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disposal in California is uncertain because possible relationships between seismicity 
and wastewater injection have yet to be studied in detail. Injection of larger volumes of 
produced water from increased well stimulation activity and the subsequent increase in 
oil and gas production could conceivably increase the hazard. Given the active tectonic 
setting of California, it would be prudent to carry out assessments of induced seismic 
hazard and risk for future injection projects, based on a comprehensive study of spatial 
and temporal relationships between wastewater injection and seismicity.

The closest wastewater disposal wells to the San Andreas Fault (SAF) are located in 
oilfields just over 10 km (6.2 mi) away in the southern San Joaquin Valley. It is unlikely 
that current wastewater injection in these wells would induce earthquakes on the fault.  
If in the future significantly higher-volume injection were to take place in or close to these 
existing oilfields, then it is plausible that the likelihood of inducing earthquakes on the 
SAF could increase.

The probability of inducing larger, hazardous earthquakes by wastewater disposal could 
likely be reduced by following protocols similar to those that have been developed for 
other types of injection operations, such as enhanced geothermal. Even though hydraulic 
fracturing itself rarely induces felt earthquakes, application of similar protocols could 
protect against potential worst-case outcomes resulting from these operations as well.

4.2. Introduction

Induced seismicity refers to seismic events caused by human activities, which can include 
injection of fluids into the subsurface. The vast majority of induced earthquakes that have 
been attributed to fluid injection were too small to be perceptible by humans. However, 
seismic events induced by fluid injection have on several occasions been felt at the ground 
surface, and in extremely rare cases have produced ground shaking large enough to cause 
damage. This chapter reviews the current state of knowledge about induced seismicity, 
and discusses the data and research that would be required to determine the potential 
for induced seismicity in California, including along the SAF. Measures to assess and, if 
necessary, to reduce the risk from induced seismicity are also discussed.

4.2.1. Chapter Structure

This introductory section provides a brief overview of the general characteristics of 
earthquakes and the basic cause of earthquakes induced by subsurface fluid injection, 
followed by a summary of observed cases of induced seismicity related to well stimulation 
activities. Section 4.3 first discusses the potential impacts of induced seismicity in terms of 
the risks of nuisance and structural damage caused by ground shaking, and then describes 
the mechanics of fluid-induced earthquakes and the characteristics of seismicity sequences 
related to well stimulation. Section 4.4 considers factors that could influence the potential 
for well stimulation in California to induce seismicity, and describes the studies needed to 
assess that potential. Suggested measures to lower the likelihood of induced earthquakes 
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occurring and hence reduce the risks are described in Section 4.5. Section 4.6 identifies 
gaps in the available data that presently limit our ability to evaluate induced seismicity 
in California, and then discusses potential actions to address those gaps. A summary of 
findings and conclusions are presented in Sections 4.7 and 4.8, respectively.

4.2.2. Natural and Induced Earthquakes

An earthquake is a seismic event that involves sudden slippage along an approximately 
planar fault or fracture in the Earth. This process occurs naturally as a result of stresses 
that build up owing to deformation within the Earth’s crust and interior. The size of an 
earthquake depends primarily on the area of the patch on the fault that slips and the 
amount of relative displacement across the slip patch. Earthquake sizes range over many 
orders of magnitude. There are many more small events than large events; a decrease of 
one unit in the magnitude scale (see below and Appendix 4.A) corresponds roughly to a 
ten-fold increase in the number of events. As a result, the vast majority of earthquakes 
can only be detected by sensitive instruments. If, however, the slip area is sufficient to 
generate an earthquake larger than magnitude 2 to 3, the energy released during the 
event can generate seismic waves sufficient to produce ground motions that can be felt 
by humans, and larger events (usually about magnitude 5 and above) can in some cases 
cause structural damage. Over one million natural earthquakes of magnitude 2 or more 
occur worldwide every year (National Research Council (NRC), 2013). 

