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ABSTRACT

Increased levels of seismicity coinciding with injection of reservoir flinage promptedinterest inmethods to distinguish induced
from natural seismicity. Discrimination between induced and natural seismicity is especfallyltdif areas that have high levels of
natural seismicity, such as the geothermal fieldb@Balton Sea and Cosboth in California Both areas show swarlike sequences
that couldbe relatedto natural,deep fluidmigration as part of the natudaydrothermal systenTherefore, swarmsften have spatio
temporal patterns that resemBlgd-induced seismicityand might possibly share other characteristics

The CosoGeothermaField and its surroundingis one of the most seismically active area€alifornia witha large proportiorf its

activity occurring as seismic swarmidere we analyze clustered seismicity and surrounding thecurrently produced reservoir
comparatively for prgoroduction and cgroduction periodsWe perform a cluster analig based on thnter-eventdistancen aspace
time-energydomainto identify notableearthquakesequencesFor each eveny the closest previous evenis identified andtheir

relationshipc at egori zed. | f thi s n e ahreshslthasedeon theldead mirdnsum dfithe binaodat déstribution b e | 0 \
of nearesheighbordistancesthen theeventj is included in the cluster as a chitidthis pareneventi. If it is above the threshold, event

j begins a new clustethis process identifies subsets of everlt®se nearest neighbor distanaes relative timing qualify as a cluster

as well as a characterizing the parenild relationships among events in the cluster.

We apply this method to three different catalod3:a twoyear microseismic survey of the Coso geothermal area that was acquired
before exploratiordrilling in the area begar{2) the HYS_catalog_2013 that contat®®000 doubledifference relocated events and
covers the years 1981 to 2013; #8)ja cdalog of 57,000 events with absolute locations from the local network recorded between 2002
and 2007. Using this method we identify 10 clustrsnore than 20 eventsachin the preproduction survey and more th200
distinct seismicity clusters thaad contain at leas20 and up to more than 1000 earthquakes in the more extensive catalogs.

The cluster identification method used yields a hieramhinks between multiplegenerations of parent and offspring events. We
analyze different topological pameters of this hierarchy to bettelnaracterize and thudifferentiate natural swarms from induced
clustered seismicity and also to identify aftershock sequences of notable mainshocks. We find that the branching ichgirserienist
the average numbef child evens per parent event is significantly different fousters below than for clusters around the produced
field.

1. INTRODUCTION

Mitigating and controllingnduced seismicitys a key challenge in future largeale application ofeothermal enesg[IEA, 2011]
Severalgeothermalprojects have experiencedunexpected levels of induced seismiciétyring drilling, stimulation or subsequent
circulation[Majer et al, 2007;Zang et al. 2014] leading to abandonment of projectsreqguiringreduced productiorSimilarly, a
growing number of confirmed cases of seismicity induced through waste water d[fissairth, 2013]havecreated a strong demand
to recognizenduced seismicitduring active injection or producticard to find methods to distinguish fitom natural seismicityEarly
identification will more clearly define the activities and mechanisms that initiate and control the characteristicsrgf essnts. Such
recognition would serve the dual purpose of developing better tools for mitigating damaging earthquakes as well asirigr goprovid
firmer basis to understand the role of earthquakes in reservoir and crustal perm€atitityversy arises wheseismically very active
systems are subjected to strong maede perturbation, e,t the geothermal fields of the Saltdrough[Brodsky and Lajoig2013;
Hauksson et al.2013]and the Coso Geothermal Figl@dGF), both in CaliforniaThe CGF as aproduced geothermal reservoir in a
magmatic systephas an abundance of natural and induced seismidgity natural seismicity arising from both tectonic and magmatic
sourcegManley and Bacon2000;Hauksson and Unryl2007] A volume of partial melt is thought to be presahés shallow as 5.5
km depth based on temperatgradients and rhyolite thermatmenetry[Manley and Bacon2000;Monastero et aJ.2005] The wealth

of knowledge gained about the system over the last four decades provides a special opportunity to study the evoluatioityofrsais
pre-productioncharacteristicto largescale power productioover a long time span

Exploration at theCGF, which began in the 1970and culminated with the drilling of the exploration well CGEHSept-Dec. 1977)
is documentedn a special issue of the Journal of Geophysical Resd&aton and Duffield 1980] Two baseline microseismic
surveys were conducted by Combs and Rot$i€i5] in summer 1974 and by Walter and WeaM&80b] between September 1975
and September 197Both studiesdocumenta high level of local seismicitincluding several earthquakeusters The area § among
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the mostseismically active areas in southern California and featsggdnmagnitude 5 and larger events durthg period 19822001
within a 30km radius around the geothermal fieBlo(ithern California Seismic Netwo(SCSN catalog)(Figure 1, top and middle
panels) however the largest events within ffreducedCGF itself are all smaller than®/

