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1 Introduction
1.1 General context
Underground pressurized injections at depth are widely usednowadays in various geo-energy
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 are used to maintain reservoir
pressure. In unconventional exploitation of hydrocarbons, the injections are used to fracture
rocks giving gas or oil the way to flow to receiving wells. The use of pressurized injection in
connection with underground storage of liquids and gases including Carbon Capture and
Storage (CCS) projects is quite obvious. The deep underground injections of liquids and/or
gases often lead to induced seismicity. Injection induced seismicity enhances rock-mass
permeability. When this process is under control, it provides a positive effect e.g. increases
the surface on which heat exchange takes place at depth in EGS-s or enables gas acquisition
in unconventional hydrocarbon extractions. If, however, this process becomes uncontrolled,
it can shift towards generating higher magnitudes thence increasing seismic hazard. On the
other hand, if the seismic fractures coalesce into fluid migration pathways of undesired
directions, this may lead to an undesired migration of fluids. When the migrating fluids reach
pre-existing faults, by decreasing fault strength, can trigger ruptures and produce major
seismic events. Also, the migrating fluid can contaminate groundwater resources. It is
therefore of paramount importance to understand mechanisms of fracture network
development caused by the pressurized injections.
Within the S4CE consortium Deliverable D6.6 “Report on tracking fluid pathways and rapid
fluid transport” summarizes research and development activities and the obtained results of
the works carried out by the partner IG PAS in the framework of Task 6.5 “Assessing rapid
fluid transport probability and tracking fluid pathways in the rock mass” of Work Package WP6
“Implementation of Novel Technologies”. These works have responded to the aims of the
S4CE project, namely to quantify the likelihood of environmental risks ranging from fugitive
emissions, water contamination, induced micro-seismicity, and local impacts, specifically
undertaking problems of fracture network development caused by injections.

1.2 Deliverable objectives
Within the general aim of Task 6.5, which is to study the fracture network development
considered as a response of the rock mass to injections of fluid at depth, the specific
objectives of Deliverable D6.6 are:
1. To investigate mechanisms of fracture growth;
2. To investigate relationships between a potential to build far-reaching pathways for fluid
migration and injection rates;
3. To test the potential of 3D numerical modeling to recover details of stress field evolution
in a seismically active (rupturing) material;
4. To further develop, test and evaluate efficiency of back-projection of seismic waves as an
independent method for estimating parameters of seismic rupture in the case of small
anthropogenic seismic events.
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2 Methodological approach
The methods used in this deliverable situate the presented study in the general framework of
analyses of observed data and of conclusions drawn from these analyses. Because the aim
has been to investigate relationships between pressurised injections seen as the cause, and
seismicity seen as the effect, the selection of data played a crucial role. The data for the
studies consisted of:
1. The seismic and injection data from the NW part of The Geysers geothermal field (TG) in
California, USA. The seismic data was the improved catalog (Martínez-Garzón, et al.,
2014b; Kwiatek, et al., 2015), which in addition to occurrence times, hypocenter
coordinates and magnitudes provided focal mechanisms and static stress drops of the
events. The injection data was the injected volumes daily into two injection wells
operating in space- and time correlation with seismic data. This dataset has been used to
study the mechanisms of fracture growth and the potential to build far-reaching
pathways for fluid migration in relation to injection rates (Objectives #1 and #2);
2. The results of laboratory true triaxial compressive test (Kwiatek et al., 2014)to analyze
the potential of 3D numerical modeling for tracking the evolution of stress field in a
seismically rupturing material (Objective #3);
3. The waveforms of seismic events induced by injections in TG to further develop and adapt
to small seismic events back-projection of waves methods for estimating parameters of
seismic rupture (Objective #4).
The data listed as #1 and #3 are available on the IS-EPOS platform of Thematic Core Service
Anthropogenic Hazards, https://tcs.ah-epos.eu (Episode: THE GEYSERS Prati 9 and Prati 29
cluster, doi:10.25171/InstGeoph_PAS_ISEPOS-2017-011, and Episode: THE GEYSERS,
doi:10.25171/InstGeoph_PAS_ISEPOS-2018-001,respectively).
Various analytical methods have been used. Objectives #1 and #2 have been assessed with a
help of heavy statistical methods. A novel approach here was the use of transformation to
equivalent dimension, the technique which, based on a probabilistic equivalence of the
parameters that scale differently, transforms these parameters to [0,1] hypercube in which
the distance between any two objects is the Euclidean metric (Lasocki, 2014).To reach
Objective #3 the numerical modelling was carried out using FLAC3D, Version 5.0 software.
The studies within Objective #4 have been based on the back-projection technique as
presented e.g. by Ishii et al. (2005).
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3 Summary of activities and research findings
3.1 Objective 1: Fracture growth mechanisms1
Seismicity induced by geo-engineering operations may be hazardous for people,
infrastructure and the environment (Lasocki and Orlecka-Sikora, 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 risks is knowledge
of the time-dependent strength of rocks and the deformation due to fluid injection. Our
studies of seismic and injection data from a geothermal field indicate that pressurized
injections can lead to rock fracturing at stress levels below the rock toughness, i.e., subcritical
fracture growth (SFG). We found a relation between the rate of SFG and the injection rate.
We focused on the seismicity observed at TG. So, we considered injection-induced events as
a series of local dynamic jumps in rupture length, localized along the rim of a larger-scale
quasi-statically growing rupture. This distinction between single and systemized rupture was
previously proposed by Main et al., (1993) who applied such logic to infer stress corrosion
indices for SFG in laboratory compression experiments for a fractal ensemble of cracks. The
rate of inferred incremental lengths associated with intermittent rupture propagation as a
function of inferred underlying total rupture length was analysed. We related changes in the
scaling between the two, to demonstrate an approximate power law relation between the
two, consistent with Charles’ law (Charles, 1958) for SFG in the case of slowly varying applied
stress. Providing evidence for subcritical mixed-mode fracture growth at TG, we evaluated
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 water into the
reservoir, and we provided the relation between the injection rate and the fracture growth
rate.

3.1.1 Dataset and methods
We investigated the development of fractures in the sub-surface using seismic data recorded
in the northwestern part of TG in California, USA, related to large-scale, long-term fluid
injection into two wells, Prati-9 and Prati-29. These wells experienced three phases of the
injection activity




Phase F1 from 10 December 2007 to 10 April 2010, in which only Prati9 was operational,
Phase F2 from 11 April 2010 to 21 June 2013 with simultaneous injections into both
wells,
Phase F3 from 11 June 2013 to the end of the study period, in which only Prati9 was
operational.

Prior studies suggested that the seismicity in TG results from the thermoelastic and
poroelastic effects that influence the local stress field in the vicinity of the injection wells (e.g.,
Jeanne et al. 2014; Kwiatek et al. 2015; Leptokaropoulos et al. 2017).

1

This material has been published as Orlecka-Sikora, B. & Cielesta, S. (2020) “Evidence that the injectioninduced earthquakes rupture subcritically”. Scientific Reports, accepted and being published in open
access.
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We considered two of the injection cycles described in Martínez-Garzón et al.(2014b). We
select these cycles because they 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 2011. The cycles include peaks of fluid injection during
twodifferent periods, i.e., when only the Prati-9 well is active and when both wells Prati-9 and
Prati-29 are operating. Moreover, detailed technological activity data during these periods
are available in the 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.

Figure 1: Hypocenter distribution of seismicity: (A) map view and (B) south-north section. (C) The daily injection data for
Prati-9 and Prati-29 between November 2007 and April 2012. Green-orange-blue rectangles frame the stages: preceding,
during, and following peak injection, respectively, of the two analyzed injection cycles.