As discussed in Appendix 4.A, several alternative magnitude scales are commonly used 
to express earthquake sizes. These employ different methods to compute magnitude, 
but all of the scales are roughly consistent with each other (within one-half magnitude 
unit) for earthquakes smaller than about magnitude 7. Henceforth in this report, we use 
published moment magnitudes, Mw. When discussing specific earthquakes for which Mw 
was not reported, we use the published magnitude, which, for the earthquakes discussed 
below, include only local magnitude, ML and body-wave magnitude, mb. In published 
cases when the scale was not specified, or to refer to magnitude in a general sense, we 
use the designation “M”. Definition of the term “microseismicity” is somewhat arbitrary; 
for example, in earthquake seismology microseismicity usually refers to earthquakes 
smaller than Mw2-3, whereas in hydrofracture monitoring it commonly refers to events 
smaller than Mw0. In this report, we use microseismicity to describe earthquakes having 
magnitudes less than Mw3.

Earthquakes caused by human activity are termed induced seismicity. Activities that 
can induce earthquakes include underground mining, reservoir impoundment, and the 
injection and withdrawal of fluids as part of energy production activities (NRC, 2013). 
Note that some authors distinguish between “induced” and “triggered” events according 
to various criteria (e.g., McGarr et al., 2002; Baisch et al., 2009). In this report we do not 
make this distinction, but refer to all earthquakes that occur as a consequence of human 
activities as induced seismicity.





271

Chapter 4: Seismic Impacts Resulting from Well Stimulation

the occurrence and mechanics of regional and local earthquakes, there are no published 
reports of induced seismicity caused by wastewater disposal related to oil and gas 
operations in California. However, there has been no comprehensive, in-depth study of the 
relationship between seismicity and disposal operations in the state.

Typical wastewater volumes injected per well in California are generally less than those 
associated with well stimulation operations in other parts of the country where induced 
seismicity has occurred. For example, typical wastewater volumes injected in Kern 
County to date have been about one fourth of those resulting from well stimulation in 
the Barnett shale and injected in the Dallas-Fort Worth area in Texas, where induced 
seismicity has been reported from ongoing observational studies. This might suggest that 
at the present time the potential for induced seismicity related to wastewater disposal in 
California may be relatively low compared with some other regions in the U.S. However, 
because the possible relationship between injection and seismicity in California has yet 
to be investigated, the potential seismic impact is at present unknown. Expanded well 
stimulation activity would require disposal of larger volumes of fluid, which would 
potentially increase the impact. Given the active tectonic setting of California, it will 
be prudent to carry out an assessment of induced seismic hazard and risk as part of the 
permitting process for future injection projects, particularly in areas where there are active 
faults and that experience naturally occurring seismicity. A comprehensive study of spatial 
and temporal relationships between wastewater injection and seismicity is necessary 
to provide a basis for such assessments. The chance of inducing larger, hazardous 
earthquakes would most likely be reduced by following protocols similar to those that 
have been developed for other types of injection operations, such as those for enhanced 
geothermal energy production (e.g. Majer et al., 2012).

4.3. Potential Impacts of Induced Seismicity

Induced seismicity can produce felt or even damaging ground motions when large 
volumes of water are injected over long time periods into zones in or near potentially 
active earthquake sources. The relatively small fluid volumes and short time durations 
involved in most hydraulic fracturing operations themselves are generally not sufficient 
to create pore-pressure perturbations of large enough spatial extent to generate induced 
seismicity of concern. In contrast, earthquakes as large as Mw5.7 have been linked to 
injection of large volumes of wastewater into deep disposal wells in the eastern and 
central United States (Keranen et al., 2013; Sumy et al., 2014).