Four geothermal power plants went online between 1987 and 1990 providing 270skéiéthcapacityMonastere 2002] Production
peaked in the early 1990s ahdsslowly declinedsince(Figurel, bottom panel). The seismicity induced by the operations in the field
is monitored by a dedicated local seismic network (see Sectitmd2ted seismicity as result of geothermal power production at Coso
has beemreviouslyrecognizedMalin, 1994;Feng and Legsl998;Lees 1998] Kaven et al[2013, 2014]Jand Kaven et alin prep.]
performedre-locations and a joint-B tomography of the 199@012 seismicity recorded by the local netwarld show cleaspatial
correlation between opdmleintervals in wells and diffuse seismicity within fabibunded volumesiulian et al[Julian et al, 2009,
2010]also recognized earthquake sequences resulting from fluid movement out of a singié-89RM?2 during drilling.

In this study we malyze preproduction seismicity and compare it with seismicity during the production period from 1987 to 2013. To
identify earthquake swarms among the current high level of seismicity during production we use a method that grouptevents in
clusters by alculation of a multdimensional distance derived from relative timing, energy, and spatial sep§Zai@pin and Ben

Zion, 2013a] After implementing and testing the method on thegroeluction surveywe apply it to the seismicity catalogs covering

the period 198 2013. The identified clusters are analyzed with respect to their topologicetustrio identify features that may
discriminate natural from induced earthquake sequemtehis study we define an earthquake cluster as a sequence of spatially and
temporally related seismicity. They are categorized as mainstfterishock sequenceshere the largest event occurs at the beginning

of a sequence (possibly preceded by few minor foreshocks). Typically, the magnitude difference between the mainshdeigast the
aftershock is on the order of{Bath 1965] If the largest magnitude event occurs in the middle of a cluster and does not stand out by a
significant magnitude difference the cluster is called a svjitagi, 1963]
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Figure 1: Production and seismic history at theCGF in study areaA (Figure 2). (Top) Earthquakes from the HYS and Walter
& Weaver (1980) catalogs, magjtude corrected according toFigure 3. Note the varying magnitude of completeness in
the HYS catalog.(Middle) Seismic event rates from the VW80, HYS and KHD catalogs. (Bottom) Monthly production
and injection rates of theCGF from 1981-2014 obtained from the California Department of Conservation.

2. SEISMOTECTONIC SETTI NG OF THE COSO GEOTHERMAL FIEL D

Natural seismicity at th€GF is driven by extension and transtensalong the Eastern California Shear Zone (EC®2j marks the
transition from the strikslip San Andreas Fault to the extensional Basin and Range Profirmadingly, nost focal mechanisms
show normal or strike slip faultingdauksson and Unrui2007] The high level of seismic activity in the Coso Rafgigurel) can be
partially attributed to the relative motion accontated across the ECSZ, which is on the order of one fourth of the relative motion
along the San Andreas Fault systBdmruh and Haukssqr2009] The Coso field is situated in the releasing step between the Little
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Lake fault zone to the SW and the Wild Horse Mesdtfto the NE[Weaver and Hill 1978;Walter and Weaverl980b] Along that

step 6.5+0.fTnma ! of dextral shearing is observgiicClusky et al. 2001;Monastero et a).2005] Furthermore, it is suggested that
some of the seismic activity can be lidkeo the presence of the volcanic systend the shallow brittkeluctile transition (BDT)
[Hauksson and Unryt2007] Previous workers have speculated thatepisodic swarm activity can be attributed to upwelling of fluids
emanating frombelow the BDT[Hauksson and Unryl2007] Walter and Weavel980b] report several earthquake clusters occurring
during their study period. The larger clusteeond the geothermal fieldiere identified as aftershock sequences at the edge of the
study area. Close to one of those mainshattkershock sequences described by Walter and W§B@0b]two M, =5.2 and 5.8 evest

and accompanying aftershock sequences occurred in 1996 and 1998, respd&itizhcharyya et al.1999] Other clusters can be
identified as swarm seismiciBection5.1), i.e, they are earthquake sequences that neither show a clear nchjnsbiothe typical
subsequendecline of aftershock activifjMogi, 1963]

