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ABSTRACT 

This report is one of a series of reports documenting the methods and findings of a multi-year, 
multi-disciplinary project conducted by the Pacific Earthquake Engineering Research Center 
(PEER) with the Lawrence Berkeley National Laboratory (LBNL) and funded by the California 
Energy Commission (CEC). The overall project is titled “Performance-based Earthquake 
Engineering Assessment Tool for Natural Gas Storage and Pipeline Systems” henceforth referred 
to as the “OpenSRA Project.” 

The overall goal of the OpenSRA project is to create an open-source research-based seismic risk 
assessment tool for natural gas infrastructure that can be used by utility stakeholders to better 
understand state-wide risks, prioritize mitigation, plan new gas infrastructure, and help focus post-
earthquake repair work. 

The project team includes researchers from LBNL, UC Berkeley, UC San Diego, University of 
Nevada Reno, the NHERI SimCenter at UC Berkeley, and Slate Geotechnical Consultants and its 
subcontractors Lettis Consultants International (LCI) and Thomas O’Rourke. Focused research to 
advance the seismic risk assessment tool was conducted by Task Groups, each addressing a 
particular area of study and expertise, and collaborating with the other Task Groups.  

This report is part of the product of Task Group C: Performance of natural gas storage well casing 
and caprock. The focus of this subtask report is the potential leakage through a caprock via 
activated faults. Advanced full-physics modeling was developed. Then Monte Carlo simulations 
were performed for failure analyses, with the goal of providing usable input to develop fragility 
(probability of failure) curves. The risk analysis followed the Performance-Based Earthquake 
Engineering (PBEE) framework provided by Moehle and Deierlein (2004). In this framework, the 
selected damage measure was cumulative gas leakage in the 30 years following fault rupture 
through the caprock. Simulations were run by varying parameter ranges. These ranges were 
selected to provide credible high side estimates of the damage measure. The simulations found 
both overpressure in the storage reservoir and substantial increase in fault damage zone 
permeability are needed for leakage to occur.  

The method and steps demonstrated in this report could subsequently be followed by consideration 
of additional scenarios or more site-specific information to improve the fragility functions 
developed for the OpenSRA software. 

Keywords: Caprock Integrity, Fault Shear, Fragilities, Monte Carlo Simulation, Leakage  
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EXECUTIVE SUMMARY 

Introduction or Background 

This report is one of a series of reports documenting the methods and findings of a multi-year, 
multi-disciplinary project conducted by the Pacific Earthquake Engineering Research Center 
(PEER) with the Lawrence Berkeley National Laboratory (LBNL) and funded by the California 
Energy Commission (CEC). The overall project is titled “Performance-based Earthquake 
Engineering Assessment Tool for Natural Gas Storage and Pipeline Systems” henceforth referred 
to as the “OpenSRA Project1.” 

The overall goal of the OpenSRA project is to create an open-source research-based seismic risk 
assessment tool for natural gas infrastructure that can be used by utility stakeholders to better 
understand state-wide risks, prioritize mitigation, plan new gas infrastructure, and help focus post-
earthquake repair work. 

The project team includes researchers from LBNL, UC Berkeley, UC San Diego, University of 
Nevada Reno, the NHERI SimCenter at UC Berkeley, and Slate Geotechnical Consultants and its 
subcontractors Lettis Consultants International (LCI) and Thomas O’Rourke. Focused research to 
advance the seismic risk assessment tool was conducted by Task Groups, each addressing a 
particular area of study and expertise, and collaborating with the other Task Groups.  

This report is part of the product of Task Group C: Performance of natural gas storage well casing 
and caprock, with the focus of this report being the potential caprock leakage along activated faults. 
This report summarizes targeted research related to the seismic impact on caprocks of underground 
gas storage reservoirs.  In this task, a full-physics model was developed, and Monte Carlo 
simulations were performed to develop fragility models with the goal of providing usable input for 
OpenSRA. The relevant damage measure was selected as gas leakage rate due to fault shearing in 
the caprock. The variability of the damage measure for a given fault shear displacement was 
evaluated by varying model parameters over relevant uncertainty ranges. The method and steps 
demonstrated in this report could subsequently be followed by consideration of additional 
scenarios or more site-specific information to improve the fragility functions developed for the 
OpenSRA software. 

Project Purpose  

Caprock integrity is an important component when assessing risks of underground gas storage 
(UGS) facilities. A seismogenic slip of a fault zone through a caprock could increase its 
permeability creating a damage zone in the caprock. The damage zone could serve as a potential 

 
1 https://peer.berkeley.edu/opensra 

https://peer.berkeley.edu/opensra
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leakage pathway for gas to migrate upward out of the storage reservoir. Consequences of gas 
leakage include gas loss and negative environmental impacts. 

The goal of this project is to assess the probability of stored gas leaking along a fault due to its 
seismic slip and to develop fragility curves to represent this risk in OpenSRA. 

Project Approach  
The approach consists of the following steps: 

1. Survey literature for a relationship between fault shear displacement and the permeability 
of the damage zone; 

2. Survey literature for a relationship between fault shear displacement and the size of the 
damage zone; 

3. Characterize reservoir pressures in UGS facilities close to Quaternary faults; 

4. Identify the reservoir with the highest pressures relative to hydrostatic overpressured UGS 
reservoirs in California and use its basic characteristics to develop a numerical model with 
an assumed potential fault zone going through the caprock to calculate leakage;  

5. Perform a Monte Carlo simulation of gas leak out of the reservoir due to a fault zone rupture 
through the caprock considering both shear displacement and other uncertain parameters; 
and  

6. Develop leakage probability (fragility) curves from the suite of simulation results. 

Project Results  
The key results include two main components for deriving fragility curves. One component is the 
direct structural change due to shear displacement (i.e., damage zone permeability enhancement, 
damage zone width and fault rupture length) as a result of shear activation: 

• The upper limit for an enhanced fractured rock permeability of the fault damage zone is 
1E-14 m2 at the depth of a gas storage facility. 