Our considerations of SFG refer to system-sized ruptures; thus, we used the fracture networks
identified in TG by Orlecka-Sikora et al. (2019). Because the reservoir rocks in TG are highly
fractured, the authors assumed that its fractures propagate along pre-existing 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 (FN), are assumed
to represent the damage in the vicinity of the same system-sized ruptures. In the cited work
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fracture networks were identified using hierarchical clustering. This approach resulted in the
identification of 13 FN in the time period we are focused on 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 (e.g.,Secor, 1965; Engelder, T. &Lacazette,
1990). The long-term loading of pore fluid stresses and thermal stresses can weaken a rock’s
resistance to fracture. These mechanisms have been shown to be responsible for the
seismicity observed in TG (e.g.,Martínez-Garzón. et al. 2014b; Kwiatek et al. 2014; Staszek et
al. 2017). Previous studies of seismic moment tensors in TG revealed a mixed-mode fracture
mechanism(Ross et al., 1996; Johnson, 2014). Laboratory experiments have determined that
the values of the parameters for mode II and mode III SFG are similar to the corresponding
values of mode I SFG regardless of the loading configuration or specimen
geometry(Ko&Kemeny, 2011). Based on these results, we assumed that the constitutive
equations describing subcritical tensile crack growth hold for all three fundamental modes of
loading. The most widely used model is Charles’ power law (Charles, 1958), which describes
the crack tip velocity in a subcritical regime. Charles’ law can be considered in the following
form, which describes the rate at which a fracture grows
𝑑𝑙

𝑣(𝑡) = 𝑑𝑡 = 𝐶 ∙ 𝑙 𝑎 ,

(1)

where 𝑙 is the fracture length or diameter; 𝑎 is the growth exponent, which is related to the
stress corrosion index 𝑛 by 𝑎 = 𝑛/2, and 𝐶 is the parameter that depends on the stress state.
The acceleration of fracture length is predicted by solving Eq. 1, as
𝑡

𝑙 = 𝑙0 (1 − 𝑡 )2/(2−𝑛) ,
𝑓

(2)

where 𝑙0 is the initial fracture length at time 𝑡 = 0 and 𝑡𝑓 is the failure time (Das & Scholz,
1981). In the case of constant stress, instability can develop if 𝑛 > 2. 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, 𝑀0 . The relation
between 𝑀0 , and the seismic source dimension, 𝑟0 , for the analysed dataset was provided by
Kwiatek et al.(2014). The moment magnitude is calculated from 𝑀0 using the equation
proposed by Hanks and Kanamori (1979): 𝑀𝑤 = (log10 𝑀0 − 9.1)/1.5. We focus on the
fracture network growth rate. The criteria applied to identify fracture networks by OrleckaSikora et al.(2019) allowed us to track the coseismic increases in fractures that occur during
seismic events. In our considerations, rupturing due to seismic events builds a fracture
network. Such an approach is in line with the observations of injection-induced seismicity and
the results of laboratory experiments. Hence, the complexity of fracture growth directly
reflects the complexity of the developing network structure. We consider the growth rate for
every FN identified by Orlecka-Sikora et al. (2019) during each injection stage in both cycles.
To reduce the data scatter, especially that in the injection rate loading data, when considering
𝑑𝑙
, we used the observed average increase in FN length per unit time during a particular stage
𝑑𝑡
of injection as follows
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𝑣𝑚𝑒𝑎𝑛,∆𝑡 (𝑙) =

∑𝑛
𝑖=1 𝑑𝑙𝑖
∑𝑛
𝑖 𝑑𝑡𝑖

= 𝐶 ∙ 𝑙𝑎 ,

(3)

where 𝑖 = 1, … 𝑛 is the number of observed increases in FN in ∆𝑡 time period due to constant
loading, which is assumed using the mean injection rate (𝑚𝐼𝑅) in ∆𝑡. The FN propagates with
the mean velocity of 𝑣𝑚𝑒𝑎𝑛 in ∆𝑡, and 𝑙 is the total length of FN in time 𝑡. The SFG parameters
𝑎 and 𝐶 are determined based on the slope and intercept of the linear regression through all
log(𝑣𝑚𝑒𝑎𝑛,∆𝑡 ) values versus log(𝑙) values.

3.1.2.1 Evidence for SFG
We observed two types of patterns for the dependencylog(𝑣) 𝑣𝑠. log(𝑙); the most common
one islinear, and the second is close to an experimentally derived characteristic 𝐾𝑣𝑠. 𝑣
diagram for tensile SFG, which has three distinct regions of 𝐾𝑣𝑠. 𝑣 dependency(Atkinson,
1984), where 𝐾 is the stress intensity factor (Fig. 2b). Generally, the stress intensity factor at
the crack tip is proportional to the applied stress and the square root of the fracture length
(Eq. 3). The complete 𝐾𝑣𝑠. 𝑣 diagram for tensile SFG derived from studies of glass is assumed
to hold for all three fundamental modes of crack displacement, although there is little
evidence to support this assumption (Atkinson, 1984). The behaviour in region 1 (the area
marked as 1 in Fig. 2b) is assumed to be controlled by the rate of stress corrosion reactions at
the crack tips. Region 2 (marked as 2 in Fig. 2b) is controlled by the rate of transport of reactive
species to the crack tips. In region 3 (marked as 3 in Fig. 2b), crack growth is mainly controlled
by mechanical rupture. Most experimental data obtained from studies of tensile SFG in rocks
appear in region 1 or region 3 on the 𝐾 𝑣𝑠. 𝑣 diagram. Region 2, which corresponds to the
diffusion process, is very rarely observed in rocks (Atkinson, 1984).
Of the 66 fracture network growth periods associated with the stages of a particular injection
cycle, we estimated the values of the growth exponent 𝑎 and the parameter 𝐶 for 33 cases
(Fig. 3). The results revealed a cyclic-like pattern in the relation between the growth exponent,
𝑎, and the mean injection rate, 𝑚𝐼𝑅, in the stage. In the first range of 𝑚𝐼𝑅 values (Pattern 1
in Fig. 3), which reach up to approximately 7 ∙ 103 m3 /day, the relation between the injection
rate and the growth exponent is 𝑎 = 0.15 + 0.1 ∙ 𝑚𝐼𝑅. The Spearman correlation coefficient
between the injection rate and the growth exponent is 0.9 and is statistically significant. Then,
at injection rates ranging from 4.5 − 7.5 ∙ 103 m3 /day (Pattern 2 in Fig. 3), the relation is
repeated with higher scatter, with a statistically significant correlation coefficient of 0.7.
When 𝑚𝐼𝑅 exceeds 8.0 ∙ 103 m3 /day (Pattern 3 in Fig. 3), we the correlation coefficient
between 𝑚𝐼𝑅and 𝑎is 0.3 and is not significant. When 𝑚𝐼𝑅 is standardized within Patterns 1
to 3, the relationship between 𝑚𝐼𝑅 and 𝑎 is statistically significant with a correlation
coefficient of 0.5; the value of 𝑎 is equal to approximately 0.6, with a standard deviation of
0.02, and the value of 𝐶 = 0.02, with a standard deviation of 0.006. Although the values of
the 𝐶 parameter range from 2 ∙ 10−3 − 2 ∙ 10−2 , they generally decrease with 𝑚𝐼𝑅.

3.1.2.2 Seismic potential of SFG in TG – the maximum subcritical magnitude
To infer the largest magnitude of the intermittent rupture network, we applied a theoretical
𝑚𝑎𝑥−𝑎𝑟𝑟
scaling relation between the largest arrested magnitude of an earthquake, 𝑀𝑤
, and
the injection volume developed by Galis et al.(2017). Since the SFG exponent provides insights
into the fracturing process, we propose to modify the formula of Galis et al.(2017)by
incorporating into the formulathe 𝑎 parameter describing 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 cycle II; 1-3 represent different
behaviors of SFG.

