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SUMMARY

The Geysers geothermal field located in California, USA, is the largest geothermal site in the
world, operating since the 1960s. We here investigate and quantify the correlation between
temporal seismicity evolution and variation of the injection data by examination of time-
series through specified statistical tools (binomial test to investigate significant rate changes,
cross correlation between seismic and injection data, b-value variation analysis). To do so, we
utilize seismicity and operational data associated with two injection wells (Prati-9 and Prati-
29) which cover a time period of approximately 7 yr (from November 2007 to August 2014).
The seismicity is found to be significantly positively correlated with the injection rate. The
maximum correlation occurs with a seismic response delay of ~2 weeks, following injection
operations. Those results are very stable even after considering hypocentral uncertainties, by
applying a vertical shift of the events foci up to 300 m. Our analysis indicates also time
variations of b-value, which exhibits significant positive correlation with injection rates.

Key words: Hydrothermal systems; Time-series analysis; Induced seismicity; Statistical

seismology.

1 INTRODUCTION

Hundreds of thousands of wells worldwide are used to in-
ject fluid (usually water, occasionally containing chemical addi-
tives/contaminants) into the underground for diverse purposes, of-
ten causing seismic events occurrence. Well-documented examples
of seismic activity induced or triggered by fluid injection are dated
back to the 1960s (see Nicholson & Wesson 1990 and Davies et al.
2013 for review) and include earthquakes associated with wastew-
ater disposal, secondary oil recovery, solution mining, fluid stimu-
lation to enhance geothermal energy extraction and, during the last
decades, hydraulic fracturing for unconventional natural oil and gas
exploitation.

Such anthropogenic activities may trigger seismic events in crit-
ically stressed fault zones, capable to cause failure of pre-existing
fractures. In other cases, human operations may entirely control (in-
duce) the nucleation process. Specifically, operations in geothermal
fields often lead to considerable increase of seismic activity in areas
which were previously characterized by low or even no seismicity
and negligible hazard levels (e.g. Majer et al. 2007; Mignan et al.
2015). The most important feature of seismicity (either induced or
triggered) in geothermal fields is its direct correspondence to and
dependence on the operational processes, such as fluid injection or
production volumes, rates and pressures (e.g. Brodsky & Lajoie
2013). Such relation has been theoretically formulated and

established by the non-linear pore pressure diffusion concept
(Shapiro & Dinske 2009), or alternatively, by the application of
a static stress model based on the non-critical precursory accelerat-
ing seismicity theory (Mignan 2016) to induced seismicity.

Triggering can generally occur at delay times from hours up to
several months since the injection initiation, depending on a variety
of factors such as distance from the injection, rock properties, reser-
voir saturation level, in situ stresses etc. It is however, more usually
observed that seismicity onset takes place soon after the initiation
of fluid injection (at timescales up to a few days or weeks). For ex-
ample, Healy et al. (1968) reported a ~10 d time lag in seismicity
following the fluid injection at Rocky Mountain Arsenal. Holland
(2013) observed correlations between injection for hydraulic frac-
turing and seismicity on the scale of a few days, in South-Central
Oklahoma. Similarly, cross correlation analysis performed by Kim
(2013), between seismicity and injection rate time-series using data
from a wastewater disposal well in Youngstown, Ohio, showed that
peak seismic activity appears with a time lag of ~5 d after peak
pressures, with the first event detected 13 d after the injection com-
mencement. Evans et al. (2012) reviewed 41 European case histories
related to fluid injection in geothermal fields, where in many cases
microseismicity starts to be detected some hours after the initiation
of operations.