• The width (W) of the zone of 1E-14 m2 enhanced permeability increases with the size of 
shear slip (Dslip) according to W = Dslip. 

• The length of the fault rupture (L) and the length of the zone of enhanced permeability 
increases with shear slip according to L = Dslip x 10,000.  

• The flow area of the damage zone (L × W), and in particular its change with fault slip, are 
difficult parameters to estimate. The above estimates are bounded within relatively broad 
limits based on field observations and empirical fault-scaling relations.    

The second component is the potential of gas leakage:  

• Upward gas leakage via a damage zone requires gas reservoir pressure higher than the 
water pressures in the overlying formations, which does not occur in some facilities, and 
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only occurs during substantially less than half the year in most others in proximity to a 
Quaternary fault.  

• In the case of a reservoir with storage pressure higher than the overlying water pressure, 
upward gas release only occurs if a seismic slip substantially increases the transmissivity 
of a fault crossing the caprock. 

• The above results are based on the assumption that the enhanced permeability of the 
damage zone will persist and the zone will not seal over time. Therefore, the estimated 
gas leak is a worst-case scenario that provides an upper limit for potential gas leakage. 
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 INTRODUCTION 

This report is one of a series of reports documenting the methods and findings of a multi-year, 
multi-disciplinary project conducted by the Pacific Earthquake Engineering Research Center 
(PEER) with the Lawrence Berkeley National Laboratory (LBNL) and funded by the California 
Energy Commission (CEC). The overall project is titled “Performance-based Earthquake 
Engineering Assessment Tool for Natural Gas Storage and Pipeline Systems” henceforth referred 
to as the “OpenSRA Project.” 

The overall goal of the OpenSRA project is to create an open-source research-based seismic risk 
assessment tool for natural gas infrastructure that can be used by utility stakeholders to better 
understand state-wide risks, prioritize mitigation, plan new gas infrastructure, and help focus post-
earthquake repair work. 

The probabilistic seismic risk tool developed in this project follows the widely accepted risk 
methodology of Dr. A. Cornell (Cornell, 1968). A seismic source characterization is used to 
develop a suite of earthquake scenarios with associated rates of occurrence to represent the seismic 
hazard. Fault ruptures and the resulting ground deformation are generated for each earthquake 
scenario to represent the seismic loading, which includes a map of ground motion parameters. This 
scenario-based seismic parameter map is overlaid on the infrastructure system and the seismic 
loading combined with the capacities of the infrastructure to calculate the seismic performance of 
the natural gas system for the scenario. By repeating the process for all the scenarios in the suite, 
the tool can evaluate the seismic risk to the system. 

A user-driven research approach was used to develop OpenSRA to be easily usable by regulators 
and utilities, and to include updated models and methods for the seismic demands and capacities 
that control the seismic risk for natural gas systems. The project includes several innovative 
approaches that improve the basic methodology and distinguish this project’s approach from 
standard approaches currently used. Current risk studies developed by the utilities use risk scoring 
approaches that are highly subjective and qualitative. They do not properly incorporate the 
uncertainties in the seismic demand and in the fragility of the system and its components. Targeted 
research was conducted in this project to improve the characterization of uncertainty of key inputs 
to the seismic risk assessment tool. The seismic risk methodology employed in this project 
provides quantitative estimates of the probabilistic seismic risk. For risk-informed decision-
making processes, the reliability of the risk estimates needs to be considered because this can be 
significant, particularly for large, rare earthquakes. 

The project team includes researchers from LBNL, UC Berkeley, UC San Diego, University of 
Nevada Reno, the NHERI SimCenter at UC Berkeley, and Slate Geotechnical Consultants and its 
subcontractors Lettis Consultants International (LCI) and Thomas O’Rourke. Focused research to 
advance the seismic risk assessment tool was conducted by Task Groups, each addressing a 
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particular area of study and expertise, and collaborating with the other Task Groups. The Task 
Groups are as follows: 

● Task A: Fault Displacement 
● Task B: Liquefaction-induced deformation and seismically induced slope displacement 
● Task C: Performance of natural gas storage well casings and caprock 
● Task D: Performance of gas storage and pipeline system surface infrastructure 
● Task E: Smart gas infrastructure sensing of wells and pipeline connections performance 
● Task F: Synthesis of component fragilities into a system performance model 

This report is focused on the caprock performance subtask of Task C, which assesses the 
performance of the subsurface portion of the existing underground natural gas storage (UGS) 
facilities. As all of these facilities were developed in preexisting natural gas reservoirs and oil 
reservoirs with gas caps, the caprocks sealing those reservoirs had sufficient integrity in geologic 
time to result in an accumulation of hydrocarbon resources. 

Some of the UGS facilities are located in the vicinity of Quaternary faults. As such, there is a 
potential for fault rupture through the caprock to increase the permeability creating a pathway for 
gas to leak out of the reservoir. 

This may seem to contradict the prior existence of a hydrocarbon accumulation in the reservoir 
repurposed for gas storage as those accumulations imply caprock integrity over millions of years. 
However, such accumulations could be dynamic rather than static. For instance, if reservoir 
charging due to migration of hydrocarbons generated in the source rock is still occurring, the 
amount of hydrocarbon generated from the source rock may exceed the leakage due to episodic 
rupture of the caprock. Particularly if this leakage diminishes substantially over a time following 
the rupture relative to the recurrence interval on the fault, such as due to post-rupture annealing of 
fractures geomechanically and/or geochemically. Another scenario entails a diminishing 
accumulation after hydrocarbon charging due to episodic fault rupture through the caprock. 

In addition to the possibility of leakage under geologic conditions, creation, and operation of a gas 
storage facility could involve a change in reservoir pressure that causes or enhances (or reduces) 
leakage via fault rupture through its caprock. 