Generally, temporal evolution of the maximum observed magnitude follows the behaviour
predicted by the model of Galis et al.(2017). However, the difference between the upper limit
predicted byGalis et al.(2017) and the observed maximum magnitude increases with time.
During the first cycle of water injection, the observed maximum magnitudes for the particular
𝑚𝑎𝑥−𝑎𝑟𝑟
stages of fracture networks correspond well to the estimated 𝑀𝑤
. However, during
cycle 2, the observed maximum magnitudes are much lower than the arrested model
estimates.
This observation is not unique to the TG dataset; a similar trend can be observed for example
for the recorded maximum magnitudes during a 6.1-km-deep geothermal stimulation in
Finland. Previous studies of the deformations and seismicity in TG showed that the bulk
modulus varies in a wide range. The variability of the bulk modulus for the reservoir at TG can
be associated with the fracture density and is lower for more fractured rocks (e.g.,Mossop
&Segall, 1997) and higher when pressure increases (e.g., Kachanov, 2007).We propose to
modify the formula of Galis et al. (2017) by incorporating the 𝑎 parameter to estimate the
effective bulk modulus 𝑘, keff, for TG: the higher the 𝑎 value, the lower the 𝑘 modulus is:
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Figure 3: Subcritical fracture network growth exponent versus (left) mIR in each injection stage and (right) standardized mIR
in each injection stagein the mIR intervals denoted in different colors in (left). The horizontal and vertical bars denote the
standard deviation of 𝑚𝐼𝑅 and 𝑎 parameter estimates, respectively.

Based on the well-confirmed functional dependence of the rock bulk modulus on crack
density (e.g.Kachanov, 2007), we therefore use a simple coefficient 𝑘𝑒𝑓𝑓 = (1 − 𝑎) ∙ 𝑘 to
obtain the effective value of the bulk modulus for the rocks experiencing a particular FN. In
Fig 4, we present the maximum magnitudes observed in particular stage of the water injection
𝑚𝑎𝑥−𝑎𝑟𝑟
together with the estimated values of 𝑀𝑤
from the seismic moment and with the
modified bulk modulus. The differences between the observed maximum magnitudes and the
upper limit derived from Galis et al. (2017) expressed by the root mean square error (RMSE)
is 0.7, and for the modified equation, by incorporating the subcriticality to the Galis et
al.(2017) model, the RMSE is 0.5. The relation between 𝑘𝑒𝑓𝑓 and 𝑘 was worked out based on
the previous results of analyses of bulk modulus and its relation with other physical
parameters of rocks of Zimmerman(1985), Carvalho(1997), Xiaguang & Yujie (2016),
Kachanov (2007), Davy et al. (2010 and 2013).
The analysis showed that higher FN growth rates are linked to lower 𝑏 values of the
Gutenberg-Richter relation. We considered also the exponential magnitude distribution
model, which results from the Gutenberg-Richter relation and reads
𝑓(𝑀) = 𝛽𝑒 −𝛽(𝑀−𝑀𝑚𝑖𝑛 ) ; 𝐹(𝑀) = 1 − 𝑒 −𝛽(𝑀−𝑀𝑚𝑖𝑛 ) 𝑓𝑜𝑟 𝑀 ≥ 𝑀𝑚𝑖𝑛 ,

(4)

𝑓(𝑀) = 𝐹(𝑀) = 0 for 𝑀 < 𝑀𝑚𝑖𝑛 , and 𝛽 = 𝑏 𝑙𝑛10, where 𝑀 is the magnitude of events, 𝑏is
the Gutenberg-Richter b-value and 𝑀𝑚𝑖𝑛 is the magnitude completeness. The model
parameter is estimated using the maximum likelihood for discrete magnitude values (Aki
1965; Bender 1983)
1

𝑏 = 𝑙𝑛(10)[𝑀̅−𝑀

𝑚𝑖𝑛 ]

(5)

̅ is the sample mean of the considered event magnitudes.
where 𝑀
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𝑚𝑎𝑥 , versus mIR in the injection stages.Blue dots are the observed 𝑀 𝑚𝑎𝑥 ; gray
Figure 4: Maximum moment magnitudes,𝑀𝑤
𝑤
𝑚𝑎𝑥 from Galis et al. (2017) formula; the red dots are the estimated 𝑀 𝑚𝑎𝑥 with modified the bulk
dots are the estimated 𝑀𝑤
𝑤
modulus. Thehorizontal and vertical bars correspond to the estimated standard deviations of the variables. The Spearman
𝑚𝑎𝑥 and mIR is equal to 0.4 and is statistically significant. The horizontal green-orangecorrelation coefficient for observed𝑀𝑤
light blue rectangles correspond to the stages of injection cycles, respectively.

The analysis is performed by implementing the following steps
1. Each FN is divided by the intervals of magnitude data with 𝑎 values: (i) 𝑎 ≤ 0.5 and 𝑎 >
0.5, (ii) 𝑎 ≤ 0.6 and 𝑎 > 0.6, and (iii) 𝑎 ≤ 0.4 and 𝑎 > 0.7.
2. For the selected groups of data, the agreement with the exponential distribution model
is tested, and the 𝑏 value is calculated.
3. Then, the difference in 𝑏 values for different FN growth periods associated with the same
FN is tested.
We tested the exponential distribution of magnitude using the Anderson-Darling (AD) test
(Marsaglia & Marsaglia 2004; Table 1). Since AD test is applicable for continuous random
variables, the magnitudes were randomized within their round-off interval of length 0.01 by
the equation proposed by Lasocki and Papadimitriou (2006):
𝑀𝑟𝑎𝑛𝑑 = 𝐹 −1 {𝑢 [𝐹 (𝑀 +

𝛿𝑀
2

) − 𝐹 (𝑀 −

𝛿𝑀
2

)] + 𝐹 (𝑀 −

𝛿𝑀
2

)}

(6)

where 𝑀𝑟𝑎𝑛𝑑 are the randomized magnitudes 𝑀, 𝛿𝑀 is the magnitude round-off interval, 𝑢,
is therandom value from the uniform distribution (0,1), 𝐹(∙) is the CDF of magnitudes and
𝐹 −1 (∙) is the corresponding inverse CDF. The tests were performed at the significance level
0.05.
We performed the Mann-Whitney U test to compare the 𝑏 values between the stages of the
FNs with different growth rates. We compared only those pairs of 𝑏 values wherein the
magnitude distributions for both stages were exponential. The results of the analysis are
presented in Table 2. The test rejects similarities between the 𝑏 values of the stages of FNs
with the 𝑎 parameter less than 0.4 and stages with the 𝑎 parameter greater than 0.7. The FN
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stages with higher rates of growth are characterized by lower values of 𝑏, so the probability
to generate stronger events is higher.
Table 1: Results of the hypothesis for the exponentiality of the magnitude distribution testing using the AndersonDarling test. The columns are the fracture network code, number of data (𝒂 ≤ 𝒂𝒊 ), p value from the AD test (𝒂 ≤
𝒂𝒊 )*, b value (𝒂 ≤ 𝒂𝒊), number ofdata (𝒂 > 𝒂𝒊), p value from AD test (𝒂 > 𝒂𝒊 )*, b value (𝒂 > 𝒂𝒊), and δb, i.e.,
difference: 𝒃𝒂≤𝒂𝒊 − 𝒃𝒂>𝒂𝒊 ; *when p<0.05, exponentiality is rejected at 0.05 significance.
𝒂 ≤ 𝟎. 𝟓

TEST 1
Fracture
Network

Number of
observations

𝑝value

𝑏

Number of
observations

𝑝 value

𝑏

𝛿𝑏

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

-

𝑎 ≤ 0.6

TEST 2

PU

𝒂 > 𝟎. 𝟓

𝑎 > 0.6

Fracture
Network

Number of
observations

𝑝value

𝑏

Number of
observations

𝑝 value

𝑏

𝛿𝑏

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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𝑎 ≤ 0.4

TEST 3

𝑎 > 0.7

Fracture
Network

Number of
observations

𝑝value

𝑏

Number of
observations

𝑝 value

𝑏

𝛿𝑏

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 Mann-Whitney test comparing the b 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 significance (2-tailed) p value.
Sum of
ranks for
stages
with 𝒂 ≤
𝒂𝒊

