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Summary

Many seismic processes, specifically those induced or triggered by activities for
exploitation of geo-resources, are time-dependent. As a result, the corresponding seismic
hazard posed by such processes is time-dependent as well. Within Task 24.3, a software tool
for short term, time-dependent hazard analysis has been developed and implemented. This
tool is SHAPE (Seismic HAzard Parameters Evaluation). It is particularly, though not exclusively,
relevant for anthropogenic seismicity investigation. SHAPE enables an assessment of time-
dependent hazard quantified by the Mean Return Period (MPR) of a given magnitude and the
Exceedance Probability (EP) of a given magnitude within a predefined time period. Hence
SHAPE estimates the time-dependent source component of seismic hazard. The variation in
time of this component originates from the time-variability of industrial factors driving seismic
activity. SHAPE is therefore useful to monitor the changes of seismic response to technological
operations and to control the effectiveness of the undertaken hazard mitigation strategies.
Nevertheless, SHAPE can be evenly applied to non-anthropogenic seismicity cases without any
limitations.

In section 2 an overview of induced seismicity and its characteristic features are
presented. Those features are closely related to anthropogenic activities, therefore induced
seismicity and the corresponding hazard demonstrate a significant time-dependency.

In section 3 the proposed methodology for dealing with time-dependent
anthropogenic seismic hazard on industrial sites is described.

In section 4 the SHAPE software package is presented.

In section 5 an application of SHAPE package to the data from the north western part
of The Geysers (TG) geothermal field, California, is demonstrated.

Parts of this material have been gathered as the paper:

Leptokaropoulos, K. and S. Lasocki (2020), SHAPE: A MATLAB Software Package for
Time-Dependent Seismic Hazard Analysis, Seismol. Res. Lett., XX, 1-11, doi:
10.1785/0220190319.
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Time-and-Technology dependent Induced Seismicity

Due to its significant socio-economic impact, seismicity induced or triggered by
exploitation of georesources and the related hazards receive increasing scientific and public
interest. Anthropogenic activities such as fluid injection and extraction, mining operations and
water reservoir impoundment perturb stresses and lead to the occurrence of considerable
seismic activity, even in areas previously characterized as aseismic. All of these activities alter
the rock matrix equilibrium by applying complex mechanical, hydraulic, thermal and chemical
interactions. The combination of the aforementioned phenomena causes seismic activity
which may potentially lead to events strong enough to threaten the integrity of the
infrastructure and cause problems to the production process. Occasional, stronger
anthropogenic events may even result to casualties and damages in extended areas leading to
remarkable public concern. The well-known case of Basel 2006 earthquake led to project
cancelation (insurance claims reached ~7 million CHF, Gischig and Wiemer, 2013) and the
recent Pohang Mw 5.5 earthquake (Ellsworth et al., 2019) in Korea (135 injuries, 1700 people
displaced from their homes, ~$300 million total damage, Lee et al., 2019) are only two of the
mostly known cases of seismicity associated with georesources exploitation. In some the origin
of seismicity cannot be determined unequivocally and the potential involvement of human
activities is still under debate (e.g. Ge. et al. 2009; Deng et al., 2010; LLenos and Michael, 2013;
McGarr et al., 2018; Ellsworth et al, 2019). Nevertheless, the vast economic impact as well as
the vicinity of the epicentres to urbanized areas strengthens the need of accurate hazard
assessment in the areas surrounding industrial sites. It is therefore of paramount importance
to develop analytical tools, which could lead to implementation of risk mitigation measures.
The problem is intrinsically time-dependent because the anthropogenic seismic processes are
tightly linked to the inducing, time-variable technological operations.

Seismic hazard, determined as the level of shaking at a given point, caused by an
earthquake, consists of three components, which are symbolically referred to as source, path
and site. The source component includes the properties of seismicity, the path component
refers to the properties of seismic waves propagation from the source to the receiving point
and the site component includes properties of the medium at the receiving point, which have
an impact on the resulting ground motion. Out of these three components, only the source
component changes in time in most of the anthropogenic seismicity cases. In this connection,
time-changes of the probabilistic parameters of seismicity representing the source component
of hazard, indicate the trends of induced seismic hazard development, as well as the
effectiveness of the undertaken hazard mitigation actions.

