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Abstract A remarkable characteristic of earthquakes is their clustering in time and space, displaying their
self-similarity. It remains to be tested if natural and induced earthquakes share the same behavior. We study
natural and induced earthquakes comparatively in the same tectonic setting at the Coso Geothermal Field.
Covering the preproduction and coproduction periods from 1981 to 2013, we analyze interevent times,
spatial dimension, and frequency-size distributions for natural and induced earthquakes. Individually, these
distributions are statistically indistinguishable. Determining the distribution of nearest neighbor distances in a
combined space-time-magnitude metric, lets us identify clear differences between both kinds of seismicity.
Compared to natural earthquakes, induced earthquakes feature a larger population of background seismicity
and nearest neighbors at large magnitude rescaled times and small magnitude rescaled distances. Local stress
perturbations induced by field operations appear to be strong enough to drive local faults through several
seismic cycles and reactivate them after time periods on the order of a year.

1. Introduction

A growing number of confirmed cases of seismicity induced through human activities [Ellsworth, 2013;
Griinthal, 2014; Zang et al, 2014] have created a strong demand to recognize induced seismicity, to
characterize it, and to find methods to distinguish it from natural seismicity. Analyzing scaling relations and
clustering of natural earthquakes has provided us with important insights into the processes that drive
seismicity such as tectonic loading, static and dynamic stress changes, fluid flow, and other mechanisms
[Kanamori and Brodsky, 2004; Ben-Zion, 2008]. A fundamental unresolved question is whether populations
of induced earthquakes share the same scaling relationships as natural earthquakes. Answering this
question would tell us to what extent the well-characterized perturbation driving induced seismicity could
provide new insights into natural earthquake processes and their relationship to crustal permeability.

The Coso Geothermal Field (CGF) has an abundance of both natural and induced seismicity, with natural
seismicity arising from tectonic and magmatic sources [Manley and Bacon, 2000; Hauksson and Unruh,
2007] and induced seismicity arising from geothermal power production [Kaven et al., 2014; Schoenball
et al., 2015]. The relevant mechanisms for the observed induced seismicity are net fluid production leading
to compaction and subsidence [Fialko and Simons, 2000], pressure increase at reinjection wells, and
thermal drawdown.

Here we perform a comparative analysis of natural and induced seismicity using scaling relations of
earthquake magnitude, interevent distance, interevent times, and of nearest neighbors pairs defined by a
space-time-magnitude distance [Baiesi and Paczuski, 2004; Zaliapin et al., 2008]. We show that natural and
induced seismicity are statistically distinct under a combined space-time-magnitude metric defining
nearest neighbors, whereas the individual constituents of this metric alone do not have discriminatory power.

2, Field History and Data

Exploration at the CGF began in the 1970s and the first exploration well was spudded in 1977. Four
geothermal power plants went online between mid-1987 and 1990 providing 270 MW installed capacity
[Monastero, 2002]. Production and injection peaked in the early 1990s and has slowly declined
since (Figure 1a).
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Figure 1. (a) Monthly production, injection, and net production volumes cumulated for the whole field and (b) seismicity
and time-varying M, for 1981-2013.

Two base-line microseismic surveys were conducted within the CGF in summer 1974 and from September
1975 to September 1977 [Combs and Rotstein, 1975; Walter and Weaver, 1980]. Both studies documented a
high level of local seismicity. The CGF and surrounding area is among the most seismically active areas in
southern California. The largest events within the produced part of the CGF itself are smaller at M4.1
(Figure 1b). Besides the developed portion of the geothermal field, the northwestern part of the CGF has
the highest seismic activity throughout the study period from 1981 to 2013 (Figure 2). The largest event
to occur during the study period was a magnitude M5.1 earthquake during the July 2001 seismic swarm
that occurred along a north-south oriented plane about 6km west of the produced geothermal
field (Figure 2).