Sum of
ranks for
stages with
𝒂 > 𝒂𝒊

Number of
observations
in stages with
𝒂 ≤ 𝒂𝒊

Number of
observations
in stages with
𝒂 > 𝒂𝒊

Test
statistic
U

p value

p
adjusted
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 changes influencing SFG in TG.
Thermo- and poro-elastic 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 therein). They can thus increase the crack density,
leading to an increase in the growth parameter 𝑎 due to crack-linking 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, we focused on stress
symmetry breaking. The degree 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 stress (s3). Results of
laboratory studies show that the effect of dilatancy is influenced by the intermediate principal

PU

Page 16 of 39

Version 3.4

DeliverableD6.6

stress (e.g., Mogi, 1971; Fjaer & Ruistuen, 2002). If the intermediate stress (s2) is closer to the
maximum principal stress (s1) or the minimum principal stress (s3), the dilatancy increases.
However, if the principal stresses approach symmetry, i.e., s2 is between s1 ands3, the rock
is strengthened, leading to the significant weakening of the effect of dilatancy. For this
𝜎 −𝜎
purpose, we calculated the relative stress magnitude 𝑅 = 𝜎1 −𝜎2 following the stress inversion
1

3

methodology used in the STRESSINVERSE package (Vavryčuk, 2014). STRESSINVERSE
calculates the stress orientation based on focal mechanisms (strike/dip direction/dip angle).
We performed a temporal analysis of the stress field changes and assessed the impact of
depth on the stress inversion results. For the temporal analysis, we applied the stress
inversion to the entire dataset, i.e., without dividing the data based on the fracture networks
due to the limited 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
magnitude.
(A)

(B)

Figure 5: The absolute values of the difference between the stress magnitude R and a value of 0.5 for the dataset without
distinguishing between fracture networks versus mIR during (A) cycle 1 and (B) cycle 2. For the entire dataset, the relative
stress magnitude R is calculated using moving windows from 50 earthquakes, with a step size of 1 event. Bars represent the
uncertainties of AR estimates. Red dot is the strongest earthquake with 𝑀𝑤 = 3.2.

The number of events in the moving window was selected to achieve balance via the tradeoff between the discrimination of different injection rates and the requirement of a certain
variety of focal mechanisms. The rock strength is expected to be the highest at 𝑅 = 0.5 and
the lowest at 𝑅 = 0 and 𝑅 = 1. Hence, we analyzed the absolute value of this difference
𝐴𝑅 = |𝑅 − 0.5| as a measure of the amount of stress symmetry breaking, with 𝐴𝑅 = 0
representing the maximum rock strength. We observed both processes rock strengthening
and rock weakening while both, decreasing and increasing injection rate (Figure 5).Since the
𝐴𝑅 value is calculated for the entire dataset in the moving window in time it is difficult to
assess directly the relationship between the 𝑎 parameter and 𝐴𝑅 for the fracture networks
stages. To enable this, we selected 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 we associated with this window the 𝑎 parameter of this fracture network stage.
To overcome the possible influence of the overlapping window approach on the statistical
inference we reduced the range of overlap to maximum 10 events since the number of nonoverlapping windows was too small to perform the analysis. In this case, the entire series of
509 events was used to construct 12 consecutive windows of 50 elements each with 10 events
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overlap. The statistical test confirmed that the higher values of 𝑎 parameter are associated
with the lower values of 𝐴𝑅, while the fracture network stages with 𝑎 parameter < 0.6
experience the higher 𝐴𝑅, with Z statistics value of the U Mann Whitney test equal to 2.1,
under the significance level 𝑝 = 0.035. Moreover, there is a significant correlation between
the 𝑎 parameter and 𝐴𝑅 for the tested windows equal -0.8 (Fig.6).

Figure 6: The fracture network growth a parameter versus AR values estimated for the consecutive 50-event windows with
10 events overlap for the analyzed dataset.

3.2 Objective 2: Relationships between a potential to build far-reaching
pathways for fluid migration and injection rates2
Geothermal energy production is often based on pumping cold water to deep hot rocks and
extracting hot water or steam. This is the case of TG. Pressurized underground water
injections induce brittle fracturing of rocks, that is seismic events, what enhances the rock
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 pre-existing tectonically preloaded faults. Then the fluids decrease fault
strength, and in result the fault can rupture producing a major seismic event.
We have formulated three conditions which we expect to play a role in linking fractures and
building such pathways: closeness of hypocenters; similarity of fracture 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 two events with respect to the orientation of regional

2

This material has been published as Lasocki, S. & Orlecka-Sikora, B. (2020) “High injection rates counteract
formation of far-reaching fluid migration pathways at The Geysers geothermal field”. Geophysical Research
Letters 47, Is 4, e2019GL086212, doi.org/10.1029/2019GL086212, open 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 conditions 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 linked, they are more likely to 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 reach farther from this point
than such fractures located in another way.

3.2.1 Dataset and methods
In this section, the injection and seismic data from an isolated area of 2 km × 2 km in the NW
part of TG was studied for events occurred between 10 December 2007 and 23 August 2014.
More details of the dataset are described in Section 3.1.1.
Beginning from the three conditions, which we assume determine jointly the potential of
seismic sources to build far-reaching 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 P axes of the double-couple focal
mechanisms, and of angular coordinates of hypocenters in the spherical system beginning at
the open hole of injection well. Because the metrics of these parameters are not the same
and, moreover, for some of their metrics are not Euclidean, thus, we transform these
parameters to ED (Lasocki, 2014). This average distance, computed in the ED space, is called
the degree of disordering of sources, ZZ, expresses to which extent the above three conditions
have been fulfilled. The chance for the seismic events with small value of ZZ, which they link
and reach far is higher than in other cases.
For a collection of n seismic sources the degree of disordering of sources, ZZ is expressed as
𝑛(𝑛−1)

𝑛
𝑍𝑍 = {∑𝑛−1
𝑖=1 ∑𝑗=𝑖+1 𝑍𝑍(𝑖, 𝑗)}⁄

(7)

2

where
𝑍𝑍(𝑖, 𝑗) =
√[∑3𝑘=1 𝑥𝑘 (𝑖, 𝑗)2 ] + [𝑡𝑟𝑒_𝑋1 (𝑖, 𝑗)2 + ∑2𝑘=1 𝑝𝑙𝑢_𝑋𝑘 (𝑖, 𝑗)2 ] + [𝜃(𝑖, 𝑗)2 + 𝜑(𝑖, 𝑗)2 ] =
√𝑟 (𝑖, 𝑗)2 + 𝑀 (𝑖, 𝑗)2 + 𝜙 (𝑖, 𝑗)2

(8)

𝑥𝑘 (𝑖, 𝑗) = |𝑥𝑘 (𝑖) − 𝑥𝑘 (𝑗)|, 𝑘 = 1,2,3 are the absolute differences between hypocenter
coordinates;

𝑡𝑟𝑒_𝑋1 (𝑖, 𝑗)is the smallest absolute difference between the trends of T-axes of events i and
j;

𝑝𝑙𝑢_𝑋𝑘 (𝑖, 𝑗), k=1,2are the smallest absolute differences between the plunges of T-axes and
the plunges of P-axes of events i and j, respectively;

𝜃(𝑖, 𝑗)is the smallest absolute difference between the polar angles of hypocenters of events
iandj in the spherical system of coordinates beginning at the open hole of Prati9 well;
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𝜑(𝑖, 𝑗)is the smallest absolute difference between the azimuthal angles of hypocenters of
events iandj in the spherical system of coordinates beginning at the open hole of Prati9 well;

𝑟 (𝑖, 𝑗) is the distance between hypocenters of events iandj;
𝑀 (𝑖, 𝑗) is the distance between focal mechanisms of these two events;
𝜙 (𝑖, 𝑗) is 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 Eq. 8 that ZZ is composed of three components,𝑟 , 𝑀 , 𝜙 , representing our
three conditions determining the potential of injection-induced seismicity for building farreaching pathways for fluid migration. We studied the correlation between ZZ and the
average injection rate, IN, and between 𝑟 , 𝑀 , 𝜙 and IN, respectively. The analysis was
carried out separately in the three injections phases. For every injection phase we calculated
ZZ and its components for 50-event window sliding by 10 events.

