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1.1 Generalcontext

Underground pressurized injections at depth are widely mggeghdaysn various geeenergy
operations In geothermal energy production in Enhanced Geothermal Systems (EGS) cold
water is pumped down to hot rocks and the heated water or steam is taken back. In
conventional exploitation of hydrocarbons water injections arediso maintain reservoir
pressure. In unconventional exploitation of hydrocarbahg injections are used tvacture

rocks giving gas or dlhe way to flow to receivingvells The use of pressurized injection
connection with underground storage ofjliids and gases including Carbon Captanel
Storage(CCS) projectis quite obviousThe ceep underground injections of liquidend/or
gases oftenlead to induced seismicity.Injection induced seismicitgnhancesrock-mass
permeability. When this process under control, it provides a positive effect e.g. increases
the surface on which heat exchange takes place at depth insEe®&nables gas acquisition

in unconventionahydrocarbon extractions. If, however, this process becomes uncontrolled,
it canshift towards generating higher magnitudes thenioereasng seismic hazard. On the
other hand, if the seismic fractures coalesce into fluid migrapathwaysof undesired
directions, this may lead to an undesired migration of fluids. When the migratints flaach
pre-existing faults, by decreasing fault strength, can trigger ruptures and produce major
seismic events. Alsadhe migrating fluid can contaminate groundwater resources. It is
therefore of paramount importance tounderstand mechanisms of fracturaetwork
development caused by the pressurized injections.

Within the S4ACE consortiunS A @S NJ Repdst orbtacking fldid pathways and rapid

fluid transport summarizes research and development activides the obtained results of

the worksOl NNA SR 2dzi o6& GKS LI NIy SNJ Asdessing'rdpid Ay G K
fluid transport probability and tracking fluid pathways in the rock raas§&VorkPackage WP6
dmplementation of Novel Technologie®® ¢ KS&S ¢g2NJa KI @S theBalLlR2yR
S4CE project, namely to quantify the likelihood of environmental risks ranging from fugitive
emissions, water contamination, induced miegeismicity, and local impacts, specifically
undertaking problems of fracture network development causednigctions.

1.2 Deliverableobjectives

Within the general aim offask 6.5, which i® study the fracture network development
considered as a response of the rock mass to injections of fluid at depth, the specific
objectivesof Deliverable D6.6 are

1. To investigatemechanisms of fracture growth;

2. To investigate relationships between a potential to build-faaching pathways for fluid
migration and injection rates;

3. To test the potential of 3D numericatodelingto recover details of stres field evolution
in a seismically active (rupturing) material;

4. To further develop, test and evaluate efficiency of bgekjectionof seismic waves as an
independent method for estimating parameters of seismic rupture in the case of small
anthropogenic seismic events.
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The methods used in this deliverable situate the presented study in the general framework of
analyses of observed datnd of conclusiosdrawn from these analyses. Because the aim
has been to investigate relationships between @@ssed injections seen as the cauaad
seismicity seen as the effedhe selection of data played a crucial role. The data for the
studies consisted of:

1. The seismic and injection dateom the NW part of The Geysers geothermal field (TG) in
California,USA.The seismic datavas the improved catalogMartinezGarzon et al.,
2014; Kwiatek, et al., 2015), which in addition to occurrence times, hypocenter
coordinates and magnitudes providdédcal mechanismand static stress drops of the
events. The injection data was the injected volumes daily into two injection wells
operating inspace and time correlation with seismic data. This dsdthas been used to
study the mechanisms of fracture growth and tipetential to build farreaching
pathways for fluid migratiom relation toinjection rates (Objectivestl and#2);

2. Theresults oflaboratory truetriaxial compressivdest (Kwiatek et al.2014}o analyze
the potential of 3D numericamnodelingfor tracking the evolution of stress field in a
seismically rupturing materigDbjective#3);

3. The waveforms of seismic events induced by injections in TG to further developaptd ad
to small seismic eventsackprojection of wavesmethods forestimating parameters of
seismic rupturgObjective#4).

The data listed as #1 and #3 are availablehlenISEPOS platform of Thematic Core Service
Anthropogenic Hazardsittps://tcs.ah-epos.eu(Episode: THE GEYSPRSi 9 and Prati 29
cluster, doi:10.25171/InstGeoph_PAS_ ISEP@MS011, and Episode: THE GEYSERS,
doi:10.25171/InstGeoph_PAS_ISEROS3-001 respectively.