In our analysis we consider two study areas. Study area A is defined by {35.90° < latitude < 36.15°% -117.95° <
longitude < -117.65°% and centered on the geothermal field (Figure 2). Study area B is a subregion at the center of
A that corresponds to the developed part of the geothermal field defined by {35.99° < latitude < 36.05°% —

117.825° < longitude < -117.760°}. Study
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events steps through the whole catalog of study area A. This analysis reveals that early parts of the catalog
covering the preproduction period until about 1986 had an excellent coverage with M ~0.5. From 1986 to
2004, M. increased to ~1.1 with periods where it increased as high as 1.8. Subsequently, M. was again ~0.5
(Figure 1b). While the maximum curvature method tends to underestimate M, under certain circumstances (e.g.,
for the early part until ~1986), we are confident that the magnitude of completeness was never larger than 1.8
(Figure S3), and we adopt this value when considering the full extent of the study period from late 1981 to 2013.

We only retained cross correlation relocated events for our analysis which leaves us with about 35,000 events in
study area A-B, and about 8000 in study area B. The absolute location uncertainties are on the order of 1km
with 90% of events having location errors < 2.8km. The relative location uncertainties are generally two
orders of magnitude smaller with 90% of events having relative location errors better than 20 m (Figure S1).

2.1. Extent of Induced Seismicity

Induced seismicity as result of field operations at Coso has been previously discussed [Malin, 1994; Feng and
Lees, 1998; Lees, 1998; Julian et al, 2010]. The preproduction microseismic surveys of 1975-1977 and also the
preproduction part of the HYS catalog show seismicity in study area B, but it does not stand out as a particularly
active region of study area A. However, during the coproduction period study area B strongly stands out as the
most active volume. Kaven et al. [2014] performed relocations and joint 3-D tomography of the 1996-2012
seismicity recorded by the local seismic monitoring network and show clear spatial correlation between open-
hole intervals of wells and diffuse seismicity within presumably fault-bounded volumes. Schoenball et al. [2015]
showed that seismicity in study area B changes its average depth and is shallower after production commenced.

The inferred induced seismicity is confined to study area B (Figure 2) and closely correlates with the extent of
mapped faults [e.g., Davatzes and Hickman, 2010] and the wellfield. Furthermore, there is a distinct lack of
seismicity immediately outside of the wellfield, suggesting that the seismicity in study area B is the result
of perturbations caused by the operation of the geothermal plant. It is therefore plausible to conclude that
the vast majority of seismicity recorded since 1987 in study area B is induced by the field operations such
as net fluid production from and cold water reinjection into the crystalline rock. A marginal number of
natural events are expected to still occur in study area B.

3. Analysis of Scaling Relations

In the remainder of this paper, we treat earthquakes as point processes that are characterized by hypocenter
location, time, and magnitude. Under the assumption that seismicity is predominantly induced in study area
B and natural in study area A-B during the coproduction period 1987-2013, we will analyze scaling relations
of earthquakes separately for study areas A-B and B during the coproduction period. We do not attempt this
for the preproduction period 1981-1986 since the data quantity and quality (absolute location accuracy and
magnitudes) are not sufficient to resolve between study areas A-B and B.

3.1. Magnitude-Frequency Relation

We use the maximum likelihood method [Aki, 1965; Naylor et al, 2009] to determine the b values of the
magnitude-frequency relation separately for study areas A-B and B for the coproduction period 1987-2013.
The magnitude of completeness M. was taken as 1.8. We obtain b values of 1.09 and 1.14 for study areas A-B
and B, respectively (Figure 3a). The 95% uncertainties are 0.03 and 0.11, respectively. Hence, the determined b
values are the same for both study areas within their uncertainties. The b value for the whole catalog in study
area A is 1.10£0.03, which is the same as for study area A-B only. The preproduction b value for study area A
is 1.24+0.15 and hence not significantly different from either of the coproduction values. The resulting b
values are slightly higher than the average for southern California [Hutton et al., 2010], consistent with the
frequent observation of higher b values in volcanic areas [Wiemer et al., 1998; Wyss et al.,, 2001].

