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Abstract We investigate source processes of fluid-induced seismicity from The Geysers geothermal
reservoir in California to determine their relation with hydraulic operations and improve the corresponding
seismic hazard estimates. Analysis of 869 well-constrained full moment tensors (Mw 0.8–3.5) reveals
significant non-double-couple components (>25%) for about 65% of the events. Volumetric deformation is
governed by cumulative injection rates with larger non-double-couple components observed near the wells
and during high injection periods. Source mechanisms are magnitude dependent and vary significantly
between faulting regimes. Normal faulting events (Mw< 2) reveal substantial volumetric components
indicating dilatancy in contrast to strike-slip events that have a dominant double-couple source. Volumetric
components indicating closure of cracks in the source region are mostly found for reverse faulting events
with Mw> 2.5. Our results imply that source processes and magnitudes of fluid-induced seismic events are
strongly affected by the hydraulic operations, the reservoir stress state, and the faulting regime.

1. Introduction

In the analysis of moment tensors of earthquakes, commonly a double-couple shear source is assumed. In
recent years, it became gradually accepted that significant non-double couple (NDC) componentsmay contri-
bute todeformation in theearthquake source region [Frohlich, 1994]. Possiblephysicalmechanismspromoting
NDCcomponents include fractureopeningandclosing,mineralogicalphase transitionswithin theseismogenic
crust, rupture of nonplanar fault surfaces, or source complexities such as earthquakes composed ofmore than
one subevent. Unfortunately, NDC components are in many cases hard to resolve due to insufficient network
geometry or small signal-to-noise ratios. Calculating full moment tensors (FMTs) requires rigorous processing
andquality checking, since inaccurate velocitymodels, crustal anisotropy, or poor coverage of the focal sphere
may lead to large artificial NDC components [Julian et al., 1998;Miller et al., 1998; Vavryčuk et al., 2008].

The seismic moment tensor Mij may be decomposed using different schemes, including a decomposition
into isotropic (ISO), compensated linear vector dipole (CLVD), and double-couple (DC) components
[Knopoff and Randall, 1970]. The DC represents the pure shear motion from two orthogonal vector pairs of
equal magnitude but opposite sign. The ISO represents the isotropic volumetric change in the earthquake
source, with positive values representing tensile opening or explosions, and negative values representing
crack closures or implosions. The CLVD represents motion away (if positive) or toward (if negative) the earth-
quake source with no net volume change and complex physical interpretation [Frohlich, 1994; Julian et al.,
1998]. The NDC constitutes the sum of absolute ISO and CLVD components (%NDC= |%ISO| + |%CLVD|)
and |%ISO| + |%CLVD| +%DC= 100%.

In tectonic environments, tensile openings have been detected in pull-apart basins [Stierle et al., 2014] and in
earthquake swarms related to natural CO2 degassing [Vavryčuk, 2002]. Typically, CLVDs are observed in vol-
canic environments in relation with the collapse of the volcano caldera [Miller et al., 1998; Dreger et al., 2000;
Templeton and Dreger, 2006]. Seismic events in mines are often found to contain NDC components associated
to rock bursts or the collapse of pillars [Gibowicz, 1989; Šílený and Milev, 2006]. In the last decade, stimulation
of unconventional hydrocarbon reservoirs, geothermal systems, and wastewater injection have resulted in a
dramatic increase of fluid-induced seismicity [Zoback and Gorelick, 2012; Ellsworth, 2013; McGarr et al., 2015].
Recently, FMT analysis of induced seismic events revealed significant NDC components likely related to the
opening of fracture networks, enhancement of permeability, and activation of preexisting critically stressed
faults [Cuenot et al., 2006; Fischer and Guest, 2011].
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The Geysers geothermal field in Northern California is the largest producing geothermal field in the world. It
has been active for more than five decades and has produced several hundreds of thousands of induced seis-
mic events that were monitored by a dense local seismic network. Therefore, it represents an ideal case study
to address the potential occurrence of NDC components. At The Geysers, FMTs have been investigated using
selected data sets containing between 15 and 30 events, but no clear relation between NDC and fluid injec-
tion was found [Ross et al., 1996, 1999; Guilhem et al., 2014; Johnson, 2014]. An additional analysis of 53 events
concluded that FMTs from The Geysers-induced earthquakes are complex containing large volumetric com-
ponents compared to natural seismicity throughout northern California [Boyd et al., 2015].