The deep understanding of mechanisms involved in the seismoge-
nesis processes should be therefore explored for adjusting injection
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Figure 1. Spatial distribution (a—map view, b—cross-section) of all the available data in the study area (1254 events, blue and grey dots). The 1121 seismic
events used in our analysis (blue dots) are located in the vicinity of open holes of Prati-9 and Prati-29 injection wells (red circles). Alternative positions of
Prati-9 open hole, used for testing the influence of potential events localization vertical shift on the obtained results, are marked with orange circles.

and production parameters to control seismic activity and mitigate
seismic hazard. In order to obtain significant results, high qual-
ity data sets should be analysed. For that reason, we selected our
study area to be the northwestern part of The Geysers geothermal
field, California and utilized a recent relocated seismicity catalog
(Martinez-Garzon et al. 2014; Kwiatek ef al. 2015). In the selected
area, nearly immediate seismic response to the injection was noticed
in several stimulation wells. Based on seismic and operational data
from 1976 to 1998 (Majer et al. 2007) reported that deep injection-
induced seismicity occurs with a short time lag (<2 months). The
same authors refer to a particular case where shallow microseismic-
ity was well correlated with injection, rather than production, and
occurred with a relatively short time lag of about one week. Stark
(2003) performed cross correlation of the monthly seismicity and
injection data and obtained a maximum correlation coefficient of
0.52 at a 3 months’ lag providing an interpretation based on rock
and water temperature profile.

The aim of this study is to investigate the correlation between
temporal seismicity evolution (seismic data) and variation of the
fluid injection rates (operational data). Correlation analysis is per-
formed and quantified by examination of both seismic and opera-
tional data time-series through developed statistical tools. First, we
divide the original data set into subsets exhibiting identical either
time span or number of events. Then we compare all the subsequent
data windows in order to detect and quantify significant variations
of seismicity rates and b-values. In doing so, the binomial test is
utilized for evaluating the changes in rates of seismic activity and
the Aki’s (1965) estimator of b-value is used. The derived varia-
tions are then compared with the fluctuations of the injection rates
in the two nearest injection wells and cross correlation is performed
between the time-series of seismic and operational data. In such
way, the time delay of seismicity response to the injection process is
estimated and the correlation between seismic and operational data
is quantified. To strengthen our results, a large range of data win-
dows is tested corresponding to different degrees of data averaging.
Hypocentral location (particularly depth) accuracy is also investi-
gated in order to deal with uncertainties rising from the velocity
model applied in the relocation process. Our results are combined

together in an interpretation mechanism incorporating thermal and
pore pressure influence of fluid injection to seismic activity, in
agreement with previous numerical and observational models (e.g.
Martinez-Garzon et al. 2014; Rutqvist et al. 2015).

2 STUDY AREA AND DATA

The Geysers is the largest producing geothermal field in the world,
with many dozens of operating production and injection wells. The
thermal energy exploitation takes place since 1960s and the max-
imum production level was reached in 1987. From that time, the
reservoir is recharged by water injections to enhance the steam pro-
duction and prevent reservoir pressure drawdown. The reservoir
is vapour-dominated and built of highly fractured and hydrother-
mally altered greywacke sandstone (Lockner et al. 1982) of low
total porosity of about 1-1.5 per cent (Rutqvist e al. 2015). It has
developed within a complex assemblage of Franciscan rocks ca.
0.25 Ma ago. The temperature of steam is 240 °C at 2 km depth,
but exceeds 350 °C in the northwestern part of The Geysers at
depths below ca. 2.75 km. No high pressure water injection takes
place at The Geysers. Instead, the relatively cool water falls freely
into the injection well and into the hot steam reservoir. The steam
condenses with a significant volume reduction leading to a nega-
tive gauge pressure at the wellhead, which is in contrast to active
surface pumping commonly performed for reservoir stimulation
with injection at elevated wellhead pressures (e.g. Martinez-Garzon
etal. 2014).

For the analyses performed in the present study, a time-series
of 1121 events which occurred up to a maximum distance of
600 m from the open hole of Prati-9 injection well was used
(Fig. 1). This seismicity cluster is located in the northwestern
part of The Geysers geothermal field and belongs to a data set
(Martinez-Garzén et al. 2014) consisting of 1254 events which
occurred in the vicinity of Prati-9 and Prati-29 injection wells be-
tween 2007 December 10 and 2014 of August 23 (Fig. 1). All
events were recorded by the Lawrence-Berkeley National Labora-
tory surface network Berkeley—Geysers (BG) comprising 31 three-
component short-period geophones. The events were relocated
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by Martinez-Garzon et al. (2014) and Kwiatek et al. (2015)
from the original Northern California Earthquake Data Center
(NCEDC) catalogue, using the double-difference relocation tech-
nique (Waldhauser & Ellsworth, 2000). The internal precision
of relative hypocentre locations of the events was improved to
50 m due to the applied relocation. Equivalent moment magni-
tudes were calculated from original duration magnitudes using the
formula M*y = 0.9Mp + 0.47 (Edwards and Douglas, 2013). The
equivalent moment magnitude of completeness as determined by
Kwiatek et al. (2015) is M*y© = 1.4.