Seismic hazard is defined as the probability that a specific level of ground shaking will 
occur at a particular location during in a specified interval of time. This formal definition 
is a departure from the meaning of the more general term “hazard”, which refers to 
possible negative outcomes or impacts. In this chapter, the word hazard alone indicates 
the more general possibility of impact, while the term seismic hazard will be used to 
refer to the formal definition used by the seismic hazard community. Seismic risk is the 
probability of a consequence, such as deaths and injuries or a particular degree of building 
damage, resulting from the shaking. Risk, as defined with regard to seismic ground 
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4.3.3.1. Tensile Fracturing

The primary objective of hydraulic fracturing is to inject fluid into the earth to create a 
new fracture that connects the pores and existing fractures in the surrounding rock with 
the well, thus forming a permeable pathway that enables the oil and/or gas (and water) 
in the pores and fractures to be recovered. Hydraulic fractures are created by the rock 
failing in tension when the fluid pressure exceeds the in situ minimum principal stress 
(see Appendix 4.B). In this type of failure, a roughly planar fracture forms in the rock, and 
the walls of the fracture move apart perpendicular to the fracture plane at the same time 
as the fracture propagates (grows) at the crack tip in the direction parallel to the fracture 
plane. While there may be bursts of fracturing over short length scales at the crack tip, 
large-scale hydraulic fractures form slowly (hours) and can extend up to hundreds of 
meters away from the well. Although the physical processes at the crack tip are not yet 
fully understood, it appears that the amount of seismic energy radiated as the tensile 
fracture propagates is small and difficult to detect. Therefore, hydraulic fracture growth 
itself is responsible for little, if any, of the seismicity recorded in the field, and it probably 
makes little or no contribution to seismic hazard.

4.3.3.2. Shear Failure on Pre-existing Faults and Fractures

Shear failure on existing faults and fractures can occur both during stimulation by 
hydraulic fracturing and during wastewater disposal. During stimulation, shear events 
serve to enhance the permeability of small, existing fractures and faults and to link them 
up to create conductive networks connected to the main hydraulic fracture. Shear slip is 
the type of failure that occurs in most natural tectonic earthquakes, and it is shear  
events on larger faults that can produce perceptible or damaging ground motions at  
the Earth’s surface. 

During a shear event the two faces of the fault slip in opposite directions to each other 
parallel to the fault surface. The conditions for the initiation of shear slip are governed 
by the balance between the shear stress applied parallel to the fault surface, the cohesion 
across the fault, and the frictional resistance to sliding (shear strength). Assuming that the 
cohesion is negligible, these conditions are summarized in the Coulomb criterion, 

				    ǰ = µ (ǯ - p)				    (4-1)

in which an applied shear stress (ǰ) is balanced by the shear strength, which is the  
product of the coefficient of friction (µ) and the difference between normal stress (ǯ) 
and pore-fluid pressure (p). Shear stress is directed along the fault plane, while normal 
stress is directed perpendicular to the plane. The quantity (ǯ - p) is called the effective 
stress. Effective stress represents the difference between the normal stress, which pushes 
the two sides of the fault together and increases the frictional strength, and the fluid 
pressure within the fault, which has the opposite effect. The Coulomb criterion states that 
slip will occur when the shear stress (ǰ) exceeds the strength of the fracture (right-hand 
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4.4.1. California Faults and Stress Field

Unlike the central and eastern U.S., a large number of active faults have been mapped 
at the Earth’s surface and characterized in California. Figures 4.4-1 and 4.4-2 show the 
surface traces of active faults in central and southern California contained in the U.S. 
Quaternary Fault and Fold (USQFF) database (http://pubs.usgs.gov/fs/2004/3033/fs-
2004-3033.html). This database contains descriptions of faults known or believed to have 
been active during the Quaternary period (the last 1.6 million years). While particular 
attention should be paid to these faults in assessing the potential for induced seismicity 
and in siting injection operations, local faults that are suitably oriented for slip in the 
prevailing in situ stress field (see Appendix 4.B) also need to be taken into account, as 
does the possible presence of unmapped faults like the basement faults activated in some 
of the recent cases of mid-continent induced seismicity discussed above. This is further 
discussed in Section 4.6.3 below.