This report focuses on the development of fragility curves for caprocks subject to gas leakage due 
to fault rupture. 
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 PROJECT APPROACH 

2.1 Overview  

For UGS facilities leakage via a ruptured fault zone through the caprock, there are many potential 
definitions of a damage measure. For this analysis, a simplification was made in that the fault zone 
rupture is an instant event (rather something happening over time). By using an effective fault 
permeability for the period of fault rupture and cumulative amount of gas leakage over this period 
justifies the assumption that the fault rupture is an instant event.  We choose to define the damage 
measure as the cumulative amount of gas leaked in the 30 years following fault rupture through a 
caprock. The main reason for using the total amount rather than a different metric, such as a 
leakage rate, is to capture the leakage rate change due to the change in reservoir pressure caused 
by the leak. A total of 30 years is used, anticipating the leakage reaches a semi steady-state rate, 
the rate has become so small as to be negligible, or the transmissivity of the fault zone has reduced 
to nearly its pre-rupture value at this time. 

The potential leakage risk of stored gas following fault shear through a caprock was assessed via 
the following steps: 

1. Survey literature for a relationship between fault shear displacement and the permeability 
of the damage zone; 

2. Survey literature for a relationship between fault shear displacement and damage zone size; 

3. Characterize reservoir pressures in UGS facilities close to Quaternary faults; 

4. Identify the reservoir with the highest pressures relative to hydrostatic overpressured UGS 
reservoirs in California and use its basic characteristics to develop a numerical model with 
an assumed potential fault zone going through the caprock to calculate leakage;  

5. Perform a Monte Carlo simulation of gas leak out of the reservoir due to a fault zone rupture 
through the caprock considering both shear displacement and other uncertain parameters; 
and  

6. Develop leakage probability (fragility) curves from the suite of simulation results. 
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 RESULTS 

3.1 Shear Displacement and Fault Permeability 

The permeability change that might occur during shearing of a fault crossing a caprock of a UGS 
facility is highly uncertain. No established model exists for confidently making such a prediction. 
The approach taken here is conservative in that it considers a highly unfavorable scenario for 
potential leakage out of a storage reservoir. A model is proposed based on published research 
regarding the permeability structures of faults in the shallow brittle crust, along with observations 
of permeability variations in fractured rocks. 

3.1.1 Basic Permeability Structure of Faults 

Figure 3.1 shows basic permeability structures of faults in the shallow brittle crust according to 
Caine et al. (1996). Fault zones are typically composed of distinct components: 

(1) A fault core where most of the fault displacement is accommodated, and 

(2) A damage zone that is mechanically related to the growth of the fault zone. 

A fault core generally has low permeability and may act as a barrier to fluid flow. A damage zone 
is the network of subsidiary structures that bind the fault core and may enhance in-plane fault zone 
permeability relative to the core and the surrounding host rock. The permeability of the fault core 
is typically dominated by the pore size distribution of the rocks, whereas the damage zone 
permeability is dominated by the hydraulic properties of a fracture network. For example, 
preliminary estimates of damage zone permeability for a fault zone in shale quoted in Caine et al. 
(1996) was two to three orders of magnitude greater than the permeability of the shale host rock, 
and four to six orders of magnitude greater than the fault core permeability. Substantial gas leakage 
along a fault would require a localized conduit of an open fracture or a connected fracture network 
forming a continuous permeability along the fault plane. Referring to Figure 3.1, this fracture 
network would be located in the fractured damage zone. Shear displacement is sometimes 
observed in the fault core due to seismicity. The associated dynamic stress and strain changes in 
the adjacent damage zone can stimulate its fracture network, therefore increasing its permeability. 
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Figure 3.1 Conceptual scheme for fault-related fluid flow (Source: Caine et al., 1996) 

3.1.2 Faults in Low Permeability Caprocks 

As mentioned, in the case of a UGS facility in a depleted hydrocarbon reservoir, it is assumed that 
the caprock would be competent with low permeability, otherwise the hydrocarbons would have 
leaked out over geologic time. This implies that if an existing fault crosses such a caprock, it would 
be essentially impermeable. Caprock clay content and degree of consolidation resulting in more 
brittle or more ductile behavior will also have a significant impact on fault permeability.  

Faults in low-permeability shales are being studied at the Mont Terri Underground Research 
Laboratory (URL) in Switzerland and the Tournemire URL in France (Guglielmi et al., 2021). 
These faults are located in argillaceous claystones, which are analogs for reservoir caprocks. The 
fault core and damage zone for each of the faults are indicated in Figure 3.2 in the conceptual 
models of Caine et al. (1996). 

The fault at Mont Terri is hosted in the Opalinus Clay, a claystone with relatively high clay content 
leading to self-sealing properties, i.e., activated and open fractures can seal over time because of 
mechanical compaction, swelling and/or creep. This fault has anisotropic permeability that is 
similar to that of the surrounding intact host rock. The fault at Tournemire has an estimated 
permeability of 2–5E-16 m2. This is about two orders of magnitude higher than the surrounding 
host rock, but still a low permeability. 

The difference in the structure of faults at Mont Terri and Tournemire as shown on Figure 3.2 
correlates to their permeability relative to their host rock’s permeability. The fault zone at the Low-
Noise Underground Laboratory (LSBB) in France, which has a carbonate host rock, was also 
shown in Figure 3.2 (Guglielmi et al., 2021).  
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Figure 3.2  Comparison of the tested faults architecture and potential permeability structure 
(Source: Guglielmi et al., 2021). Gray dots represent quartz-rich lithologies; gray 
squares represent clay-rich lithologies of fault zones studied in Caine et al. (1996). 
The fault in the LSBB facility is in a carbonate reservoir. 