The selection of this particular data set was done for two rea-
sons. First because of its high quality and small hypocentral un-
certainty and second because of the fact that the studied cluster
is sufficiently isolated from the neighbouring seismic activity in
the broader geothermal field. The selected seismic cluster is con-
centrated in the vicinity of Prati-9 injection well (average dis-
tance of seismic cloud from Prati-9 is 376 m), whereas only a
few events (~30) occurred close to Prati-29 (average distance of
seismic cloud from Prati-29 is 800 m). The scarce seismic ac-
tivity in the close vicinity of Prati-29 led us to exclude those
events from our analysis. However, since the fluid volume injected
in Prati-29 is proven to influence the total seismic activity (e.g.
Kwiatek ez al. 2015), we considered the effect of the total injection
rate and focused on the close vicinity of the open hole of Prati-9
injection well.

The injection activity was carried on continuously in Prati-9
(from November 2007 to August 2014) and Prati-29 (from April
2010 to June 2013) wells, with similar average injection rates of
8.79 x 10* m* month™!' (Kwiatek et al. 2015). The injection has
seasonal tendency and peak injection rates were observed during
the winter months. A pulsation of seismicity cloud was observed
following the injection rate changes (Kwiatek ez al. 2015). Between
November 2009 and August 2014, 7.21 and 3.29 Mm?® of treated
wastewater were injected into Prati-9 and Prati-29 wells, respec-
tively.

3 METHODOLOGY

3.1 Evaluating the significance of seismicity rate
changes—binomial test

Let a specified time point be #,. Let also A#; and A#, be the time
intervals and T, T be the time periods before and after ¢y, defined
as [ty — At, ] and [#, ty + At], respectively. Let the number
of events that occurred in the period 77 be n; and the number
of events that occurred in the period 7> be n,. If the seismicity
rate during the two periods 7; and 7, is remarkably different, then
the actual division of the total number of events in both periods,
N = n| 4+ m,, into n; and n, should be significantly different from
the division which could be attained at random. Hence the following
null hypothesis, Hy, is set, stating that n, could be obtained at
random from N under probability P defined as

P = At [(An + An). (1)

This hypothesis is tested by means of the binomial test (e.g.
Wonnacott and Wonnacott, 1977), which provides the probability
1, that if N events occur in a random way in [fy — Aty, t) + A,
the number of events in [#y, fy + At ] is less than or equal to n,,

p1 =Pr(n <m|N, P)= Z (]:) P"(1 — p)N" )
n=0
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and the probability p,, that the number of events in [#y, tp + At,] is
greater than or equal to ny,

ny—1
pr=Prn=m|N.P)=1-Y (;V) PA—PV " (3)
n=0

Binomial test treats each event as independent and assigns equal
probability of occurrence before and after #,. We test the null hy-
pothesis (Hy) at 5 per cent significance level. Therefore if p; from
(2) is less than 0.05, we conclude with the indicated significance
that the rate in [#, fty + At,] decreased with respect to the rate in
[to — Aty, to]. Similarly, if p, from (3) is less than 0.05, we conclude
with the indicated significance that the rate in [#, f, + A,] increased
with respect to the rate in [y — Aty, f].

