.4 MPa (about 200 

psi). The stress changes induced by injection operations in this case are relatively small compared to in-situ 
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stresses and compared to estimated shear strength properties for the matrix material and bedding planes. Given 

these low values, there is no significant risk for caprock fracturing or fault activation. 
 

 

 
 

Figure 50. Plot contours of induced horizontal stresses after 50 years of injection, including E-W (top) and N-S (lower) normal 

stress (Pa) 

 

Figure 51 shows the induced horizontal shear stresses on N-S and E-W sections. These are quite low, with 

maximum magnitude only on the order of 3.0E+4 Pa. 
 

 



Geomechanics Technologies  DE-FE0009168 

 

Title:  Development of Improve Caprock Integrity and Risk Assessment Techniques 

 

PI: Dr. Michael Bruno  Final Report 

 

74 

 

 
Figure 51. Plot contours of induced horizontal shear stresses after 50 years of injection, displayed on E-W (top) and N-S 

(lower) sections (Pa) 

 

 

5.2 Wilmington Graben, Offshore Los Angeles, California 
 

The Wilmington Graben is located offshore Los Angeles, California (Figure 52). The area is being studied and 

characterized for large scale CO2 sequestration by GeoMechanics Technologies under DOE contract 

FE0001922. That effort is more fully described in a companion paper “Characterization of Pliocene and 

Miocene formations in the Wilmington Graben, Offshore Los Angeles, for large scale geologic storage of CO2” 

(see also www.socalcarb.org). The graben is situated between the Palos Verdes fault to the west and the Thums-
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Huntington Beach fault to the east. The geologic setting is characterized by turbidite deposits composed of 

graded sequences of sand, silt, and shale. 

 

 

 
Figure 52. Wilmington Graben location, power plants, and refineries within the Los Angeles geologic basin 

 

 

Pliocene and Miocene sediments in the Los Angeles Basin are massive interbedded sand and shale sequences 

known to provide excellent and secure traps for oil and gas. The area contains several billion-barrel oil and gas 

fields, including the giant Wilmington Field in Long Beach (more than two billion barrels produced to date). 

These formations have been used by Southern California Gas Company for large-scale underground storage of 

natural gas at half a dozen locations throughout the Los Angeles basin for more than fifty years, demonstrating 

both the storage potential and security of these formations for CO2 sequestration. 
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5.2.1 Geologic Model 
 

The initial geologic characterization effort included assembly and analysis of log data from a dozen existing 

wells located within both State and Federal waters, and combination of this information into a common 

database. Several key geologic horizons markers were identified at each well location. Lithology versus depth 

was also identified for each well, separated into four categories for sand, shale, sand-shale interbed, and silt. 

To further characterize the area and extend the geologic horizon beyond the discrete well locations in 3D, 3D 

seismic data available for a portion of the Wilmington Graben was re-processed and analyzed. An additional 

175km of 2D marine seismic data was collected in a “data gap” area, using ship borne seismic arrays provided 

by Cal State Long Beach.  

 

Finally, two new wells were drilled by GeoMechanics Technologies in the north Graben area to establish 

additional formation characterization data in both the Pliocene and Miocene intervals. Core samples were taken 

in each well, and measurements made of porosity, permeability, and rock mechanical properties.  

 

Given the key stratigraphic horizons established from seismic data, and lithology versus depth determined from 

log data, inter-well interpolation was applied to create both stratigraphic and lithology models for the entire 3D 

volume comprising the Wilmington Graben. The 3D lithology model and an associated fence diagram are 

provided in Figure 53 and Figure 54. 

 

The offshore Wilmington Graben lies within a turbidite depositional environment. Lithology is known to vary 

both vertically and laterally. A simple interpolation between wells can sometimes create an overly simplified 

lithologic model. Seismic horizon data can inform the geologist of general stratigraphic trends, but cannot 

completely resolve the uncertainty in lateral variation of lithology. To account for such variation and 

uncertainty, therefore, we considered multiple geologic interpretations of the available data with varying ratios 

of sand and shale. We developed and considered several alternative lithology distributions, each of which honor 

the general stratigraphic trend and the specific lithology distribution at each well. These include a baseline 

geologic model, a high shale geologic model, and low shale geologic model, each of which were considered in 

subsequent fluid flow simulations. 
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Figure 53: 3D lithology model with cut-away view 

 

 

 
Figure 54. Geologic fence diagram for the Wilmington Graben with lithology interpolated between known wells 
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5.2.2 Fluid Flow Model 
 

Two areas in the middle and in the northwest of the graben were chosen for fluid flow and geomechanical 

modelling, as indicated in Figure 55. We present herein results for the middle graben area. 

 

 

 
Figure 55. Integrated fluid flow models (shown in hatched area) and geomechanical models (shown in purple overlays) 

 

 

The conceptual fluid flow model was created by mapping the geology from the RockWorks16 model into a 

TOUGH2 flow model (Figure 56). The full conceptual model is shown in Figure 57. As the model is bounded 

on the SW and NE by the Palos Verdes and Thums Huntington Beach faults, respectively (which are known to 

be sealing), these boundaries were set with no-flow conditions. The NW and SE boundaries of the model were 

defined as constant pressure conditions (depth dependent). 
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Figure 56. Mapping of lithology from RockWorks16 model to TOUGH2 model 

  

 
Figure 57. 3D flow model for mid graben area 
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We simulated thirty years of injection at about 1 million metric tons per year into a sand interval approximately 

50m thick. The injection was followed by fifty years of monitoring. The simulation results for the geologic 

baseline model indicate that after 30 years of injection, the CO2 plume migrated and extended to a distance of 

about 1,000m (3,280ft) in the horizontal direction and 450m (1,500ft) in the vertical direction, indicated in 

Figure 58 and Figure 59.  

 

 

 

 
Figure 58. CO2 migration in baseline model (left) and high shale model (right), both after 30 years of injection; SW-NE cross 

sections 

 

 

 
Figure 59. CO2 migration in baseline model (left) and high shale model (right); both after 30 years of injection; top view 
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5.2.3 Geomechanical Model 
 

A geomechanical model was also assembled for the central graben area. The purpose was to assess stress 

changes induced by injection operations, fracturing risks, fault activation risks, and surface deformations. 