3.2. Correlation Dimension

The spatial distribution of events can be quantified using the spatial correlation dimension d as defined by
Grassberger and Procaccia [1983] using the spatial correlation integral:

C(r)= N(ro <), (1)

N(N—1)
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Figure 3. (a) Magnitude-frequency distributions with maximum likelihood estimates of b for both study areas in 1987-2013
and 95% confidence intervals (dotted). (b) Correlation dimension defined as the slope of the correlation integral (equation (1))
as function of interevent distance r for study areas A and B. (c) Cumulative number of earthquakes with M > M_ as a function
of time for both study areas. The masked periods were discarded for further analysis of interevent times as described in the
text. (d) Probability density function of the time intervals between successive events for the different periods in study area A
and for the entire produced period 1987-2013 in study area B.

where N is the total number of events and N(rq < r) is the number of events with interevent distances smaller
than r. This integral usually follows a power law with the correlation dimension d such that C(r) < r?. The log-
linear part of the correlation integral used to infer d is limited on the lower end by the location uncertainty of
the earthquake catalog [Kagan, 20071. The r.;, should be taken as not smaller than 5 times the location
uncertainty. The upper limit r,,, is less well defined and is related to the lateral dimensions of the catalog
and the distribution of seismicity within the bounding box [Kagan, 2007]. If the correlation dimension d
reaches a stable plateau value between rp,i, and rmay, @ meaningful value for d can be derived. For study
area A, a plateau with almost constant d is found for 0.1 <r < 1km yielding d~ 1.8 (Figure 3b). For study
area B it is trickier to find a plateau since the overall extent of the area limits the useful range. For smaller
r< 0.3 km we find d > 1.8 and smaller values for larger r. No significant difference between the correlation
dimensions for study areas A and B can be established (Figure 3b). Overall, these results are in agreement
with d for southern California as determined by Kagan [2007]. As we highlight below, our analysis is not
critically dependent on the quality of determining d.

3.3. Interevent Time

The probabilities of interevent times was proposed to follow a universal distribution for a wide range of data
sets for quasistationary periods if time is rescaled with seismicity rate [Corral, 2004]. For catalogs with an
average seismicity rate 1/(z) and interevent time 7 the probability densities of interevent times P(6) with
6=1/(r) follow a gamma distribution as

PO) = e (—5) @

with parameters C, y, and B. Studying arbitrary periods, Molchan [2005] and Hainzl et al. [2006] showed that B
represents the fraction of background events and that there is no universal distribution of interevent times.
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Following Corral [2004] we create time bins that are equally sized in logarithmic time and count the
number of consecutive event pairs with interevent times that fall into these bins and divide the counts
by the total number of events in the catalog and by the size of the bins. We apply this method on the
complete part of the catalog, i.e., for events with M > M, of 1.8 and individually for study areas A-B and
B. Since the number of earthquakes in study area A-B is dominated by few major mainshock-aftershock
sequences and swarms (Figure 3c), we remove these periods of abnormal activity and use the individual
periods of about constant seismicity rate to compute the probability densities. This procedure was
proposed by Corral [2004] who removed episodes with major earthquake sequences where the
earthquake rate is far from stationary and the proportion of background to clustered events varies
strongly [Molchan, 2005].

We obtain a very good fit of P(6) for all periods in study area A-B and the entire period in study area B with the
gamma distribution and the parameters determined by Corral [2004] for global seismicity (y=0.67, C=0.5
and B=1.58) (Figure 3d). We cannot find a significant variation of the distribution of interevents times
between study areas A-B and B. Our results obtained here are in agreement with previous studies on
mining-induced and injection-induced seismicity that behave in the same fashion as tectonic earthquakes
[Davidsen et al., 2013].

3.4. Space-Time-Magnitude Statistics

So far we have shown that seismicity around the geothermal field (study areas A-B) and seismicity in the
geothermal field (study area B) have indistinguishable statistical properties of their magnitude-frequency
relation, their spatial distribution, and their interevent times. In the next section we use all components of
the earthquake point process vector (location, time, and magnitude) to identify clear differences between
the study areas that begin with the onset of production in 1987.

