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Abstract
Geomechanics Technologies has completed a detailed characterization study of the Wilmington Graben offshore Southern
California area for large-scale CO2 storage. This effort has included: an evaluation of existing wells in both State and Federal
waters, field acquisition of about 175km of new seismic data, new well drilling, development of integrated 3D geologic,
geomechanics, and fluid flow models for the area. The geologic analysis indicates that more than 100 million tons of storage
capacity is available within the Pliocene and Miocene formations in the Graben. Combined fluid flow and geomechanical
analyses indicates that injection and storage can be conducted without significant risk for caprock fracturing or fault activation, if
injection pressures are limited to below 110% of hydrostatic pressure.
Numerical analysis of fluid migration indicates that
injection into the Pliocene Formation at depths of 5000 feet would lead to undesireable vertical migration of the CO2 plume.
Recent well drilling however, indicates that deeper sand is present at depths exceeding 7000 feet, which could be viable for large
volume storage.
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1. Introduction
Large scale geologic storage of CO2 represents one of the few practical technologies currently available to
significantly reduce atmospheric emissions of greenhouse gases. The key requirement for widespread application is
to properly characterize the storage capacity and the long-term containment and integrity of subsurface storage
reservoirs. During the past five years, the US Department of Energy has funded regional characterization studies
to investigate various geographic sites with high storage potential. One such location is the Wilmington Graben
located offshore in Los Angeles (figure 1).
The Los Angeles Basin presents a very unique and special combination of great need and opportunity for large
scale geologic storage of CO2. Due to its significant population, and in part due to its historical and geological
setting, the Los Angeles Basin is one of the most prolific oil and gas producing basins in the United States. The
region is home to more than a dozen major power plants and oil refineries which produce more than 5 million metric
tons of fossil fuel related CO2 emissions each year.

Fig. 1. Wilmington Graben location, power plants, and refineries within the geologic Los Angeles basin.

Pliocene and Miocene sediments in the Los Angeles Basin are massive interbedded sand and shale sequences
known to provide 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 the 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. This demonstrates both the storage
potential and security of these formations for CO2 sequestration.
GeoMechanics Technologies, working in cooperation with the Department of Energy through DOE Grant No:
DE-NT0001922, the California Energy Commission through Grant No: PIR-10-062, the City of Los Angeles, US
Environmental Protection Agency Region 9, the USGS, California State University, Long Beach, and University of
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California, Irvine, is near completion on a comprehensive research effort to characterize Pliocene and Miocene
Formations in the Wilmington Graben, offshore Los Angeles, for the large-scale geologic storage of CO2. The
research project has included the following efforts:
1.

Well Data Review and Formation Evaluation

2.

Seismic Data Analysis and Acquisition

3.

New well drilling, logging, and core analysis

4.

Geological Model Development

5.

Gas Migration Modeling

6.

Geomechanical Modeling

7.

Risk Analysis

2. Existing well data review and seismic data acquisition
The initial geologic characterization effort included assembly and analysis of log data from a dozen existing
wells located within both State and Federal waters (figure 2), and combination of this information into a common
database. Several key geologic horizon 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.

DOE#2
DOE#1

Fig. 2. Well locations in the Wilmington Graben.
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To further characterize the area and extend the geologic horizon beyond the discrete well locations in 3D, our
team re-analyzed 3D seismic data available for a portion of the Wilmington Graben (figure 3). We then acquired in
an additional 175km of 2D marine seismic data in a “data gap” area, using shipborne seismic arrays provided by Cal
State Long Beach, managed by Legg Geophysical. .

Fig. 3. Seismic lines already available.

The re-interpreted existing 3D seismic data, combined with the newly acquired 2D seismic data in the northern
area were used to establish four key geologic horizons in the Wilmington Graben area. These were the base of
Miocene, the top of the Miocene, the top Repetto (near mid-Pliocene), and the top Pliocene horizons. For example,
figure 4 below presents a structural contour plot of the Top Miocene horizon.
Given the key stratigraphic horizons established from seismic data and lithology, versus depth determined from
log data, interwell interpolation was applied to create both stratigrahic and lithology models for the entire 3D
volume comprising the Wilmington Graben. These are shown in figures 5 and 6.
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 data horizon data can inform the 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 (see for example figure 7). Each of the
distributions honor the general stratigraphic trend and the specific lithology at each well. This is done to establish a
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reasonable range of possible scenarios for subsequent storage capacity calculations and for injection simulations.
These include a baseline geologic model, a high shale geologic model, and low shale geologic model.