Various analytical methods have been us@djectives#l and#2 have beerassessedavith a

help ofheavy statistical methods. A novel approach here was the use of transformation to
equivalent dimension, the technique whichased on a probabilistic equivalence of the
parameters that scale differentlyransforms these parameters to [0,1] hypercube inieith

the distance between any two objects is the Euclidean metric (Lasocki,).Z01deach
Objective#3 the numerical modelling was carried out usiRGAC3D, Version 5.0 software.
The studies within Objectivé4 have been based othe backprojection technigueas
presented e.g. byshii et al. (2005).
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3.1 Objective 1:Fracture growth mechanism$

Seismicity induced by gesngineering operations may be hazardous for people,
infrastructure and he environment(Lasocki and Orleckaikora, 2020)A partial review of
events associated with anthropogenic activities has for example been compiled by Porter et
al(2019)

The crucial information for assessing induced seismic hazards and related kiséw/lisdge

of the time-dependent strength of rockand the deformation due to fluid injection. Our
studies of seismic and injection data from a geothermal field indicate that pressurized
injectionscanlead to rock fracturing at stress levels below thektmughnessi.e.,subcritical
fracture growth(SFG)Wefound a relation between the rate o5FGand the injection rate.

We focu®d on the seismicity observed at TS0, ve consideed injectionrinduced events as

a series of local dynamic jumps in rupture length, localized along the rim of a-tagler
guaststatically growing rupture. This distinction between single and systemized rupture was
previously proposed by Main et a(1993 who applied such logic to infer stress corrosion
indices for SFG in laboratory compression experiments for a fractal ensemble of Greecks
rate of inferred incremental lengths associated with intermittent rupture propagation as a
function of inferred uderlying total rupture lengthwas analged. We relatel changes in the
scaling between the twao demonstrate an approximate power law relation between the
G235 02y anaisyGhanes 9BIPISKEG iNtheSas@of $lowly varying applied
stress. Providing evidence for subcritical mbradde fracture growth at TG, we evaludte

the impact of the injection rate on SFG and on the magnitude of analysed earthquakes. We
found that SFG is governed by the changes in stress due to the injection of intdethe
reservoir, and we providethe relation between the injection rate and the fracture growth
rate.

3.1.1 Datasetand methods

We investigatd the development of fracturem the subsurfaceusing seismic data recorded
in the northwestern part of TG in arnia, USA, related to larggcale, longerm fluid
injection into two wells, Prat® and Prat29. These wellsexperiencedthree phases of the
injection activity

1 Phase F1 from 10 December 2007 to 10 April 2010, in which only Prati9 was operational,

1 Phase F2 from 11 April 2010 to 21 June 2013 with simultaneous injections into both

wells,

1 Phase F3 from 11 June 2013 to the end of the study period, in which only Prati9 was
operational.

Prior studies suggested thahé seismicity inTG results from the tlermoelastic and
poroelastic effects that influence the local stress field in the vicinity of the injection wells (e.g.,
Jeanneet al. 2014Kwiatek et al2015; Leptokaropoulos et al. 2017).

1 This material has been published as Orle&kikora B.& Cielesta, S H 1 HEvidencéthat the injection
induced earthquakes rupture subcriticallScientific Reportsaccepted and being published in open
access
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We consideed two of the injection cycles described MartinezGarzén et a(2014). We

select these cyclesecausethey frame the most intensive fluid injection into the reservoir,
resulting in a large number of seismic events. In total, 509 seismic events occurred in the
period betweenApril 2008 and October 2011eTWycles include peaks of fluid injection during
twodifferent periods, i.e., when only the Praiwell is active and when both wells Pratand
Pratt29 are operating. Moreover, detailed technological activity data during these periods
are available intte literature. Each cycle is divided into three stages: preceding, during, and
following peak injection. The selected cycles exhibiting these stages are presented in Fig. 1,
along with the daily injection data.
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Figure 1: Hypocenter distribution of seismicity: (A) map view and (B) semtith section. (C) The daily injection data
Prati9 and Prat9 between November 2007 and April 2012. Gremmngeblue rectangles frame the stages: prece
during, and following péainjection, respectively, of the two analyzed injection cycles

Our considerations of SFG refer to systeimed ruptures; thus, we udehe fracture networks
identified in TG by Orleckaikora et al(2019) Because the reservoir rocks in TG are highly
fractured, the authors assumed that its fractures propagate alongegisting fractures,
which has also been suggested to be the dominant mode of failure at the crustal level
(Atkinson,1984) These fractures, referred to here as a fracture network (BiM)assumed

to represent the damage in the vicinity of the same systred rupturesin the cited work
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fracture networkswere identifiedusing hierarchical clustering. This approach resulted in the
identification of 13 FN in the time period we are foedson here.