Figure 60 and Figure 61 present illustrations of the geomechanical model for the central graben area. The 

dimensions of this model are about 8500 m in the lateral directions and 2950m in the vertical direction, starting at 

the seafloor. The injection wellbore is located at the center of the model. The geomechanical model has a total of 

35100 elements, with finer mesh across injection well and the Repetto injection formation. We apply roller 

boundary conditions on all surfaces except the top surface, which is free to move in both vertical and lateral 

directions.  

 

Mechanical properties for varying layers were determined with sonic logs calibrated with triaxial rock 

mechanics testing on core samples. The Palos Verdes and THUMS Huntington Beach faults serve as the no-

flow side boundaries of the model, consistent with the fluid flow model. The model is initiated with 

gravitational loading and initial stresses determined from step-rate testing and borehole breakout analysis. Initial 

pressure and temperature as a function of depth were also determined for the area. The loading of the model is 

input via the change in pressure and temperature determined from the fluid flow simulation (i.e. a one-way 

coupling process). Note that to first approximation, material dilation or compression is related to the change in 

pressure times compressibility and to the change in temperature times thermal expansion. Increased pressure 

acts to expand the formation rock, while decreased temperature acts to contract the rock. The surrounding 

materials resist this expansion and/or contraction, resulting in stresses being induced both within the interval 

experiencing pressure and temperature change and within the surrounding formation material.  

 

 
Figure 60. 3D geomechanical model for the central Wilmington area 

 

(4213.3,4326.1,-148.6)m

(-4213.3,-4326.1,-3100)m

Injection Well
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Figure 61. Geomechanics model cross sections centered on the proposed injection wellbore; NW-SE (top) and NE-SW(bottom) 

directions 
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Figure 62 presents the change in pressure after 30 years of injection determined from the fluid flow model and  

applied as loading to the geomechanical model. Pressure changes are relatively minor, less than 1 MPa 

throughout the region of CO2 migration, and concentrated in the area above the injection interval.  
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Figure 62. Pressure change after 30 years of injection determined from fluid flow model and input into geomechanical model 

(Pa); NE-SW (top) & NW-SE (bottom) 

 

Figure 63 illustrates the horizontal stresses induced by such pressure change. Compressive stresses are induced 

within the pressurized areas and tensile stresses are induced above and below. These induced tensile stresses, 

however, are significantly below in-situ compressive stresses for the area, so risk for caprock fracturing are very 

low. 

 

 

 
Figure 63. Resulting induced horizontal XX stress change in NE-SW direction (Pa) 
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Figure 64 shows the induced XZ stress across injection well in NE-SW direction, and the maximum 

compression and tension stresses are about 3.3E4 Pa and 5.8E4 Pa respectively. Figure 65 shows the induced 

ZZ stress across injection well in NE-SW direction, and the compression and tension stresses are located above 

and below the injection point, and the maximum of tension is about 3.5E4 Pa, and the maximum of compression 

is about 3.1E5 Pa. 

 

 

 
Figure 64. Induced XZ stress in NE-SW direction (Pa) 
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Figure 65. Induced ZZ stress in NE-SW direction (Pa) 

 

 

 

Figure 66 shows the induced Z-displacement in 3D and 2D views. There is uplift surrounding the injection well, 

maximum of 9cm.  
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Figure 66. Induced Z displacement, 3D view (top) and NE-SW profile (bottom) (m) 

 

 

5.3 Loudon, Central Illinois 
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The Louden natural gas storage field is located in central Illinois and geologically within the Illinois Basin 

(Figure 67). The Loudon Field is a depleted oil field that was converted to gas storage in 1969 by The Natural 

Gas Pipeline Company of America (NGPL).  

 

In 1992, PETCO Petroleum Corporation acquired the Loudon Field mineral rights for the strata above the 

caprock of the gas storage operations. PETCO began producing natural gas from the shallow Carper sands. 

After June 16, 2000, stored gas from the deeper Grand Tower formation was found in the gas produced by 

PETCO from the shallower Carper Sand. PETCO suspected and contended that this was trespass caused by 

NGPL overpressuring the Grand Tower reservoir. Storage gas had collected in the Cedar Valley limestone, the 

formation originally designated as the primary “caprock.” It was further conjectured that cyclic pressurization 

of both the Grand Tower and Cedar Valley formations induced new fractures and/or re-activated existing 

fractures in the overlaying New Albany Shale, which is observed to be fractured and gas bearing in other parts 

of the Illinois Basin. 

 

 
Figure 67. Loudon field in central Illinois, and the Illinois Basin 
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5.3.1 Geologic Model 
 

The field is an asymmetrical NE-SW anticline 14 miles long by 4 miles wide (Figure 68), containing a primary 

caprock composed of the Cedar Valley shale and limestone and a secondary caprock composed of the New 

Albany shale. The storage reservoir is the Devonian Grand Tower Formation. 

  

 

 
Figure 68. Digitized structure map of the Grand Tower Formation; contour depths are in meters below subsea 

 

 

The approximate depth of the injection zone is 920-940 m below ground level. The completed lithology model 

for the entire geologic area is presented below in Figure 69. Fluid flow modelling requires high resolution, so in 

order to reduce the number of unnecessary cells and thus minimize run-time, a smaller subsection near the point 

of injection has been clipped from the larger model. To reduce the number of cells in the vertical direction, all 

cells above the Osage/Borden formation have been excluded from the smaller model. See Figure 70 for the 

smaller model submitted for fluid flow modelling. 
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Figure 69. Completed lithology model for the geologic model domain 
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Figure 70. Smaller lithology model submitted for TOUGH2 fluid migration modelling (same lithology key as in Figure 69) 

 

 

5.3.2 Fluid Flow Model 
 

5.3.2.1 Model Description 
 

A rectangular model was chosen to cover the entire injection zone in the formation. The complete geologic 

model covers the extent of the Louden field with an area of 13,000 m x 19,193 m (9 x12.5 miles). However, a 

smaller area surrounding the southern dome structure was used for fluid modelling. This model is 6500 m (-

3788.58 m to 2711.42 m) by 8250 m (-3282.13 m to 4967.87 m), and ranges vertically from -350 m to -1200 m 

(all below sea level), see Figure 71. The Lydia Weaber 5D well located northwest of the center of the Loudon field 

has been chosen as the injection well site since it is closest to the center of the field and has the best available 

lithological data. The CO2 injection well coordinates were translated into a local coordinate system, and the well 

placed at local coordinate (0,0). The presumed injection interval is between -754~ -774m below sea level in the 

Grand Tower Formation, which is about 920 m below ground surface, and 410 to 430 m from the top of the 

model. The mesh is finer near the well and in the injection interval, with a total of 89,920 elements. Figure 72 

gives a more detailed cross sectional view of the injection zone dolomite, centered on the injection well. 
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Figure 71. TOUGH2 mesh for Louden (3xVE) 

 

 
Figure 72. Cross-section plane through injection well (3xVE) 

(4967.87, 2711.42, -350.0)

(-3282.13, -3788.58, -1200.0)

Injection into 
Grand Tower
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5.3.2.2 Initial Conditions 
 

Initial pressure: the surface pressure is air pressure (1.01E5 Pa or 14.7 psi), with 9727 Pa/m (0.43 psi/ft) 

pressure gradient. The pressure is about 9.48E6 Pa (1374 psi) in the injection Grand Tower zone.  