Very few data exist on fault permeability enhancement caused by slip events. Lockner et al. (2009) 
measured permeability of a core collected from a transect at a depth >1 km across the 1995 Nojima 
Fault slip generating the M6.9 Kobe earthquake. Matrix permeability in the damage zone at in situ 
pressure was 3-10E-17 m2 while the matrix permeability of the intact granodiorite host rock was 
1E-20 m2, a three to four order of magnitude difference. A recent review of field data by Salem et 
al. (2022) showed that shales stimulated by hydraulic fracturing can have up to four orders of 
magnitude higher permeability than the intact unfractured host rock. At the lower range of tight 
rock, the fractured rock permeability can be up to 1 to 10 mDarcy, which is about 1E-15 to 1E-14 
m2.  Fractured shale has also been studied in the laboratory; Yang et al. (2021) measured four 
orders of magnitude increase when fracturing shale, leading to a permeability of about 1E-14 m2. 

Neuzil (1994) found permeability of argillaceous materials ranged from 1E-23 to 1E-17 m2. Based 
on this, we take relatively conservative measures, i.e., using the near high end of argillaceous 
materials range 1E-18 m2 as the low end of the fault permeability range based on the permeability 
of the fault studied at Mont Terri equal to that of its host rock. For the purposes of this study, we 
take the mean fault permeability as 1E-16 m2 based on the modest permeability increase measured 
in the fault at Tournemire relative to its host rock. Based on the field from Salem at al. (2022) and 
laboratory data from Yang et al. (2021), we apply an upper limit of 1E-14 m2 as a conservative 
measure for fault damage zone permeability   
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3.2 Relationship Between Fault Shear Displacement and Damage Zone Size   

With a caprock above a gas reservoir, the initial small flow area between the gas reservoir and its 
above formation, if exists, could increase significantly during fault activation. How much flow 
area could increase should depend on the first order on the size of the fault activation event, which 
is related to the magnitude of shear displacement. In general, shear displacement along a rough 
fracture may induce fracture opening as a result of shear dilation, that in turn would increase 
fracture permeability and damage zone size with enhanced permeability. This could be the case of 
activation along a minor fault consisting of a single conduit. In the case of a more mature fault, the 
shear displacement is usually observed to take place in the fault core. This fault core-localized 
shear could still enhance permeability in the adjacent damage zone. Here we consider that the 
sudden shear slip in the fault core causes dynamic stress and strain changes in the adjacent damage 
zone that can stimulate the fracture network, increasing its permeability, increasing the size of the 
damage zone with enhanced permeability. 

For estimating gas leakage volume we assume that fault activation above the gas reservoir would 
form a continuous flow path of enhanced permeability and flow area across the caprock in contact 
with the stored gas (Figure 3.3). For a two-dimensional case (i.e., no variation in fault properties 
with depth). The permeability in this case is the damage zone permeability, and the flow area can 
be estimated from the fault width (i.e., width of the damage zone) and the length of the rupture 
(Figure 3.3). Both the permeability of the damage zone and the size of the damage zone have to 
be estimated to be able to calculate the potential gas leakage volume. 

 

Figure 3.3 Conceptual model of flow area for an activated fault crossing a caprock 
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Estimation of the flow area is based on the estimated fault damage width (W) and rupture length 
(L) corresponding to a slip event, as shown conceptually in Figure 3.3. Here we employ empirical 
fault scaling relations to relate fault shear offset to the generated width of the damage zone and to 
the rupture length. 

OpenSRA is developed for M5 events and larger. We estimated the mean slip that results an M5 
event from Brengman et al. (2019). We utilized the coefficients for events of all slip types (strike, 
normal, and reverse) because two of these modes occur in California. Table 3.1 shows the results. 
We chose 0.2 m slip as the minimum because the mean event it generated was M5.2. We chose 
0.5 m as the maximum because the mean event it generated was M6.0 with a 90% confidence 
interval up to a M7.6 event. Between these we took 0.3 m as the mean slip due to the occurrence 
of more small than large events. 

Table 3.1 Fault slip to event magnitude 

Mean slip 
(m) 

Magnitude 

Mean Min Max 

0.2 5.3 4.1 6.7 

0.3 5.6 4.4 7.1 

0.5 6.0 4.8 7.6 

Mean fault slip to event magnitude by Brengman et al. (2019). The minimum magnitude is from the mean 
values for each of the two parameters plus one sigma and the maximum magnitude is from the converse. These 
provide the 90% confidence interval. 

A review and compilation of empirical data regarding fault slip, rupture length, and damage zone 
width by Torabi and Berg (2011) is shown in Figure 3.4 with a conceptual model for different 
types of faults in Figure 3.5. The empirical fault scaling relations can be derived to relate fault 
shear offset to the generated width of the damage zone and to the rupture length. It should be noted 
that the empirical relations between fault offset and fault width in Figures 3.4a and 3.5 are for the 
cumulative shear offset over geologic time, but, due to the lack of information in the literature, this 
relation is conservatively applied here to single-event displacements. Moreover, the width of the 
damage zone is not a well-defined parameter in the literature; however, it is the portion of the 
damage zone closest to the fault core that will sustain the largest damage and permeability 
enhancement. Figure 3.4b, shows a compilation of displacement versus rupture length for a single-
event earthquake rupture, with the data on the lower left most relevant to this study.  
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(a) (b) 

Figure 3.4 Fault scaling relations from literature: (a) Cumulative displacement versus 
damage zone width for siliciclastic rocks. The data show two slightly different 
distributions for small (subset A) and medium-size faults (subset B). (b) 
Displacement versus rupture length for single-event earthquake ruptures 
(Source: Figures from Torabi and Berg, 2011). 

 

Figure 3.5 Conceptual diagrams showing the evolutionary processes of faulting at different 
scales based on observed relationships (displacement (D), length (L), core 
thickness (T) and damage zone width (W). (Source: Figures from Torabi and 
Berg, 2011) 
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For the slip (Dslip) range of 0.2 to 0.5 m selected, we employ the following approximate empirical 
relation between Dslip and with (W) from Figures 3.4a: 

𝑊𝑊 =  𝐷𝐷𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 × 1  (3.1) 

That is, the zone impacted by damage is estimated to be equal to the shear displacement of a fault 
activation event. Likewise, from Figures 3.4b the rupture length (L) for a given Dslip can be 
roughly estimated as: 

𝐿𝐿 = 𝐷𝐷𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑥𝑥10,000  (3.2) 

Figure 3.6 from Ferrill et al. (2008) provides a similar estimate for a single event.  