Anthropogenic seismicity demonstrates some characteristic features which
differentiate it from tectonic seismicity. Among those features, some of them are particularly
relevant for seismic hazard evaluation purposes: First, induced seismic events are usually
limited to a specified volume in the vicinity of the inducing technological activities. Second, the
induced seismicity energy release is, in the vast majority of the reported cases, lower than the
natural one, i.e. the total number of anthropogenic events with M>4.0 worldwide, is only a tiny
fraction of the corresponding global number of tectonic events. Third, there is a close (yet not
always straightforward) relation between seismic activity and production/ operational
parameters (e.g. mined out mass/volume, injection rate/pressure, reservoir water level etc),
therefore the process is intrinsically non-stationary and time-dependent. Following these
attributes, it is preferred to study and interpret changes of specified hazard parameters rather
than their absolute values. For example, at a given site, e.g. at the vicinity of an injection well,
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where events with M>3.0 occur once per year, then the corresponding exceedance probability
of M>3.0 within a time period of dt=1day is very low. Nevertheless, given the fact that seismic
hazard is strongly time-dependent, such an exceedance probability should be compared with
the corresponding values estimated for previous time periods. A significant change of this
parameter in comparison to its previous values, would provide strong indication of a
remarkable change of seismic hazard, regardless of the parameter absolute value. In addition,
because seismic hazard parameters change fast due to the technological activities variation, a
selection of a long time horizon, dt, would have no practical meaning.

Earthquake magnitude distribution is routinely considered as exponential, modelled by
the well-known Gutenberg-Richter (GR) law, parameterized by the so-called b-value, which
quantifies the relative likelihood of stronger earthquakes. As generally stated in literature, b-
values close to one are typical for tectonic seismicity (e.g. El-Isa and Eaton, 2014 and references
therein), whereas a wide range of b-values may characterize anthropogenic seismicity
depending on the type of the geo-resource exploitation activity. Nevertheless, complexity and
rapid changeability of technological factors inducing seismicity may result in significant
deviations of the observed magnitude distributions from the GR law (Lasocki, 2017). It has been
shown (Lasocki, 2001; Urban et al., 2016) that the GR law may be not appropriate to model the
magnitude distribution in anthropogenic seismic hazard analysis. Preliminary results (Lasocki
et al., 2017) indicated a complex (i.e. non-exponential) magnitude distribution in TG as well as
in Oklahoma region and propose the adaptation of a non-parametric approach for modelling
the events size distribution for seismic hazard purposes. Leptokaropoulos (2020) showed that
the entire magnitude distribution at the north western part of TG geothermal field is definitely
complex and non-exponential with the shape of the distribution demonstrating at least 2
bumps (the shape of distribution subsequently changes from convex to concave). The same
author performed a spatio-temporal seismicity analysis and specified 10 seismic clusters: 3 of
these clusters demonstrate b-values ~1.10 and correspond to low injection rates; 3 other
clusters demonstrate b-values ~1.40 and correspond to medium injection rates; The rest 4
clusters are generally associated with high injection rates and the magnitude exponentiality
hypothesis is rejected by the Anderson-Darling test at 0.01 significance. This deviation from
exponentiality, may be caused by rapid changes of stress values and orientations due to
changesin pore pressure as a result of fluid injection. Moreover, thermal stresses and chemical
effects change material properties and dynamic response (e.g. Majer et al., 2007; Izadi and
Elsworth, 2015) introducing additional complexity to the process. Such effects have not yet
been sufficiently examined and deeply understood, however, they definitely result to time-
dependent seismic hazard, tightly connected with anthropogenic activities.

Due to these facts, there is a need for alternative modelling of magnitude distribution
to apply when GR model is clearly inadequate. The development of more flexible analytical
tools which could lead to efficient risk mitigation strategies is therefore necessary. For this
reason non-parametric (data-driven) approaches are also implemented in SHAPE software. The
detailed description of magnitude distribution models, together with the methodology
followed for time-dependent seismic hazard assessment is presented in the following sections.
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Methodology

The methodology of time-dependent hazard analysis is based on the works of Lasocki
(e.g. 1993a, 1993b; 2017). In his approach the dependence on time of seismic hazard is
modelled by the dependence on time of parameters of the stationary distribution models.
Next, it is assumed that hazard changes in time are slow enough to be approximated by
stationarity in time intervals whose length allows for estimating the distribution model
parameters. In result, the hazard estimates are assessed through successive estimations in a
sliding time window, under the assumption that the seismic process within each window is
stationary.