3.2.2 Results and Discussion
In Fig.7, we compare the time-variations of ZZ, with the variations of average injection rate,
IN. In phase F2 this comparison concerns the injection rate into Prati9 well, IN(9), and the
total injection rate into both wells, IN(both). It is seen that in the first two injection phases,
F1 and F2, ZZ correlated positively with IN. Also, the amplitudes of the ZZ-changes 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 well alone (black
curve), even though the analyzed seismic events were geometrically linked to Prati9 (Fig. 1).
In Table 3, we present the results of tests for correlations between the injection rate, IN, and
ZZ. The results in Table 2 confirm the relationships evidenced in Figure 5. In F1 and F2 the
correlation between IN and ZZ was significant, positive. In F2 this correlation was highly
significant, irrespective of whether the IN referred to injections into Prati9 or to the summed
injections into Prati9 and Prati29 wells. The ZZ vs. IN(9) scatterplot is presented in Fig.8.
In F1 only 𝑟 out of three components of ZZ significantly and positively correlated with IN.
Hence, in this injection phase the positive ZZ - IN correlation resulted from that that higher
injection rates were increasing distances between the sources. In F2 all three distances,
𝑟 , 𝑀 , 𝜙 , were highly positively correlated with IN thus they all significantly contributed to
the correlation ZZ – 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 cases fluid 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 Martínez-Garzón et al. (2013, 2016) and Kwiatek
et al. (2015), clearly show a large variability of focal mechanisms. Explaining the observed
stress tensor perturbation, the cited authors consider the fact that in addition to fracture
reactivation, massive fluid injection in EGS systems results in hydro-fracturing. It is then
possible that during the time periods of higher injection rates, new small fractures were
created, and that these newly created fractures could also perturb the stress field in the
observed way (Martínez-Garzón et al., 2016).
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Figure 7: Comparison of the time-variation of ZZ with the time-changes of average injection rate. Black – the injection rate
into Prati9 well, blue – the total injection rate into Prati9 and Prati29 wells, brown – ZZ. The horizontal bars mark the durations
of injection phases.

A number of events occurred on either severely misoriented faults (low instability coefficient,
e.g., Vavryčuk, 2011) or slipped in a different orientation than the predicted from the stress
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 correlation IN - ZZ, was significant, negative. This correlation was achieved only jointly by
the three components of ZZ: 𝑟 , 𝑀 , 𝜙 because neither of them significantly correlated with
IN. The change of sign of the IN – ZZ correlation in F3 may be explained by the role of injection
rate changes on the weakening/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. In conditions 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 fractures are better ordered.
Orlecka-Sikora and Cielesta (2019) found two mutually reversed reactions of the stress field
to injection rate changes in The Geysers, with the reversal point at some 50-70102 m3/day.
At injection rates above this interval, increasing the injection 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 opposite. The injection rates in F1 and F2 were mostly
above the aforementioned reversal 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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increase in the degree of disordering, ZZ. In F3 increasing the injection rate could lead to rock
strengthening, which promoted the formation of fractures oriented in the optimal direction.
Table 3: Results of the correlation analysis between the average injection rate, IN, and ZZ, and its components,
𝑟 , 𝑀 , 𝜙 . For phase F2 row ‘a’ provides the correlation between ZZ and IN into Prati9 well, and row ‘b’ provides the
correlation between ZZ and total IN into Prati9 and Prati29 wells. The significant correlations are in bold. The results
based on Spearman rank correlation are in italics

Injection
phase

𝑟

ZZ

𝜙

𝑀

Corr.
coef.

p-value

Corr.
coef.

p-value

Corr.
coef.

p-value

Corr.
coef.

p-value

F1

0.62

0.002

0.69

510-4

0.20

0.37

-0.28

0.22

F2 – a

0.76

210-13

0.69

210-10

0.41

710-4

0.49

310-5

F2 – b

0.72

710-12

0.65

110-9

0.45

110-4

0.47

810-5

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 reduced ZZ. However, the data
series in F3 was composed of only 13 points therefore the correlation (p0.03) might be
spurious.

Figure 8: The degree of disordering of sources, ZZ vs. the average injection rate into Prati9 well, IN(9) scatter plots. Blue
markers – the scatterplot for the injection phase F1. Brown markers – the scatterplot for the injection phase F2.

3.3 Objective 3: Testing the potential of 3D numerical modeling to recover
details of stress evolution in a seismically active (rupturing) material
In this objective, a numerical modeling method is used to replicate the real triaxial
compression laboratory experiment performed on WG sample. Not only the global stress and
stress evolution in the sample, but also local stress and strain field was modeled. For that
purpose, the numerical modeling results of spatial stress field orientation were compared
with the local stress field data inverted from AE-derived focal mechanisms (e.g. Kwiatek et al,
2014; 2016) using stress tensor inversion. The numerical simulation was based on FLAC3D, a
three-dimensional finite difference method (FDM) software. In the following, the root-mean-
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squared error (RMSE) was used to compare the experimental and synthetic stress-strain
curves. To compare observed and synthetic stress orientations, the rotation angles (Kagan,
2007) were used. To quantify differences, we applied the ANalysis Of Variance (RM ANOVA).
We identified the two time-levels as plastic deformation phase and the after-failure phase.

3.3.1 Dataset and methods
3.3.1.1 Experimental procedure
The triaxial test was performed on a cylindrical, intact sample of WG. The sample size was 40
x 107 mm and it was loaded with a constant strain rate 3 x 10 -6 s-1. The oven-drained sample
was notched 2.5 cm deep at 30o to the cylinder axis. The details of the experimental
procedure are described in Kwiatek et al. (2014).
First, the sample was confined to 75MPa. In the following, the deviatoric loading was applied
at constant displacement rate of 3 × 10−6 s−1until the sample fracture. The generated fracture
was complex at the top part and it was composed of two sub-surfaces as presented by the
spatial distribution of AE events. The displacement (strains) in the sample was monitored by
two strain meters located directly on the sample. The sample failed at maximum vertical
stress equal 574 MPa, when the strains in the sample reached the maximum value of 1.19.
The AE activity was monitored during the experimental test with 16 AE sensors glued to the
sample ensuring almost full azimuthal coverage of the seismic events. AE monitoring resulted
in overall 14583 events detected and located within the sample (Kwiatek et al, 2014).

3.3.1.2 Numerical modelling
The numerical model of WG rock sample under triaxial compressive pressure was developed
to model stresses and strains within the specimen. Thereafter, the model was calibrated using
the data from the laboratory experiment. This was to justify stress changes coming from the
seismic observations gathered from AE sensors and the seismic moment tensor calculations
from the laboratory triaxial experiment.
Cylindrical specimen of already mentioned dimensions was modeled using hexahedralshaped zones. It consisted of 42 400 elements and 43 254 grid points. Boundary conditions
applied to the model consists of fixed vertical displacements at the top of the sample and at
the surface contacting with loading plate. The displacements in horizontal directions were
allowed, ipso facto, implementing zero friction. Constitutive model used in this study was
Ubiquitous Joint model with strain softening. Strain softening was reached using the cohesion
softening – friction hardening behavior. It accounted for the presence of an orientation of
weakness (weak plane) in a Mohr-Coulomb model. The criterion for failure on the plane,
whose orientation was given, consisted of a composite Mohr-Coulomb envelope with tension
cutoff. The mentioned constitutive model was chosen due to the occurrence of the two
notches created prior to the loading applied to the rock sample and not modeled explicitly in
the sample. Hardening and softening parameters for this case were back-calculated from the
results of laboratory triaxial test.
In order to model the triaxial loading applied to the sample, first boundary conditions were
applied to the model geometry. Then, the hydrostatic stress state was initialized at 75 MPa
and confining pressure was applied to the outer faces circumfluent to the cylinder. Finally,
constant strain rate was applied in vertical direction at the bottom end of the cylinder leading
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to increase in axial stress until failure occurs. The model was loaded by applying a constant
grid velocity of 3.21-8m/step. Additionally, a servo controlling loading was involved in the
numerical calculations. When the failure mechanism was initiated, the stress state in the
sample became non-uniform. In order to better control the deformation in the system and to
reduce numerical errors in the modeling, the magnitude of the strain rate could be monitored
and subsequently adapted as a function of the unbalanced force value (FLAC3D, Version 5.0,
User’s Guide).