In this study, we report on a systematic relation between NDC components of induced seismicity and fluid
injection rates as well as local stress state. We select a seismicity cluster from the northwestern part of The
Geysers andmanually revise a high-quality catalog of FMTs composed of 869 small induced earthquakes with
moment magnitude (Mw) ranging between 0.8 and 3.5. The selected seismicity is constrained within an area
of ≈1× 2 km2 and can be directly related to fluid injection into two nearby wells (Figure 1). During the entire
6 year period considered here, the seismicity rates follow closely the water injection volumes [Martínez-
Garzón et al., 2013, 2016a, 2016b]. For the first time, our findings allow to relate the resolved NDC compo-
nents of microseismic events with the hydraulic operations of the two wells as well as the local stress state.

Figure 1. (a) Spatial distribution of earthquakes at the northwestern The Geysers geothermal field (black dots). Symbol size
is shown encoded with earthquake magnitude, and background color shows smoothed average injection rates at the
time of occurrence of the events around that part. Black lines represent the two injection wells nearby, and the blue parts
show their open-hole section. The beach balls illustrate selected full moment tensors. (b) Location map of The Geysers
geothermal field. (c) Seismicity catalog (dots) and seismic stations (green triangles) throughout the geothermal field. Gray
shading represents the hypocentral depth of the events. Dashed red lines represent the reservoir boundaries. Purple rec-
tangle outlines the location of the here analyzed area.
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2. Method

Manymoment tensor inversion techniques rely on fitting synthetic seismograms to the waveform recordings
of specified wave trains [e.g., Sokos and Zahradnik, 2008; Dreger, 2015]. However, fitting synthetic waveforms
is problematic for M<≈2 due to e.g. limited data availability, noise, or increased influence of attenuation.
Guilhem et al. [2014] compared different moment tensor inversions and concluded that P-wave amplitudes
can be successfully inverted to analyze FMTs of small-magnitude events.

Here we employ a hybrid moment tensor inversion [Kwiatek et al., 2016] to determine the source processes of
the events using manually revised P-wave amplitudes and allowing for an iterative refinement of FMTs by
removing earthquake path effects. We manually picked P-wave onsets and maximum amplitudes of the
P-wave first motions on the vertical components of ground displacement seismograms of the 32 local
stations at The Geysers (Figure 1). A Butterworth second-order high-pass filter at 1 Hz was applied to the
waveforms. Takeoff angles were calculated using a local 1-D velocity model [Eberhart-Phillips and
Oppenheimer, 1984]. For hypocentral depths between 2 and 3 km (representing the vast majority of hypocen-
tral depths used here), the direct wave is faster than the refracted wave for event-station distances smaller
than 8–10 km. Accordingly, 69% of the used rays correspond to direct phases. FMTs were estimated and then
refined using the hybridMT software [Kwiatek et al., 2016], which uses integrals of ground displacement from
first P wave pulses together with sign information as an input for FMT inversion. The refinement of FMT data
[Andersen, 2001] can be achieved if the distance between the events (here being ~1.5 km maximum) is smal-
ler than the distance between events and stations (here having an average of ~8 km with respect to local
stations). The hybridMT algorithm accounts for poorly known integrated path, site, and/or sensor effects in
an iterative procedure. In each iteration, the observed and synthetic amplitudes for each station are com-
pared and the corrections to the Green’s functions of each cluster-sensor path are applied. The procedure
allowed to identify and adjust for an incorrect gain at station “FNF,” which was 6 times lower than expected.
The polarity matching between the retrieved moment tensors and the input data reaches ~90% for the used
stations (Figure S1 in the supporting information). All FMTs were visually revised, and those displaying the
largest polarity mismatch are eliminated, leaving 869 FMTs for further analysis. Moment tensors, waveforms,
and the spectral level (area below the first pulse) for the events with the smallest and largest error are
presented in Text S2 and Figure S4.