 

Figure 3.6 Comparison of maximum measured displacement (Dmax) v. fault rupture length 
(L) at the Newberry Springs Fault Zone as well as other single-event fault 
ruptures from Wells and Coppersmith (1994). The primary Landers strike-slip 
rupture is also included for comparison (Source: Figures from Ferrill et al., 
2008). 

According to the above relationships, a fault activation with a shear displacement of 0.2 m would 
result in 2 km long rupture affecting a 0.2 m wide damage zone, having a permeability between 
1E-18 m2 and 1.E-14 m2. The flow leakage rate would be proportional to the product of the 
permeability and the flow area. Using a mean permeability of 1.E-16 m2, the product is 4E-14 m4. 
If considering a larger event of 0.5 m shear displacement and a very high permeability of 1E-14 
m2 (worse case), the product would be 2.5E-11 m4, e.g., almost three orders of magnitude higher. 

For these estimates we further assume that the damage zone permeability will remain high for 
some time after the event, which is a conservative assumption. If the host rock is weakly 
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consolidated and of high clay content, fractures may not stay open, but close and seal as a result 
of high confining stress and/or swelling. Moreover, fractures in weakly consolidated rocks and 
ductile shale may not dilate during shear. In fact, faults in weakly consolidated rocks may lack a 
damage zone but may consist of a fault core that could act as a localized barrier. In such a case, 
fault activation may not result in any breach of the caprock sealing and would not allow for any 
gas leakage. As such, parameter values that likely overestimate fault permeability and potential 
leakage area after an event have been selected. As mentioned, this is to provide a conservative 
assessment of fault leakage after an event as appropriate given the uncertainties. 

3.3 Numerical Simulation for Gas Leakage  

3.3.1 Pressure of UGS Reservoirs Proximate To Quaternary Faults 

CCST (2018) assessed various risks to UGS facilities based on publicly available data. It identified 
wells at five facilities potentially crossed by Quaternary faults and categorized these as “likely” 
(Aliso Canyon and Kirby Hills), “maybe” (Los Medanos), and “unlikely” (Honor Ranch and La 
Goleta). 

Gas storage wells in operation in each of these facilities as of 2015 were identified from data 
available from the California Geological Energy Management Division (CalGEM) via its website2. 
This year was chosen to capture the state of the system prior to the ongoing changes following the 
blowout of SS-25 in the Aliso Canyon facility late that year. The wells in operation as of 2015 
were considered in this study as a more accurate representation of the number of wells required to 
serve California’s natural gas demand as it still exists. 

The depths of the wells identified were collected from well construction records available from 
CalGEM via its website. The depth of the shallowest perforation, slot, or screen in each well was 
used as a proxy for the top of the reservoirs. 

Monthly wellhead tubing pressures in these wells from 2006 to 2015 were acquired via CalGEM’s 
website. This period was selected to provide a long enough record to capture the variations in each 
facility’s operation owing to annual variations in weather. Zero pressures in the data were not 
considered. An outlier cluster of pressures of tens of psi and one outlier pressure over 1500 psi 
were also not considered. The remaining 14,574 pressures were used to estimate those at the 
shallowest opening of the well in the reservoir. This was done by iteratively calculating the gas 
density in the well via the gas formation volume factor approach in Guo and Ghalambor (2005). 
The estimation used a gas gravity of 0.59, which is a bit higher than pure methane to account for 
small concentrations of compounds with more than one carbon atom in each molecule in pipeline 
gas. Geothermal gradients and associated virtual surface temperatures were estimated from 
average initial reservoir depths and temperatures reported by the California Division of Oil and 

 
2 https://www.conservation.ca.gov/calgem accessed April 2017 

https://www.conservation.ca.gov/calgem
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Gas (DOG, predecessor to DOGGR; 1982 and 1991) and the California Division of Oil, Gas, and 
Geothermal Resources (DOGGR; predecessor to CalGEM; 1998). 

The pressures were converted to percent of hydrostatic at the top perforation of each well to allow 
aggregating data from wells of slightly different depths across a facility due to structural relief. 
The results are shown in Figure 3.7.  

 

Figure 3.7 Statistics for reservoir pressure as a percent of hydrostatic in facilities having 
Quaternary faults in the vicinity. Reading the x-axis from bottom to top are the 
field name of the facility, the area within the field containing the storage 
reservoir, and the reservoir within that area. Coloring indicates judgement by 
CCST (2018) of the likelihood of a Quaternary fault intersecting wells in each 
facility. 

The estimated pressures are calculated from data collected during flow. This could result in 
estimates above those in the reservoir during injection and below during withdrawal. However, 
pressures were found to be almost exactly correlated between wells intersecting the original gas 
cap in the storage reservoir at Honor Rancho, irrespective of differences in the direction or rate of 
flow. This suggests pressure differences from reservoir due to flow in these wells are minimal. 
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3.3.2 UGS Reservoir Selection for Simulation 

For most gas storage reservoirs, pressure is generally below hydrostatic. This suggests that if a 
fault crossing a caprock were to become transmissive due to slip, brine is more likely to flow into 
the reservoir than gas is to leak out. If pressure at the time of caprock rupture were above 
hydrostatic it would be relatively straightforward to withdraw a sufficient volume of gas to reduce 
pressure, as that is the normal condition for most of the year. 

The two exceptions are the Domengine reservoir in Kirby Hill and the reservoir in La Goleta. 
CCST (2018) judged it unlikely that a Quaternary fault crosses through the La Goleta facility in 
the subsurface. This contrasts with Quaternary faults judged likely to cross the Kirby Hill field. 
The pressures above hydrostatic in La Goleta are also considerably less than those in the 
Domengine reservoir at Kirby Hill. As such, the latter reservoir was selected for further analysis. 
The input parameters to a numerical model (reservoir thickness, pressure and hydrostatic pressure) 
were based on the Domengine reservoir as summarized in Table 3.2.  