Feng and Lee$1998] analyzed earthquake focal mechanisms and identified a transition from a tramstemegime within the
geothermal production area to a transpressional regime surrounding the reservoir. They postulated that the differeginssess r
represent different geological blocks, evidenced also by different stress orientaigtks.and Snons[2000] and Wicks et al[2001]
analyzed surface deformation usin@GAR data They found major subsidence in an area oki®®, with subsidence rates af8cma *

and 16 m*d'* volume reductiofFialko and Simons2000] The modeled sources tife volume reduction are ati 2 km depth, which
agreeswell with the depth of production and reinjection. They also noted an aretatfe uplift in the south possibly related to re
injection; Feng and Leefl998] observed &lustering of potentially induced seismicity in this regidhe sources modeled by Wicks et

al. [2001] are slightly deeper at 3.4.7km. While temperature reductions theoretically might play a role in the observed subsidence,
they can be excluded to contribute substantially, since no large scale temperature reduction has beeimdhsergseroir [Terra-

Gen pers. communication].

The lower boundary of seismicity is typically interpreted as evidence forrittke-buctile transition (BDT)Hauksson and Unryh

2007] Walter & Weaver{1980b] specifically remarkhat noindications of systematically shallower seismicity under the geothermal

field could be found Monastero et al[2005] analyzedthe maximum depth of seismicity from 40,000 events recorded across the
geothermal field. Thefind a strong reduction of the depth of the deepest seisnfiioity around 1&m surrounding the field to as low

as 35i 4 km below the prduced field However, t remainsdoubtful if this observation is biased by the huge number of induced events,

that typically occur in the immediate surroundings of the production and injection wells that reach down tokabbatd®v surface

Since thedepth of the BDT was determined from the 95% shallowest earthquakes, the large number of induced events might mask the
actual BDT marked by fewer natural eveatsurring below the induced seismicity

Although moststudies agre¢hat magmais the likely heat source of the geothermal system, there is debate about the depth of the
magma. While the tomographic study by Hauksson and U2Q01] shows it to be deep seated belowkh® depth, compatible with
geochronological analyses by Duffield et[d980], Monastero et a[2005], Wilson et al.[2003], and Manley and Bacd2000] argue

it to be as shallow askn based on inferences from shallower temperature logs or tharomoétry of the erupted rhyolite

Studying arthquake swarmat Coso isespecially interestingincethey could berelated to fluid entering the system under lithostatic
pressure from below thetherwise selsealingBDT [Vidale and Sheare2006;Hauksson and Unryf2007] If the swarms at Coso are
fluid-triggered the physical processes of earthquake nucleation should be similfmiddénduced seismicity. Following this
assumptionthe swarm sdsmicity at Cososhould have characteristics similar to that of injectitduced seismicitye.g, a spatie
temporal migration as the pore pressure perturbation propagates from the entry points below the BDT or perforated ngell sectio
respectively.

3. DATA

In our analysiswe use three different catalogisat span the period from 1975 to 2ZIThesencludethe preproduction microseismic
survey by Walter and Weav§t980b] (WW80), the relocated catalagompiled fromlocal networkrecordingsfrom 2002 to2007
[Kaven et al. 2014] hereéter referred to as KHPand the catalog of the Southern CaliforBi@ismic Network (SCSNgpanning the
entiretime intervalfrom 19752013 [Hutton et al, 2010] For the cluster analysis we use the relocations of the SCSN catalog by
Haukssoret al.[2012], heeafter referred to as HY$hat are available for the period after 198% restrict our analysis to a rectangle
bounded by $5.90° < latitude < 8.15"; 1117.95 < longitude <i 117.65} and term it studyarea A(Figure2).

WW80: In September 1975 a network of 16 verticamponent seismometers was deplogeaund the geothermal fiel@Figure 2)
[Walter and Weaverl980b] Magnitudes were derived from a celdmgthrmagnitude relationship for central California. The events
were locatd using the software HYPOTLee and Lahr1975] The whole catalog contains 4216 evgWéalter and Weaverl980a]of
which 2365 eventsire containeéh studyarea A

KHD: The KHD catalog[Kaven et al. 2013, 2014fndKaven et allin prep.], is based on reprocessing of the recordings of the local
seismic network operated at t86&F (Figure?2). The relocations were obtainading the code tomoDBimultaneously solving for &3

D velocity model. Moment magnitudes were computed by integrating the first displacementfpalsatalog contains 57,000 events
in studyarea A

HYS: The HYScatalog[Hauksson et al.2012]is basedon the seismic recordings of the SCSN and reprocessed using the-double

difference method. The original catalogaagmenteddy the latest dataset, covering the period of 07/2RA13 [Hauksson et al.
2014] The earthquake magnitudes are adopted from the SCSN catalog, described in detail by Hufi16t alhe catalog contains
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52,000 events in studgrea A For the stidy period 198012013 the SCSN catalog contains 202 events that are not contained in the HYS
catalog and might have been rejected during the processing of the HYS catalog. Since these events are small, mostlgihelew mag
1, this should have no influenoa our analysis.