 

Initial temperature: the surface temperature is 15.56 Celsius (60 Fahrenheit), with a 0.006 
o
C/m (0.33 

o
F/100ft) 

temperature gradient. The temperature is about 21.4
 o
C (70.5

 o
F) in the injection Grand Tower zone. 

 

Boundary condition: Assume Constant-Pressure-Boundary condition in a thin layer around the model, see 

Figure 73. 

 

 

 
Figure 73. Constant-Pressure-Boundary Condition (3xVE) 
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5.3.2.3 Material Properties 
 

Table 8   shows the material properties input for the fluid flow model. 

 

 
Table 8  Input material properties for TOUGH2 model 

 

 
 

 

5.3.2.4 Results 
 

We chose the ECO2N module for the supercritical CO2 injection simulation, and ran the isothermal case up to 

50 years at a constant injection pressure 9.95E6 Pa (1443.7 psi, which is about 5% higher than the initial 

pressure). 11.4 million tons CO2 are injected after 50 years (0.228 million tons per year). Figure 74 shows the 

plan view of CO2 plume after 50 years injection. 

 

 

Material name

density 

[kg/m³]

effective 

porosity [-

]

x 

permeability 

[m²]

y 

permeability 

[m²]

z 

permeability 

[m²]

wet heat 

conductivi

ty 

[W/mC]

specific 

heat [J/kg-

C]

pore 

compress

ibility 

[1/Pa]

Dolomite 2500 0.16 9.86923E-14 9.86923E-14 9.86923E-15 2 1000 2.9E-11

Limestone 2270 0.16 9.86923E-14 9.86923E-14 9.86923E-15 2 1000 2.83E-11

Sand 2531 0.16 9.86923E-14 9.86923E-14 9.86923E-15 2 1000 2.64E-11

Sandy Limestone 2400 0.16 9.86923E-14 9.86923E-14 9.86923E-15 2 1000 2.74E-11

Shale 2514 0.001 9.86923E-17 9.86923E-17 9.86923E-18 2 1000 6.97E-11

Material name l Slr Sls Sgr l Slr

1/P0

(1/Pa) Pmax(Pa) Sls

Dolomite 0.9 0.35 1 0.05 0.9 0.35 8.39E-08 10000 1

Limestone 1.1 0.5 1 0.16 1.1 0.5 8.39E-08 1000000 1

Sand 0.67 0.2 1 0.05 0.67 0.15 0.0004 10000000 1

Sandy Limestone 0.67 0.2 1 0.05 0.67 0.15 0.0004 10000000 1

Shale 0.64 0.36 0.98 0.001 0.64 0.36 8.16E-08 72800000 0.98

rel. Permeability capillary pressure

vanGenuchten vanGenuchten
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Figure 74. CO2 gaseous plume after 50 years of injection – plan view 

 

 

Figure 75 shows the pressure contour in N-S and E-W directions, centered on the injection well, at the 

beginning and end of the simulation. The pressure range is 5.55E6 Pa to1.36E7 Pa. 
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Figure 75. Pressure distribution contour, centered on injection well, in N-S and E-W directions, before injection (top) and 

after 50 years of injection (bottom) (3xVE) 

 

Figure 76 shows the corresponding supercritical CO2 saturation changes.  

 

t = 0

t = 50 years
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Figure 76. Supercritical CO2 saturation contour, centered on injection well in N-S and E-W direction, before injection (top) 

and after 50 years of injection (bottom) (3xVE) 

 

 

Figure 77 is an enlarged view of Figure 76, E-W direction, after 50 years of injection.  

 

t = 0

t = 50 years
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Figure 77. Enlarged view of supercritical CO2 saturation (Figure 76, above) in E-W direction (3xVE) 

 

 

5.3.2.5 Observation Phase 
 

We ran the model for another 50 years without injection, after the 50 years of injection, to monitor the pressure 

and supercritical CO2 migration. Figure 78 shows the supercritical CO2 saturation and Figure 79 the contour 

plot of pressure distribution in N-S and E-W directions, both after the 50-year observation phase.  

 

(-3282.13,0, -1200) (0, 4967.87, -1200)

(-3282.13, 0, -350) (0, 4967.87, -350)
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Figure 78. Supercritical CO2 saturation, plan view (top) and E-W cross section (bottom, 3xVE), after observation phase 
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Figure 79. Pressure distribution contour, centered on injection well, in N-S and E-W direction (3xVE), after observation phase 

 

Figure 80 and Figure 81 show pressure profiles at time 𝑡 = 0, 𝑡 = 50 𝑦𝑒𝑎𝑟𝑠, and after the 50-year observation 

phase, in the injection zone and along injection wellbore, respectively. 

 

 
Figure 80. Pressure profile in the injection zone, centered on injection well, E-W direction 
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Figure 81. Pressure profile along the injection well 

 

 

5.3.3 Geomechanical Model 
 

5.3.3.1 Model Description 
 

We created a 3D geomechanical model for Loudon, consistent with the latest geologic and TOUGH2 fluid flow 

models, with dimensions of 20,000m in both lateral directions (-10,000m to 10,000m) and about 1,900m in the 

vertical direction (from 180m above sea level to 1,720m below sea level). The injection wellbore is located at 

the center of the model. The model has a total of 256,000 elements, with a fining mesh near the injection well 

and in the Grand Tower injection formation. Figure 82 below shows the 3D geomechanical model, and Figure 

83 shows the model, centered on the injection wellbore, along N-S and E-W cross sections.  
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Figure 82. 3D Loudon geomechanics model with FLAC3D software 

(10000,10000,180)

(-10000,-10000,-1720)
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Figure 83. Geomechanics model, centered on injection wellbore, in N-S (top) and E-W (bottom) cross sections 
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5.3.3.2 Material Properties 
 

Table Input material properties for FLAC3D model 

 
 

5.3.3.3 Boundary Condition 
 

We apply roller boundary conditions on all surfaces except the top surface, which is free to move in both 

vertical and lateral directions (Figure 84). 

