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I. Project Overview
A. Abstract
In the box below, describe the project objectives, methodology, and results obtained and their
significance. If this work is a continuation of a multi-year SCEC-funded project, please include major
research findings for all previous years in the abstract. (Maximum 250 words.)

Fluid-injection is well-established as a major driver of human-induced earthquakes.
Both the central U.S. and California experienced a rapid increase in waste water
injection activity since 2001, however in California the seismogenic consequences of
injection remain understudied. Here, the proximity between active injectors and
faults may alter the seismic hazard and pose a substantial risk for near-by urban
centers. A major issue in connecting the observed seismicity to injection is the local
reservoir structure. The issue is particularly complex for wells abutting faults. Faults
can act as both conduits and barriers to flow resulting in strongly anisotropic pore
pressure migration. Crustal heterogeneity and high permeability zones such as fault
damage zones, can lead to a localization of diffusion and have been blamed for
induced earthquakes reaching up to 10–35 km from the injection wells.
A detailed assessment of fluid pathways is generally hampered by a lack of publicly
available subsurface data. Southern California is unique in that the long-term
investment in fault-mapping within the region produced a rare data-set of detailed
fault locations and geometries. Based on mapped fault structures and seismicity-data,
we created flow models to constrain the extent and amplitudes of injection-induced
pore-pressure perturbations. Using a range of realistic damage zone widths and
permeability values, we showed that induced pore-pressure changes can result in
seismic activity at up to ~10 km distance from injection wells (Goebel et al. 2016).

B. SCEC Annual Science Highlights
Each year, the Science Planning Committee reviews and summarizes SCEC research accomplishments,
and presents the results to the SCEC community and funding agencies. Rank (in order of preference) the
sections in which you would like your project results to appear. Choose up to 3 working groups from
below and re-order them according to your preference ranking.
Seismology
Stress and Deformation Through Time (SDOT)
Fault and Rupture Mechanics (FARM)
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C. Exemplary Figure
Select one figure from your project report that best exemplifies the significance of the results. The figure
may be used in the SCEC Annual Science Highlights and chosen for the cover of the Annual Meeting
Proceedings Volume. In the box below, enter the figure number from the project report, figure caption and
figure credits.
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Cross-section of seismicity, faults and a waste water disposal site within the Tejon oilfield at the southern
end of the San Joaquin valley. Seismicity up to 300~days after start of injection is shown be colored dots
(see color bar), background events by gray dots and Tejon fault seismicity prior to injection by black dots.
The gray rectangle qualitatively highlights a zone of high seismic activity that coincides with the Tejon fault
and hydraulically connects the waste water disposal well with the near-by White Wolf fault.

D. SCEC Science Priorities
In the box below, please list (in rank order) the SCEC priorities this project has achieved. See
https://www.scec.org/research/priorities for list of SCEC research priorities. For example: 6a, 6b, 6c

B. Integration and Theory
Science objectives: 2f, - understanding induced seismicity, hazard potential
4a, - geologic, seismic, geodetic, hydrologic investigations fault complexity
4b, - along-strike variations fault roughness and complexity, damage and
localization
2a - improvement of earthquake catalogs
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E. Intellectual Merit
How does the project contribute to the overall intellectual merit of SCEC? For example: How does the
research contribute to advancing knowledge and understanding in the field and, more specifically, SCEC
research objectives? To what extent has the activity developed creative and original concepts?

The study addresses four SCEC science objectives, i.e.,
2f: by mapping local fault zone structures and implications for pore-pressure diffusion
and the creation of noticeable earthquakes by fluid injection;
4a & 4b: by improving our understanding of fault architecture and the role of faults as
fluid conduits or barriers;
2a: by regional extensions of earthquake catalogs using template matching and jointevent-relocation methods.
The proposed research had the aim to advance our understanding of the connection
between pore-pressure perturbation, fault damage zones and implications for possible
large-magnitude ruptures (FARM).
In addition, induced seismicity sequences allow for the study of foreshocks and
systematic event migration prior to the largest magnitude event of a sequence (EFP)
which is rarely observed for tectonic earthquake sequences.

F. Broader Impacts
How does the project contribute to the broader impacts of SCEC as a whole? For example: How well has
the activity promoted or supported teaching, training, and learning at your institution or across SCEC? If
your project included a SCEC intern, what was his/her contribution? How has your project broadened the
participation of underrepresented groups? To what extent has the project enhanced the infrastructure for
research and education (e.g., facilities, instrumentation, networks, and partnerships)? What are some
possible benefits of the activity to society?

Our study addressed some fundamental questions about fault zone hydrology and
the connection between fault zone structure and pore pressure diffusion.
Most of the previous work assumes a simple isotropic permeability structure,
neglecting crustal heterogeneity and permeability variations with depth. Nonetheless,
localized zones of relatively higher permeability, as observed in Colorado, may have
a substantial seismogenic impact. The larger extent of diffusive processes may
increase seismic hazards including the probability of inducing large-magnitude
earthquakes on basement-faults which generally store more strain energy than
sedimentary layers above.
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G. Project Publications
All publications and presentations of the work funded must be entered in the SCEC Publications
database. Log in at http://www.scec.org/user/login and select the Publications button to enter the SCEC
Pubications System. Please either (a) update a publication record you previously submitted or (b) add
new publication record(s) as needed. If you have any problems, please email web@scec.org for
assistance.