Figure 4.4-1 shows the relationship of faults to the higher-quality (quality A-C) stress 
measurements in central and southern California taken from the World Stress Map 
database (Heidbach et al., 2008), which is the most recent compilation of tectonic stress 
orientations, and in some cases the magnitudes of principal stress components. These 
measurements are derived from observations of wellbore breakouts, earthquake focal 
mechanisms, pressure and tiltmeter monitoring of hydraulic fractures, and geological 
strain indicators. 

http://pubs.usgs.gov/fs/2004/3033/fs-2004-3033.html
http://pubs.usgs.gov/fs/2004/3033/fs-2004-3033.html
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4.4.3.2. Locations of Wastewater Injection Wells Relative to Mapped Faults  
and Seismicity

Many active faults in California are not confined to the basement or deeper sedimentary 
layers but extend all the way to the Earth’s surface. This means that in many cases 
the lateral distance from a disposal well to a fault is likely as important as the depth 
of injection in determining whether a hydraulic connection is established that allows 
injection-induced pressure changes to reach the fault. Although cases like the Rocky 
Mountain Arsenal and Raton Basin indicate that pressure perturbations large enough to 
induce earthquakes can travel distances up to10 km (6.2 mi) or more along fault zones,  
in all but one of the cases of mid-continent induced seismicity discussed in Section 4.3.5 
the injection wells were located less than 3 km (1.9 mi) laterally from the fault defined 
by the seismicity. The exception was Paradox Valley, Colorado, where the largest event 
(Mw4.0 in January, 2013) induced by 17 years of continuous high-rate injection occurred 
on a fault located 8 km (5 mi) away from the well (Block et al., 2014). The cumulative 
volume injected in the Paradox Valley well between 1996 and 2012 was about 8.5 million 
m3 (2.2 billion gal), about half of typical cumulative volumes injected into the 27 highest-
volume wastewater disposal wells in California since 1977. It is important to note that 
there is a high-permeability pathway between the Paradox Valley well and the fault 
activated in the 2013 event, which apparently corresponds to a regional-scale fracture 
zone (King et al., 2014).

These well-fault distances provide the context for the following brief summary of spatial 
relationships between wastewater injections wells and surface faults and seismicity in  
oil-producing basins in California.

Figure 4.4-3 summarizes the distribution of distances between wastewater disposal 
wells active since 1981 and faults in the USQFF database in six oil-producing basins in 
California. Across all six basins, over 1,000 wells are located within 2.5 km (1.5 mi) of a 
mapped active fault, and more than 150 within 200 m (656 ft).
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Figure 4.4-5. Earthquakes MÓ1.5 in the southernmost San Joaquin Valley from Hauksson et al. 
(2012). Wells and faults as in Figure 4.4-4.

Quaternary and latest-Quaternary faults are mapped at the surface near the dense 
concentrations of disposal wells towards the eastern margin of the San Joaquin Valley in 
the vicinity of Bakersfield (Figure 4.4-6). Many of the Quaternary faults strike roughly 
north-south and are not favorably oriented for reactivation within the prevailing stress 
field (Figure 4.4-1). The green triangles show the locations of 13 of the 27 disposal wells 
in California having cumulative injected volumes greater than 16 million m3 (4.2 billion 
gal). Earthquakes are observed only infrequently in this area. There is also only sparse, 
scattered seismicity near the long chain of disposal wells along the southwestern margin 
of the San Joaquin Valley (Figure 4.4-4). Most of the earthquakes in the dense cluster 
further northwest are aftershocks of Mw6.5 and Mw6.1 earthquakes that occurred in 1983 
and 1985, respectively on deeply buried (blind) faults (U.S. Geological Survey, 1990; 
Ekström et al., 1992).
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In the Los Angeles Basin (Figure 4.4-9), disposal wells are concentrated mainly in oilfields 
located along the Holocene Newport-Inglewood fault zone (slip rate 1.5 mm/yr), a 
segment of which was the source of the destructive 1933 Mw6.4 Long Beach earthquake, 
and in the Wilmington oilfield. Several wells in the Wilmington field are located within 
4 km (2.5 mi) of the Holocene Palos Verdes fault (slip rate 3 mm/yr). Only scattered 
seismicity has occurred near any these fields except Inglewood and Cheviot Hills at the 
northwestern end of the Newport-Inglewood trend. As in the Ventura Basin, clusters of 
seismicity are located close to some disposal wells but also elsewhere. The cluster at the 
top-center of the figure are aftershocks of the 2014 La Habra earthquake.