 

 
Figure 84. Roller boundary conditions in x, y directions and at the bottom of model 

 

Formation 

Layers

Ave. Vel 

(ft/sec)

Ave. 

Density 

(g/cc)

poisson's 

ratio E (psi) K (psi) G (psi) K(Pa) G(Pa) Cm(1/Pa)

Overburden 16975.47 2.265 0.2 7.91E+05 4.40E+05 3.30E+05 3031499628 2.27E+09 1.65E-10

Ste. Genevieve 18329.94 2.381 0.2 9.70E+05 5.39E+05 4.04E+05 3716966356 2.79E+09 1.35E-10

Salem 18175.9 2.065 0.2 8.27E+05 4.60E+05 3.45E+05 3169028201 2.38E+09 1.58E-10

Borden Siltstone17662.35 2.430 0.2 9.19E+05 5.11E+05 3.83E+05 3521802561 2.64E+09 1.42E-10

Carper 17941.07 2.531 0.2 9.88E+05 5.49E+05 4.12E+05 3784263977 2.84E+09 1.32E-10

Chouteau 17961.82 2.514 0.2 9.84E+05 5.47E+05 4.10E+05 3768668579 2.83E+09 1.33E-10

New Albany 11109.7 2.502 0.2 3.75E+05 2.08E+05 1.56E+05 1434811035 1.08E+09 3.48E-10

Cedar Valley 0.2 9.90E+05 5.50E+05 4.13E+05 3792118000 2.84E+09 1.32E-10

Grand Tower 0.2 9.00E+05 5.00E+05 3.75E+05 3447380000 2.59E+09 1.45E-10

Underburden 0.2 9.60E+05 5.33E+05 4.00E+05 3677205333 2.76E+09 1.36E-10
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5.3.3.4 Results 
 

We calculated the induced stresses and vertical displacement after 50 years of injection by applying pressure 

data from the fluid flow simulation above to this geomechanical model. Figure 85 shows the pressure changes 

after 50 years of injection.  

 

 

 
Figure 85. Pressure change contour after 50 years injection, centered on injection well in E-W cross section (Pa) 

 

 

Figure 86 shows the induced displacements in the z-direction. The maximum displacement, near the injection 

wellbore, is about 5.7 mm. 

 

 

Pressure

Pressure
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Figure 86. Induced Z-displacement, 3D view (top) and E-W cross section (bottom) (m) 
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Figure 87 shows the induced XX- and ZZ-stress plot contours, centered on the injection well. There are 

compaction stresses around the injection well, in the injection zone. The maximum horizontal compaction stress 

is about 3.5 ×105 Pa, and the maximum vertical compaction stress is about 9.5 ×104 Pa.  

 

 
Figure 87. Induced horizontal XX-stress (top) and ZZ-stress (bottom) on E-W cross section (Pa)  
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Figure 88 shows the induced shear stresses on the E-W cross section. This XZ-stress is about 1.1×10
4
 Pa. 

 

 

 
Figure 88. Induced horizontal XZ-stress on E-W cross section (Pa) 

 

  



Geomechanics Technologies  DE-FE0009168 

 

Title:  Development of Improve Caprock Integrity and Risk Assessment Techniques 

 

PI: Dr. Michael Bruno  Final Report 

 

109 

 

6 Development and Application of Quantitative Risk and Decision 
Analysis Tools for Caprock Integrity  
 

We have developed a Quantitative Risk & Decision Analysis Tool (QRDAT) for caprock integrity evaluation, 

with the aim of assessing the potential for leakage during CO2 injection. For this purpose we have established a 

set of parameters (risk factors) that influence the likelihood of caprock failure. We established order of 

magnitude value ranges for each parameter, which, when applied to particular geologic and operational settings, 

enable quantification of risk and offer a means by which to compare potential and active storage sites. 

 

We consider three primary leakage mechanisms. These are tensile fracturing of the caprock, fault activation, 

and well damage. The set of risk factors can be divided into three main groups:  

1. Mechanical state of the storage system, which includes stresses, pressures and faults; 

2. Caprock and storage zone system, including reservoir and caprock geometry and properties; and 

3. Operations, which include the status of the wells and injection practices. 

 

6.1 Mechanical State Factors 

6.1.1 Desired maximum formation pressure/effective minimum horizontal stress 
The higher this ratio, the higher the risk for caprock failure. This number is a measure on how close the pressure 

in the formation is to the failure pressure, as fracturing occurs when the minimum horizontal stress is exceeded 

by the pressure in the reservoir.  

6.1.2 Desired maximum formation pressure/discovery pressure 
This ratio is a measure of the pressure increase in the reservoir. The higher this ratio, the larger the pressure 

increase in the caprock-storage zone system. The magnitude of pressure increase controls the potential for 

tensile and shear failure in the caprock and so poses risks for CO2 containment. 

6.1.3 Maximum formation pressure/formation depth 
Higher formation pressure increases the risk for caprock failure. This value, however, needs be normalized to 

the formation depth to take into account the fact that high pressures are less influential with increasing depth 

due to countervailing pressure increases from increasing overburden load. The higher this ratio, the higher the 

risk for integrity loss. 

6.1.4 Stress regime 
Simple stabilization relations imply that a compressional stress regime will have the highest risk for reactivation 

during CO2 injection, as CO2 pressure increase will have a destabilizing effect on thrust faults, whereas it has 

stabilizing effect on normal faults (Figure 89). This only refers to the normal stresses induced by pressure 

increase. It does not refer to possible direct migration of fluid into the fault zone, which can destabilize either 

type of fault by reducing the normal effective stress acting to keep the fault from slipping.  
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Figure 89. Induced horizontal stresses due to injection tend to stabilize normal faults and destabilize reverse faults 

 

6.1.5 Stress ratio 
The stress ratio is defined as σ3/σ1. Modelling studies for extensional stress regimes have shown that lower 

stress ratios lead to larger absolute fault slip magnitudes (Mazzoldi et al. 2012 & Rutqvist et al. 2013). In 

general, stress ratios are on the order of 0.5-0.7. Lower stress ratios lead to greater fault reactivation risks due to 

enhanced arching of the resulting normal stress. This causes a larger normal than shear stress ratio and so a 

greater chance of fault activation. 