When the seismic process is stationary, thence when this process is studied in an
individual time window, the source component of seismic hazard is characterized by the
distribution of number of event occurrences in the prescribed time period, by the magnitude
distribution of events and by the distribution of epicentre or hypocentre location, all
distributions being independent of time. Because, as mentioned, anthropogenic seismic
sources occur over a limited volume, the distribution of source location is often not modelled
and it is assumed that the hazard values are the same within the whole engaged part of the
rock mass. Such an approach is used in SHAPE.

Usually, also in SHAPE, it is assumed that the seismic process is Poissonian. Then the
event occurrences are fully characterized by the seismic activity rate, A, which is estimated by
the number of events that occurred in the time window divided by the time window length.

Two parameters related to seismic hazard are estimated in SHAPE. The first is the Mean
Return Period (MRP) of a given magnitude, M1, defined as the mean time elapsed between

successive events of M>Mzi:

1
MRP = Tty .

where, A, is the seismic activity rate of the events with magnitude greater than or equal to the
catalog completeness level, Mc, and F, is the Cumulative Distribution Function (CDF) of
magnitude.

The second parameter estimated is the Exceedance Probability (EP) defined as the
occurrence probability of the earthquake of magnitude M;, within a time period, dt:

EP = 1 — e~ Adt(1-Fn(My1)) (2)
Four different methods of F, estimation are supported by SHAPE, two assuming the

validity of the Gutenberg-Richter (GR) law and two Non-Parametric (NP) approaches:
Unbounded GR model (GRU)

The assumption that earthquake magnitudes statistically follow the GR relation, such
that logN=a-bM, where N is the number of earthquakes with magnitude > M, and that there is
no limit for earthquake magnitude, leads to the negative exponential distribution of magnitude
with the Probability Density Function (PDF), fm, given as:

AM
fn(M) = Be FM=Mc+0 > M, (3)

where AM is the magnitude round-off interval (reporting accuracy) and the parameter fis
connected to the GR law b-value as B=In10-b.
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The corresponding CDF reads:

AM
E,(M)=1—e PMMcAD) 01 > (4)

The maximum likelihood estimate of B, for grouped magnitude values within their
round-off interval is given by (Bender, 1983):

5= (M) = Mo+ (5)

where (M) is the arithmetic mean of magnitudes of events with M>Mc.

Truncated GR model (GRT)

Assuming a hard end point of the magnitude distribution, Mmax, the magnitude PDF for
Mc<M<Mmax reads (Page, 1968):

Be—ﬁ(M—Mc+¥)

fm(M) = 1_e—ﬁ(Mmax—Mc+%) (6)
The corresponding CDF reads:
0 for M < M,
1o BM-Mc+53h)
Fn (M) = 1o~ BMmax—Mc+50) for Mc < M < Mmax )

1 for M > M,
The maximum likelihood estimate of @ is given as the root of the equation (Page, 1968):

. AM
Mmax—Mct+—-

+

% —(M) =M+ =0 (8)

l_eﬁ(ﬁmax—M(:"'%)
In SHAPE the upper bound of magnitude distribution, Mmax, is estimated using the
generic formula of Kijko and Sellevoll (1989):

Vi Mmaxobs
Mpax = Mpmaxons + fMC b [FM(M)]de (9)

where Mmaxobs 1S the largest magnitude value in the k-element sample of the observed
magnitudes with M>Mc.

The estimation of the distribution parameters, B, Mmax requires numerical solving of
the system of two equations, (8) and (9). If this process fails to reach convergence, then the
simplified formula of Robson and Whitlock (1964) is applied:

Mmax = 2Mmaxobs — Mmaxzobs (10)

where Mmaxaobs iS the second largest magnitude value.