0 20 km

5.1 - 6.0

1.5 - 3.0
3.1 - 4.0
4.1 - 5.0

10 

 
Figure 4.4-7. Earthquakes MÓ1.5 in the Santa Maria Basin from Hauksson et al. (2012). Wells 
and faults as in Figure 4.4-4.
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Figure 4.4-9. Earthquakes MÓ1.5 in the Los Angeles Basin from Hauksson et al. (2012). Wells 
and faults as in Figure 4.4-4.

4.4.3.3. Preliminary Example of a Spatiotemporal Correlation Analysis

To analyze potential correlations of seismicity with water injection, we first identify 
clusters of earthquakes and then examine the relationships of the clusters to injection 
volumes and pressures. This is illustrated for the Santa Maria Basin in Figure 4.4-
10. Figure 4.4-10a shows 1981–2011 Santa Maria Basin earthquake epicenters in the 
Hauksson (2012) catalog. To easily identify event clusters, each epicenter is color coded 
according to the slant distance (i.e., including event depth) of the event hypocenter to its 
nearest neighbor. Figure 4.4-10b shows the highly clustered seismicity contained in the 
green rectangle in 4.4.10a at expanded scale and the spatial relationship of the events to 
the locations of injection wells in the Zaca oilfield. Figures 4.4-10c and 4.4-10d compare 
the occurrence history of these 66 earthquakes with injected fluid volume and pressure 
histories for the four injection wells shown colored in Figure 4.4-10b. All of the events 
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the San Joaquin Valley. Future injection projects that could potentially alter fluid 
pressures in the SAF or the other most active (high slip rate), major fault zones should  
be subject to particularly rigorous screening and permitting procedures, as described in 
the following section.

4.5. Impact Mitigation

Even if a comprehensive investigation of the relationship of seismicity to oilfield injection 
were to conclude that the overall potential for induced seismicity in California is low, it 
would be prudent to adopt measures to mitigate the risks from induced seismicity that 
may be associated with new stimulation-related injection projects. It will be particularly 
important to adopt such measures if there is an increase in stimulation activity and 
expanded production, resulting in higher per-well volumes of injected wastewater 
approaching those employed elsewhere in the U.S. In this section, we discuss measures 
that should be considered before injection begins to reduce the likelihood of induced 
earthquakes, and to manage seismicity during and following injection.

Initial, low-level hazard and risk assessment during site screening could be used to place 
each site into one of a few risk categories (e.g., low, moderate, high), based on the 
following recommended criteria:

•	 Planned injection rate, cumulative volume, duration, and depth.

•	 Distance from active or potentially active faults, and recency and rate of fault activity.

•	 Existence of potential high-permeability pathways between the well and faults

•	 Estimation of pressure changes on nearby faults.

•	 Background seismicity.

•	 Proximity to population centers and critical facilities.

Decisions regarding permitting and regulation of a site in one of the higher risk categories 
could then be based on a level of probabilistic seismic hazard and risk assessment 
determined to be appropriate for that category. The final permit would specify operating 
parameters such as maximum injection rate and pressure adjusted to achieve an 
acceptable level of risk. An important part of the permit would be specifications for 
monitoring requirements and operating procedures to manage and, if necessary, mitigate 
induced seismicity during injection, and perhaps for a period after the well is shut 
down. Methods for induced seismicity hazard and risk assessment and management are 
discussed in Section 4.5.1 below. 



http://earthquake.usgs.gov/hazards/index.php
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Physics-based approaches to generate simulated catalogs of induced seismicity at a 
given site for prescribed sets of injection parameters are under development (e.g., Foxall 
et al., 2013). Such approaches rely on adequate characterization of the site geology, 
hydrogeology, stress, and material properties, which are inevitably subject to significant 
uncertainties. However, large uncertainties in input parameters are inherent in PSHA 
in general, and techniques for propagating them to provide rigorous estimates of the 
uncertainty in the final hazard have been developed (e.g. Budnitz et al., 1997).