3.3.2 Results and Discussion
3.3.2.1 Global stress relations
Low (0.036) RMSE of fitting of stress-strain curve obtained from triaxial compression test
made in laboratory and the one resulted from numerical modeling was observed (Fig. 9). The
peak experimentally observed and numerically derived strength of sample reaches 574 MPa
and 584 MPa, respectively (difference of 1.62%).
a)

Figure 9: Comparison of stress-strain curve from numerical model of cylindrical specimen obtained during triaxial
compressional test in FLAC3D.

In both experimental and numerical tests, the sample failure occurred at the similar axial
strains, which equal 1.19 and 1.15, respectively (difference of 3.36%). In numerical simulation
a slightly strength hardening was observed after the failure. Analyzing the appearance time
of yielded zones during numerical loading, these started to be visible during the strength
hardening period, so we could assume that the failure appeared at slightly greater strains.
FLAC3D software allowed also for tracking the development of localization of shear bands by
plotting zones in which plastic yielding occurred. In Fig. 10 comparison between failure
pattern created during the experiment and numerically modeling is shown. The fracture plane
generated during laboratory experiment was visibly complex revealing broad damage zone
composed of two sub-surfaces with a rough fracture surface. The numerically modeling
showed the yielded zones in shear Fig. 10b. The shear band created is similar to the failure
pattern obtained from the laboratory test. Fig. 10c shows vertical displacement modeled on
the fault plane reaching the maximum value of 2.53 mm. The piston displacement observed
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during experimental trial reached value of 2.52 mm at the moment of sample failure, which
shows significant convergence with the modeled value.

3.3.2.2 Acoustic Emission monitoring and MT inversion
During the triaxial compressional tests on WG sample with 75 MPa confining pressure, overall
14583 events were located (Fig. 11, blue bars). Additionally, for 6561 events MT Inversion was
performed following procedure described in Kwiatek et al., (2014). For FMTI, 14 first P wave
amplitudes were used. The most seismically active period started just before the sample
failure. The largest events occurred close to the moment of fracture initiation (Fig. 11, orange
stem plot). Blueish background represents the period when the sample was in post-failure
phase, after reaching the maximum mechanical sample strength.

3.3.2.3 Local stress relations
Stress tensors were inverted from AE data using two inversion methods: MSATSI and BRTM.
MSATSI (Martínez-Garzón et al., 2014) provides a framework for calculating the deviatoric
stress tensor together with its uncertainties using bootstrap resampling method.
a)

b)

c)

Figure 10: Post-mortem cross-section of the sample. The damage zone is filled with epoxy; a) Broad damage zone was
composed of two sub-surfaces, b) distribution of vertical displacement along the yielded zones, c) not-yielded zones to better
present created fracture.
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Figure 11: Histogram of seismic activity during triaxial compression tests (blue bars – events with hypocenter location,
yellow bars- events with hypocenter location and seismic moment tensor); distribution of AE magnitude with events
occurrence time (orange stem plot); seismic events.

The BRTM method uses the right tetrahedral method and Bayesian approach for the
determination of the stress field from focal mechanism datasets provides a probability
function over the focal sphere forbothσ1andσ3principal stress directions (Massa et. al,
2016).WG sample was divided into nine bins in which stress inversion was performed (Fig. 12)
from available AE mechanisms. In this analysis, we considered two phases of sample
deformation under triaxial compressional test: plastic and post-failure phase. Elastic phase
was omitted due to very limited number of seismic events during this phase. Generally, at
least 24 events windows were chosen for stress inversion calculations. Only for one case,
namely bin 7th, during failure phase, 17-event window was chosen due to the same reason as
for the rejection of the elastic part. Such event windows ensure the biggest number of cases
(220 stress inversions performed) where the reliable limit of seismic events for stress
inversion was fulfilled.

Figure 12: WG sample division into stress inversion bins.

On the other hand, the Itasca FLAC3D software allows us to calculate stress distributions
within the model with the accuracy specified by the user. Accuracy is provided to the model
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by densification of the mesh grid. Information about stresses is stored in each zone of the
numerical model. Principal stress values were monitored on nine points within each of nine
bins of WG sample; eight monitoring points located in the bin corners and one - centrally.
We compared stress orientations derived from AE data and modeled with FLAC3D software.
The comparison was made based on the 3D rotation angle (Kagan, 2007) between cardinal
axes of the two stress tensors. We calculated angles of which one principal stress coordinate
system (e.g. from AE stress inversion) had to be rotated to obtain the remaining one
(numerically modeled) to find where two stress fields deviate from each other mostly.
To infer on the differences in the rotation of the stress field derived from the stress inversion
based on focal mechanisms of AE data and the stress field calculated numerically we applied
ANOVA. ANOVA compares mean scores with each other to detect any overall differences
between them. We identified the two time levels as plastic deformation phase and the afterfailure phase. Additionally, we introduced the bin factor which described the location of the
rotation scores in the rock sample. We tested for the null hypothesis whether there were any
differences between related rotation means. The alternative hypothesis stated that the
related rotation means were not equal, at least one mean was different from another mean.
Table 4 shows the results of the ANOVA for the within-subjects’ effects. The p value of the
test statistics F for the main effects – bin and phase, was 0.0283 and 0.0008, respectively, and
both effects were statistically significant. However, the interaction between them was
insignificant, since F was 1.11 and p was 0.3519. We could, therefore, conclude that there was
a significant difference in the time between the rotation means in the particular bins and to
get more information where the differences between groups lie we ran the post hoc tests.
Table 4: Test of within-subjects’ effects of ANOVA with the associated standard error.

Effect

Total variability
SS

Degree of
freedom
df

Mean sum of
squares MS

F statistics

p value

Bin

7470.5

8

933.8

2.1969

0.028251

Phase

4909.3

1

4909.3

11.5496

0.000789

Phase*Bin

3799.5

8

474.9

1.1173

0.351924

Error

105415.3

248

425.1

From Fig. 13. it can be concluded that the largest rotation of the stress field provided by the
focal mechanisms of AE from the numerically calculated stress field was observed in the edge
of bins 1 and 3 and additionally bin 7, which did not frame the damage zone of the sample.
Relatively large distance to the failure plane and additionally for bins 1 and 7 - the lowest
number of inversions performed, both during plastic and failure phase could result in such
rotations. The lowest rotations were observed in the central bins of the sample, numbered 2
and 5, and the one in upper right corner- namely bin 9. Such rotations for bins 5 and 9 could
be explained by the biggest number of inversions performed within these bins (more reliable
results) as well as its location regarding the newly created fractures. But not only the location
to the fracture plane played the role- the rotations could be lower due to more stable stress
field, what was connected with the offset from the model boundaries and hence the
boundary conditions.
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Figure 13: Means with the 95% confidence intervals of the rotation scores of the main effects (a) PHASE of deformation, b)
BIN (pink curve) and of the interaction of the variables (b) BIN and PHASE (blue and red curves).