Unbounded NP (NPU) and Truncated NP (NPT) models

In addition to the aforementioned two parametric approaches, non-parametric
(model-free) estimators of magnitude distribution are implemented in SHAPE as well. These
non-parametric approaches have been introduced and adapted to estimation of magnitude
distribution by Lasocki et al. (2000) and Kijko et al. (2001), further developed in Orlecka-Sikora
and Lasocki (2005) and Lasocki and Orlecka-Sikora (2008). These approaches are based on the
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kernel density estimator which sums the symmetric probability densities (kernels), individually
associated with the observations (Silverman, 1986):

FnMI(M}h) = =30, K (%) (11)

h

where, h, is the non-negative smoothing parameter (bandwidth), n stands for the number of
observations, {M;,i = 1,..,n}, are the magnitudes, and K(e), is the kernel function. The
Gaussian kernel is used in SHAPE and the estimators of magnitude PDF and CDF read,
respectively:

1/M-Mj\?

st ) )
fm M) = 2m) 2?’:1[®(Mmsfh_Mi)_®(MZ}11Wi)] (12)
shalo(%rY)-o (e )] 13)

m(M): N Mmax—-M; Mc—M;
S P o)

aih aih

where @(e) denotes the standard Gaussian CDF, and h is calculated from the equation (Kijko,
et al., 2001):

2ij {[(Miz_hM -1

a; = ’g/f(Mi),i =1,..,N are local bandwidth factors, which cause that the smoothing
factor adapts to uneven data density along the magnitude range,
f( Q)= Nhf/ﬁ 19Xp[ 0. S(M Mk) ] [H 1f(M )]_ (15)

As in the parametric approach, setting Mmax—>°°, leads to the NPU, whereas a finite
value of Mmax leads to the NPT model.

exp [— %}}/x/ﬁ =2n (14)

exp[ (i~ M’)] 2[(%;#')2—1

The non-parametric approaches to seismic hazard estimation showed that they provide
results with tolerable, limited errors regardless of whether the actual magnitude distribution
follows the Gutenberg-Richter relation or it is complex (Kijko et al., 2001). The drawback of
these approaches is that they need considerably numerous magnitude data samples, the best
N>50 elements, which can be difficult to obtain from short time windows in the presented
time-dependent hazard estimation.
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SHAPE package

SHAPE (Leptokaropoulos and Lasocki, 2020) facilitates a time-dependent hazard
analysis by estimating the activity rate, b-value, mean magnitude and hazard parameters: MRP
and EP in sliding time windows, according to the methodology presented above. The
development of SHAPE resulted from a combination of different relevant applications which
are already implemented within the IS-EPOS platform (Orlecka-Sikora, et al., 2020) and are
freely available for on-line usage (https://tcs.ah-epos.eu/). Within the IS-EPOS platform various
tools can be found for the use in stationary and time-dependent probabilistic seismic hazard
assessment problems. Based on the aforementioned on-line applications available in IS-EPOS,
the SHAPE package presented here embodies additional features and constitutes a
generalized, stand-alone Matlab software.

Two SHAPE versions are available: SHAPE verl is a stand-alone version in which the
hazard analysis is performed within a series of steps, allowing a high interactivity level with the
User (Figure 1). This version supports a GUI in order to allow the User interactively select the
options and parameter values needed for the calculations.