Fig. 4. 3D and 2D seismic data used to define key stratigraphic horizons across Wilmington Graben area
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Fig. 5. 3D stratigraphic model of the Wilmington Graben, showing wells and horizon markers

Fig. 6. 3D lithology model of the Wilmington Graben, with a cut-away view.
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Fig. 7. NW-SE cross section with updated heterogeneous model (5xVE).

Taking into account the stratigraphy and heterogeneous lithology models, the Pico, Repetto and Puente
formations were analyzed according to lithologic make-up (Table 1). Given the areal extent and average thickness of
each formation, total volume of each lithologic unit was calculated, by stratigraphic unit (Table 2).
Table 1. Lithologic distribution from heterogeneous geologic model.
Stratigraphic unit

Sand (%)

Shale (%)

Sand/Shale (%)

Silt (%)

Pico

58

17

20

5

Repetto

34

32

32

2

Puente

10

17

63

10

Sand/Shale (ft3)

Silt (ft3)

Table 2. Volumes generated using heterogeneous model.
Stratigraphic unit

Sand (ft3)

Shale (ft3)

Pico

1.82E+12

6.12E+11

4.523E+11

1.47E+11

Repetto

9.96E+11

9.56E+11

9.248E+11

5.03E+10

Puente

4.39E+11

2.63E+12

7.342E+11

4.47E+11

Mean porosities of the different lithologies and formations for the northern, central and southern Graben were
obtained using well log data and core data from new wells drilled in the field. Average porosity values were then
assigned to the four material types found within the Wilmington Graben, as specified in (Table 3).
The
combination of information provided in Tables 1 through 3 was then used to estimate storage capacity for varying
geologic model scenarios.
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Table 3. Mean porosities derived from porosity modeling for the Wilmington Graben.
Stratigraphic unit

Sand

Shale

Sand/Shale

Silt

Pico

0.31

0.29

0.29

0.33

Repetto

0.28

0.29

0.23

0.33

Puente

0.24

0.24

0.23

0.33

These values, together with the DOE recommended efficiency factors [2] and CO2 densities at reservoir depths,
have been used to calculate the CO2 storage estimate for the Wilmington Graben (table 4) using the following
equation:

x
x
x
x
x

Where:
At is the reservoir area,
hg the reservoir thickness,
݊tot the porosity,
ȡ the density of CO2 at depth, and
Esaline the efficiency factor.
Table 4. Storage capacity estimates (metric tons).
Geologic Scenario

Low Sand

Baseline

High Sand

Pliocene (Pico & Repetto)

2.92E+7

1.15E+8

3.09E+8

Miocene (Puente)

2.02E+7

7.93E+7

2.14E+8

The initial baseline scenario storage capacity estimate is on the order of 185 million metric tons within the Pliocene
and Miocene formations. As discussed later in this paper, the initial storage estimate for the Miocene formation
was subsequently increased significantly after new deep drilling identified additional sand formations.
3. Two new stratigraphic wells drilled to enhance geologic model
GeoMechanics Technologies drilled two new wells in the Northern Graben area to validate and improve upon the
initial geologic model. Well DOE#1 was drilled in 2010 to characterize the Pliocene section. Well DOE#2 (figure
8) was drilled in the first quarter of 2014 to characterize the upper Miocene section to a depth of 7500 ft. Together
these wells identified more than 400 ft of porous Pliocene sands and more than 150 ft of upper Miocene sands. The
amount of sand interval discovered within the lower Pliocene - upper Miocene exceeded initial baseline estimates.
Table 5. Sand and shale properties determined from new well core analysis.
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Fig. 8. Well DOE#2 drilled in February, 2014, to further characterize Miocene formation.

4. Integrated geology and fluid flow model to simulate CO2 injection and migration
Having established 3D geologic models for the area, then using well log data, seismic data, and new well
penetration data, the next step in the characterization process was to develop integrated fluid flow and
geomechanical models. These models simulate CO2 injection and migration, and the stresses and displacements
induced when injection related pressure and temperatures change. In figure 9 we present a generalized workflow
diagram describing the process for assembly and application of integrated geology, fluid flow, and geomechanical
simulation models.
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, fluid flow and geomechanical model are also
established. In general, the fluid flow models cover a smaller volume space than both the geology model and the
geomechanical model, as the latter two must extend to the surface, beyond the lateral extent of the reservoir. For
this particular project we use Rockworks for the static geologic model, TOUGH2 for the fluid and heat flow
simulation, and FLAC3D for the geomechanical simulation.
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Fig. 9. Generalized workflow for assembly and application of integrated geology, fluid flow, and geomechanical modeling