3.1.2 Results and Discussion

In subcritical hydraulically driven fracture growth, a fracture grows due to either an increase

in fluid pressure or a decrease in normal stress ®ag.or 1965;Engelder, T. &Lacazette,

1990. The longerm loadingolL,J2 N3 Ff dZAR aiGNBaasSa IyR GKSNXI §
resistance to fracture. These mechanisms have been shown to be responsible for the
seismicity observed in TG (eMartinezGarzon et al.2014; Kwiatek et al. 20145taszek et

al. 2017). Previous studies of seismic moment tensors in TG revealed a smgdd fracture
mechanisnfRoss et al., 1996; Johnson, 2014boratory experiments have determined that

the values of the parameters for mode 1l and mode Ill SFG are similar to the corregpond

values of mode | SFG regardless of the loading configuration or specimen
geometryKo&Kemeny 2011) Based on these results, we assulhtbat the constitutive

equations describing subcritical tensile crack growth hold for all three fundamental modes of

2 RAYy3Id ¢KS Y2aid 6ARSt & wdzh8Ies, 1958)&li destribes/ K | NI
GKS ONX Ol GAL) @St 20A0& Ay | adzoONARGAOFEf NB3IJ
form, which describes theate at which a fracture grows

bo — B8, (1)

where ais the fracture length or diametetis the growth exponent, which is related to the
stress corrosion indexby® €71¢, ando isthe parameter that depends on the stress state.
The acceleration of fracture length is predicteg solvingeq 1, as

a ap — 7 : 2)

where & is the initial fracture length at timé Ttando is the failure timg(Das &Scholz
1981) In the case of constant stress, instability can develép if¢. Therefore, if the average
increase in fracture unit length over time is high, it would lead to sudden unstable fracture
propagation, resulting in a runaway earthquake.

The fracture length is proportional to the cube root of the seismic moment, Therelation
betweenl hand the seismic source dimensiantfor the analysed dataset was provided by
Kwiatek et al2014) The moment magnitude is calculated frotn using the equation
proposed byHanks and Kanamo(il979) 0 1T @ o Tpd. We fous on the
fracture network growth rate. The criteria applied to identify fracture networks by Orlecka
Sikora et a{2019)allowed us to track the coseismic increases in fractures that occur during
seismic events. In our considerations, rupturing due tesme@& events builds a fracture
network. Such an approach is in line with the observations of injedtidnced seismicity and
the results of laboratory experiments. Hence, the complexity of fracture growth directly
reflects the complexity of the developimgtwork structure. We consider the growth rate for
every FN identified b@rleckaSikora et al. (2019juring each injection stage in both cycles.
To reduce the data scatter, especially that in the injection rate loading data, when considering

—, weused the observed average increase in FN length per unit time during a particular stage
of injection as follows
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6, 3)

where'Q pf8 ¢ is the number of observed increases in FMatime period due to constant
loading, which is assumed using the mean injection raté)¥n Yo. The FN propagates with
the mean velocity ob in Yo, andais the total length of Flih time 6. The SFG parameters
wando are determined baed on the slope and intercept of the linear regression through all
I T  valuesversus | Cvalues.

3.1.2.1 Evidence for SFG

We observe two types of patterns fothe dependency | (C0 8 T & the most common

one islinear, and the second is a@o$ an experimentally derived characteristic 0 &
diagram for tensile SFG, which has three distinct regions 0fl) dependencyAtkinson,
1984) where0 is the stress intensity factor (Figp). Generally, the stress intensity factor at
the crad tip is proportional to the applied stress and the square root of the fracture length
(Eq 3). The complet® 0 & diagram for tensile SFG derived from studies of glass is assumed
to hold for all three fundamental modes of crack displacement, althotigdre is little
evidence to support this assumptiditkinson, 1984)The behaviour in region 1 (the area
marked as 1 in Figb2is assumed to be controlled by the rate of stress corrosion reactions at
the crack tips. Region 2 (marked as 2 in Fyistontrolled by the rate of transport of reactive
species to the crack tips. In region 3 (marked as 3 in Bjgctack growth is mainly controlled

by mechanical rupture. Most experimental data obtained from studies of tensile SFG in rocks
appear in regioril or region 3 on theé U 8) diagram. Region 2, which corresponds to the
diffusion process, is very rarely observed in rq@k&inson, 1984)

Of the 66 fracture network growth periods associated with the stages of a particular injection
cycle, weestimated the values of the growth exponemband the parametel for 33 cases
(Fig. 3). The results revedla cyclielike pattern in the relation between the growth exponent,
@ and the mean injection rate "Ofifi the stage. In the first range &f ‘OValues (Pattern 1

in Fig. 3), which reach up to approximatglgp 1 TA A the relation between the injection
rate andthe growth exponentiso T1® L TI® 3 'O XThe Spearman correlation coefficient
between the injection rate anthe growth exponenis 0.9 and is statistically significant. Then,
at injection rates ranging from® x® O 1 FA A (Pattern 2 in Fig. 3), the relation is
repeated with higher scatter, with a statistically significant correlation coefficient of 0.7.
When & "O"éxceedsy8tp 1 FA A (Pattern 3 in Fig. 3), wthe correlation coefficient
betweend "Oand ais 0.3and is not significantWhend "0’ standardized within Patterns 1
to 3, the relatiorship between & "O™nd @ is statistically significant with a correlation
coefficient of 0.5; the value abis equal to approximately@, with a standard deviation of
0.02, and the value @ 18t ¢ with a standard deviation of 0.006. Although the values of
the 6 parameter range front p m ¢ P T, they generally decrease with "O.Y