To evaluate the uncertainty of the retrieved NDC components, we compute for each event synthetic series of
200 FMTs using randomly perturbed input data. For each perturbed input data set, we randomly modify (i)
the P-wave amplitudes up to 10% (simulating site effects [Davi et al., 2013]) and (ii) the takeoff angles up
to ±5° (simulating uncertainties in the velocity model). This takeoff angle variation represents the standard
deviation of 77% of the total amount of phases used for the analysis. It considers the hypocentral event
uncertainties and perturbations in the velocity model of up to 10%. The median of the standard deviations
of the takeoff angle across the synthetic series is 1.1°.

The calculated source parameters for each event including Mw, ISO, CLVD, DC, P, T, and B axes are taken as a
mean value derived from the 200 synthetic series. The uncertainties are calculated as two standard deviations
from the 200 FMT solutions (95% confidence interval).

We additionally estimate the tensile angle α from the shear-tensile source model [Vavryčuk, 2001] defined as

αISO ¼ sign %ISOð Þasin %ISOj j
κ þ 2

3

� �
100%� %ISOj jð Þ � 1

3 %ISOj j (1)

as well as the parameter κ being defined as

κ ¼ 4
3

%ISO
%CLVD

� 1
2

� �
¼ λ

μ
; (2)

where λ and μ are Lame’s constants.

3. Results

Significant NDC components |%ISO| + |%CLVD|> 25% are found in 65% of the 869 analyzed moment tensors,
indicating the relevance of considering FMTs to characterize the deformation processes. Out of these events,
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about 68% of the FMTs contain positive ISO and CLVD indicating tensile openings or explosions, while about
15% of them display negative ISO and CLVD representing crack closure or implosions.

The data set is divided into three groups with magnitude ranges Mw< 1.5, 1.5<Mw< 2.5, and Mw> 2.5 to
estimate the overall uncertainties related to events covering different magnitudes (Figure S2). The median
of the uncertainties (95% confidence interval) of the events with Mw< 1.5 and 1.5<Mw<2.5 are about
±2%, ±5.5%, and ±6% for the ISO, CLVD, and NDC, respectively. For earthquakes withMw> 2.5, the ISO uncer-
tainty remains the same, but the CLVD and NDC uncertainties are larger by ≈1%. Further quality checking is
provided in Text S1 and Figures S1–S3.

3.1. Source Types in Relation to Faulting Regimes and Seismic Magnitudes

The earthquakes display a wide range of faulting mechanisms including the three Andersonian faulting styles
[Anderson, 1951] (normal, strike slip, and reverse). A large diversity in the focal mechanisms was suggested in
previous studies based on constrained DC solutions [Martínez-Garzón et al., 2014; Kwiatek et al., 2015]. These
results were interpreted to indicate substantial local variations in the stress state, either due to fluid injection
operations at the wells nearby or related to structural fault bends within the reservoir rock.

We classify earthquakes according to their faulting kinematics using a ternary fault mechanism diagram
[Frohlich, 1991; 2001] (Figure 2). Here the events are separated into three groups corresponding to pure

Figure 2. Source type plots [Hudson et al., 1989] showing the NDC characteristics of the seismicity separated according to their faulting kinematics. The event kine-
matics are classified into seven groups according to their corresponding position in the ternary diagram [Frohlich, 1991; 2001]. Symbol size represents themagnitude.
Shaded gray color map represents the probability density function of the events representing the 95% confidence interval of the FMT solutions. (a) Strike-slip
faulting, (b) strike-slip-reverse faulting, (c) normal-strike-slip faulting, (d) oblique faulting, (e) reverse faulting, (f) normal faulting, and (g) normal-reverse faulting.

Geophysical Research Letters 10.1002/2016GL071963
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normal, strike-slip, and reverse faulting and four groups representing mixed mode oblique faulting regimes.
We use the respective orientation of the pressure (P), tension (T), and null (B) axes from the FMTs to attribute
the events to a regime displayed in the diagram.