| — X |4 - X | 4 Toolbox_SHA_TEST_1 - X
a b ¢
Select Seismic Catalog: Select time unit: Apply for Data Filtering?
" DaE 2
ST2 SEIS Data.txt Year
ST2_SEIS_Fields.txt .
TG_1121_SEIS_Data.txt Time
TG_1121_SEIS_Fields txt
TG_SEIS_Data.txt
TG_SEIS_Fields.txt
S v Magnitude
Cancel T
] REPORT Hazard _Analysis.txt x v X
Parameters Report & Results for HAZARD ANALYSIS (created on 04-Sep-2019 14:21:33) —
Parameters Estimated: Mean Return Period (MRP) and Exceedance Probability (EPR) |
<Magnitude Scale Selected >: ML
<Time Unit >: Day
<Magnitude Range >33 to 3.6
<Magnitude Distribution Model >: Unbounded Gutenberg-Richter
<Magnitude (for EPP and MRP) >: 3.6
<Time Period (for EPR) >: 1 Days
<Time Window Creation Mode >: Graphical
< Window Size >: variable
< Window Step >: variable
<Overlapping Time Windows >: NO
Set N Starting Date/Time Ending Date/Time events MRP EPR b-value Mmax
per day days
1 § 293 02-Sep-2013 00:31:21 13-Jul-2014 00:36:00 0.937 602.251 0.00165905817 1.038 NaN
2 110 13-Jul-2014 00:36:00 06-Aug-2014 08:22:50 4.585 229.144 0.00435456321 1.140 NaN
3 135 06-Aug-2014 08:22:50 15-Feb-2015 11:14:42 0.701 981.972 0.00101784089 1.071 NaN
4 258 15-Feb-2015 11:14:42 21-Apr-201S 07:59:36 4.060 183.299 0.00544071769 1.084 NaN
S 203 21-Apr-2015 07:59:36 25-Dec-2015 17:37:56 0.819 1375.550 0.00072671781 1.152 NaN
< >

Figure 1. Snapshots from application of SHAPE verl interactive version. (a) Seismic Catalog
selection window, (b) time unit selection window, (c) filtering routine selection window and (d)
output ASCII file.
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SHAPE_ver2 is performed internally by the system as a series of steps and the input
arguments are defined by the User in a so-called, Wrapper script. Once these parameters are
set and the Wrapper script runs, the Application is performed without any further interruption.
The input files in both versions must be in ASCII format (e.g. *.txt). For both SHAPE versions,
three Input Directories must be available, one mandatory, containing the seismic catalog and
two optional including production data and the parameters for time windows for the (time-
dependent) analysis. In addition to the hazard estimates the package offers visualization of the
results and generation of a report summarizing the input parameter values and the output
results (Figure 1d).

The package can be downloaded and implemented under GNU General Public Licence
and is freely available to all users. Both versions comprise functions and auxiliary scripts written
in Matlab and they are compatible with Matlab Version 2017b or later. They also require the
‘Statistics and Machine Learning’ Matlab Toolbox. SHAPE verl also requires the ‘Image
Processing’ Matlab Toolbox to support the GUI environment. The source codes together with
the accompanying material (data sample files, relative documents and complete User Guide
documentation for SHAPE_verl and SHAPE_ver2) describing step by-step the implementation
process, acceptable data formats, description of the parameters etc, can be found in the
following repository:

https://qit.plgrid.pl/projects/EA/repos/sera-applications/browse/SHAPE Package.

The workflow of SHAPE is described by the flowchart shown in Figure 2. These steps
are interactively performed in SHAPE ver1, which, in addition facilitates a data filtering routine
and graphical selection of the time windows (these steps are indicated as dark grey boxes in
Figure 2). For this reason it is recommended that the user applies SHAPE_ver1 at the first place
for a bulk investigation of a dataset in order to find potential sub-sets as well as appropriate
parameter values leading to substantial results. Once data and input options have been
approximately constrained then the user may switch to SHAPE ver2, for fast iterations,
allowing fine tuning of the parameter values and comparison of the results obtained by diverse
inputs. The workflow of SHAPE ver1 is summarized below (the numbers in the circles shown
in Figure 2 correspond to the numbers of the steps of analysis):

Step 1. Mode selection, between “Seismic Data” (i.e. mode 1) and “Seismic and
Production Data” (i.e. mode 2). Although only seismic catalog is needed for calculation of
hazard parameters there is an option to upload operational data as well. As mentioned in the
previous section, anthropogenic seismicity properties and seismic hazard are well established
as being directly connected with the inducing technological activities. For this reason
operational parameters can be considered within SHAPE for the selection of appropriate time
windows as well as for the visualization of the output in order to facilitate results
interpretation. Nevertheless, mode 2 can be disregarded when natural (tectonic) seismicity is
studied.