In order to simulate potential gas leakage, the depth distribution of the top of the reservoir is needed 
to estimate hydrostatic pressure above the caprock. This is approximated by the depth distribution 
to the top well perforation. The mean of these depths is 2,144 ft with a standard deviation of 81 ft. 

Simulations also require the reservoir pressure distribution. Its depth dependency was checked by 
comparing statistics between wells open to the Domengine reservoir in Kirby Hill, shown on 
Figure 3.8. The figure indicates there is no correlation between pressure and depth. As such the 
statistics of the estimated reservoir pressures without reference to depth are sufficient. The 
estimated mean reservoir pressure is 1,042 psi with a standard deviation of 254 psi. 

Table 3.2 Depth and pressure statistics for Kirby Hills Domengine 
 

Mean Standard Deviation 

Depth (ft) 2144 81 

Pressure (psi) 1042 254 

Hydrostatic (psi) 948 35 
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Figure 3.8 Box plots of estimated reservoir pressures in wells open to the Domengine 
reservoir at the Kirby Hill facility. From top to bottom the horizontal lines in 
the boxes are the 75th, median, and 25th percentile pressures. The lines extending 
up and down from the boxes are to the maximum and minimum pressure at 
each well. 

3.3.3 Numerical Simulation of Leakage Rate 

In general, a site-specific reservoir model accommodating geological features, site characterization 
data, and operational data is needed for an accurate representation of the actual gas leakage. 
However, for the purpose of this study, a generic 2D model is considered sufficient.  

The software we use for the study is iTOUGH23 (inverse TOUGH2), which is a computer program 
that provides inverse modeling capabilities for the TOUGH codes. The TOUGH (“Transport Of 
Unsaturated Groundwater and Heat”) suite of software codes are multi-dimensional numerical 
models for simulating the coupled transport of liquid water, vapor, non-condensible gas, and heat 
in porous and fractured media, developed at the Lawrence Berkeley National Laboratory. 
iTOUGH2 has a fluid module appropriate for water and CH4 (EOSCH4) that suits this study. 

 
3 https://tough.lbl.gov/software/itough2-software 

https://tough.lbl.gov/software/itough2-software/
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EOSCH4 simulates systems with two components (water and CH4) and two phases (aqueous phase 
and gas phase). 

3.3.3.1 Parameters for Numerical Simulation 

The reservoir top depth, thickness, reservoir properties, temperature, and caprock thickness used 
in the simulation are given in Table 3.3. 

Table 3.3 Numerical Model Size and Reservoir Parameters 

Model geometry Reservoir parameters 

Top reservoir depth (m) 600 Permeability (m2) 2.e-14 

Reservoir thickness (m) 120 Porosity 0.12 

Caprock thickness (m) 200 Temperature (°C) 43 

Figure 3.9 is a schematic diagram of the 2D domain representing the Kirby Hill Domengine 
reservoir, caprock, damage zone through the caprock and overlying reservoir for simulation. Four 
types of the boundary conditions (boundaries are shown in Figure 3.9) for this model were 
considered in the simulations:  

• Both the UGS reservoir and the formation above the caprock have open boundaries; 
• Both the UGS reservoir and the formation above the caprock have closed boundaries; 
• The UGS reservoir has open boundaries and the formation above the caprock has closed 

boundaries; 
• The UGS reservoir has closed boundaries and the formation above the caprock has open 

boundaries. 

Open boundary implies a constant pressure is applied. Close boundary means there is no fluid flow 
at the boundary. 
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Figure 3.9 The schematics of the numerical model for calculating fault leakage 

Note this model is simplified due to the following assumptions: 

1. Properties (permeability, porosity) of the storage reservoir, damage zone, and the formation 
above the caprock (termed the “above formation”) do not change over time. 

2. Initial pressure and saturation in the storage reservoir are model input parameters (i.e., 
uncertain parameters to be varied in the Monte Carlo simulations). They are only affected 
by leakage via the damage zone, and boundary conditions. Operational activities (injection 
and withdrawal) are not considered in these simulations. 

3. Model boundary conditions remain constant for 30 years. 
4. Properties along the 3rd dimension (along-strike rupture direction in Figure 3.3) are the 

same as those in the 2D model, and that the fault extends only to its rupture length L. 
Therefore, the total leakage amount can be calculated as the leakage amount from the 2D 
model multiplied by the fault rupture length L. 

5. Leaked gas through the fault enters the formation above the caprock and will not continue 
to travel along the fault.  

The model output is the cumulative gas leakage over time.  

3.3.4 A Set of Simulations for Gas Leak Understanding 

A set of simulations with the above four boundary conditions were conducted to understand how 
the gas leak rate evolves over time and impact of the reservoir and formation boundary conditions 
on the leakage. To ensure leakage happens in these simulations, the damage zone permeability 
upper bound 1.E-14 m2 and a high reservoir pressure (reservoir mean pressure plus its standard 
deviation, i.e. 1296 psi) were used, which was one of the worst-case scenarios. In Figure 3.10 we 
show gas and liquid flow rates from the reservoir to the fault, as well as from the fault to the above 
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formation. Notice these simulations are run to 100 years to demonstrate how leakage rate may 
evolve over a longer period.  

 

 

Figure 3.10 Gas leak rate and liquid flow rate for scenarios (a) both UGS reservoir and the 
above formation have open boundaries; (b) UGS reservoir has open boundaries 
and the above formation has closed boundaries; (c) UGS reservoir has closed 
boundaries and the above formation has open boundaries; (d) Both UGS 
reservoir and the above formation have closed boundaries. Solid red/blue lines 
show gas/liquid flow from the fault to the above formation; dash-dot red/blue 
lines show gas/liquid flow from reservoir to fault. 