6.1.6 Fault boundaries 
Faults can be activated by supercritical CO2 encroachment. Stable faults are in equilibrium with the stresses 

acting on the fault plane. An increase in fluid pressure due to pressurized CO2 entering the fault plane decreases 

the effective normal stress on this fault plane. When the fault plane approaches critical stress needed to initiate 

fault movement, this pore pressure increase may activate the fault. There is consensus that faults may act as 

flow paths, at least shortly post-failure (Sibson 2013). The presence of one or more close faults that extend far 

into the caprock increases the risk of caprock integrity loss. Additionally, Orlic et al. (2011) have demonstrated 

that stress concentrates on fault planes at interfaces between different lithologies, as exist between reservoirs 

and caprocks. Therefore, fault reactivation may be more likely at the caprock-reservoir interface, increasing this 

location’s sensitivity to integrity loss. 

6.1.7 Natural seismicity 
High natural seismicity clearly poses a risk for caprock integrity loss. In regions with strong natural seismicity, 

the presence of pre-existing faults and fracture networks can be expected, which offer potential conduits for 

fluid migration, and generally reduce caprock integrity.  

 

6.2 Caprock-Storage Zone System Factors 

6.2.1 Storage zone lateral extent/depth and caprock lateral extent/thickness 
These parameters assess the lateral continuity of both the reservoir and caprock by normalizing it to a fixed 

value (formation depth and caprock thickness, respectively). Clearly, the more extensive a formation is in the 
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lateral direction, the smaller the chance that CO2 will reach a spill point and migrate upwards. Therefore, high 

ratio values for these parameters indicate low failure likelihood.  

6.2.2 Storage zone thickness/depth 
High values for this ratio correspond to a relatively thick reservoir at relatively shallow depth, indicating large 

volumes of CO2 stored close to the surface. This combination has a major implication if failure in the caprock 

occurs; the release of a large amount of CO2 without far to migrate upwards to reach the surface. Thus high 

ratio values here correspond to high risk. 

6.2.3 Caprock strength 
A stronger caprock has a lower risk for caprock integrity loss, due to a lower risk for both tensile fracturing and 

the onset of new faults in the caprock. A fracture develops only when the compressive strength in a rock is 

overcome, so the higher the unconfined compressive strength the lower the risk for the development of fracture 

networks. Note that a stronger caprock may lead to higher pressure build-up, which may lead to overburden and 

surface heave (e.g., In Salah (Rutqvist et al. 2010)). Bending of the caprock during uplift may lead to the 

development of shear stresses at the top of the caprock (Vilarrassa et al. 2011), but no cases of caprock failure 

due to surface heave have been reported thus far.  

6.2.4 Caprock permeability 
Relatively permeable caprocks may lead to loss of CO2 containment, simply because CO2 can migrate through 

them under the influence of strong buoyancy forces. This can occur for caprocks with permeabilities as low as k 

> 10
-18

 m
2
 (Zhou et al. 2008). The permeability of the caprock mainly influences the potential pressure build-up 

in the caprock and so too the development of fractures. The lower the permeability of the caprock, the less fluid 

penetration can occur and the less pressure can build up, and, thus, a lower failure risk pertains. 

6.2.5 Caprock dip 
Caprock dip mainly influences the migration of CO2 within the reservoir. Due to high buoyancy of the CO2, the 

supercritical fluid will tend to move upward in the reservoir until structurally trapped. The greater the caprock 

dip, the further the CO2 migrates upwards, with the risk of reaching a spill point or discontinuity in the caprock 

also increasing. Doughty (2010) demonstrates that dipping caprock-storage zone systems lead to preferred CO2 

migration in the up-dip direction. The greater the dip, and its extent, the more quickly, and further, the CO2 may 

migrate laterally. Sub-horizontal reservoirs below anticlinal caprock structures, however, form structural traps 

and therefore securely contain CO2. 

6.2.6 Caprock thickness 
As would be expected, thicker caprocks are lower risk for integrity loss, simply because fracture networks and 

faults can develop further into the caprock without fully transgressing it. For example, at In Salah a fracture 

network reaches 100-200 m into the caprock (Verdon et al. 2013), but since the caprock package is up to 950 m 

thick, this has no effect on the security of storage. 

6.2.7 Caprock heterogeneity 
Caprock heterogeneity increases the risk for integrity and containment loss for various reasons. First, in case of 

lateral heterogeneity (e.g. in turbidite settings), CO2 may reach discontinuities in the caprock, which may allow 

upward migration. In very heterogeneous caprocks, connected fluid pathways to higher strata may be present. 

Second, heterogeneity of lithology within the caprock may lead to stress concentrations, as has already been 

discussed with respect to fault boundaries, rendering these interfaces prone to tensile and shear failure.  



Geomechanics Technologies  DE-FE0009168 

 

Title:  Development of Improve Caprock Integrity and Risk Assessment Techniques 

 

PI: Dr. Michael Bruno  Final Report 

 

112 

 

6.2.8 Number of sealing strata 
The number of individual sealing strata within the general caprock package influences the integrity of the 

system simply by forming a baffled system of multiple storage locations with multiple caprocks which act as 

buffers if the primary seal below them fails. Rutqvist et al. (2008) assessed the risk for caprock failure in 

multilayered systems. Assessing stress developments in a storage system with three caprocks, of which the 

lower two have failed, they concluded that ensuing upward migration of CO2 creates the highest shear and 

tensional failure risk at the interface of the shallowest storage zone and intact caprock. Thus existence of 

multiple caprocks is not a guarantee for CO2 containment; however, in general the risk for integrity loss 

decreases with an increasing number of caprocks above the primary intended seal. 

 

6.3 Operations Risk Factors 

6.3.1 Well density and number of uncased wells/total number of wells 
The number of wells already drilled through the caprock clearly increases the risk of CO2 migration. The greater 

the number of wells fully penetrating the caprock and into the storage zone, the greater the number of potential 

leakage pathways present. Gasda et al. (2004) illustrate seven pathways by which CO2 can leak through 

previously completed, but now plugged and abandoned wellbores. 

6.3.2 Number of uncased wells/total number of wells 
The risk of leakage is even greater for uncased wells. Best CO2 practices currently dictate that new well casings 

are to be designed to stay intact for timescales on the order of thousands of years. The biggest risk overall for 

safe CO2 storage is posed by old abandoned wells, residing mainly in depleted hydrocarbon reservoirs, which 

were not designed for secure storage for timescales of this magnitude (Orlic 2009). 