Separate source type plots [Hudson et al., 1989] of the FMTs of events belonging to different faulting styles
show that seismic events with similar focal mechanisms form distinct clusters with rather similar patterns
of NDC components (Figure 2): In general, the source types of strike-slip events are consistent with a DC
mechanism with moment tensors displaying both small positive and negative ISO and CLVD components
(Figure 2a). In contrast, most of the normal faulting events display significant positive ISO and CLVD repre-
senting tensile openings (Figure 2f), and the majority of the reverse faulting events show significant negative
ISO and CLVD representing compaction of pore space or crack closure (Figure 2e). Oblique faulting regimes
tend to display mixed source types in contrast to pure Andersonian faulting (Figures 2b–2d and 2g). Only 18
events are attributed to a category representing normal-reverse faulting, which would imply a mechanical
paradox (Figure 2g). Also, only a limited number of events (mainly normal faulting and strike slip) show
FMTs with positive ISO and negative CLVD or vice versa (Figures 2c and 2f). Within the reported confidence
intervals for these events the sign of the CLVD components may not be sufficiently constrained. In the follow-
ing, we only analyze 696 moment tensors with equal sign of ISO and CLVD components.

To investigate a potential relation between event magnitude and source type, the data are sorted with Mw.
Median values of %ISO and %CLVD are calculated in moving magnitude windows containing 20 events and
plotted withMw (Figures 3a and 3b). We also calculate the tensile angle α [Vavryčuk, 2001] between slip vector
and its projection on the fault plane and present its median from all moment tensors as a function of Mw

(Figure 3c). The median ISO, CLVD, and α values for a given magnitude range display very similar trends:
For earthquake magnitudes between 0.9<Mw< 1.6, positive median values of ISO≈ 16%, CLVD≈ 13%,
and tensile angle α≈ 13° are observed, reflecting the tensile opening of fractures. For larger magnitudes
2<Mw< 2.5, these values become ISO≈ 3%, CLVD≈ 6%, and tensile angle α≈ 6°, indicating a decrease in
the NDC components and an evolution toward a DC source. For magnitudes of about Mw 2.5–2.6, the
FMTs mainly suggest a DC source mechanism. Finally, for magnitudes up toMw= 3, the median NDC compo-
nents become negative, with ISO=�10%, CLVD=�6%, and α≈�7° indicating closure of pore space and
fractures in the source region of larger earthquakes (Figure 3).

3.2. NDC Components and Fluid Injection Activities

We further analyze the spatiotemporal evolution of the NDC components to evaluate their potential relation
with the fluid injection rates in the two nearby wells. Between 2008 and 2014, the well Prati-9 was used to
inject waste water into the geothermal reservoir. In addition, a second injection well, Prati-29, started injec-
tion in March 2010 lasting to June 2013. The hypocenter seismicity catalog was previously relocated using
a double-difference technique [Waldhauser and Ellsworth, 2000], and the volume of the seismicity cloud
was observed to vary according to the corresponding injection rates in these wells [Kwiatek et al., 2015]
(Figure 1). Here FMTs of events with positive ISO and CLVD are analyzed separately from those with negative
ISO and CLVD components, since they may be related to different source processes. Median values of %ISO
and%CLVD are calculated taking moving time windows containing 20 events. Finally, we calculate the cumu-
lative injection rates from both wells Prati-9 and Prati-29 for the same moving time windows as above.

The average positive %ISO shows a steady long-term increase from 16% at around 2008 up to 24% toward
the end of 2012 (Figure 4a). Concurrently, a long-term decrease in the average positive %CLVD is observed
from 23% to 7%. This indicates a long-term increase of positive volumetric changes with injection-induced
seismic deformation in the reservoir. Likely, repeated fluid injection also increased the reservoir permeability
after several years. The annual injection rates from these wells follow seasonal cycles with larger volumes
injected in winter than in summer. Similarly, the temporal evolution of %ISO generally follows the injection
rates, with larger values occurring during periods of increased injection volumes. For the %CLVD, a correla-
tion with fluid injection is less clear. Consequently, the ratio κ displays increased values during high injection
rates, highlighting the relative increase in the %ISO with respect to the %CLVD at those times.

Seismicity with positive ISO components is more prominent near the injection points at <200m epicentral
distance or at <400m hypocentral distance (Figure 4b). The discrepancy between the two measures may
be due to the ≈200m shift between the open-hole section of the Prati-9 well and the center of the seismicity
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cloud. We observe a migration of the seismicity with time toward greater depth, coinciding with a general
deepening of the seismicity in the reservoir [Kwiatek et al., 2015] (Figure 4c). Interestingly, the positive
CLVD components of the seismic events also display a distinct maximum close to the injection wells at or
slightly below the open-hole section (<250m) and decrease with distance (Figure 4b). The observed CLVD
maximum around the time of beginning of injection vanished after about 6month of injection, suggesting
that the trend may be somehow related to deformation close to the well during the first injection stages
(Figure 4c). The different trends of ISO and CLVD components are reflected by the ratio κ increasing toward
larger distances from the wells (Figure 4b).