3.1.2.2 Seismiqotential of SFG in TGthe maximum subcritical magnitude

To infer the largest magnitude of the intermittent rupture network, we hpga theoretical
scaling relation between the largest arrested magnitude of an earthquake , and

the injection volume developed by Galis e(2017) Since the SFG exponent provides insights
into the fracturing process, we propose to modify the formula of Galis €@ 7py
incorporatinginto the formulahe wparameter describig the rate of fracturing process.
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Figure 2: Characteristic patterns of the proxy of crack velocity/normalized stress intensity diagram for SFG in TG. (A) Data
represent growth of 3 fracture networks during 2 stages preceding and 1 stage following peak injection during cycle I; (B)
Data represent growth of 2 fracture networks during stage exhibiting peak injection during cyeerépresent different

behavios of SFG.

Generally, temporal evolution of the maximum observed magnitude follows the behaviour
predicted by the model oBalis et a(2017) However, the difference between the upper limit
predicted byGalis et a[2017)and the observed maximum magnitudlecreases with time.
During the first cycle of water injection, the observed maximum magnitudes for the particular

stages of fracture networks correspond well to the estimated

. However, during

cycle 2, the observed maximum magnitudes amech lower than the arrested model

estimates.

This observation is not unique the TG dataset similartrend can be observetbr example

for the recorded maximum magnitudes during a &ri-deep geothermal stimulation in
Finland. Previous studies of tloeformations and seismicity in TG showed that the bulk
modulus varies in a wide rangehe variability of the bulk modulus for the reservoir at TG can
be associated with the fracture density and is lower for more fractured rocksN@sspp
&Segall 1997 and higher when pressure increases (ekachanov, 200AVe propose to
modify the formula of Galis et al2017)by incorporating thew parameter to estimate the
effective bulk modulu) kerr, for TG: the higher thédvalue, the lower théOmodulusis:

Fracture family growth exponent
.

[] 2 4 [ 8 10 12
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Figure 3: Subcritical fracture network growth exponent versus (teff} in each injection stage and (right) standardizét
in each injection stagein thelR intervals denoted in different colors in (left). The horizontal and vertical bars denote the
standard deviation @f "O"andd®parameter estimates, respectively.

Based on the weltonfirmed functional dependence of the rock bulk modulus on crack
density (e.g<achanov, 2007 we therefore use a simple coefficienf2 p ® JQto
obtain the effective value of the bulk modulus for the rocks experiencing a particuldn FN.
Fig 4 wepresent the maximum magnitudes observed in particular staglkeofvater injection
together with the estimated values af from the seismic moment and with the
modified bulk modulusThe differences between the observed maximum magnitudesiaad
upperlimit derived from Galis et a{2017) expressedy the root mean square erroRMSIE

is 0.7, and for the modified equation, by incorporating the subcriticality to the Galis et
al.(2017)model, theRMSHEs 0.5.Therelationbetween™@ andQwas worked out based on
the previous results of analyses bulk modulus and its relation with other physical
parameters of rocks oZimmermar§1985, Carvalh@l997), Xiaguang& Yujie (2016),
Kachano\{2007), Davy et al(2010and 2013.

The analysis shoed that higher FN growth rateare linked to lower @ values of the
GutenbergRichter relation.We consideed alsothe exponential magnitude distribution
model, which results from the GutenbeRjchter relation and reads

"Q0 TQ NOoL p Q QEL O , 4
Q) 00 mford O ,and o p miwhered is the magnitude of eventsjs
the GutenbergRichter b-value and 0 is the magnitude completeness. The model

parameter is estimated using the maximum likebidofor discrete magnitude values (Aki
1965;Bender1983)

o — ©)

wherel is the sample mean of the considered event magnitudes.
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Figure 4: Maximum moment magnitudes,

dots are the estimated

Time of earthquake occurrence

, versuanlIRin the injection stages.Blue dots are the obseived ; gray

from Galis et al. (2017) formula; the red dots are the estiniated with modified the bulk

modulus. Thehorizontal and vertical bars correspond to the estimated standard deviations of the variables nfdre

correlation coefficient for observed

andmlRis equal to 0.4 and is statistically significant. The horizontal gogange
light blue rectangles correspond to the stages of injection cycles, respectively.

The analysis is performdxy implanentingthe following séps

1.

™), (i) Tmand® 1@, and (ii)w ™ and®d TE.

2.

is tested, and theovalue is calculated.