6.3.3 Temperature difference between injected CO2 and storage zone 
Temperature induced stresses are proportional to the change in temperature times the material coefficient of 

thermal expansion. Excessive cooling causes tensile fractures, which can act as a migration pathway. The 

greater the difference between initial formation pressure and the injected fluid, the greater the tensile stress 

perturbation. 

 

6.4 Methodology 
For each of the risk factors, we established three orders of magnitude risk value ranges corresponding to low, 

moderate, and high risk. For example, for the first mechanical state risk factor discussed above, the ratio of 

desired maximum formation pressure to effective minimum horizontal stress, values of 0.5 and below are 

considered low risk, between 0.5 and .075 moderate risk, and anything higher than 0.75 is considered high risk. 

Low risk conditions are assigned a risk score of 1. Moderate risk conditions are assigned a risk score of 10. And 

high risk conditions are assigned a risk score of 100. The purpose for using order of magnitude risk scores is to 

develop general ranking criteria that are not overly influenced by any one individual factor, many of which are 

necessarily subjective in nature. 

 

Risk factor scores are assigned to each of the leakage mechanisms (tensile fracture, fault activation, and well 

damage). If a risk factor does not influence a particular leakage mechanism, it is scored as 1 no matter its value. 

For example, our caprock-storage zone risk factor of caprock permeability clearly has an effect on tensile 

failure of the caprock, thus a high value for caprock permeability receives a higher risk score. But caprock 
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permeability has no effect on the failure of wellbores or the breeching of older wellbores, so a highly permeable 

caprock does not influence the well damage mechanism. 

 

We have included 19 factors in QRDAT and three leakage mechanism for each. Thus each storage site, or 

potential storage site, receives 57 factor scores. Total risk is the sum of all factor scores, allowing comparison 

between alternative sites. For each risk factor we have set up ranges that we associated with high, moderate or 

low leakage potential.  
 

Table 9 shows the ranges for separate risk factors.  
 

Table 9  Risk factor value ranges in current QRDAT version 
Risk factor Risk factor value ranges 

 High risk Moderate risk Low risk 

Lateral extension of the storage zone/formation depth <25 25-100 >100 

Storage zone thickness/storage zone depth  > 0.5 0.1-0.5 < 0.1 

Stress regime Compressional Transform Extensional 

Caprock strength Weak  Moderate Strong 

Caprock thickness ≤ 3 m 3-30 m ≥ 30 m 

Fault boundaries  Multiple One  None 

Natural seismicity High Moderate Low 

Number of caprocks No One Multiple 

Maximum formation pressure/formation depth ≥ 0.75 0.625-0.75 ≤ 0.625 

Desired maximum formation pressure/discovery 

pressure 

≥ 1.5 1.25-1.5 ≤ 1.25 

Well density > 15 5-15 < 5 

Number of uncased wells/total number of wells > 0.6 0.2-0.6 < 0.2 

Temperature difference between the injected CO2 and 

the ambient storage zone temperature 

 ≥ 60 ◦C 30-60 ◦C  ≤ 30 ◦C 

Caprock heterogeneity Significant Moderate Strong 

Caprock permeability > 10
-15

 m
2
 10

-18
-10

-15
 m

2
 < 10

-18
 m

2
 

Caprock lateral extend/storage zone thickness <25 25-100 >100 

Caprock dip ≥ 8° 2°-8° ≤ 2° 

Minimum horizontal stress/vertical stress (stress ratio) <0.55 0.55-0.65 >0.65 
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Figure 90. Mechanical state risk factors and ranges included in risk assessment tool 
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Figure 91. Caprock and storage zone risk factors and ranges included in risk assessment tool 
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Figure 92. Operating parameters risk factors and ranges included in risk assessment tool 

 

 

6.5 Sample Application to Five Storage Projects  
 

We have applied the risk assessment to evaluate five CO2 injection and potential injection sites. The first three 

are potential CO2 sites under consideration, including the Kevin Dome site (Figure 93), the Louden site (Figure 

94), and the Wilmington graben (Figure 95). Two others are actual large scale CO2 injection sites, including 

Sleipner in the North Sea (Figure 96) and In Salah in North Africa (Figure 97). The resulting total risk scores 

are presented in Figure 98. 
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6.5.1 Kevin Dome 

 
Figure 93. Risk assessment for Kevin Dome 
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6.5.2 Louden 

 
Figure 94. Risk assessment for Loudon 
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6.5.3 Wilmington Graben 

 
Figure 95. Risk assessment for Wilmington Graben 
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6.5.4 Sleipner 

 
Figure 96. Risk assessment Sleipner 
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6.5.5 In Salah 

 
Figure 97. Risk assessment for In Salah 
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Figure 98. Total QRDAT risk scores for five CO2 potential and actual injection sites 

 

 

Table 10 shows the risk scores for the five locations, including the category scores for the three leakage 

mechanisms:  mechanical state, caprock-reservoir system and operations. The likelihood scores for each site 

may then be converted to absolute order-of-magnitude probability. An example is provided in   



Geomechanics Technologies  DE-FE0009168 

 

Title:  Development of Improve Caprock Integrity and Risk Assessment Techniques 

 

PI: Dr. Michael Bruno  Final Report 

 

123 

 

Table 11, and is applied and shown in Figure 99. The resulting order-of-magnitude probability showed that both 

the Loudon and Wilmington Graben have a relatively high 10
-1

 risk values, while the other three site examples 

have relatively moderate 10
-2

 risk values. Note that these leakage risk ranges are generally consistent with the 

historical observations of leakage risk in the natural gas storage industry, as discussed earlier in this paper. Also 

note that of the two actual operating examples, In Salah experienced out of zone fracture concerns and has been 

shut-in. 

 

 
Table 10  Estimated Site Risk Scores 

Category Range of 

risk scores 

Kevin 

Dome 

Loudon 

Field 

Wilmington 

Graben 

Sleipner In Salah 

Mechanical 

State 

21-1902 345 660 840 102 390 

Caprock-

Reservoir 

System 

27-2007 27 45 972 342 27 

Operations 9-405 9 27 27 9 27 

TOTAL 57-4314 381 732 1839 453 444 
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Table 11  Relative Risk Scores and Order-of-Magnitude Probabilities 

 
 

 

 

 
Figure 99. Relative risk scores and the contribution of the three main groups of risk scores to the relative risk ranking 
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7 Develop Recommendations and Guidelines for Caprock 
Characterization and CO2 Injection Operating Practices 

 

7.1 Recommendations for Characterization 
 

Characterization is the set of all activities that contribute to the construction of a 3D geologic model for an area 

proposed for CO2 injection operations. These activities and this model will be used to determine if a site is 

suitable and, if so, under what operating constraints. 