3.2 Binning data

Before quantifying the correlation between seismicity and injec-
tion we decreased the influence of temporal noise fluctuation on the
time-series by averaging (binning) seismic and injection data within
specified time windows. We performed binning at different degrees
in order to focus on the characteristics of seismicity and injection
rates time-series and their correlation in different time scales. Bin-
ning was done by averaging the number of events and the values of
injection rate over time windows of a selected size. This approach
was followed for diminishing the influence of short term, random
fluctuations, revealing thus a more robust connection between fluid
injection and earthquake occurrence rates. The selection of an op-
timal time window is crucial at this part of analysis since it may
significantly affect the outcome of the process. The window size
should be large enough, in order to cover a sufficient time span con-
taining several observations. On the other hand, the window cannot
be too large, because it would over-smooth the data. Since there is no
objective or commonly accepted criterion determining the optimal
degree of binning, we performed trials considering a wide range of
window widths, exhibiting either fixed duration of fixed number of
data.

3.3 b-value evaluation

In order to assess the properties of the size distribution of seismicity
we use here the unbounded Gutenberg—Richter (G-R) law, although
the actual magnitude distribution of anthropogenic seismicity events
may deviate from this distribution (Urban et al. 2016). However, as
shown in the previously cited work, the deviations are usually small,
thus the G-R law can be used as a first approximation of the actual
magnitude distribution. The b-value was estimated by the maximum
likelihood estimator (Aki, 1965) as follows:
1

b= “4)
In(10) [(M) — (Muin — AM/2)]

where (M) is the sample mean of the events considered, M, the
completeness threshold and AM the magnitude binning width. Aki
(1965) also provided the estimator of standard deviation of b , Obs
defined as:

b
IV
where N stands for the sample size. The asymptotic distribution of b
is normal (NV(b, 0',)), and o, can be evaluated by (5),Aallowing for an

adequate estimation of the confidence intervals of b for relatively
large samples. We used this estimator for data sets with more than

Op =

®)
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Figure 2. Daily total injection rates (blue curve) in relation to the occurrence of earthquakes (stem plot). The daily rates of fluid injected individually into
wells Prati-9 and Prati-29 are indicated by black and red curves, respectively. The vertical bars indicate time periods of 50 d which have significantly increased
(grey bars) or decreased (green bars) seismicity rates, in comparison with the preceding 50 d window. The time step applied in the analysis is 2 d, so the time

windows are overlapping with each other.

100 samples, whereas for smaller data sets bootstrap confidence
intervals were calculated instead. To do so, 10 000 realizations of
random sampling with replacement were performed for each data
set and the confidence intervals were determined corresponding to
one standard deviation assuming normal distributed random sam-
ples, an assumption that is valid based on the large number of
realizations.

4 RESULTS

4.1 Evaluating the significance of seismicity rate changes

The results shown in Fig. 2 were obtained by application of the
binomial test for identifying considerable seismicity rate changes
at 0.05 significance level. For that purpose, we compared time win-
dows of the same duration 7, before and after a certain point, f,
which corresponds to T days after the occurrence time of the first
event registered in our catalogue. Then we repeated the process by
shifting this point by AT, and compared the seismicity rate of the
corresponding time windows of duration 7, before and after this
new point, and so on. The time window (7) was selected equal to 50
d and the time step (A7) equal to 2 d, thus a total of 1172 data sets
were tested. This certain duration of 50 d was selected to ensure
that at least one event is included in each one of the windows. The
maximum number of earthquakes included in the aforementioned
data sets was 58, whereas the maximum difference of events num-
ber occurred during subsequent time windows was 40. As shown
in Fig. 2, there were significant fluctuations in water injection rates
(both in individual injection wells and total) and also in seismicity
rates during the entire ~7 yr’s study period. The average rate of

~0.46 events d~! exhibits variations, both increases and decreases,
from 0.02 to 1.16 events d~! with the variation of the rate between
subsequent time windows being as high as 0.8 events d~' (for 50 d
time windows, overlapping by 2 d). 400 out of the 1172 windows
tested were found to exhibit significant seismicity rate changes in
comparison with their preceding windows (227 increases and 173
decreases). Similar results were obtained for different window spans
of sufficient lengths (10 to 100 d), suggesting that the rate of earth-
quake occurrence was far from being constant during the period
studied. However, it is observed in Fig. 2 that there is a direct asso-
ciation between statistically significant changes of seismicity rates
and temporal changes in the flow rate of injected fluid time-series.
Fig. 3 shows the comparison between normalized averaged seis-
micity rates and injection rates for time windows equal to 10, 30
and 50 d. The corresponding scatter plot is demonstrated in Fig. 4
and it verifies the positive correlation between seismicity and op-
erational time-series (Pearson correlation coefficient, r,y, is equal
to 0.54, 0.69 and 0.80 for 10, 30 and 50 d windows, respectively).
The p-values in all cases are smaller than 10~° indicating a strong
positive correlation between the two averaged time-series which
suggests a prompt response of the seismicity rates to changes of
injection rate. Some fluctuations are evident (especially for the nar-
rower time window of 10 d), but in general the patterns of these
two time-series seem to exhibit considerable mutual similarity, and
similar trends.