T.H.W. Goebel, S.M. Hosseini, F. Cappa, E. Hauksso, J.-P. Ampuero, F. Aminzadeh & J.B.
Saleeby (2016). “Wastewater disposal and earthquake swarm activity at the southern end of the
Central Valley, California”, Geophys. Res. Letts., 43, 1-8, doi:10.1002/2015GL066948.

Previous publications related to the research project:
T.H.W. Goebel, E. Hauksson, F. Aminzadeh & J.-P. Ampuero (2015). “An objective method for
the assessment of fluid injection induced seismicity and application to tectonically active
regions in central California”, J. Geophys. Res., 120, 1-20, doi:10.1002/2015JB011895.
T.H.W. Goebel (2015). “Comparing seismicity rates and fluid injection operations in Oklahoma
and California: Implications for upper crustal stresses”, The Leading Edge, Special Volume:
Injection-induced seismicity, eds. Robert Habiger, Gregory Beroza, 34(6), 640-648, doi:
10.1190/tle34060640.1.
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II. Technical Report
A. Introduction
Fluid injection into hydrocarbon and geothermal reservoirs can change the local stress
field potentially causing earthquakes at several kilometers distance, both immediately
and months to years after peak-injection [Hsieh and Bredehoeft, 1981; Bourouis and
Bernard, 2007; Kim, 2013; Keranen et al., 2014; Martínez-Garzón et al., 2014; Rubinstein et al.,
2014; Schoenball et al., 2014]. Injection-induced fault slip is, in addition to poro-elastic
stress changes, commonly attributed to an increase in pore-pressure, which reduces the
frictional resistance on fault surfaces [Healy et al., 1968; Ellsworth, 2013; Keranen et al.,
2013].
In recent years, induced earthquakes have been observed in the proximity of many
high-volume wastewater disposal (WD) wells in the central U.S. [Horton, 2012; Frohlich
and Brunt, 2013; Keranen et al., 2013; Kim, 2013; Skoumal et al., 2014]. Many of the
identified injection wells responsible for inducing seismicity are suspected to inject at
depth close to the upper basement surface, where critically stressed faults slip more
easily when exposed to changing pressures and earthquake ruptures can grow to larger
sizes than in sedimentary basins [Das and Scholz, 1983; Horton, 2012; Ellsworth, 2013; Kim,
2013].
While many previous studies focused on regions within the central and eastern U.S.,
where induced event detection is facilitated by low background seismicity rates,
detecting induced events in California hydrocarbon basins received less attention,
despite extensive injection operations and seismically active faults.
Up to now, few injection-induced earthquakes outside of geothermal reservoirs have
been observed in CA [Kanamori and Hauksson, 1992; Goebel et al., 2015]. Consequently,
the most acute anthropogenically-controlled seismic hazard stems from fluid-injection
activity close to active faults. Such injection activity can lead to earthquakes up to
Mw5.7 or larger as observed in OK.
In CA, annual fluid-injection volumes exceed those in OK where induced seismicity is
suggested to be widespread. The average number of active injection wells between 2010
and 2013 of ~9,900 exceeds the 8,600 wells in OK [CA Department of Conservation, 2012].
The wells in CA inject on average at depth of ~1.5~km which is about 0.5~km deeper
than in OK [Goebel, 2015]. More recently and coincident with continuously increasing
oil-prices between 2001 and 2014 (except '09 & '10), CA experienced a systematic
increase in injection volumes in connection with more extensive well-stimulation
operations. This increase in injection activity together with the lack of available injection
sites away from active faults require a more detailed assessment of possible seismogenic
consequences of fluid injection in CA.
In our recent study, we examined the role of seismically active faults in channeling
injection induced pressure changes [Goebel et al., 2016]. We provided an overview of
the geologic setting, as well as injection and seismic activity at the southern end of the
Central Valley. We performed a detailed assessment of the seismically active faults at
the southern end of the San Joaquin valley and investigated a possible correlation
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between fluid-injection and seismicity, including variations in frequency-magnitude
distribution with the onset of injection rate increase. Lastly, we created a detailed
hydrogeological model that incorporates local geology such as active fault structures
and examine injection-induced pressure changes.
1. Results and Conclusion