The following observations are made based on the set of simulations: 

• There is little difference between the gas flow rate from the reservoir to the damage zone, and 
the rate from the damage zone to the above formation once the gas flow is established (the two 
lines are almost overlaying each other so the dashed-dotted curve is hard to see). However, it 
is possible (not shown here) that even without much overpressure, a small amount of gas can 
flow into the damage zone from the reservoir due to capillary pressure; in this scenario, the 
small amount of gas leaked into the damage zone dissolves into the liquid in the damage zone. 
But a gas flow within the damage zone or from the damage zone to the above formation may 
never be established due to lack of driving force. As a result, those scenarios are not considered 
to have leakage consequence. It is determined to use the cumulative gas flow from the damage 
zone to the above formation as the damage rate in the Monte Carlo simulations. 

• A significant amount of liquid water is initially leaking from the reservoir to the fault damage 
zone due to the significant reservoir overpressure (hydrostatic pressure plus a standard 
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deviation) applied in the reservoir, and to the initially fully liquid saturated fault damage zone. 
As time progresses, more and more gas flows into the damage zone, the relative permeability 
of gas in the damage zone increases and the gas leak rate increases. The liquid water flow at 
the point between the damage zone and above formation is a small negative value, meaning a 
reversed flow; i.e., very little liquid flow is observed from the above formation to the damage 
zone. Although not demonstrated from this set of parameters, it is possible to have a more 
significant liquid flow from the formation above to fault, eventually establishing a liquid flow 
from the fault to the reservoir over (a long) time. 

• The reservoir boundary conditions do not have much impact on leakage compared to the above 
formation boundary conditions. (i.e., the visual difference between (a) and (c), as well as 
between (b) and (d) are hardly detectable). This is due to the much larger size of the reservoir 
compared to the formation above, which is less than a tenth of the reservoir volume. In fact, 
the purpose of choosing a small size of the above formation is to mimic a fast flow path. In 
scenarios (b) and (d) in Figure 3.10, due to gas and liquid leakage, the pressure increase at 40 
years is large enough to stop the gas leakage rates from increasing, or to cause them to reduce 
at later times. Since the damage rate is defined as the cumulative gas leaked at 30 years, the 
Monte Carlo simulation results are expected to be similar regardless of reservoir boundary 
conditions. Therefore, the Monte Carlo simulations will only be conducted for two of these 
scenarios: one with open and one with closed (above) formation boundary conditions. Open 
boundary will be used for the storage reservoir (i.e., boundary condition scenario (a) and (b)). 

3.4 Monte Carlo Simulations for Damage Rate 

Six parameters are considered uncertain in the Monte Carlo simulations:  

1. The shear slip (Dslip) – a key parameter affecting the damage zone size (W x L). 

2. Reservoir (over)pressure – the driving force for gas leak.  

3. Gas saturation in the storage reservoir. The amount of gas in the storage reservoir 
determines gas availability (i.e., relative gas permeability at leakage location), which also 
changes over time, depending on the accumulative gas injection and withdrawal amount. 

4. Damage zone permeability, a property determining how conductive the damage zone is. 

5. The parameter P0 in the van Genuchten formulation for capillary pressure, Pcap, for the 
damage zone (Pruess, et al., 2011): 

 ( ) mm
cap SPP −− −−= 11*

0 1][  (3.3) 
and, 

 ( ) ( )lrlslrl SSSSS −−=*
  (3.4) 

where, 
m is 1-1/n, an input parameter related to rock property;  
Sl  is liquid saturation;  
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Slr  is residual liquid saturation; and 
Sls I s liquid saturation under fully liquid-saturated condition.  

6. The parameter m in the van Genuchten formulation for capillary pressure function 
(Equation 3.3) and relative permeability (Pruess, et al., 2011). 

3.4.1 Monte Carlo Simulation Results 

500 realizations were used in each set of the simulations. Table 3.4 shows a summary of the 
parameter ranges used in the first set Monte Carlo simulations: 

Table 3.4 Range of uncertain parameters 

Uncertain parameter Mean Range 

Dslip (m) 0.35 0.2 – 0.5 

Reservoir Pressure (Pa) 7.67e6 6.40e6 – 8.93e6 

Reservoir Gas saturation 0.7 0.6 – 0.80 

Log(damage zone Permeability (m2)) -15 (-16) – (-14) 

Log(1/P0)  -0.6 (-7) – (-5) 

m 0.45 0.3 – 0.6 

Because the goal of the Monte Carlo simulation is to derive the relationship between Dslip and the 
gas leakage amount, the lower end of the reservoir pressure range was purposely selected to be 
slightly in excess of hydrostatic pressure. Similarly, the lower end of the damage zone permeability 
was changed to 1.E-16 m2 to remove a large portion of simulations that do not generate leakage.   

Most of the parameters are uniformly distributed within the specified range due to the lack of data, 
except a Gaussian distribution was used for the log(1/P0) in the van Genuchten capillary function 
(Pruess, et al., 2011) following convention. As a result, the mean of a uniform distribution is the 
average of the lower and upper bound of the parameter.  

For both boundary conditions, only a small portion of realizations resulted in gas leak to the 
formation above the caprock. The damage rate (total amount of gas leak at 30 years) against the 
parameter values of leaked simulations for the scenario that the above formation has an open 
boundary is shown in Figure 3.11, and the scenario that the above formation has a closed boundary 
is shown in Figure 3.12. 

A linear fit is made between the damage rate and each parameter. A comparison of Figures 3.11 
and 3.12 shows that the general trends between the total gas leak and each parameter is similar, 
even though the total gas leak is less when the above formation has closed boundaries. Among the 
parameters, Dslip, reservoir overpressure, log(fault permeability) and m show distinct, though rather 
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poorly constrained, trends. Fault permeability is the most influential parameter showing there is 
no gas leakage at fault permeabilities less than 2.E-15 m2. The parameters Dslip and m are less 
influential and change in reservoir gas saturation and log (1/P0) did not seem to have a significant 
impact on the gas leakage. 