4.2 Correlation between injection and seismicity

We calculated the cross correlation function (CCF) between seis-
micity and injection rates time-series. The cross correlation was
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Figure 3. Comparison between the normalized averaged (binned) time-series: seismicity rates (thick black curve) and total injection rates (blue curve). The
dashed grey line denotes the daily total volume of injected fluid. The span of the time windows applied for binning is 10 d (upper frame), 30 d (middle frame)

and 50 d (lower frame).
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(centre) and 50 d (right).

performed three times by averaging the injection rates for non-
overlapping time windows equal to 1 d (corresponding to the daily
measured volume of the injected fluid), 5 and 15 d. The seismicity
time-series were obtained as well by calculating the average rate
of seismic activity occurred during the aforementioned time win-
dows. For our entire data set of 1121 events the maximum cross
correlation value is achieved for a time lag equal to 15 d, meaning
that the seismicity follows the injection with a delay of 15 d. In all
three approaches followed the correlation was the highest at 15 d
time lag, with r,, equal to 0.25, 0.49 and 0.69, for 1, 5 and 15 d

averaged time-series, respectively. The significance of r,, estimate
was determined by testing a null hypothesis, according to which,
no correlation is evident, that is, ry, essentially equals zero. ryy es-
timate was compared to 10 000 estimates obtained from randomly
selected permutations of the original time-series. If there is no ac-
tual causality or correlation between the two original time-series
under investigation, then the estimated ry, should not differ signifi-
cantly from the majority of the values obtained by permutation and
therefore the null hypothesis will be true. Otherwise the difference
should be large. We selected the significance level for testing the null
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Figure 5. CCFs of seismicity and injection data obtained by daily, 5 d and
15 d non-overlapping average (see legend). The x-axis has been limited
between —200 and 200 d lag. The ryy values estimated for each time lag
are calculated and shown in the y-axis for direct comparison of the graphs.
The dashed horizontal lines indicate the 0.99 quantiles obtained in each
case from 10 000 data sets, randomly selected with permutation from the
corresponding time-series.

hypothesis at 0.01 level, meaning than the estimated ry, is higher
than at least 99 per cent of the corresponding values arising from the
permutated time-series. All of the aforementioned ry, values were
found to differ from zero, at 0.01 significance level.

Our results indicate that on average there is a short time delay
of the order of 2 weeks in the response of seismicity to the fluid
injection in the rock matrix. However, as shown in Fig. 5 the time
lags corresponding to significant correlation between seismicity
and injection rates vary from about —90 to 85 d. If we discard the
negative time lags which represent no physical meaning, we obtain
an acceptable range of time lags from 0 to ~85 d, exhibiting a clear
peak at 15 d. This suggest that the response of seismic activity
to injection operations is more likely to occur with a delay of a
few days to ~3 months, with the strongest correlation calculated at
2-weeks’ time lag.

The final step was to investigate the influence of shifting the
seismicity cloud towards shallower hypocentres. This was done
in order to deal with the absolute location uncertainty risen af-
ter the relocation process (relative location of the events/velocity
model). For this reason, we shifted the injection point 100, 200
and 300 m deeper (equivalent for shifting the events cloud shal-
lower) and recalculated the CCFE. Results are shown in Table 1
and they are in good agreement with the ones derived from
the original locations. In all depth variation cases studied, ry,
are statistically different than zero at 0.01 significance level
as well.