We examined an earthquake swarm close to the White Wolf fault which shows evidence
of systematic event migration between a waste water disposal site and the largest
magnitude earthquake with Mw4.6 (Figure 1 & 2). This systematic migration is best
seen in relocated catalogs that include newly detected events using a template-matching
method and may easily remain undetected in standard seismicity catalogs.
Within the first two months of wastewater disposal in WD05, we observed some
shallow seismicity at 4 km depth beneath the injection site and on the Tejon fault to the
northwest, while little to no seismic activity occurred to the south and southeast.
Within the following months, the area northwest of well WD05 in direction of the WWF
became progressively active. Much of this seismicity was concentrated just up-dip of
the intersection point between the Tejon and White Wolf fault between ~70 to 150 days
after injection.
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Figure 1: Seismicity and injection activity within the study area centered at the Tejon
oilfield. A) Fault traces (black and green lines), epicenters (dots), injection wells (blue
triangles) and oilfield locations (blue lines). Seismicity is colored according to days after
injection into WD05, gray dots show background seismicity. Earthquake locations are
from the standard SCSN catalog.
B) Injection (blue) and seismicity rates (gray) between 1980 and 2014. C) Seismicity
cross-section within a 5~km zone between c and c' in (A). Seismicity up to 300~days
after start of injection is shown be colored dots (see color-bar in A), background events
by gray dots and Tejon fault seismicity prior to injection by black dots. The gray
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Figure 2: Seismicity migration along the Tejon fault relative to the start of injection in
WD05. We show both the SCSN (gray dots) and relocated earthquake catalogs (red
circles). The latter includes new event detections using a template matching approach .
Epicentral distances are reported relative to well-head location, error-bars show
average, absolute location uncertainties. The dashed curve highlights the expected
trend for a square-root dependence of distance on time characteristic for a diffusive
process.
The identification of human-induced earthquakes in tectonically active regions such as
California is generally complicated by the many naturally occurring seismicity
sequences. To address these challenges, we used detailed statistical analysis methods as
well as geological and diffusion models to evaluate a potentially induced origin of an
earthquake sequence close to the WWF in 2005. This sequence deviates from commonly
observed tectonic sequences in the area by showing significantly elevated seismicity
rates above the background associated with a rapid increase in injection rates.
Moreover, the seismicity sequence showed evidence for deep migration within the
crystalline basement between injection wells and the near-by White Wolf fault
suggesting that wastewater disposal likely contributed to triggering the earthquake
swarm.
The recorded largest magnitude event (Mmax=4.6) of the sequence and the cumulative
injection volume (Vtot~1.8 106 m3) fall well within the trend of Vtot and Mmax reported
by[McGarr, 2014], and are similar to observations of Vtot and Mmax in Timpson, Texas and
Painesville, Ohio [McGarr, 2014].
Our results highlight that injection related earthquake triggering processes may involve
multiple mechanisms. A plausible mechanism for the triggering of the White Wolf
swarm is the diffusion of pressures from the ~1.5 km deep injection site along the
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northwest-striking Tejon fault into the intersection zone with the WWF. This pressure
channeling effect may have been further intensified if the WWF acted as flow barrier
thereby trapping the pressure front within the damage zone of the Tejon fault resulting
in more rapid pressure increase at the intersection between the two faults.
Other triggering mechanisms may have included stress transfer at the front of the
pressurized zone as well as injection-induced aseismic slip, which progressively became
more seismogenic at larger depth within the basement complex. Shallow aseismic slip
is well-documented in high-resolution, controlled injection experiments and may hide
early fault activation processes [Cornet et al., 1997; Guglielmi et al., 2015].
A potentially injection-induced origin of the White-Wolf swarm is intrinsically
connected to the specific geologic setting that accommodated pressure diffusion to
seismogenic depth at the southern end of the Central Valley. More detailed assessments
of the geologic setting close to injection wells are required to explain the lack of largescale injection-induced earthquake activity in CA hydrocarbon basins. Cases of
relatively deep induced seismicity far from injection sites have been reported in several
other regions such as Oklahoma, Colorado and Arkansas, where induced earthquakes
occurred at 8~km depth and 7 to 35~km distance from the injection well [Hsieh and
Bredehoeft, 1981; Horton, 2012; Keranen et al., 2014].
In addition to these large distances, there are several other factors that can complicate
induced seismicity detection in CA hydrocarbon basins: 1) Faults may channel induced
pressure changes and lead to localized pore-pressure increase; 2) Background seismicity
rates are generally high so that small rate variations cannot be detected; 3) Small
magnitude earthquakes close to injection sites can easily be missed because of sparse
station coverage within hydrocarbon basins; and 4) Transient aseismic and seismic slip
processes lead to a dynamic increase in permeability and progressive fault activation.
All of these factors can potentially complicate mitigation strategies such as traffic light
systems which rely on a systematic seismicity rate increase and event migration from
the well. Based on our empirical results injection induced earthquakes are expected to
contribute marginally to the overall seismicity in CA. This is in line with physical
models of crustal strength distributions which suggest a limit to the amount of strain
energy that is available for shallow earthquake ruptures [Sibson, 1974].
Moreover, the frictional properties of shallow, sedimentary faults inhibit rupture
growth and diminish the seismogenic impact of surficial pressure perturbation [Das and
Scholz, 1983; Scholz, 1998].
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