3.
FN is tested.

Each FN is divided by the intervals of magnitude data dithlues: (iYo T@® and®
For the selected groups of data, tagreement with the exponential distribution model

Then, the difference idvalues for different FN growth periods associated with the same

We tesed the exponentialdistribution of magnitudeusingthe AndersorDarling (AD}est

(Marsaglia& Marsaglia2004 Tablel). Since AD test iapplicablefor continuous random
variables, the magnitudesere randomized within their rounaff interval of length 0.01 by
the equation propsed by Lasocki and Papadtinou (2006)

O

whered

O 0600

00

00

are the randomized magnitudes,| 0is the magnitude rounaff interval, o,

is therandom value from the uniform distribution (0,110 is the CDF of magnitudes and
"O Dis the corresponding inverse CDF. Tésts were performedat the significance level

0.05.

We performed the MannWhitney U test to compare thebvalues between the stages of the
FNs with different growth rates. We cqrared only those pairs ofovalues wherein the

magnitude distributions for both stagesere exponential. The results of the analysis are
presented in Tabl@. The test rejects similarities between thgevalues of the stages of FNs
with the wparameter less than 0.4 and stages with thparameter greater than 0.7. The FN
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Table 1: Resuls of the hypothesis for the exponentiality of the magnitude distribution testing using the Anderson
Darling test. The columns are the fracture network code, number offedatak(, p value from the AD testi

$)* b value & =), number ofdatad¢ ), p value from AD test¢ +)* b value & ) ,

and

difference:-|++ + + 4, *when p<0.05, exponentiality is rejected at 0.05 significance.

TEST1 + 8 + 8

Fracture Number of . > Numberof . > >

Network observations fvalue © observations | value ® 1o
1 35 0.366 1.184 43 0.801 1.171 0.01
2 27 0.389 1.072 41 0.152 1.132 -0.06
3 24 0.164 1.149 42 0.017 1.152 -0.00
4 23 0.126 1.039 50 0.076 1.048 -0.01
5 35 0.097 1.405 47 0.012 1.000 0.41
6 24 0.594 1.489 31 0.159 1.061 0.43
7 9 0.567 0.963 27 0.058 1.066 -0.10
8 32 0.287 0.817 18 0.191 1.019 -0.20
9 20 0.001 1.090 62 0.045 0.996 0.09
10 28 0.074 1.268 24 0.289 1.399 -0.13
11 13 0.203 1.701 67 0.232 1.270 0.43
12 32 0.828 1.114 52 0.104 0.948 0.17
13 - - - 28 0.161 1.528 -

TEST 2 & T ¢ T

Fracture Number of . = Number of . > >

Network observations fvalue © observations | value @ 1o
1 35 0.365 1.184 43 0.801 1.171 0.01
2 41 0.115 1.065 27 0.420 1.214 -0.15
3 73 0.017 1.149 - - - -
4 23 0.126 1.039 35 0.076 0.998 0.04
5 59 0.021 1.183 23 0.107 1.043 0.14
6 33 0.300 1.482 22 0.161 0.962 0.52
7 54 0.073 1.080 - - - -
8 32 0.289 0.817 18 0.192 1.019 -0.20
9 32 0.005 1.103 50 0.071 0.975 0.13
10 35 0.103 1.335 17 0.227 1.324 0.01
11 13 0.207 1.701 67 0.232 1.270 0.43
12 40 0.986 1.163 52 0.103 0.948 0.22
13 - - - 28 0.160 1.528 -
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TEST 3 o ™™ O X

Fracture Number of . > Number of \ > =

Network observations fvalue © observations f value ® 1w
1 28 0.349 1.153 15 0.591 0.957 0.20
2 22 0.489 1.235 - - - -
3 24 0.165 1.149 - - - -
4 17 0.178 1.072 6 0.006 1.015 0.06
5 26 0.111 1.450 8 0.461 0.945 0.50
6 24 0.596 1.489 18 0.230 1.013 0.48
7 5 0.044 1.399 - - - -
8 18 0.511 0.896 5 0.017 0.844 0.05
9 7 0.0005 3.162 31 0.178 0.863 2.30
10 7 0.228 1.309 9 0.181 2.537 -1.23
11 - - - 16 0.477 1.560 -
12 21 0.356 1.078 15 0.106 0.896 0.18
13 - - - 16 0.066 1.929 -

Table 2: The significance value of the U Maiwhitney test comparing thie values between the stages of the

fracture networks with different growth rates as presented in Table 1. Table contains the information about the test

statistic, U statistic, and the asymptotic significancea(@d) p value.