Figure3 shows a crosplot of earthquake magnitudbstweerthe SCSN and WW80 catalogad between the HYS and KHD catalogs
Subtracting 0.2 from the WWB80 magnitudes yields an acceptable agreermeeerbehe catalogs. The magnitude of completeness
given by Walter and WeavégWalter and Weaverl980b]as 0 p® can therefore be assumed to be 1.3 when congpaith the
magnitudes given in the SCSN catal®¢e did not perform a formal magnitude of completeness study for the HYS and KHD catalogs,
but have to note, thail; varies over time for the HYS catalogigure1a). For all analyses we use the full catalogs, not excluding events
that are below a magnitude of completeness.
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Figure 2: Seismic networks used to compile the WW80 caiad) (black) and the KHD catalog (gray), and nearest stations of the
SCSN used for the HYS catalog. Study aes A and Bare outlined by boxes
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Figure 3: Crossplots of magnitudes between the SCSN and W80 catalogs after correcting WW80 b§.2 (L eft) and between the
HYS and KHD catalogs Right).

4. CLUSTER IDENTIFICATI ON

We analyze earthquake clustering in the seismic catalogs using the method déscidladidpin and BeZion [2013a] It bases on
nearesineighbor distances computed in a tisgaceenergy domain. For each pair of evef@sd Qthe multidimensional distance

is computed using

a 01 pm ho s 1)
Hh o

with interevent timeo , interevent distanceé , spatial dimensiorQ, magnituded and thecyvalue of the magnitudrequency
relation.In this study we us® o, since the studied seismicity occurs in a volume and depth variation of related seismicity is expected
to be of the order of lateral variatiormydw p, which is the average value for southern Califofkiatton et al, 2010} If — is the
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minimal multi-dimensional distance from evefiio any othepreviousevent, then everifis called the parent wifspringeventQEvent
"Ois then included in the cluster that contains evéxif — is above the tieshold the event is founid be unrelated to previous
seismicity and it is assigned to a new clusted the process repeatypplying this procedure to a catalogvery event is part of a
cluster with typically most clusters consisting of only one ewgsidiscussed by Zaliapin and B&ion [2013a] the nearesteighbor
distance, which is the minimal value of for event'Qshows a bimodal distributip representing clustered and single earthquakes,
respectively The local minimum between the two peaks is used to set the thresheldtibinclude an event to a clusteritd -C

m& u(Figure 4). Since— is computed by multiplying integvent time and inteevent distance, it is small whenever one of the
componets is small, although the other might ieatively large. Therefe, events occurring during an active swarm may be included
in a cluster although their geometrical inexent distance is too large b@ physicallyconneced to the actual swarm. We therefore
introduce a cutoff distance &ige times the mean distancéall events in the considered cluster fréme first event of the cluster. For
event that occubeyondthat thresholdve set— Hbto exclude it from the clusteWe do not introduce a cutoff in time for events
occurringgeometricallyvery close to pvious events but after a long time of inactivitysteadthese events are regarded as part of the
declining activityanalogous taftershock sequencdsigure5 shavs the— matrix and the identified clustefsr the WW80 catalog
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Figure 4: Histogram of the nearestneighbor-distance | I"EEL_:;::: for each event of the WW80 catalog. The minimum at
i TfH= z 8 is used aghe cutoff value between single andtlustered earthquakes
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Figure 5: (Left) Inter-event spacdime-energy distance matrix forthe WW80 catalog. Right) Matri x of identified clusters
Colored clusters each contain more thar20 events.

5. RESULTS

5.1. 19751977: PREPRODUCTION SEISMICIT Y

Out of the 2365 events of the WW80 catalog tiatur within thestudy area, 1613 (68%) are part of a cluster and 752 events%32
are single events. For each cluster the hierarchy is implicitly obtained and it can be destedniine whethea cluster is an aftershock
sequence or a seismic swatffor that purpose Zaliapin anceBZion [2013b]introduce a number of statistical parameter that describe
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the cluster hierarchy.heleaf depthd for ead event of a clustds computed by counting the number of links between the first event of
the cluster to the leafs, i.e. events that do not have offsgriven, aftershock sequences are typically characterized by a small average
leaf depthdbn the orer of 3.That means a mainshock has many dicéfspring but only few of them creaieffspring themselves.
Swarms in contrast, are built of chains of events, resulting in a 8@§%n the order of 5 and larger. NaturalffOis dependent on the
cluster size and tends to increase with more events ifigna cluster. Therefore Zaliapin and Begiion [2013b] introduce the
normalized depth 800 8, where N is the number of events in a cluster