Table 2. b-values and their standard deviations (right col-
umn) calculated for different hypocentral distances from
Prati-9 (left column). The available sample in each case is
shown in the parenthesis.

Distance from Prati-9 b-value

0-300 m 1.17 £ 0.07 (282 events)
300-380 m 1.12 £ 0.07 (282 events)
380-465 m 1.12 £ 0.07 (278 events)
465-600 m 1.16 £ 0.07 (279 events)

4.3 b-value change evaluation

In this section, we study the changes of b-value during the ~7 yr’s
period of interest. In particular, we investigate the b-value fluctua-
tion in connection with seismicity rate and injection rate changes,
according to the following aspects:

(1) Distance from the open hole of Prati-9 injection well (spatial
b-value distribution).

(2) Selected periods considered as stationary in terms of approx-
imately constant seismicity rate (temporal b-value fluctuation for
constant seismicity rate).

(3) b-value differences in connection with significant seismic-
ity rate differences (temporal b-value fluctuation for overlapping
windows exhibiting equal number of events).

(4) b-value differences with respect to injection rates.

4.3.1 Distance from the open hole of Prati-9 injection well

Table 2 shows the b-values estimated from events which occurred at
different hypocentral distances from the open hole section of Prati-
9 injection well. The distances were selected in order to form data
sets of identical size (~280 events per set). As shown, the b-value
is equal to 1.12 at distances from 300 to 465 m from the open hole
of Prati-9, whereas it is slightly higher concerning the near and
far field. These differences in b-values are small and they cannot
indicate a significant b-value change with the hypocentral distance
from the injection open hole.

4.3.2 Selected periods considered as stationary in terms of
approximately constant seismicity rate

Based on the cumulative occurrence plot (such as Fig. 6), the entire
period that the catalog covers was divided visually into 20 approx-
imately stationary parts (straight line segments indicated within
consequent different colour-shaded areas, shown in Fig. 6). In each
of these parts we estimated the b-value and the standard deviation
of its estimate. One can see that b-values significantly vary in time.
Some of the data sets include a very small number of events and
therefore the corresponding standard deviation bars are large. It is
shown that the b-values vary from 0.85 to ~1.6, a quite large range
considering the dimensions of the study area and the time period

Table 1. Maximum Pearson correlation coefficient (rxy) for the corresponding cross correlation function value and acceptable time-
lags range (1 d averaging of time-series was considered). Results correspond to different absolute hypocentre location of seismicity

cloud, shifted along Z axis, from the initial hypocentral depth (Zi,).

Hypocentre depth Maximum ryy

Time lag of maximum ryy

Range of accepted time lag values

Initial (Ziy) 0.249
Z="Zn+100m 0.250
Z="Zn+200m 0.252
Z="Zn+300m 0.243

15d 0to85d
14d 0to91d
15d 0to90d
19d 0to93d
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that the data covers. No correlation of b-value changes with average
seismicity rate is found.

4.3.3 b-value differences in connection with significant seismicity
rate differences

In order to study the correlation between changes in earthquake
occurrence rate and b-value changes we performed the following
analysis. We used a pair of subsequent, non-overlapping windows,
each comprising 100 events, that covered the time period in which
the first 200 events had been recorded. The constant event window
was preferred over the constant time window in order to keep the
accuracy of b-value estimation at the same level. We calculated the
seismicity rates and b-values in these two windows, respectively,
and then we calculated the respective ratios of the results from
right-hand-side (later) window to the results from the left-hand-
side (former) window. This resulted in two values: the seismicity
rate changes ratio and the b-value ratio, which we linked to the
time moment of the border between the two windows. We checked
the significance of the seismicity rate change using the binomial
test. Next we shifted the window pair by 20 events ahead and we
repeated the calculations. We continued the procedure until the end
of our catalog.