Step 2. The Data selection is done from pop-up windows. The user selects a seismic
catalog and the corresponding catalog fields file from the “CATALOGS” directory. If Mode 2 is
selected (see: Step 1), the user also selects a technological activity data file and the
corresponding data fields file from the “PRODUCTION DATA” directory. In this latter case, the
user is further requested to specify a particular parameter (e.g. reservoir water level, gas
production volume, wellhead pressure, etc.) to be displayed in time filtering (see: Step 4), in
interactive time window selection (see: Step 5) and in the output visualization (see: Step 7).

SERA_D24.3_Time-dependent induced-seismicity models 10
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Step 3. The program reads from the input file the available magnitude scales in the
uploaded catalog and requests from the user to select one of them. All the calculations from
this point and on will be performed considering this magnitude scale.

Launch
Application

6 Select Mode

-Seismic Catalog Sele ot -Seismic Catalog )

-Seismic Catalog Fields -Seismic Catalog Fields
-Production Data

-Production Data Fields)

4

[ Select Production |

Data Field ]
Select M
° Scale o
= amm—
] S filter Data |}
°[Selent Window Creation Mude] - !m |_| "
N —
—- ) | =
Time Events | | Graphical | |File upload a v U
ﬂ ﬂ ﬂ ﬂ Time Depth Epn:anirall Magnitude
[ Set window size seismicity\ [ From | -Palygon area
-Set window step plot directory -Circular area
\ J \\ J \\ J JT
e :
-Geographical
/ lect aMagnitude Distribution Muﬂ\ _Emi:::
llnhnunded Unhuunded (Truncated Truncated | R4
. GR NF Kernel )| GR NP Kernel )
° Braphical Selection of Parametar (data fitering)
[ M,y Selection: )
-Internally Estimated
\____-Set Manually

Select Time Unit

| Day || Month || VYear |
——

Set Magnitude || Set Period Length
(for EP and MRP) (for MRP)

’_‘ Run the Program >‘ Output Structure ” Output Report ” Output Figure ‘

Figure 2. Flowchart with SHAPE basic processing workflow. The numbers within the circles
correspond to the steps of the process as described in the main text. Dark boxes show the
operations performed only in SHAPE verl. V1 and V2 refer to SHAPE verl and SHAPE ver2,
respectively.

Step 4. This step consists of an iterative process which takes place only in SHAPE verl.
The user has the chance to constrain the uploaded catalog data in terms of four filters, selected
from a pop-up window. The user initially selects whether he/she wishes to perform filtering,
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thus the same filter can be applied many time as long as the user selects ‘yes’ in the
corresponding dialog box. Each time a filter has been applied, a message appears in the screen
showing the remaining number of events in the filtered catalog and the program requests from
the user further data filtering. Once user’s choice is ‘no’ the program proceeds to step 5. The
available filters are:

a. Time filtering: The user is requested to select a starting and an ending time point
from a graph showing the cumulative number of events in time, in order to
constrain the period of analysis between these two points. If production data have
been uploaded (see: Step 2) then the corresponding time-series of the selected
technological parameter is also plotted in the second vertical axis of the same
graph.

b. Epicentral location filtering: This filtering can be applied in either geographical or
Cartesian coordinates, if they are included in the uploaded dataset (seismic
catalog). After selecting the coordinate system from a pop-up window, the user is
provided two additional options, either a polygonal or a circular area, for
constraining the events to be considered for seismic hazard analysis. In both cases,
the user graphically specifies and adjusts the area.

c. Depth filtering: The user can inspect the vertical distribution of the events as well
as a histogram of events from a figure generated in a pop-up window. The user can
change the number of bins to update the histogram and finally selects the depth
range to be considered for the analysis.

d. Magnitude filtering: The User is here requested to choose graphically the minimum
magnitude threshold (essentially corresponding to the catalog completeness
level), from a histogram representing the frequency magnitude distribution of the
events in the uploaded dataset.

In SHAPE_ ver2 no data filtering takes place, except the magnitude filtering by defining
a minimum magnitude threshold within the Wrapper script. Therefore the data should be
already filtered according to the user specifications either from SHAPE verl implementation
or externally (by own means).