Sum of Sum of Number of Number of
ranks for . . Test p
ranks for | observations | observations o .
stages . . . . . statistic pvalue | adjusted
. stages with | in stages with | in stages with i
with L+ L+ L4 u for ties
TEST 1 140 113 11 11 47 0.393 0.401
TEST 2 122 88 10 10 33 0.212 0.218
TEST 3 88.5 47.5 8 8 11.5 0.036 0.028

3.1.2.3 Stress changemfluencingSFG in TG.

Thermo and poroelastic stresses are mainly responsible for the seismicity observed in TG.
However, both mechanisms can act at the same time to decelerate or accelerate fracture
growth (Atkinson, 1984 and references thergimhey can thus increase the crack density,
leading to an increase in the growth paramet@due to crackinking processes facilitating
fracture extension. Alternatively, they can also lead to a decrease in microcrack density, thus
inhibiting SFG. To infer the ability of rocks to develop microcracks, weefaus stress
symmetry breaking. Theegiree of stress symmetry breaking yields information about how
far the value of intermediate stress (s2) is from the midpoint of the distance between the
values of maximum principal stress (s1) and the minimum principal stressR¢sBits of
laboratory $udies show that the effect of ttancy is influenced by the intermediate principal
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stress (e.gMogi, 1971; faer & Ruistuen 2003. If the intermediate stress (s2) is closer to the
maximum principal stress (s1) or the minimum principal stress (s3)ithancy increases.
However, if the principal stresses approach symmetry, i.e., B8tvgeenslands3, the rock

is strengthened, leading to the significant weakening of the effect of dilatancy. For this

purpose, we calculatéthe relative stress magnitie’Y ——following the stress inversion

methodology used in the STRESSINVERSE packdg® NE 6 d}] STRESSINMERSE
calculates the stress orientation based on focal mechanisms (strike/dip direction/dip angle).
We perfornmed a temporal analysisf the stress field changes and asssbthe impact of
depth on the stress inversion results. For the temporal analysis, weedpible stress
inversion to the entire dataset, i.e., without dividing the data based on the fracture networks
due to the limied number of seismic events in the stages of the fracture networks. Then, we
perform the stress inversion of the focal mechanisms from the moving windows of 50
earthquakes using a step size of 1 event to detect small variations in the relative stress
magntude.

(A)
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Injection rate [10° m*/day]
Injection rate [10% m¥day]
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Figure 5: The absolute values of the difference between the stress magRiardka value of 0.5 for the dataset without
distinguishing between fracture networks versuR during (A) cycle 1 and (B) cycle 2. For the entire dataset, the relative
stress magnitudR is calculated using moving windows from 50 earthquakes, with a step size of 1 event. Bars represent the
uncertainties oAR estimates. Red dot is the strongestheprake with 0y .

The number of events in the moving windavas selected to achieve balance wfze trade-

off between the discrimination of different injection rates and the requirement of a certain
variety of focal mechanisms. The rock strength jgeexed to bethe highest atY 1@ and

the lowest at'Y mand’Y p. Hence, we analydethe absolute value of this difference
0'Y sY m@sSas a measure of the amount of stress symmetry breaking, withl 1t
representing the maximum rock strength. We obsehmth processes rock strengthening
and rock weakening while both, decreasing and increasing injectior(Fagare 5)Since the

0 "Walue is calculated for the entire dataset in the moving window in time it is difficult to
assesglirectly the relatiorshipbetween thewparameter andd “Yfor the fracture networks
stages. To enable thisve selecéd in each window the most frequently occurring fracture
network stage as being most representative for stress state during the period framed by the
window, and ve associatd with this window thewparameter of this fracture network stage.

To overcome the possible influence of the overlapping window approach on the statistical
inference we reduce the range of overlap to maximum 10 events since the number of non
overlapping windowsvas too small to perform the analysis. In this case, the entire series of
509 eventsvasused to construct 12 consecutive windows of 50 elements each with 10 events
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overlap. The statistical test confied that the higher values odparameter are associated
with the lower values ob 'Y while the fracture network stages wittb parameter < 0.6
experience the highed Y with Z statistics value of the U Mann Whitney test equal to 2.1,
under the significance levgl 18t o.WMoreover, thee is a significant correlation between
the wparameter and “Yfor the tested windows equaD.8 (Figf).
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Figure 6: The fracture network growth a parameter vessRs/alues estimated for the consecutiveed@nt windows with
10 events overlap for the analyzed dataset.

3.2 Objective 2 Relationships between a potential to build fafreaching
pathways for fluid migration and injection ratefs

Geothermal energy production is often based on pumping cold watde&phot rocks and
extracting hot water or steam. This is the case of G Pressurized underground water
injections induce brittle fracturing of rocks, that is seismic events, what enlsatmgerock
permeability and increases the surface on which heat exchange takes place. However, the
seismic fractures may also coalesce into undesired pathways enabling the fluids to migrate
far and reach preexisting tectonically preloaded faults. Then tiflaids decrease fault
strength, and in result the fault can rupture producing a major seismic event.