The results are demonstrated in Fig. 7, where the Ab-Arate plot
marks the cases of either positive correlation (first and third quad-
rants) or negative correlation (second and fourth quadrants). No
significant correlation between seismicity rate changes and b-value
changes can be observed since approximately only 60 per cent of
the points are located within the positive correlation regime. We
may therefore conclude that seismicity rate changes and b-value
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Figure 7. Scatter plot with the seismicity rate changes (Arate) and b-value
changes (Ab). Vertical and horizontal dashed lines depict the zero Arate
and zero Ab, respectively. The values were obtained for consequent time
windows equal to 50 d, overlapping per 2 d. Positive correlation is evident
for approximately 60 per cent of the data sets. The numbers within the figure
indicate the quadrants.

variations are uncorrelated. Moreover, there is no obvious system-
atic temporal pattern in b-value fluctuation. Similar results were
obtained for different event windows from 50 to 200 events. No
higher than 66 per cent of positive correlation between seismicity
rate and b-value changes was achieved in any case.
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Figure 8. h-value estimation for periods of increasing injection rates (red)
and decreasing injection rates (blue). The horizontal dashed line indicates
the average b-value considering the entire data set. Error bars indicate one
standard deviation of the estimated b-values.

4.3.4 b-value differences with respect to injection rates

The b-value analysis so far did not indicate any significant connec-
tion between b-value changes and hypocentral distance from Prati-9
injection well open hole (Section 4.3.1), time (Section 4.3.2) and
seismic activity rates (Section 4.3.3). Here we directly investigate
a potential connection between b-value and injection rate. In doing
so, we select time increments of clear either increase or decrease of
injection rate and consider the corresponding seismicity. From the
several such data sets we chose for our analysis those containing at
least 10 events. The results are demonstrated in Fig. 8. With the ex-
ception of one data set exhibiting a very high b-value (b = 2.56) all
the other data sets have values between 0.73 and 1.60. It is observed
that the injection rate changes lead to directly proportional changes
of the b-values, with an r,, = 0.57 (excluding the data set with
the anomalous b = 2.56). Bootstrap analysis of the injection rate
and b-values time-series implies that this correlation is statistically
significant at 0.05 level. This means that after randomly resampling
the time-series 10 000 times, a higher correlation coefficient was
achieved in less than 300 cases (<5 per cent). This result can be also
confirmed after stacking the data from decreasing and increasing
injection rate periods, respectively, in order to achieve larger and
thus, more reliable samples. In this case the b-values correspond
tob=1.12 £ 0.09 (b = 1.18 £ 0.09 including the data set with
extreme b-value) and b = 1.33 % 0.10, for periods of decreasing and
increasing injection rate, respectively. Thus, we may conclude that
a direct and prompt response between injection rates and b-values
is possible.

5 DISCUSSION

In this section we discuss the overall evolution of seismicity in tem-
poral domain, and review the mechanisms driving the seismicity
in this part of the geothermal field. A first observation is that seis-
mic activity is unevenly distributed with distance from the open
hole of Prati-9 well (Fig. 9). The characteristic absence of events
is shown for the first 100 m from Prati-9 open hole. After the first
100 m, the number of events per unit volume is steadily reduced,
with an exception at 300400 m where an apparent increase of seis-
mic activity is evident. The absence of seismicity in the near field
could possibly be linked to the extensive damage caused by the

fluid injection resulting in high porosity pathways. The enhance-
ment of seismicity between 300 and 400 m can be explained by the
pre-existence of a fault segment which was reactivated by the injec-
tion (see Martinez-Garzon et al. 2014). Fluid more easily penetrate
through such pathways and led to intense seismic activity within a
specified zone.

A second noteworthy point concerns the propagation of the trig-
gering front and the estimated delay of seismicity. Time delay makes
physical sense when interpreted as the time needed for propagation
through diffusion of the pressure front to reach particular structures
within the reservoir. The pore pressure gradually decreases as dis-
tance increases due to the geometrical spreading of the water mass
into greater rock volume. According to this, a time lag of even sev-
eral months is not unexpected and it is controlled by factors such
as distance of injection sites from pre-existing fault structures, hy-
draulic diffusivity and regional stresses (e.g. Brodsky and Lajoie
2013; Langenbruch and Zoback, 2016). In the NW The Geysers
area, Johnhson et al. (2016) showed that the seismicity rates during
2005-2007 indicate a 2—5 months’ time lag for all depth intervals,
while after 2007 there is no resolvable time lag in the shallow depth
intervals (1-2 km), where most of the injection is occurring. Beall
et al. (2010) suggested that the delay in elastic response is the time
needed to fully saturate portions of the reservoir previously not
receiving injection water.