Post hoc Tukey's honest significant difference test confirmed that the rotations of 2nd binwere
significantly lower than the rotations observed in other bins (except 1st and 5th-7thbins). When
we look at the phase of deformation, we see that the rotations during the failure phase
became significantly higher in comparison to the plastic phase. The analysis of interactions
between the main effects provided insights into the behaviour of the stress field in the
particular bins during the experiment. It is visible that the rotation of the stress field was
affected by the phase of deformation for most of bins. However, for the failure phase for 5th
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bin the stress field was significantly less rotated from the modelled one. When the rock
sample entered the plastic phase the both stress fields, modelled and estimated from focal
mechanisms, were quite similar. For the last phase of deformation, when damage of sample
appears, the rotation did not increase, contrary to the rest of the bins.
Variation of trends and plunges of 1 in all sample’ bins from the AE in comparison to the
numerically modelled is presented in Fig. 14. Color circles present strikes and dips for
particular bin (bin number is presented inside the circles) retrieved from AE data, whereas
numerically modeled data is presented with black cross. Latest mentioned could be presented
with just one point due to the same plunge of 1 for all bins, which is additionally equal to
90o. In this case, different values of1 strike do not influence the cross position. Vivid colors
correspond to plastic phase of deformation, while weathered one present state in the failure.
During plastic deformation, for two bins, namely 4th and 7th, trends of 1were in the range of
2nd (3 bins) and 3rd (1 bin) quarter of the spheroid, whereas the rest of the trends (5 bins) laid
in the 1st and 2nd quarter. In the failure state, 1 strike for two bins laid in the 1st quarter now,
4 bins in the 2nd quarter, 2 in the 3rd and one in the 4th.

Figure 14: Location of median of trends and plunges of1 in all sample’ bins

3.4 Objective 4: Back-projection of seismic waves for estimating parameters of
seismic rupture in the case of small anthropogenic seismic events
The first effort to characterize the earthquake source with seismic observations started with
using a simple exploration source to explain the observed seismic field. Since then the efforts
in various disciplines have led to an unprecedented level of knowledge of earthquake physics.
On the other hand, theoretical earthquake source studies, especially dynamic simulations,
have reached a high degree of sophistication, which is driven by the rapid development of the
computational power and numerical methods.
Seismic array processing is an emerging technique to study the earthquake source (Ishii et al.
2005). Source imaging by back-tracing of seismic waves recorded by dense arrays allows us
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to track the areas of strongest high-frequency radiation. This approach constrains the
spatiotemporal properties of the rupture (length, direction, speed, segmentation) based
solely on the phase of coherent seismic array signals. Although detailed knowledge of Green's
functions can help us to obtain more accurate details about the source mechanism, this
method does not rely on the Green's functions and fault geometry, on restrictive
parameterizations of the rupture kinematics, nor on additional smoothing. The highfrequency aspects imaged by array processing reveal finer details of the rupture process that
are crucial to discriminate complicated physical models in theoretical earthquake source
studies.

3.4.1 Data and methods
The back-projection technique is similar to other methods that utilize the time-reversal
property of seismic waves (e.g., Allmann and Shearer, 2007; Kao et al., 2008) suggested to
study the December 26, 2004 Sumatra-Andaman earthquake by Ishii et al. (2005). The backprojection method time-reverses seismograms from a seismic array to a grid of potential
source locations around the hypocenter using predicted travel-times based upon a velocity
model. The seismograms are stacked at each grid point, i.e.,
𝐾

𝑠𝑖 (𝑡) = ∑𝑘=1 𝑢𝑘 (𝑡 + 𝑡𝑖𝑘 )

(9)

In Eq. (9),si(t) is the stacked seismogram at the ith grid point, uk(t) is the seismogram recorded
at the kth station, tik is the predicted travel time between grid i and station k, and K is the
total number of recorded seismograms. The grid points can be set up as horizontal planes,
depending on the aspect of rupture that needs to be investigated. The propagation of a
rupture can be imaged by tracking the times and locations of high-amplitudes in the stacks. It
should be noted that this method is used for imaging relative energy release, and does not
provide direct information about slip.

3.4.2 Empirical Corrections
The 1D velocity model used in most of back-projection analyses does not include lateral
variations, which can produce deviations from theoretical travel times. To correct for these
lateral variations, we cross-correlate the initial few seconds of the P waveforms between
stations within the array and align the waveforms [Ishii et al., 2007]. In this study, the 1D
velocity model extracted from a 3D velocity model which is calculated by first arrival P-wave
tomography, hence we didn’t correct the effect of lateral variation.

3.4.2.1 Combining Seismic Phases
The basic back-projection technique to include additional seismic wave arrivals observed was
extended within the same seismic array. The use of multiple seismic components can improve
resolution, especially with respect to depth if S phases are included. The seismograms are
stacked for each phase based upon predicted travel times obtained for the reference phase
(usually P). The stacks from multiple phases are combined such that
𝑠𝑖 (𝑡) = ∑𝐽𝑗=1 [∑

𝐾

𝑗

𝑢𝑘 (𝑡 + 𝑡𝑖𝑘 )]

(10)

𝑘=1

where J is the total number of seismic phases used, and tjik is the predicted travel time for the
jth seismic phase between the ith grid point and the kth station.
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In order to suppress such signals, a taper function fjk(t) is used to eliminate arrivals before the
target phase. The taper function fjk(t) is defined as
0
𝑓𝑗𝑘 (𝑡) =

1
2

𝑡 < 𝑡0𝑘 − 𝑇⁄2
𝑗

𝑓𝑜𝑟
𝑗

2(𝑡−𝑡0𝑘 )𝜋

{𝑐𝑜𝑠 [

𝑇

] + 1} 𝑓𝑜𝑟 𝑡0𝑘 − 𝑇⁄2 < 𝑡 < 𝑡0𝑘

{0

𝑗

𝑓𝑜𝑟

𝑗

(11)

𝑗

𝑡 > 𝑡0𝑘

where tj0k is the predicted travel time of the jth phase to the kth station from the hypocenter,
and T is the period of the cosine taper function that is used.
Finally, we apply the constraint that the stacks from different seismic phases sum coherently
at the hypocenter. The stacks si(t) give time and relative amplitude information of energy
released by an earthquake, providing constraints on the rupture process. For stacking
procedure, we used a coherence measure for seismic signal enhancement through incoherent
noise attenuation.

3.4.3 Schematic sketch
The back-projection technique takes advantage of waveform similarity recorded by a largeaperture seismic array to monitor changes in azimuth and distance of the energy source from
the array (e.g., Ishii et al., 2005). The stacking is then performed after time-reversed over an
evenly spaced grid of source, assuming a constant hypocentral depth. Fig. 15 represents a
sketch of beamforming back-projection. The black dots in the center of the rectangular grids
indicate the location of testing sources. The true source location (red star) is connected to the
receivers (light blue triangles) through ray theory. The black signals above the receivers
denote the recorded seismograms. In principle, the moveout of true source locations (dark
blue lines) brings the seismograms in phase, thus the stack along the moveout reaches the
maximum.

Figure 15: A schematic sketch of back-projection procedure. The red star shows the event location, gray circles indicate grids,
blue triangles represent the station and black lines show recorded waveforms.

3.4.4 Results and Discussion
An example of using the rupturing approach for an event occurred on TG can help us to
compare the resulted properties with focal mechanism solution information. For this
purpose, an earthquake Mw 4.2 with hypocenter ~ 5 km was selected as shown in Fig. 16. For
starting the rupturing procedure, a 3D grid is parameterized around the reported hypocenter,
so that the horizontal dimension of this model is obtain as outlined by Lay and Wallace 1995:
𝑙𝑜𝑔𝐴 = 1.02𝑀𝑆 + 6.0
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where A is the area of faulting, and MS is the magnitude of earthquake. After, predicting
synthetic traveltime from each grid to each station by the accurate 3D velocity model
(obtained using inversion of the first arrival P-wave by SIMULPS package; see Lin and Wu
2018), the seismograms are stacked for obtaing energy of rupturing. Then, the energy
(amplitude) of the stacked signal is inserted into the corresponding grid, hence we can obtain
a cartooning film to follow rupturing as a function of time.

Figure 16: (a) The red star shows the location of an earthquake with M ~ 4.12 in TG. The gridding around the event depicted
in (b).

Fig. 17 indicates the horizontal slice of the amplitude of the stacked signal for 0.30 and 0.35
sec at different depths. The location of grid with maximum amplitude as function of time can
give an important information about rupturing procedure. The horizontal slice and 3D model
of these máximum amplitudes are depicted in Fig. 18.