We compute nearest neighbor distances in the space-time-magnitude domain [Baiesi and Paczuski, 2004] for
each pair of events j and j using

diA—bm;

t;(r;) 1070 t; >0

nj = U( ’l) U} , (3)
oo, fjj < 0

where t;=1; — t; is the interevent time, r; is the interevent distance in Euclidean space, and the b value of the
magnitude frequency relation and magnitude m; of event i. The parameters b=1.11 and d=1.8 were
determined as described above. As shown, they are indistinguishable for study areas A-B and B and hence
are treated as constant over study area A.

Histograms of # for all earthquakes in a catalog typically show two modes: a mode of background seismicity
at large values of # and a mode of clustered seismicity for small values of # [Zaliapin et al., 2008]. Following
Zaliapin et al. [2008], we can decompose the interevent distance 5 (equation (1)) into a rescaled distance R
and a rescaled time T:

Ry = (ry)*1070m/2, @)
Tj = t;1070m/2 (5)

with
My = RyTy. ©6)

We continue by computing a histogram of the nearest neighbor distance  and plot it in the T-R domain. We
do this separately for study areas A-B and B and for different time windows. We chose a time interval of
6.6 years which divides the whole study period of 1981-2013 into five equal time windows with the first
time window from 1981 to mid-1987 being the preproduction period. Nevertheless, the nearest neighbor
for each event was still determined among events of the whole catalog period since 1981 preceding that
event. The binning into time windows has no effect on the computation of 7. The histograms were
strongly influenced by the July 2001 swarm and its M5.1 mainshock. For a large number of subsequent
events the M5.1 mainshock is their nearest neighbor based on 5 which distorts the T-R histograms
(Figure S4). Therefore, to compute the histograms, we removed all events that have the M5.1 event as
their nearest neighbor (Figure 4).
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Figure 4. T-R histograms for study areas (top row) A-B and (bottom row) B for different time periods of the same length. The first time interval is mostly preproduction,
whereas the later intervals are coproduction. The color scale is normalized for each plot.

Generally all histograms feature two modes that are separated by a diagonal given by log10(70)  — 3. The
mode above the diagonal represents the Poissonian background seismicity along a diagonal with
Tx R=constant, whereas the mode below the diagonal that forms an elliptical patch along R=constant
represents clustered seismicity relatively close in time and space [Zaliapin et al., 2008; Zaliapin and Ben-
Zion, 2013]. The coproduction intervals of study area B (Figures 4g-4j) have background modes that
extend by about 1 order of magnitude further along the diagonal to larger T and accordingly smaller R
compared to the histograms for study area A-B for all time intervals and also the preproduction time
interval of study area B (Figures 4a-4f). This new population of earthquake pairs among the induced
seismicity is observed consistently over all coproduction time intervals and appears to be stable for all four
coproduction intervals. It is absent in any of the space-time bins where only natural seismicity is expected.
Furthermore, we observe that the intensities of the background versus the cluster modes, i.e., the fraction
of background events, increases considerably for all four coproduction intervals in study area B.