The mean and standard deviation of the damage measure (cumulative leakage over 30 years) are 
summarized in Table 3.5 below for the subsequent fragility curve calculation.  

The results indicate that upward gas leakage from the gas reservoir requires a storage reservoir 
pressure higher than the water pressure in the formation above the caprock. As shown in Figure 
3.7 the historic data analyzed indicates this is unlikely to occur in most California gas storage 
reservoirs. This is due to the fact that either they are rarely or never overpressured or because they 
are overpressured less than half the time. In the case of reservoir pressure higher than the overlying 
water pressure, upward gas release may occur, but it requires increased transmissivity along a fault 
crossing the caprock. For the parameter ranges considered, only fault permeability above 2.E-15 
m2 resulted in leakage at 30 years. 

3.5 FRAGILITY CURVE CALCULATION 

The calculation method for a fragility curve is the same as the method described in Luu et al. 
(2025) and Sasaki et al. (2025), therefore, the method will not be repeated here. 

Part of this method involves the development of a fragility model to predict the distributions of the 
probability of failure (i.e., rupture or leakage) using regression analysis. During the regression 
analysis it was found that the tested parameters do not show significant influence on the probability 
of leakage for caprocks. As a result, the average probability of leakage is PLeakage=8.9%, i.e., not a 
function of tested parameters. 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 3.11 Damage Rate vs. Parameters with Open Above Formation Boundaries. The 
relationship between each parameter and total gas leakage is shown for the 91 
leaked realizations with open above formation boundaries: (a) Dslip; (b) 
reservoir overpressure; (c) change in gas saturation; (d) log(permeability); (e) 
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log(1/p0); (f) m parameter. Data points are taken directly from the simulation 
outputs. Lines are linear regression fits to the data. 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 3.12 Damage Rate vs. Parameters with Closed Above Formation Boundaries. The 
relationship between each parameter and total gas leakage is plotted for the 87 
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leaked realizations with closed above formation boundaries: (a) Dslip; (b) 
reservoir overpressure; (c) change in gas saturation; (d) log(permeability); (e) 
log(1/p0); (f) m parameter. Data points are taken directly from the simulation 
outputs. Lines are linear regression fits to the data. 

Table 3.5 Mean and Standard Deviation of the Damage Measure (Cumulative Leakage in 
30 Years) 

Above formation Closed boundary (kg;MMscf) Open boundary(kg;MMscf) 

Statistics Mean Standard deviation Mean Standard deviation 

All simulations kg 4.43E5 2.01E6 5.54E5 2.75E6 

MMscf 22 102 28 139 

Simulations that leakage 
occurred before 30yr 

kg 2.54E6 4.23E6 3.08E6 5.89E6 

MMscf 129 215 155 301 

 

Figure 3.13 Histogram of Simulations with Leakage – Open Above Formation Boundaries 
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Figure 3.14 Histogram of Simulations with Leakage – Closed Above Formation Boundaries 

Figures 3.13 and 3.14 show the histogram of simulations with leakage, for open above formation 
boundaries, and closed above formation boundaries, respectively. The results are similar in that 
most of the simulated cases did not result in leakage at 30 years.  The figures also show that there 
are slightly more leakage cases in the open boundary case than closed boundary case, and the 
leakage amount is slightly higher. 
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 CONCLUSIONS/RECOMMENDATIONS 

4.1 Conclusions 

The conclusions from this study are as follows:  

• Most of the storage reservoir pressures in UGS facilities are below hydrostatic pressure in 
which case simulation results indicate there will be no leakage even if the fault damage 
zone becomes transmissive; 

• Seismic slip can enhance damage zone permeability to provide a pathway for natural gas 
to leak from the reservoir. Based on literature review, the upper limit of the enhanced 
damage zone at the depth of a gas storage facility is 1E-14 m2 

• The transmissivity of a fault, and in particular its change with fault slip, are difficult 
parameters to estimate, but may be bound within relatively broad limits based on field 
observations and empirical fault scaling relations. 

• Literature review suggests the width of the zone (W) with enhanced permeability increases 
with the magnitude of shear slip according to W = Dslip for the range of slip considered. 
The length of the fault rupture (L) and the length of the zone of enhanced permeability 
increases with shear slip according to L = Dslip x 10,000. This conservative estimate was 
used in this study. 

• The enhanced permeability of the damage zone must persist, meaning the zone will not 
seal over time, in order for gas leakage to be sustained. 

• In the case of reservoir pressure higher than the overlying water pressure, upward gas 
release may occur, but it requires a substantial increase in transmissivity along a fault 
crossing the caprock. 

• The main parameters that affect the damage measure (cumulative leak at a future time), in 
order, are the permeability of the damage zone, the amount of storage reservoir 
overpressure, the (fault) shear slip amount (Dslip), and the m in the van Genuchten functions 
to describe the capillary pressure and relative permeability. 

• For the models studied, most tested parameters do not show significant influence on the 
probability of leakage for caprocks. Leakage at 30 years only occurred when the fault zone 
permeability is above a threshold value. 

• The work presented in the report can be regarded as a framework and demonstration for 
compiling inputs to develop fragility curves for the fault leakage component of 
underground gas storage. 
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4.2 Recommendations 

Recommended future work includes: 

• The current analysis is based on worst-case scenarios (i.e., using upper limit of 
permeability for the damage zone, maximum fault rupture length due to a shear slip, no 
reduction of damage zone permeability with time, such as due to fracture annealing) and 
therefore provides a conservative estimate of the damage measure (cumulative leakage). 
Further research is needed to understand how transmissivity along faults is changed by a 
seismic slip and evolves following such event, and how this may vary from one site to 
another depending on the local host rock properties. As such research develops, the 
assessment of fault leakage risk should be updated with those results. 

• The current analysis focuses on natural gas leaking out of the storage reservoir. However, 
there could be liquid water flow in or out of the reservoir depending on the reservoir 
pressure and the direction may change over time. Future work can be performed to study 
how the water flow evolves over time and the impact of water flow on storage reservoir. 
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