Fewer moment tensors show negative ISO and CLVD components, and their evolution in space and time is
similar to the FMTs with positive NDC (Figure S4). However, the ratio κ is very different for seismicity
with positive and negative NDC components: For positive NDC components, κ> 0.5 with a mean value

Figure 3. Percentages of (a) ISO, (b) CLVD, and (c) tensile angle α as a function of moment magnitude Mw. Colored dots
display the values for individual FMTs, where the colors represent the faulting kinematics and the symbol size represents
the event magnitude. Black line shows the median of the corresponding ISO (Figure 3a), CLVD (Figure 3b), and tensile
angle α (Figure 3c) taking moving magnitude windows containing 20 events. Shaded areas represent the normalized
probability density functions reflecting the uncertainty of parameters. (d) Faulting percentage as a function of magnitude
for each of the faulting styles according to the ternary diagram.
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of κ ¼ 0:95. For seismicity with negative NDC components, κ< 0.7 for most of the analyzed time per-
iod and the mean value is κ ¼ 0:5. This indicates that the %CLVD is relatively large compared to %ISO
for seismic events with negative NDC.

4. Discussion
4.1. The Influence of Stress State on Earthquake Source Types

The analyzed induced earthquakes from The Geysers reveal significant NDC components for most events.
Events from the different faulting regimes show distinct characteristic source types. Normal faulting implies
extension at relatively lower mean stresses compared to other faulting regimes. This already suggests that
tensile NDC components may be favored for seismic events from extensional normal faulting regimes. In

Figure 4. (a) Temporal evolution of the positive ISO, CLVD, and κ (black lines) and the averaged aggregated injection
rates from the wells nearby (red). (b) Averaged ISO, CLVD, and κ with respect to hypocentral (black) and epicentral (blue)
distance from their nearest open-hole section. (c) Depth-time representation of the positive ISO (left) and CLVD (right)
components. Individual seismic events are marked with small black symbols. Blue and green rectangles mark the depths of
the open-hole sections of the Prati-9 and Prati-29 wells, respectively. Green dashed line indicates injection start at well
Prati-9, while dashed blue lines show the start and end of injection at the well Prati-29.

Geophysical Research Letters 10.1002/2016GL071963
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contrast, reverse faulting implies shortening and compaction suggesting that the seismic events contain NDC
components indicating crack closure and pore space reduction. Finally, seismicity related to strike-slip fault-
ing is expected to reveal source types centering about DC sources.

We find a correlation of source types with faulting regimes and magnitudes. In addition, we observe that
faulting regimes and earthquake magnitudes are also correlated (Figure 3d). About 68% of the Mw< 2 are
associated with normal faulting or mixed normal-strike-slip faulting. In contrast, the observed events with
largest magnitudes show dominantly reverse faulting and strike-slip mechanisms. The mean and shear
stresses required to activate a reverse fault in optimal orientation for failure are larger compared to that of
normal and strike-slip faults at similar effective pressures and friction properties. This suggests that the
NDC components of seismic events may be strongly affected by the stress state in the source region.
Positive NDC components related to tensile opening of cracks are favored at low compressional stresses
(i.e., normal faulting). In contrast, for regions subjected to elevatedmean effective stress (i.e., reverse faulting),
fewer opening fractures would be expected.

In field and laboratory studies, the slope of the earthquake magnitude-frequency distribution (i.e., the b
value) has been found to be inversely proportional to the stress magnitudes with high b values indicating
low stresses and vice versa [Schorlemmer et al., 2005; Goebel et al., 2013; Scholz, 2015]. High b values charac-
terize a population of events dominated by small magnitudes. Statistical analyses of large seismic data sets
have also shown that the b value is highest in normal faulting regimes compared to reverse faulting, where
b values are lower [Schorlemmer et al., 2005]. This is in very good agreement with our observations. Most of
the events with FMTs having positive NDC components have relatively smaller magnitudes and are observed
in a normal or transtensional faulting regime. In contrast, lower b values were reported for seismicity indicat-
ing reverse faulting, in good agreement with our observation that reverse faulting events generally show
larger magnitudes and dominantly negative NDC components.