 

7.1.1 Review Literature & Data 

7.1.1.1 Existing well logs & files 
Available well logs and files for previously drilled boreholes in the area of interest should be located, copied if 

possible, and reviewed. These data provide both valuable geologic information for characterization and help in 

evaluating the risk of CO2 release via these boreholes.  

 

Often these logs and files will have, at the very least, stratigraphic information for the geologic model, but 

usually lithologic information as well, which can be correlated between wellbores to determine lateral 

consistency and extent of the caprock and reservoir. Depending on the logs available, other properties may also 

be interpreted and included in the geologic model. 

 

Each well file should have information concerning its completion and abandonment, which can be interpreted 

for building a picture of the wellbore as it is in its current state. This picture can be evaluated to determine the 

degree of risk this particular wellbore poses for the escape of CO2 from the designated reservoir. In addition, all 

of the wellbores taken together will be evaluated for the risk their sheer numbers and concentration pose. 

 

7.1.1.2 Well core samples 
Available core samples from the wells previously drilled in the area of interest should be accessed and 

reviewed, particularly those from the proposed caprock and reservoir formations. These may provide 

information about important formation properties not found in the well logs and files, e.g., porosity, 

permeability, micro-fracturing. 

 

7.1.1.3 Seismic data 
Seismic data for the area of interest may be more difficult to locate and access than logs, files, and core 

samples, as most of it is produced in exploration efforts by industry and remains proprietary. For most areas, 

however, some of these data, usually basic in nature, are available through academic and industry publications, 

and can provide valuable information for supplementing and verifying the geologic information gleaned from 

well logs, files, and cores. 
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7.1.1.4 Other published data for compiling the regional and local geology  
Often there are already articles published in academic and industry journals concerning the geology of an area 

of interest. If not for the specific local geology of a particular site being evaluated, regional geologic 

descriptions encompassing the area of interest can usually be found. Previous studies may provide valuable 

information about stratigraphy, lithology, and specific rock properties, as well as the consistency of these 

properties over lateral extent, and the presence of structural features, such as folds and faults. Like seismic data, 

this information supplements and verifies geologic information gleaned from well bore data, perhaps aiding in 

the interpretation of observations not previously understood. 

 

7.1.2 3D Seismic 
 

The first step in generating new data is the acquisition of additional high-resolution 3D seismic data of the local 

area of interest. Such focused high-resolution data reveal local particularities in stratigraphy, lithology, and 

structure, thus refining interpolations and extrapolations from previously collected data, and providing guidance 

in selecting the best points of injection. Regarding, for example, particularized local structures, earlier 

production/injection processes to exploit hydrocarbon reservoirs may have created fractures unseen at lower 

resolutions. These fractures could be sealed in time by precipitation of newly formed minerals, but could also be 

re-opened as a consequence of new changes in stresses during injection and storage of CO2 (Jimenez and 

Chalaturnyk 2003). 

 

7.1.3 Drill Exploratory Wells 
 

Particularly for saline reservoirs in areas where oil and gas have not been found and deep wells do not already 

exist to provide structural and lithologic information, exploratory wells will be necessary. Direct observations at 

wellbore scale both corroborate and/or correct geologic interpretations of previously collected data at varying 

scales and provide important rock properties that may not have already been well-documented. 

 

7.1.3.1 Suites of electric logs 
Electric logs provide a wealth of petrophysical and rock mechanical properties necessary for the geologic 

model. First, several log measurements allow for the interpretation of lithology which provides vertical location 

information within the greater stratigraphic and lithologic contexts. Thus the targeted reservoir and caprock 

formations can be specifically identified. In addition, acoustic logs and density measurements provide several 

rock mechanic properties necessary for evaluating the strength of the caprock, e.g., Poisson’s ratio and Young 

Modulus. 

 

7.1.3.2 Well core samples 
Rock properties can be directly measured in a lab to correct previous interpretations and/or to more precisely 

correlate the exploratory well’s stratigraphy and lithology with others in the area for which data has already 

been collected. Particularly, the porosity, permeability, and fluid saturation of target reservoir formations and 

their caprocks can be directly measured and recorded in the geologic model for future calculations of, for 

example, injectable capacity. 
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7.1.3.3 Injection testing  
If possible to implement, injection testing will provide direct measurement of several geomechanical and 

petrophysical properties crucial for evaluating a formation’s suitability for CO2 injection. For example, step-

rate, buildup, and fall-off tests can determine formation pressure, fracture pressure, and near and far-field 

formation permeability. 

 

7.1.4 Develop 3D Geologic Model 
A geologic model forms the basis for risk analysis and numerical simulation. It depicts the reservoir formation, 

the confining zone and the lithologies of the rocks overlying the confining zones. The model shows the 

thickness of the various lithologies, and their structure, and contains information on the relevant petrophysical 

and geomechanical properties of the rocks and contained fluids. In sum, the geologic model serves as a database 

for all of the data collected during the characterization phase and will be a resource for siting and operational 

decisions. 

 

 Integrate existing and new well log data with existing and new seismic data 

 Ascertain lithology, porosity, permeability and other rock properties from well logs 

 Populate grid with lithology and other property estimates 

 Visualizations 

o Lithologic and stratigraphic cross sections 

o Structure contour maps 

o Isopach maps 

o 3D Model 

 

 

7.2 Recommendations for Siting 
 

7.2.1 Surface Conditions 

7.2.1.1 Industrial setting 
Preferably industrial or rural setting. Preferably not residential or commercial. 

 

7.2.1.2 Near source(s) 
The nearer the injection project is located to industrial sources of CO2, e.g., fossil fuel burning power plants and 

refineries, the lower the cost of transport. 