Figure 17: Horizontal slice of the rupturing energy as a function of time (sec) at the depths of 4.4, 4.8, 5.2 and 5.6 km.

The main idea behind the back-projection is the coherency of waveforms within seismic arrays
to image the source of seismic waves. This approach was previously taken for studying very
different and large earthquakes. By using an accurate 3D velocity model (having the empirical
Green's functions), the 3D grid model, different phases (e.g., pP and/or P wave, etc.) and also
surrounded the occurred earthquake with stations, the sub-horizontal rupture planes can be
obtained for local and micro earthquakes. An interesting finding of this study is finding the
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event's fault plane. According to the available focal mechanism solution, our result (see Fig.
18) is consistent with the calculated fault for this event.

Figure 18: (a) Horizontal slice of maximum amplitude with 0.1s time intervals. The color just indicates the topography
variation. The focal mechanism was reported by https://ncedc.org. The red lines are the suggested fault plane.

4 Conclusions and future steps
4.1 Objective 1: Fracture growth mechanisms
Our approach provides a new perspective on earthquake mechanics driven by fluid injection.
Recognizing the phenomenon of subcritical fracture network growth (SFG) and its reaction to
technological activity and combining this information with the characteristics of the stress
state in the reservoir can be used to help manage seismic hazards and optimize production.
Based on SFG information, we can infer when the transient FN growth rate is slowing, or when
it implies increasing event rate and a risk of large events occurrences during operations. The
rate of SFG and its relation to the technological stress change factor, which could be the water
injection rate in geothermal energy applications, provides information about the
technological activities that can maintain stable fracture growth, far from a catastrophic
runaway earthquake. To better monitor magnitude of seismic events the stress drops and
injection information is needed. Seismic hazard management during fluid injection can then
be supported by adjusting the injection schedule to keep the fluid pressure and the injected
volume below a critical level, at which the observed maximum magnitude approaches the
estimated arrested volume at the level set by the local authorities. This insight into the timeand technology-dependent behaviour of rock also helps to identify the stress conditions
under which time may be important for the stability of the rock structure, e.g., in mines.

4.2 Objective 2: Relationships between a potential to build far-reaching
pathways for fluid migration and injection rates
In the studied case from The Geysers (TG), the optimal conditions to avoid such ordering of
seismic fractures that enable linking them into longer pathways, extending farther from the
injection point were met for high injection rates. The higher the injection rate was, the more
disordered the seismic fractures were generated, i.e., the chances to build longer pathways
for undesired fluid migration decreased. High injection rates caused an increase in seismic
activity, nevertheless the median level of seismic event magnitudes remained unaffected.
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The above conclusion, if confirmed in other field studies of injection induced seismicity, would
help to understand this type of seismicity and related hazards. For generalizations, studies of
other injection-induced seismicity cases are required.

4.3 Objective 3: Testing the potential of 3D numerical modelling to recover
details of stress evolution in a seismically active (rupturing) material
Our analysis presented a detailed approach for calibrating a Strain-Hardening/Softening
Ubiquitous-Joint Model (based on Mohr–Coulomb model) for simulating the stress-strain
behavior of Westerly Granite (WG) rock sample. The procedure was optimized by calibrating
the model for triaxial testing data. The calibration conducted on the WG specimen shows:












Bilinear Ubiquitous-Joint Model with friction-hardening/cohesion-softening is capable of
reproducing Westerly Granite behaviour during triaxial fracture experiment.
Successful calibration of global stress-strain behaviour of the numerically modelled
sample with the experimental data allowed us to attempt to compare local stress tensors
coming from two numerical modelling and stress tensor inversion of AE events.
Stress tensor inversion of AE is robust measure of local deviatoric stress orientation.
Comparison of trends and plunges of maximum (σ1) and minimum (σ3) principal stresses
obtained from stress inversion done in BRTM and MSATSI software for 7 out of 9 bins
gave similar results.
We identify the two time-levels as plastic deformation phase and the after-failure phase.
The p values of the test statistics F for the main effects – bin and phase are statistically
significant. However, the interaction between them is insignificant. We can, therefore,
conclude that there was a significant difference in the time between the rotation means
in the particular bins and to get more information where the differences between groups
lie we run the post hoc tests.
The largest rotation of the stress field provided by the focal mechanisms of AE from the
numerically calculated stress field is observed in the edge bins, which do not frame the
damage zone of the sample. The lowest rotations are observed in the central bins of the
sample. Post hoc test confirmed above mentioned observations.
Rotation of the stress field is affected by the phase of deformation for most of bins.
Rotations during the failure phase become significantly higher in comparison to the
plastic phase.

4.4 Objective 4: Back-projection of seismic waves for estimating parameters of
seismic rupture in the case of small anthropogenic seismic events
The rupturing approach can be applied for directly imaging earthquake rupture that uses the
first-arriving compressional wave.The dense seismic array in The Geysers (TG), operated for
monitoring induced seismicity, can produce a detailed image within few seconds from rupture
initiationusing a method known as back-projection. Although most studies have previously
been focused on large earthquakes, once improved following the guidelines provided herein,
this approach can also be utilized to study much smaller events. Using the proposed approach,
the rupture areas (maximum amplitude of stacked signals as a function of time) of an event
can be determined and compared to the focal mechanism solution.This information can
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provide additional seismic event details, especially where the focal mechanism solutions are
not fully DC, in the studies of SFG and/or ED.

5 Publications resulting from the work described
5.1 Published/SubmittedPapers


Stanisław Lasocki, Beata Orlecka-Sikora (2020) “High injection rates counteract formation
of far-reaching fluid migration pathways at The Geysers geothermal field”. Geophysical
Research Letters 47, Is 4, e2019GL086212, doi.org/10.1029/2019GL086212 Open access


Beata Orlecka-Sikora, Szymon Cielesta(2020)“Evidence that the injection-induced
earthquakes rupture subcritically”. Scientific Reports, accepted. Open access

5.2 Papers in preparation


Szymon Cielesta, Beata Orlecka-Sikora, Musa Adebayo Idris, Grzegorz Kwiatek,Georg
Dresen, “Numerical modelling of triaxial compression test on the Westerly Granite
sample”.Under internal review.



Taghi Shirzad, Stanisław Lasocki, Beata Orlecka-Sikora, “Tracking of seismic fracture
network by details of the sources parameters and rupturing results”, in preparation.



Taghi Shirzad, Stanisław Lasocki, Beata Orlecka-Sikora, “A quasi-3D velocity model in the
Geysers geothermal field using the virtual seismometer approach”, in preparation.

5.3 Presentations


Lasocki S., Orlecka-Sikora B., 2018 “Seismicity and its relation with industrial factors,
studied with the use of equivalent dimension approach. Assessments of fluid migration
pathways buildup”. COST Action TIDES Workshop.



Lasocki, S., Orlecka-Sikora, B., 2019.“Application of the equivalent dimensions method
for the study of fracture network development”. 11th International Workshop on
Statistical Seismology STASEI 11, Hakone, Japan, August 18-21.



Orlecka-Sikora, B., Cielesta, S., 2019. “Injection-induced earthquakes rupture subcritically
in regimes controlled by stress symmetry breaking”, Geophysical Research Abstracts, Vol.
21, EGU2019, EGU General Assembly 2019EGU.



Orlecka-Sikora, B., Cielesta, S., 2019. “Tracking the growth of the injection-induced
fracture networks”. 27th International Union of Geodesy and Geophysics General
Assembly, Montreal, Canada, 8-18.07.



Orlecka-Sikora, B., 2019.“Some indications to assess the seismic potential of the
injection-induced earthquakes”. 11th International Workshop on Statistical Seismology
STATSEI 11, Hakone, Japan, 18-22.08.
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TaghiShirzad, Stanisław Lasocki, Beata Orlecka‐Sikora, 2020, “Tracking the development
of seismic fracture network by considering the fault rupture method”.EGU General
Assembly 2020EGU.
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