In general, this study supports the inference that earthquake magnitude correlates with stress level. We
found that the smallest earthquake magnitudes are related to normal faulting at lower differential stresses
and that the largest-magnitude events occur with reverse faulting mechanisms likely at elevated
differential stresses.

4.2. Implications for the Physical Mechanisms Inducing Seismicity

The FMTs of induced seismic events from our study area show significant NDC components that systemati-
cally vary with fluid injection activity. Note that most FMTs of the seismic events indicate dilatation in the
source volume and opening of tensile fractures. However, positive and negative NDC components are pre-
sent and they point towards different concurrent deformation processes occurring in the same region.

Volumetric components (ISO) and the ratio κ increase significantly during time periods of high injection rates,
also indicating a strong change of ISO compared to CLVD components. Steam production close to our study
area during the considered time periods was negligible compared to the injected volumes. Consequently, we
expect the pore pressure in the reservoir to increase around the wells resulting in a pore pressure front that
propagates toward larger distances [Martínez-Garzón et al., 2014, 2016b] (Figure 1). We also observe larger
ISO and CLVD components of the seismicity immediately surrounding the wells, and the ISO components sig-
nificantly react to the changes in the injection volumes with time. This suggests that the volumetric (ISO)
components of the events depend on the pore pressure level, being larger at relatively higher pore pressures.

Interestingly, the evolution of the CLVD components is also linked to the injection rates, decreasing with
distance from the well and also with time after the start of injection (Figure 4b). The interpretation of the
observed trends is not straightforward since no physical models are available that allow relating CLVD
components uniquely to source mechanics. However, we observed that the distribution of CLVD components
in space and time shows a similar trend around the wells as the expected thermal stress changes due to the
injection of cold water (≈30°C) in the hot reservoir rock (initially≈ 240°C [Rutqvist et al., 2013]). Therefore, it is
conceivable that enhanced damage close to wells from significant thermal stress changes may promote the
occurrence of CLVD components particularly at the beginning of the injection periods. Alternatively, CLVD
components may result from two double-couple events at particular fault orientations. Therefore, it is possi-
ble that during the initial stimulation period of each well, some of the analyzed microearthquakes may be
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composed of more than one subevent from conjugate fault planes. This may result in a composite moment
tensor with significant CLVD.

The ratio κ [Vavryčuk, 2001] is related to the seismic P and S wave velocities VP and VS:

κ ¼ λ
μ
¼ V2

P � 2V2
S

V2
S

: (3)

The ratio VP/VS has been used to estimate fluid saturation in The Geysers reservoir [Romero et al., 1995; Julian
et al., 1996; Gritto and Jarpe, 2014], and it has been also linked previously to the pore pressure level [Moreno
et al., 2014] in subduction zones. In general, at larger fluid saturation VP increases and VS is reduced resulting
in larger VP/VS. At The Geysers, the VP/VS ratio was reported to temporally increase in accordance with a long-
term enhancement of injection rates [Gritto and Jarpe, 2014]. Reduced VP/VS ratios in some parts of the reser-
voir were attributed to elevated steam concentration [Julian et al., 1996]. In the reservoir section analyzed
here, larger κ values were observed as fluid injection in this part of the field continued with time. This would
agree with larger VP/VS ratios reflecting the accumulation of fluids in this part of the reservoir.

5. Conclusions

The analysis of 869 high-quality moment tensors from The Geysers geothermal field allowed to conclude the
following main findings:

1. Source types are dependent on the local stress state, with tensile opening identified at lower differential
stresses (i.e., normal faulting) and crack closure identified at larger differential stresses (reverse faulting).

2. Faulting style is related with earthquake magnitudes, with normal faulting events displaying an average
magnitude Mw< 2, and larger magnitudes observed for both strike slip and reverse faulting.

3. Volumetric components are more responsive than CLVD components to changes in the injection rates.
Larger volumetric components are observed near the injection wells and during time periods of increased
injection, suggesting their sensitivity to pore pressure increase.
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