We haveformulated three conditions which we expect to play a role in linking fractures and
building such pathways: closeness of hypocenters; similafrifracture planes orientations;
closeness of radii, which begin at the open hole section of the injection well and on which
events occur. We assume that in the same injection conditions and for the same orientation
of the line connecting hypocenters of twevents with respect to the orientation of regional

2This materialhas been published as Lasoki,&OrleckaSikoraB.o H nH N0 &l AIK Ay2a2SOiGAz2y |
formation of farNS I OKAy 3 FfdzZAR YAINI A2y LI dKglea +d ¢KS DSeéa
Letters 47, Is 4, e2019GL086212, doi.org/10.1029/2019GL086p2RA access
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stress field, the probability for these events to link is higher when they are closer to each
other than when they are farther from each other. We assume that, for the same stress and
injection conditiors and the same distance between hypocenters, when the fault planes of
two events are parallel and they are parallel to the line connecting hypocenters, the
probability for these events to link is higher than this probability for other mutual orientations
of fault planes. Moreover, when they have linkédey are more likelyto extend farther than

the linked fractures with other fault plane orientations. We assume that linked fractures
located along the straight line beginning at the injection point reacthéa from this point

than such fractures located in another way.

3.2.1 Datasetand methods

In this sectionthe injection and seismic data from an isolated area of 2 km x 2 km in the NW
part of TG was studied for events occurreetween 10 December 2007 and 28gust 2014.
More details of the datasedre described irSection 3.1.1.

Beginning from the three conditions, which we assudstermine jointly the potential of
seismic sources to build faeaching pathways for fluid migration, we parameterize this
potential by the average distance between the events in the 8D space of hypocentral
coordinates, of angles of orientations of the T and Psagé the doublecouple focal
mechanisms, and of angular coordinates of hypocenters in the spherical system beginning at
the open hole of injection welBecause the metrics of these parameters are not the same
and, moreover, for some of their metrics aretnEuclidean thus we transform thee
parametersto ED (Lasocki, 20L4This average distance, computed in the ED space, is called
the degree of disordering of source& expresses to which extent the above three conditions
have been fulfiledThe chage for the seismic events with small valueZz&gf whichthey link

and reach far is higher than in other cases.

Fora collectionof n seismic sources theegree of disordering of sourcegZis expressed as
O B B O OAQ —— @)

where

% BAQ

B O G0 DidAY B Mmad 60 D—0AQ D "4Q

D HQ D AQ D AQ (8)
Db Q0 s Q o OhQ pltlo are the absolute differences between hypocenter
coordinates

D i @ "fGsthe smallestabsolutedifferencebetween the trends of Fxes of eventsand
J;

o) 6@ A0 k=1,2arethe smallest absolute differences between the plunges-akd@s and
the plunges of Faxes of eventsandj, respectively;

D—00is the smallest absote difference between the polaanglesof hypocentes of events
iand in the spherical system of coordinates beginning at the open hole of Prati9 well;
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D "6Qis the smallest absolute difference between theimuthalanglesof hypocentes of
eventsiand in the spherical system of coordinates beginning at the open hole of Prati9 well;

D "6Q is the distance between hypocenters of eveiasd:
D "AQis the distance between focal mechanisms of these two events;

D "6Qis the distance between the directions of radii from the Prati9 open hole, those on
which the hypocenters of these two events locate.

It follows from E. 8 that ZZis composed of three componenf3hD hD |, representing our
three conditionsdetermining the potential of injectiofinduced seismicity for building far
reaching pathways for fluid migrationVe studied the correlation betweeZZ and the
average injection ratelN, and between D hD hD and IN, respectively The analyss was
caried outseparately in the three injections phases. For every injection phase we calculated
ZZand its component$or 50-event window sliding by 10 events.

3.2.2 Resultsand Discussion

In Fig7, we compare the timevariations ofZZ with the variations of average injection rate,

IN. In phase F2 this comparison concerns the injection rate into Prati9 INEJ), and the

total injection rate into both wellsiN(both). It is seen that in the first twamjection phases,

F1 and F2, Ziorrelated positively witHN. Alsq the amplitudes of theZZchanges agreed well

with the amplitudes of the average injection rate changes. In phase F2, this agreement related
to the summed injection into both wells (blue curve) rather than into Prati9 alehe (black
curve), even though the analyzed seismic events were geometrically linked to Prati9.(Fig

In Table3, wepresent the results of tests for correlations between the injection réte and
ZZ.The results in Table 2 confirm the relationshievidenced in Figurg In F1 and F2 the
correlation betweenIN and ZZwas significant, positive. In F2 this correlation was highly
significant, irrespective of whether thé&lreferred to injections into Prati9 or to the summed
injections into Prati9 an@rati29 wells. Th&Zvs.IN(9) scatterplot is presented in Fy

In F1 onlyD out of three components oZZsignificantly and positively correlated withl.

Hence, in this injection phase the positi¥&- IN correlation resulted from that that higher
injection rates were increasing distances between the sourtres:2 all three distances,
DhD hD , were highly positively correlated withl thus they all significantly contributed to

the correlationZZ¢ IN. Higher injection rates led to an increase of the distances between
hypocenters, to a greater variety of P and T axes directions and to a greater angular dispersion
of the hypocenters in relation to the open hole of Prati9 well.