Step 5. The remaining data after filtering is now divided in windows defined by the user
by means of 4 different modes, i.e. ‘Time’, ‘Events’, ‘Graphical’ and ‘File’. In SHAPE_ ver2, the
‘Graphical’ option is not available. If ‘Time’ mode is selected, the User has to define the window
size and window step (in days), by typing values in the corresponding fields in a pop-up window
appearing in the screen. If ‘Events’ mode is selected the User has to define the window size (in
events) and the window step (in days). Alternatively, the User can select ‘graphical’, for
interactive graphical selection of subsequent points from a plot. Finally if ‘File” is selected the
program browses the “TIME_WINDOWS” directory and the user selects from there a file with
the starting and ending points of the time windows to be considered.

Step 6. The user now selects the magnitude distribution model and other input
parameters for seismic hazard analysis. The magnitude distribution model is selected among
the four provided by SHAPE (GRU, GRT, NPU, and NPT, see: Methodology section). In addition,
the target magnitude for EP and MRP calculation and the target time period for EP calculation
are set as well. For the truncated distribution models (GRT and NPT) an option is available, in
which the maximum magnitude is calculated by SHAPE together with its bias (Lasocki and
Urban, 2011). SHAPE offers also the option to manually set a predefined Mmax, which can be
estimated independently e.g. from historical records of tectonic earthquakes, McGarr (2014)
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method or seismogenic index (Shapiro et al, 2010) in the case of induced seismicity, theoretical
scaling relations (Galis et al., 2017), etc. Finally, the time unit (day, month or year) in which the
final results (A and MRP) are calculated is selected at this step.

Step 7. Outputs. There are three outputs produced by the program and saved in
“Outputs_SHA” directory:

1. A matlab structure “SHA.mat” containing fields with inputs and output parameters and
information on the time windows. The structure has as many cells as the number of
time windows generated.

2. Areport, ‘REPORT Hazard_Analysis.txt’ is generated and stored, including a summary
of the input parameters and data considered, as well as the results obtained from the
analysis.

3. Afigure in .mat as well as in .jpg format is stored. This is automatically generated in
SHAPE_verl and optionally generated in SHAPE_ver2 (Figure 3).
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Figure 3. Example of an output figure produced by SHAPE, considering equal time windows.

The subsequent horizontal bars indicate: Upper frame - the mean return periods of events with
M=>3.0 calculated for each one of the 30 days long time windows (notice the option to switch
between linear/logarithmic y-scale), Middle frame- the exceedance probabilities of the M>3.0
within a selected target period (dt=1 day in this case) and Lower frame - the mean activity rate
for each time window. The blue curves in upper and middle frames denote the daily fluctuation
of the production parameter (water level in the reservoir in this example). The brown
horizontal bars in the lower frame show the b-values for each one of the time-windows.
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Case study

The selected site in this example is The Geysers (TG) geothermal field, California, the
largest geothermal system in the world, operating since the 1960’s. Seismicity with M>2.0
started after 1969 and in 1982 an event with M=4.6 occurred, which is the second largest event
ever occurred in a geothermal site (as of March 2020). The analysis presented here is
conducted on an isolated seismic cluster located at the North-Western part of TG (data can be
found at: https://tcs.ah-epos.eu/#episode:THE GEYSERS Prati 9 and Prati 29 cluster). A
relocated seismic catalog comes from Martinez-Garzon et al. (2014) and Kwiatek et al. (2015),
whereas several studies have been conducted already for this particular area dealing with
association of seismicity properties with injection activities (e.g. Staszek et al., 2017; Garcia-
Aristizabal, 2018; Leptokaropoulos et al., 2018; Orlecka-Sikora and Cielesta, 2020; Lasocki and
Orlecka-Sikora, 2020).