We assembled fluid flow and geomechanical models in two primary areas of the graben, as indicated in figure 10.
Using the heterogeneous lithology models as a starting point, material flow properties (permeability as shown in
table 5, and porosity and initial pressure and saturation) were mapped from the geology model grid onto the flow
simulation model grid. For example, figure 11 presents a cross section illustration of the mapping process for the
central graben area.
Table 5. Permeability estimated with Kozeny-Carmen equation.
Stratigraphic unit

Sand (mD)

Shale (mD)

Sand/Shale (mD)

Silt (mD)

Pico

282.99

11.97

60.05

16.82

Repetto

204.32

11.97

31.83

16.82

Puente

123.66

7.01

31.83

16.82
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Fig. 10. Integrated fluid flow models (shown in hatched area) and geomechanical models (shown in purple overlays).

Fig.11. Mapping of lithology and flow properties from geologic model to flow model
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Figure 12 illustrates the full 3D TOUGH2 flow model for the central graben area, including boundary conditions
applied. 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).

Fig. 12. Conceptual fluid flow model for mid graben area (figure 10 for location).

Because a turbidite environment is by nature lithologically heterogeneous, several models were constructed to
capture geologic variations, with varying proportions of shales and sands as previously discussed. Cross sections of
several different models are shown in figures 13, 14, and 15.
The proposed injection well is located in the center of the graben and flow model assemblies. The injection
interval is located at a depth of about 1,550m (5,100ft). 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 1,000m (3,280ft) in the horizontal direction and 450m (1,500ft) in the
vertical direction, indicated in figure 16.
The CO2 is not fully contained within the desired vertical interval.
Reducing injection rates by 50% did not significantly change this conclusion.
Next, we consider alternative geologic models, including assumed higher shale content and continuity.
Simulation for alternative scenarios are presented in figures 17 and 18. The simulation results indicate that even
with higher shale content, CO2 is not fully contained within the desired vertical interval when injection is conducted
at depths of around 5000 feet. We conclude from this modeling effort that large scale CO2 injection in the
Wilmington Graben can not be safely performed within the relatively shallow middle Pliocene formation.
This conclusion motivated efforts to further characterize the deeper Miocene formation for injection targets.
Fortunately the deeper well DOE#2 drilled in 2014 for the project did encounter deeper target sand intervals at
depths on the order of 7000 to 7500 feet. More importantly, the deeper sand intervals were overlain by relatively
thick shale intervals (more than 100ft thick). An additional well deepening effort is underway to help verify the
lateral continuity of this thick shale layer in the northern graben area.
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Fig.13. Baseline cross section (SW-NE).

Fig. 14. High shale model cross section (SW-NE).

Fig. 15. High sand model cross section (SW-NE) (2xVE).
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Fig. 16. Baseline model (left); shaley model –Var 1(right); both after 30 years of injection; SW-NE cross sections.

Fig. 17. Baseline model (left); lower shale permeability –Var 2(right); both after 30 years of injection; SW-NE cross sections.

Fig. 18. Baseline model (left); Upper Repetto Refinement –Var 3(right); both after 30 years of injection; SW-NE cross sections.
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Fig. 19. Baseline model (left); Shaley model –Var 1(right); both gas plumes after 30 years of injection; top view.

Fig. 20. Lower shale permeability –Var 2 (left); Upper Repetto Refinement –Var 3 (right); both gas plumes after 30 years of injection; top view.

5. Geomechanical model
Geomechanical models were also assembled for both the northern and central graben areas. The purpose of these
models was to assess stress changes induced by injection operations, fracturing risks, fault activation risks, and
surface deformations. Figures 21 and 22 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 2950 m in the vertical direction,
extending below the injection interval to the seaflor. 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). For the 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
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decreased temperature act 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.

SW

Fig. 21. Geomechanical model for the central graben area (see figure 10 for location).

Fig. 22. Geomechanical model ross section SW-NE (see figure 21 for location).

NE
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Figure 23 presents the change in pressure determined from the fluid flow model and are applied to the
geomechanical model. Pressure changes are relatively minor, generally less than 1 MPa throughout the region of
CO2 migration. Figure 24 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 that risks for caprock
fracturing are very low.