 

7.2.1.3 Pipeline access 
Best is access to already existing pipelines that are suitable for transporting CO2. But at the very least, injection 

operations need to be located such that there is the possibility of constructing pipeline between them and their 

sources of CO2. 
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7.2.2 Wellbore Concentration 
Clearly, areas with a high concentration of abandoned wellbores that penetrate through the caprock present a 

prima facie greater risk. If to be considered at all, greater scrutiny of the projected CO2 plume migration is 

required. The likelihood of the plume intersecting leaky wellbores is a function of the plume size and wellbore 

spatial density. Numerical simulations are used to predict the movement or behavior of CO2 once it is injected 

into the subsurface, and can eliminate or validate a site accordingly. 

 

7.2.3 Caprock-Storage Zone System 

7.2.3.1 Faulted caprock 
The absence of faults cross-cutting the caprock is preferred. 

 

7.2.3.2 Seismicity 
In case faults are present, regions with low natural seismicity are desired. 

 

7.2.3.3 Multiple caprocks 
A storage location with multiple caprocks is preferred, as it there are several possible collection zones in case 

failure of the primary seal occurs. 

 

7.2.3.4 Caprock thickness 
The thicker the caprock sequence the better, as the likelihood of an intact seal increases with caprock thickness 

and it is less likely to degrade sufficiently for storage failure over time with repeated pressure and stress 

cycling. 

 

7.2.3.5 Caprock structure 
Dipping caprocks are only desirable in case they form a closed aniticlinal or periclinal structure. Otherwise 

(sub)horizontal caprocks are preferred to monoclinal structures to avoid CO2 spilling. 

 

7.2.3.6 Other caprock features 
Homogeneous, impermeable, and strong caprocks are preferred. 

 

7.2.3.7 Lateral continuity of caprock and storage zone 
The more lateral continuity of both, the better. 

 

7.2.3.8 Storage zone depth 
Deep storage zones are preferred over shallow storage zones for two reasons:  the distance for CO2

 
to migrate 

towards the surface is greater in case a loss event takes place and confining pressures are higher at depth. 
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7.2.3.9 Storage zone temperature 
Cold reservoirs are preferred over hot reservoirs, as they are at lower risk for thermally-induced stressing. 

 

 

7.3 Recommendations for Operating Practices 
 

The structure and properties of the subsurface are inherently heterogeneous and variable at many scales. 

Because of practical concerns, it is unlikely that sufficient data will be available to “validate” or test models of 

trapping mechanisms and associated failure modes with complete certainty. For example, the number of wells 

that could provide calibration data, including log and rock data, is generally limited, especially at saline 

formation sites. Numerical simulations should be used to develop a better understanding of this heterogeneity 

when data is not available. Numerical simulations are also used to inform geologic CO2 storage project design, 

operations and closure. (DOE, 2013a) 

 

7.3.1 Develop 3D Geomechanical Model 

7.3.1.1 Estimate in situ stresses 
Estimate in situ stress based on borehole breakouts and step-rate fracture data. The maximum injection pressure 

can be predicted by determining the in-situ stress profile. 

 

7.3.1.2 Estimate material properties 
Estimate mechanical stiffness and strength properties (log and core analysis). 

 

7.3.1.3 Determine operationally induced stresses, bedding plane slip, and fault activation risk 
Estimate stress variations and stresses induced by CO2 injection operations, including bedding plane slip and 

fault activation risks. 

 

7.3.2 Develop CO2 Injection & Migration Model 
 

 Evaluate CO2 injectivity and long-term migration: 

o taking into account measured properties (permeability, pressures, temperatures, salinity), and  

o applying the model to evaluate CO2 injectivity and long-term migration. 

 Simulate various injection scenarios 

 Interpret pressure and saturation changes vs time 

 

 

7.3.3 Injection Rates & Pressures 
In order to prevent fracturing, the maximum injection pressure should always be kept below the level at which 

the caprock may shear (fracture pressure determined by injection testing and geomechanical model). The risk of 

leakage through fracturing is low as long as the storage pressure does not exceed the initial reservoir pressure. 
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However, there is a certain level of overpressure, at which CO2 can be safely contained. This “safety factor” 

depends on the stress state of the caprock, which depends on depth, pore pressure, rock properties and 

sedimentary and tectonic histories. The maximum injection pressure can be predicted by determining the in-situ 

stress profile (Damen et al. 2006). 

 

7.4 Other Recommendations & Guidelines 
 

Currently there is no standardized method or set of methods for evaluating risk and/or uncertainty for CO2 

sequestration projects. Application or adaptation of advanced industrial quantitative risk assessment methods 

seems premature at this point because of a lack of specific data. The development of frameworks and qualitative 

methods looks most applicable for current projects (Condor et al. 2011). Over the past decade a host of risk 

assessment tools have been developed (Appendix 1:  Other Risk Assessment Tools (DOE, 2013a)) relying on a 

dozen methods (Appendix 2:  Other Risk Assessment Methods (Condor et al. 2011)). 

 

Our focus has been mainly on evaluating and reducing risk of potential CO2 loss because of insufficient caprock 

integrity. A more comprehensive risk analysis would also explore the adverse impacts from unplanned CO2 

migration out of the confining zone and the potential for adverse impacts from other project-related operational 

and financial events. These include public safety and health, environmental (ecosystem) safety, greenhouse gas 

(GHG) emissions to the atmosphere, damage to natural resources (e.g., water and hydrocarbons), and financial 

loss for investors or insurers (DOE, 2013a). 
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8 Conclusion 
 

As part of GeoMechanics Technologies’ DOE-funded project, Development of Improved Caprock Integrity and 

Risk Assessment Techniques, we have completed a multi-phase geomechanical caprock integrity study to 

advance the understanding of caprock integrity issues associated with large scale CO2 injection. First, from our 

detailed review, analysis, and description of historical leakage events related to caprock integrity within the 

natural gas storage industry, we conclude that risks for gas leakage events are generally higher than previously 

estimated and published, and are in the range of 10
-2

 to 10
-1

. Second, coupled transport flow and geomechanical 

simulations of three large-scale geologic sequestration sites were completed to analyze their potential of 

caprock failure due to geomechanical damage. Induced stresses in each of the fields investigated are not 

sufficient to raise concerns regarding caprock fracturing or fault activation. Third, we have developed and 

documented a quantitative risk and decision analysis tool to assess caprock integrity risks. Application to five 

study sites indicates that the Kevin Dome site presents the least risk for CO2 injection, while the Wilmington 

Graben site presents the highest risk.  
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10 Appendices 
10.1 Appendix 1:  Other Risk Assessment Tools (DOE, 2013a) 
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10.2 Appendix 2:  Other Risk Assessment Methods (Condor et al. 2011) 
 

 