4, Discussion

We computed the T-R histograms using the catalog regardless of M., and thus, an incomplete catalog that
might introduce artifacts. We study the possible bias by introducing a cutoff magnitude for the
computation of nearest neighbors and their distribution in T-R space (Figure S5). We find that the
distributions are stable regardless of the cutoff magnitude. Specifically, the population at large T and small
R and the increased fraction of background events for study area B persist. This observation is in line with
results by Gu et al. [2013]. We estimated y, the fraction of events in the background mode from the
distribution of nearest neighbors in T-R space by fitting a 2-D Gaussian mixture model to the distribution
obtained for the complete part of the catalog of the coproduction period. The fraction of background
events is then obtained from the relative intensities of the two Gaussian modes (Figure S6). Using all
events with M>M, during 1987-2013, this yields x =0.22 for study area A-B and x =0.81 for study area B.
Another method solely based on the interevent time distribution was proposed by Hainzl et al. [2006].
This method assumes that background events are Poissonian distributed and may trigger Omori-type
aftershock sequences leading to a distribution of interevent times following the gamma distribution (2).
We obtain 4=0.17 for study area A-B and u=0.44 for study area B. While there is considerable
disagreement between the two methods to determine u, they do agree on a considerably larger
background fraction for study area B. The differences are within the uncertainty expected for this kind of
analysis [Hainzl et al., 2006] and probably arise due to the nonstationarity of the background rate, leading
to a higher variance of interevent times and an underestimation of the background fraction by the
method of Hainzl et al. [2006].
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The two modes of seismicity are overlapping and a perfect separation is not possible. For higher background
seismicity rates in a region the background mode is shifted towards the cluster mode and smaller values of 5
(see also Figure S5). Thus, the value of 7, that differentiates clustered from background seismicity decreases
as the seismicity rate per area increases. This effect is evident in Figures 4a—4f where the background mode in
the preproduction period of study area B or in study area A-B lies well above the diagonal, whereas the
coproduction background mode of study area B (featuring a high seismicity rate per area) is just above the
diagonal. The background rate, or inversely the magnitude of completeness, has no pronounced effect on
the extent of the background mode along the 5 = constant diagonal (Figure S5).

The stability of the nearest neighbor identification under variation of b and d parameters was analyzed in
detail by Zaliapin and Ben-Zion [2013]. They find a negligible influence on the performance due to
variation of d within 0.5 units from the true value. Varying b within its 95% confidence range
(0.95 < b<1.27) and (1.3 < d < 2.3) does not affect the distributions of 7 in T-R space significantly and the
earthquake population at large T; small R persists to stand out for the coproduction period in study area B.
Further analysis of these event pairs shows their interevent distance r; to cluster around 30m with
interevent times r; on the order of months to years (Figure S7). The interevent distances are at the limit of
the catalog resolutions and might be even below that. We interpret these event pairs as slippage of
neighboring asperities on previously active faults after time spans long enough to reload these faults by
the various loading mechanisms accompanying geothermal power production.

Previous analyses of seismicity induced during stimulation of enhanced geothermal systems have shown that
induced seismicity mostly appears as Poissonian background seismicity [Langenbruch et al.,, 2011]. This is
consistent with the rate-and-state formulation of background rate being proportional to stressing rate
[Dieterich, 1994] promoted through pore pressure increase [Hakimhashemi et al., 2014]. Also no substantial
triggering effect by static stress transfer could be inferred [Schoenball et al, 2012] leading to the
conclusion that induced seismicity mostly behaves as independent background events albeit at a higher
activity level. Although we did not show here that there are repeating earthquakes on colocated asperities,
this has been observed at several geothermal production sites that penetrate basement rock [Bourouis and
Bernard, 2007; Deichmann et al., 2014; Lengliné et al., 2014] and might also be the case at Coso [Lees, 1998].

5. Conclusions

The comparative analysis of natural and induced seismicity at the same tectonic setting at the CGF revealed
no significant differences of the frequency-size distribution and of interevent times. The spatial dimension of
seismicity in the study area does not provide conclusive evidence for a distinction between both types of
seismicity either. Instead, we analyzed distributions of the nearest neighbor distance derived from a space-
time-magnitude metric. Induced earthquakes occur predominantly as background seismicity and feature a
population of earthquake pairs with particularly large rescaled interevent time and small rescaled distance.
Unlike tectonic processes, stress changes by the field operations occur on much smaller time scale and
appear strong enough to drive small scale faults through several seismic cycles. As a result, we record
seismicity close to previous hypocenters after a time period on the order of a year. While few similar
earthquake pairs exist in the tectonic dominated study area A-B, they are much more abundant and are a
distinctive feature of induced seismicity in study area B.
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