In this application, SHAPE is used for estimating hazard source parameters considering
both parametric and non-parametric magnitude distribution models. Convertito et al. (2012)
suggested that due to the limited dimension of the seismogenic volume in anthropogenic
seismicity case studies, a truncated magnitude distribution (bounded between Mc and Mmax)
must be preferred. For this reason the truncated distributions (GRT, NPT) are chosen to be
tested and compared with each other in this case study. A cluster of 1121 seismic events
located in the close vicinity (<600m) from Prati-9 injection well is analysed. The maximum
magnitude was set equal to Mmax=3.2, as resulted from the application of the Kijko-Sellevoll
generic formula (9) and the truncated Gutenberg-Richter magnitude distribution model (GRT,
Equations 6 and 7) to the entire population of 1121 events in the selected area (the maximum
observed magnitude was equal to 3.16). The target magnitude for MRP and EP was set equal
to 2.75 (10 events with magnitude greater than or equal to 2.75 occurred within the entire
study period). The target period length for EP was set to dt=1 day. The time windows
considered for the analysis are related to injection rate values and magnitude distribution
properties, as derived by Leptokaropoulos (2020). The time window selection criterion was
chosen to be the p-value of the Anderson-Darling (AD) test of exponentiality, under the null
hypothesis, H, that the magnitudes of a dataset (within a selected time window) follow the
exponential distribution. A trade-off between window size and number of events included in
each window was necessary in order to achieve robust results. In such way, after examining
and combining the results for different window widths (25-150 events) optimal time windows
were further sought semi-manually, based on the periods recognized from the earlier steps to
demonstrate significantly high and significantly low p-values derived from the AD test.
Eventually, 10 time windows were defined.

The performance of the different approaches of hazard parameters estimation was
retrospectively tested against the actual data. Figure 4 shows the results obtained by both the
exponential (GR law) as well as the non-parametric approaches. It is shown that the non-
parametric approach provides smaller probabilities of exceedance for M>2.75 in all but 2 cases
(the inverse stands for the MRP). In order to test and quantify the efficiency of each method,
the actual (observed) number of events (M>2.75) for each time window is plotted together
with the expected number of events (M>2.75) considering GRT and NPT approaches,
respectively. This expected events number can be derived as the duration of each time window
divided by the corresponding MRP. These results are presented in Figure 5. It is shown that in
almost all time windows, the NPT approach gives a number closer to the actual one than the
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GRT approach does. It is also noteworthy that for the first time window both approaches
severely overestimate the M>2.75 events (0 actual versus 4 from NPT and 7 from GRT). The
empirical and modelled CDFs by GRT and NPT approaches are demonstrated in Figure 6.
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Figure 4. Exceedance Probability (upper frame) and Mean Return Period (lower frame) at TG

(Prati-9 site), for 10 non-overlapping time windows. Light circles indicate the Truncated
Gutenberg Richter model, whereas dark squares show the Truncated Non Parametric model.
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Figure 5. Observed (crosses) and expected number of events with M>2.75 found during each
one of the 10 time windows. Light grey circles correspond to GRT prediction whereas dark grey
squares show the NPT predicted values.
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The performance of both approaches is quantified by means of the Spearman rank
correlation coefficient (R?), calculated for all 10 time windows and also excluding the first
window (as an outlier). For the GRT the R?=-0.08 (p-value=0.83) for all time windows and
R?=0.10 (p-value=0.80) for the 9 latter time windows. This clearly indicates that the GR model
is not appropriate to describe the magnitude distribution at the particular site, failing to
achieve agreement with the observed values.
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Figure 6. CDF plot, F(x), of Empirical magnitude (grey curve), GRT model (red curve) and NPT
model (blue curve). The vertical dashed line indicates the M=2.75. Numbers 1-10 correspond
to the 10 studied time windows.
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On the other hand, the NPT approach results to R?=0.61 (p-value=0.06) for all time
windows and R?=0.95 (p-value=0.0005) for the 9 latter time windows, suggesting that the
corresponding results are in much better accordance with the actual observations. Also note
that the total number of events with M>2.75 predicted in total for all the 10 windows by the
GRT are 25.5(18.5 for the nine latter windows) and by the NPT are 14.4 (10.5 for the nine latter
windows). Given the actual 10 events observed, it seems that both models overestimate the
number of events (equivalently the occurrence probabilities), however, the NPT approach is
definitely more appropriate than the GRT model. This stands in agreement with the findings of
Urban et al. (2016), who showed a violation of GR law in several cases studies of man-made
seismicity. Finally, during time windows 1, 4, 7 and 10 there are very large differences between
actual and expected number of events assuming the GRT, which is in agreement with
Leptokaropoulos (2020) who showed that magnitude distribution significantly deviates from
exponential during the aforementioned periods.
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