There has been more progress in developing methods for short-term hazard forecasting 
based on automated, near-real time empirical analysis of microseismicity recorded by 
a locally deployed seismic network once injection is under way (e.g., Bachmann et al., 
2011; Mena et al., 2013; Shapiro et al., 2007). Continuously updated hazard assessments 
can form the input to a real-time mitigation procedure (Bachmann et al., 2011; Mena 
et al., 2013), as outlined in Section 4.5.2. Using two different time-dependent empirical 
models, Bachmann et al. (2011) and Mena et al. (2013) retrospectively were able to 
obtain acceptable overall fits of forecast to observed seismicity rates induced by the 2006 
Enhanced Geothermal System (EGS) injection in Basel, Switzerland, over time periods 
ranging from 6 hours to 2 weeks. However, the models performed relatively poorly in 
forecasting the occurrence of the largest event (ML3.4), which occurred after well shut-
in; this event was forecast with a probability of only 15%, and the forecast probability of 
exceeding the ground motion it produced was calculated at only 5%. The performance 
of this empirical method could probably be improved by incorporating a more physically 
based dependence on injection rate or pressure.

4.5.2. Protocols and Best Practices to Reduce the Impact of Induced Seismicity

In 2004, the U.S. Department of Energy (DOE) and the International Energy Agency (IEA) 
sponsored an effort to develop a protocol and best practices to monitor, analyze, and 
manage induced seismicity at geothermal projects (Majer et al., 2007; 2012; 2014). The 
protocols/best practices are not intended to be either regulatory documents or universally 
prescribed sets of procedures for induced seismicity management, but rather to serve as 
a guide to enable stakeholders to tailor operating procedures to specific projects. Many 
geothermal operators in the western U.S. are implementing either all or parts of the most 
recent U.S. DOE protocol (Majer et al., 2012), and the U.S. Bureau of Land Management 
(BLM) has adopted it as the basis for developing criteria for geothermal project permitting 
on the federal lands administered by them.

Largely spurred by the dramatic increase in seismicity in the mid-continent discussed in 
Appendix 4.C, oil-producing states and the petroleum industry are beginning to develop 
similar protocols, such as those being developed by the Oklahoma Geological Survey 
and by a consortium of member companies in the American Exploration and Production 
Council (AXPC) (see Appendix 4.D). Zoback (2012) also describes a series of mitigation 
steps that operators could use as a guide. All of the protocols currently under development 
contain, in some combination, the steps that comprise the U.S. DOE geothermal protocol, 
described in Appendix 4.D.
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4.6.2. Seismic Catalog Completeness

Although only earthquakes greater than about M2 are generally relevant to seismic 
hazard, M1 or even smaller earthquakes are important in analyzing potential induced 
seismicity. As discussed in Appendix 4.A, the estimated minimum magnitude of complete 
detection (Mc) of the USGS Advanced National Seismic System (ANSS) network is M1 or 
less in large areas of California, and less than M2 over most of the state. However, Figure 
4A-1 shows that Mc is between 2 and 2.5 in the interior of the southern San Joaquin Valley 
and at some locations along the coast of southern California. Estimated mean, minimum 
and maximum Mc values in the main onshore oil-producing basins are summarized in 
Table 4.6-1; note that these values have not been adjusted to account for the tendency of 
the calculation method employed to underestimate Mc (see Appendix 4.A). Some wells in 
the southern San Joaquin Valley and the Los Angles and Ventura Basins are within areas 
having Mc2 or greater, so that microseismicity that may have been induced by injection 
into those wells might not have been recorded.

Ideally, a sensitive local seismic network comprising five or more seismic recording 
stations deployed at a spacing on the order of one kilometer or less is required to provide 
an adequate characterization of both the background activity and any induced seismicity 
at an injection site. Deploying sensors in deep boreholes is relatively expensive, but greatly 
enhances the signal-to-noise ratio, enabling very small earthquakes (often M < 0) to be 
recorded. While installation of a local network may not be feasible or necessary at many 
injection sites, it should be considered for sites in higher risk categories (Section 4.5).