Fig. 23. Pressure change determined from fluid flow model and input into geomechanical model (Pa)

Fig. 24. Resulting horizontal stress changes (Pa)
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Figures 25 and 26 present the vertical and shear stresses, respectively, induced by injection operations.
Maximum induced shear stresses are induced towards the periphery of the pressurized zone. These induced shear
stresses are significantly below shear strength limits for the materials, bedding plane slip limits, and anticipated fault
activation levels. In general, induced stresses do not extend to appreciable distance and do not reach the major
bounding faults in the area, so that fault activation risks remain very low.

Fig. 25. Resulting vertical stress changes (Pa)

Fig. 26. Resulting shear stress changes (Pa)
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6. Risk assessment
GeoMechanics has completed a comprehensive analysis of risks associated with CO2 injection in the Wilmington
Graben, including but not limited to the previously described issues of vertical migration and induced stress effects.
The various risk factors evaluated include:
1.
2.
3.
4.
5.
6.
7.

Lateral Migration to Poorly Cemented Offset Wells
Injection Well Failure
Caprock Integrity Analysis
Geomechanical analysis of fracture and fault activation risk
Natural Seismicity Risks
Induced Seismicity Risks
CO2 Migration to Sea Floor and resulting consequences

With respect to lateral migration, for example, cementation data from each wellbore within the graben was
reviewed to determine any possible migration risks (figure 27). The well data history indicated that at least six wells
within the graben are not properly cemented below the surface casing, which provides a risk for vertical gas
migration. Well history was not available for two OCS wells, therefore openhole conditions were assumed. The
results of our fluid flow model indicate that the prospective CO2 injection well should be placed a minimum distance
of 1,000m (3,280ft) away from any known poorly cemented wellbores to prevent migration into unauthorized zones.

Fig. 27. Casing and cement evaluation for previously drilled wellbores in the Wilmington Graben.
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A detailed discussion of each of the other risk factors and analyses is beyond the scope of this paper. A
companion paper is presented in these GHGT-12 proceedings by Bruno et al, “Development of improved caprock
integrity analysis and risk assessment techniques”[4]. The paper describes in some detail, risk analysis approaches in
general, development of a quantitative risk assessment tool, and application of the tool to several field examples
including the Wilmington Graben. Primarily due to geomechanical factors and site location, the Wilmington
Graben present higher risks than many other projects evaluated for large scale CO2 injection.
7. Conclusion
Geomechanics Technologies has completed a detailed characterization study of the Wilmington Graben offshore
Southern California for large-scale CO2 storage. This effort has included evaluation of existing wells in both State
and Federal waters, field acquisition of about 175km of new seismic data, new well drilling, and development of
integrated 3D geologic, geomechanics, and fluid flow models for the area. The geologic analysis indicates that
more than 100 million tons of storage capacity is available within Pliocene and Miocene formations in the Graben.
Combined fluid flow and geomechanical analysis indicates that injection and storage can be conducted without
significant risk for caprock fracturing or for fault activation, if injection pressures are limited to below 110% of
hydrostatic pressure.
Integrated geologic, geomechanical, and fluid flow models have been developed with varying distributions of
sand and shale sequences. Each of which are consistent with the limited well data, but likely span the range of sand
and shale content. Numerical analysis of fluid migration indicates that injection into the Pliocene Formation at
depths on the order of 5000 feet would lead to unacceptable vertical migration of the CO2 plume, for the full range
of reasonable lithology distributions.
The results of the fluid flow model were used as input in a geomechanical model established for two areas of the
graben. The geomechanical model was developed to assess induced stresses, fracture and fault activation risks
associated with large scale CO2 injection. Geomechanical simulations indicate that maximum induced horizontal
and vertical stresses are less than 1E6 Pa (145psi), which are not enough normal stresses to induce tensile fracture in
the rock formation. The induced shear stresses are in the order of 1E5 – 2E5 Pa (less than 30psi); much smaller than
the inherent rock shear strength. Qualitative risk analysis and ranking indicates that large scale CO2 injection into
the Wilmington Graben presents relatively higher risk than other potential storage sites within the US primarily due
to its geologic and geomechanical setting.
Based on our current analyses, we can not recommend the shallow to mid-Pliocene formations be considered
further for large scale CO2 injection. Recent well drilling in 2014, however, indicates that deeper sands are
available at depths exceeding 7000 feet which could be viable for large volume storage. The deep well DOE#2 also
indicated the existence of a relatively thick shale interval that can serve as a strong barrier to vertical migration. At
the time of publication, plans are in place to deepen another nearby well into the Miocene formation to confirm the
lateral continuity of both the sand interval and shale barrier.
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