Here, in contrast, we study the long term effects of injection
(~7 yr) and not the initial response of the reservoir. Applying typical
hydraulic diffusivity values (D = 0.05-0.5 m? s~!, Talwani et al.
2007) to eq. (1) of Shapiro & Dinske (2009), it comes out that
seismicity should appear within 600 m distance from injection point
within 0.5-6.5 d. If we further consider that the first event was
registered 21 d after the injection initiation and was located at
~500 m from the open hole of Prati-9, this leads to D > 0.011 m?
s~!. The average delay of ~15 d which we obtained in this analysis
can be thus interpreted by the gradual increase of permeability
and new fractures generation during the initial phases of injection
operations. Such phenomena may accelerate the propagation of both
hydraulic and thermal fronts, with the latter considered to advance
more slowly (Martinez-Garzon et al. 2014; Izadi & Elsworth 2015).

Intense seismic activity is concentrated in the close vicinity of
Prati-9 (between 100 and 600 m from the open hole), which is lo-
cated directly within the high temperature zone (HTZ). The main
mechanisms driving the seismicity in the analysed area are pri-
marily thermal fracturing and secondary pore pressure diffusion
and poroelastic effects (Stark 2003; Martinez-Garzon et al. 2014;
Rutqvist et al. 2015). While thermal stresses are mostly responsi-
ble for the majority of seismic events, poroelastic effects may tune
the maximum magnitude of seismic activity, especially at larger
depths (e.g. Kwiatek et al. 2015). The fact that increasing injec-
tion rates lead to increased b-values may be interpreted as a result
of a sudden increase in pore pressure with the corresponding ef-
fective stress reduction (e.g. Scholz 2015). As a result, the crustal
strength is decreased, therefore failure occurs before significant
stress buildup is accumulated (Staszek et al. 2017). Moreover, this
leads to a proportional increase of the b-value. This phenomenon
has been observed in previous studies (e.g. El-Isa & Eaton 2014
and references therein). It is also worth noting that a strong positive
correlation between seismicity rate and injection rate was obtained,
whereas no direct correlation between magnitude distribution and
seismicity rate was found. This happens because the comparison
between b-values and seismicity rates is performed independently
of the injection. Seismicity rate changes do not influence b-values
neither vice versa, but both parameters are controlled by injection
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Figure 9. Number of events per unit volume occurred at different distances from open hole of Prati-9 injection well.

rates. Therefore, disregarding the major cause (i.e. injection) that
influences seismic occurrence and magnitude distribution, leads to
a failure in revealing any connection between temporal-magnitude
seismicity distribution (i.e. only by analysis of overlapping moving
time-windows).

6 SUMMARY AND CONCLUSIONS

We utilize seismic and operational data from the northwestern part
of The Geysers geothermal field (California, USA) to verify and
quantify the correlation between injection rates and seismicity rates
by analysing the data associated with Prati-9 and Prati-29 injection
wells. The correlation between spatio-temporal seismicity evolution
and variation of the injection data is performed by examination of
original and binned time-series by means of statistical tools (CCF,
binomial test for investigating significant rate changes, b-value vari-
ation). The major findings of our study are summarized here:

(1) A clear positive correlation between seismicity rates and total
injection rates is evident. This correlation is statistically different
than zero at 0.05 significance level.

(2) The entire process seems to take place with a short time lag.
We quantified an average time delay of seismic response to injection
equal to ~15 d, whereas a range between 0-85 d is statistically
significant at 0.01 level. This time lag is preserved even if the
seismicity cloud is shifted at a shallower location as far as 300 m
from its original hypocentre.

(3) The analysis indicated that b-value changes in time. More-
over, it turned out that b-value is significantly positively correlated
with injection rate. The injection rate increases and decreases are
followed by increases and decreases of b-value, respectively. No
significant influence of the seismicity rates and the distance from
the injection well on b-value was detected.
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