Although in many caseauftl flow only reactivates very few preferentially oriented fractures,
there are also contrary cases. The significant impact of fluids on the stress field and the
faulting regime is known from many studies (e.g., Segall and Fitzgerald,1998; Hardebeck and
Hauksson, 1999; Bachmann et al., 2012). The analyses of seismic events from the NW part of
The Geysers geothermal field, presented in Marti@ezzon et al. (2013, 2016) and Kwiatek

et al. (2015), clearly show a large variability of focal mechanisms. Erpldire observed

stress tensor perturbationthe cited authors consider the fact that in addition to fracture
reactivation, massive fluid injection in EGS systems results in {figgbtoring. It is then
possible that during the time periods of higher irfjea rates, new small fractures were
created and that these newly created fracturesould also perturb the stress field in the
observed way (Martine@arzon et al., 2016).
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Figure 7: Comparison of the timeariation of ZZ withthe timechanges of average injection rate. Bladke injection rate
into Prati9 well, blué the total injection rate into Prati9 and Prati29 wells, brow#. The horizontal bars mark the durations
of injection phases.

A number of events occurred oritleer severely misoriented faults (low instability coefficient,

eg.x ONBG6dz] = HAamMmMO 2NJ af ALJIISR Ay  RAFTFSNBy
field. These events mostly occurred during periods of high injection rates indicating that faults

not optimally oriented to the stress field require larger pore pressures to become activated.

In phase F3, in which the overall level of injection rate was the lowest among injection phases,
the correlationIN - ZZ was significant, negative. This coatgn was achieved only jointly by

the three components ofZ D hD hD because neither of them significantly correlated with

IN. The change of sign of thild ¢ ZZcorrelation in F3 may be explained by the role of injection
rate changes on the weakemg/strengthening of rock. According to rock sample studies of
Fjaer and Ruisten (2002) in rock weakening conditions there are many equivalent orientations
of the failure plane, and the fracture orientation is determined by local weaknesses of the
rock. Inconditions of rock strengthening only two orientations for the potential failure plane
fulfil the Coulomb failure criterion. Thence rock weakening conditions result in poorly ordered
seismic fractures, and in rock strengthening conditions the fracturesbatter ordered.
OrleckaSikora and Cielesta (2019) found two mutually reversed reactions of the stress field
to injection rate changes in The Geysers, with the reversal point at sor7€®B0> m3/day.

At injection rates above this interval, increasing thigction rate enhanced rock weakening,
and a decrease in the injection rate led to rock strengthening. Below this interval, the effect
of injection rate variation was the opposit&he injection rates in F1 and F2 were mostly
above the aforementioned r&rsal point. To the contrary, the injection rates in F3 were well
below this point. In the first two phases, weakening of the rock with increasing injection rate
could favor the formation of randomly oriented fractures, which was expressed by the
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increasen the degree of disorderin@gZ In F3 increasing the injection rate could lead to rock
strengthening, which promoted the formation of fractures oriented in the optimal direction.

Taple 3 Results of the correlation analysis between the average injection rate, IN, and ZZ, and its components,
DD D . For phase F2 row 6ad provides the correlation betyv

correlation between ZZ andt#d IN into Prati9 and Prati29 wells. The significant correlations are in bold. The results
based on Spearman rank correlation are in italics

Y4 D D D
Injection
phase Corr. p-value Corr. p-value [ Corr. | p-value | Corr. | p-value
coef. coef. coef. coef.

F1 0.62 0.002 0.69 50 0.20 0.37 -0.28 0.22
F2ga 0.76 2Q0* 0.69 2Q01° 0.41 7Q0* 0.49 3d0°
F2¢b 0.72 7Q07%? 0.65 1Q0° 0.45 140+ 0.47 8ado®

F3 -0.60 0.029 -0.20 0.51 -0.32 0.28 -0.19 0.52

As a consequence, the fractures were better ordered, which redd@edowever, the data

series in F3 was composed of only 13 points therefore the correlati®0.q@) might be
spurious.

Figure 8: The degree of disordering of sources, ZZ vs. the average injection rate into Pratl®{®gkcatterplots. Blue
markersi the scatterplot for the injection phase F1. Brown markéng scatterplot for the injection phase F2.

3.30bjective 3:Tesing the potential of 3D numericalmodeling to recover
details of stressevolution in a seismically active (rupturing) material

In this objective a numerical modeling method is used to replicate the real triaxial
compression laboratory experiment performed @Gsample Not only the global stress and
stress evolution in the sample, but also local stress and strainviatdmodeled For that
purpose,the numerical modeling results of spatial stress field orientatioerexcompared
with the local stress field data inverted from A¥erived focal mechanisms (e.g. Kwiatek et al,
2014; 2016) usingtress tensor inversiolhe numerical simulatiomasbased on FLAC3B,
three-dimensional finite difference method (FDM) software. In the followthg,root-mean
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