4.6.3. Fault Detection

The USQFF fault inventory described in Section 4.4.1.2 contains the parameters of 
Quaternary-active faults in California. While it will be important to consider these faults 
in siting possible new injection operations, smaller local faults in the site vicinity will 
likely be of more direct relevance in assessing the potential for induced seismicity. These 
include faults having lengths on the order of 1 to 10 km (0.6–6.2 mi) capable of producing 
earthquakes between about Mw3.5 and 5, and even smaller ones that are potential sources 
of felt earthquakes. The fault inventory should also include inactive faults (i.e., activity 
predates the Quaternary) that are suitably oriented relative to the in situ stress field 
for shear failure. Both major and local faults that outcrop at the surface are shown on 
published geologic maps at scales as large as 1:24,000 (USGS 7.5 minute quadrangles). 
Unmapped faults on the kilometer scale, including buried structures, may be detectable 
in seismic and well data acquired during field exploration or characterization of specific 
injection sites. Faults on the 100-meter scale may be detectable depending on specific 
circumstances, but in general present a greater challenge. Finally, faults that are 
potential sources of induced earthquakes of concern and that escape detection during site 
characterization may often be illuminated by low-magnitude microearthquakes recorded 
during the initial stages of injection. 
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Table 4.6-1. Summary of minimum magnitudes of complete detection, Mc, in onshore oil-
producing basins. Mc values not adjusted to accountt for underestimation bias (see Appendix 4.A).

Basin Mean Mc±1s Min Mc Max Mc

Los Angeles 1.5±0.2 1.1 2.0

Ventura 1.5±0.3 0.8 2.1

Santa Maria 1.6±0.3 1.1 2.1

Cuyama 1.4±0.2 0.9 1.7

San Joaquin 1.6±0.3 0.6 2.0

Salinas 1.0±0.3 0.3 1.3

4.6.4. In-situ Stresses and Fluid Pressures

Although there are a large number of stress measurements in California compared  
with other regions of the U.S., the point measurements in the World Stress Map database 
provide only a sparse sampling of the stress field. While overall trends in Figure 4.4-1 
appear relatively uniform, significant variations are to be expected because stress states 
at the local scale are influenced by heterogeneously distributed fractures of varying 
orientation and by changes in lithology and rock material properties (e.g., Finkbeiner 
et al., 1997). Ideally, stress measurements at a given injection site are needed to assess 
the potential for induced seismicity. To achieve this, it may be possible to employ other 
measurement techniques in addition to borehole data and analysis of hydraulic fracture 
breakdown and shut-in pressures. For example, in a hydraulic fracturing experiment in 
the Monterey formation, Shemeta et al. (1994) studied the geometry of the hydrofracture 
using continuously recorded microseismic data, regional stress information, and well 
logs. They found that the microseismic and well data were consistent with both the 
regional tectonic stress field and fracture orientations observed in core samples and 
microscanner and televiewer logs. The results of this study suggest that observations 
of the natural fracture system can be used as indicators for the orientations of induced 
fractures and hence of the in situ stress. As with local microseismic monitoring, in situ 
stress measurements may be justified only at higher-risk sites. However, measurement 
or estimation of stress orientations prior to well stimulation is critical for selecting a 
development well pattern and the design of hydraulic fractures for effective hydrocarbon 
recovery. Such measurements can be used to inform induced seismic hazard assessment 
for well stimulation activities within a field, and also for any nearby wastewater  
disposal operations. 

4.7. Findings

The dramatic increase in the rate of earthquake occurrence that has accompanied the 
boom in unconventional oil and gas recovery in the central and eastern U.S. since 2009 
has highlighted the fact that injecting fluids into the subsurface for well stimulation by 
hydraulic fracturing—and, in particular, for disposal of recovered fluids and produced 
wastewater—can cause induced seismicity. Induced seismicity can occur when fluid 
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