Figure 6 shows magnitudéime and hierarchy plotéor two similarly sizedclusters;typical examples of mainshockaftershock
sequence and a swarfthe mainshodlaftershock sequence has two mainshocks and overall 16 events. Its average l€&Xiepif
andd=0.43 In contrast, the swarm with 14 events @9 t8randd=1.1

Another topological parameter ishé Family branching numbeB, obtained bydividing the number oflinks between parent and
offspring eventdy the number of events that have lindoffspring The swarm irFigure6 has 8 events that have in total 13 offspring,
yielding B = 1.625.In contrast, the mainshog@ftershock sequence hBs= 3.0 due to the large number of events which are direct
offspring of the mainshocksSince these aftershocks have a small magnitude, their area of influence is small compared to the
mainshocks, and only few further offspring are attributed to them.

In total, 21 clusters were identifieid the WW80 cataloghat hae more than 10 even{&igure7a). Three of the clusters were identified
as mainshoclaftershock sequences, 16 clusters were identified as swarchtwo clusters could not be cldigsl as either with
certainty.
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Figure 6: Magnitude-time and hierarchy plots for two smaller clusters with lines connecting each cluster evewntith its nearest
neighbor. Dot size represents event magnitude, dot color the timing within the cluster as defined by the magnitttdae
plots. Cluster 433 [eft) is two connected mainshoclaftershock sequences with many direct offspring of the two
mainshocks whereas cluster353 Right) is a typical swarm with long chains of events

5.2. 198112013 DOUBLE-DIFFERENCE CATALOG, HYS

Like the WW80 catalog, the HYS catalog covers thegroeluction periogbrior to 1987, containin@,361events recorded before 1987.
Although thesewo catalogs overlap, in the HYS catalog only the period from ~1982 to 1987 is covered with a magnitude of
completeness similar to the WW80 cataldtpe vast majority of42,967 events in the HYS catalogere recorded during the eo
produced priodsince 1987Due to the large number of events in the catalggyrestrict our analysis tdusters that contain at lea$t 2
events.For the cluster analysis we split the catalog into the-preduction period (1981986) and the cproduction period1987

2013). The algorithm identified 42 clusters in the-preductionand 218 cluster in the garoduction phase@-igure7b and d) Among

them were 2 and 40 clusterrespectively, that resembledainshockaftershock sequences. They atwaracterized by the largest
magnitudeeventoccurringat the beginning of the sequermed a largamagnitude difference from thiargest to the second largest
event.All other clustes were identified as swartike with the largest event in the middle of the sequence and no events standing out as
a particular mainshodivogi, 1963]

5.3. 2002 2007 LOCAL NETWORK CATALOG, KHD

The KHD catalog covers a much shorter time sfram 2002 to 2007. As it has lower magnitude of completengigscontains about
the same number of events as the HYS catdlbg cluster identification algorithidentified 280 clusters witmore thar?0 events and
among them are 26 mainsheakershok& sequence@~igure7c).
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6. DISCUSSION

In the following discussion, we will subdivide study area A into study area B below the produced geothermal field andyefined
{35.99° < latitude < 36.05%;117.825° < longitude ¥117.760°} Figure?7) and study area #8, the area in A but not in Bround the
produced field We reduce the coondates of the clusters to that of the median coordinates of all events contained in the cluster and
ignore its spatial extent. To compare the seismicity clustestedin study areas A and B, we derive the topological parameters
normalized leaf deptd and the family branching numbBrfor each cluster (see Sectidril). Clear mainshochftershock sequences

were removed for the analysis based on position ofatlyes$t event of the cluster at the beginning, allowing for few foreshaet{she
magnitude differenc®, between the largest the second largest event. We compute boxplots for the four catalogs as presented in
Figure 7 and separated for study areasBAand B for the parameters depth below sea levebrmalized leaf deptl’ and family
branching numbeB, respectivelyFigure 8). As the WW8B0 catalog has only few samplesmputing boxplots would be meaningless.
Nevertheless, theesultsfor the individual clusters are added to the plots for comparison withtike @italogs.

Figure 7: Map views of the analyzed catalogs wittharge clusters(N > 20 events for WW80 catalog, andN > 50 events for HYS
and KHD catalogs) identified by distinct colors. The outline of eachfigure coincides with study area A. The current
production (red) and injection wells (blue) and surface traces of major faults(black) are superimposed for reference.
Clusters are drawn superimposed on the remaining seismicity for clarity.
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