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1 LƴǘǊƻŘǳŎǘƛƻƴ 
 

1.1 General context  

Natural energy resources are effectively utilized in the development of human society but 
sometimes exploitation of resources can result in natural disasters. Various geo-energy 
exploration and exploitation nowadays need pressurized fluid injection in the sub-surface. In 
fact, Enhanced Geothermal Systems (EGSs), Deep Geothermal System (DGSs), Shale Gas 
System (SGS), Carbon Capture Sequestration System (CCSs), Enhanced Oil Recovery System 
(EORs), Conventional Hydrocarbon with Wastewater injection Systems (CHWSs) often require 
the injection of large volumes of pressurized fluid at depth with the main objectives to 
increase the medium permeability and to control the pressure of the reservoirs. The not well 
controlled injection of pressurized fluids in depth can generate induced seismicity and in 
presence of active faults can trigger seismicity. Indeed, several studies do exist emphasizing 
the impact of industrial activities in geo-energy exploitation areas like Basel, Switzerland 
(Häring et al., 2008), Hengill, Iceland (Jousset and Francios 2006), The Geysers, USA (Foulger 
et al., 1997; Majer et al., 1979; Eberhart-Phillips and Oppenheimer, 1984; Ross et al.,1999; 
Stark, 2003; Smith et al., 2000; Majer et al., 2007), Pohang, South Korea  (Grigoli et al., 2018; 
Kim et al., 2018; Ellsworth et al., 2019), Oklahoma, USA (Langenbruch et al. 2018), Kansas, 
USA (Zhai et al., 2020), etc. 
Induced earthquakes, though generally of small to light size (M<4), due to their shallow depth 
and high frequency of occurrence represent a primary source of seismic hazard in nearby 
regions. A few events, potentially connected with anthropogenic activities, have however 
occurred with significant magnitude and important consequences (Porter et al., 2019). We 
have to consider that even tiny pore pressure changes can be transported quickly over large 
distances along fractures and faults with enhanced permeability (Zoback, 2010). The issue of 
ƛƴŘǳŎŜŘ ǎŜƛǎƳƛŎƛǘȅ ƛǎ ƴƻǘ ŀ ƭƻŎŀƭ ǇǊƻōƭŜƳ ŘǳŜ ǘƻ ǘƘŜ ŦŀǊπǊŜŀŎƘƛƴƎ ŜŦŦŜŎǘǎ ƻŦ ŦƭǳƛŘ ŘƛŦŦǳǎƛƻƴ (Zhai 
et al., 2020). 
In addition to induced events sub surface operations such as gas storage, fluid reinjection or 
hydraulic fracking may modify the physical properties of the rocks, in particular the seismic 
velocity, the anelastic attenuation, the Vp/Vs ratio, the pore pressure, etc. 
 

1.2   Deliverable objectives 

 
Within the scopes of the S4CE consortium, the objective of the present deliverable D6.5 
άSeismic methodology for assessing the probability of rapid fluid transportέ, is to summarize 
research and development activities and the obtained results of the works carried out in the 
ŦǊŀƳŜǿƻǊƪ ƻŦ ¢ŀǎƪ сΦр άAssessing rapid fluid transport probability and tracking fluid pathways 
in the rock massέ ƻŦ ²ƻǊƪ PŀŎƪŀƎŜ ²tс άImplementation of Novel Technologiesέ. The aim of 
the work is to test different seismic methodology with the objective to be used for monitoring 
the physical properties of the rocks and, in particular, the variations of properties like wave 
velocity, attenuation, seismic trace cross-correlation, pore pressure during technological 
activities in geo-energy exploitation sites in order to characterize  the fluid transport 
processes caused by injections. 
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2 aŜǘƘƻŘƻƭƻƎƛŎŀƭ !ǇǇǊƻŀŎƘ 

 
We propose different methods, to be used alone or jointly, to infer excess of pore pressure 
and variations of medium properties related to the fluid transport. In particular, three 
methodologies were tailored and applied to different dataset available inside the S4CE 
Consortium: 

1. Focal mechanism tomography (FMT): a method to estimate the 3D excess pore fluid 
pressure field at the events hypocentre by using focal mechanism of induced seismic 
events and the Coulomb failure criterion. The FMT approach attributes focal 
mechanism variations to the degree of fault overpressure acting on faults. 

2. Ambient seismic noise: a method that can be used to assess the aseismic response of 
the subsurface. The interest in these alternative methods has continuously grown 
because they are particularly advantageous both for economic reasons and for 
overcoming some limitations of the traditional techniques, in particular: localized 
natural or artificial sources are not needed. 

3. 4D tomography: 4D or time-lapse tomography is a technique that consists in applying 
the three-dimensional tomography in different time-windows, referred to as epochs. 
The idea is to use time-lapse seismic tomography to monitor changes in a producing 
reservoir. The main vantage is due to its capability to image the fluid flow not sampled 
from the wells. 
 

The used datasets are: 
1. St.Gallen geothermal project (S4CE test site). The geothermal project undertaken by 

the city of St.Gallen (Switzerland) and operated by the St.Galler Stadtwerke led to 
ŘǊƛƭƭƛƴƎ ƻŦ ǘƘŜ ƎŜƻǘƘŜǊƳŀƭ ǿŜƭƭΣ ά{ǘΦDŀƭƭŜƴ D¢-мέΣ ǘƻ ŀ ƳŜŀǎǳǊŜŘ ŘŜǇǘƘ ƻŦ ппрл Ƴ 
across Tertiary and Mesozoic rock formations. The area has additionally been 
instrumented with a micro-seismic array operated since 2012 by the Swiss 
Seismological Service (SED). During well stimulation and testing in July 2013 a gas kick 
and seismic events up to ML 3.5 occurred and the project was stopped. 

2. Wysin shale gas project. During SHEER (Shale gas Exploration and Exploitation induced 
Risks) an Horizon 2020 project from which S4CE started, a test site was instrumented 
to monitor induced seismicity, air pollution and groundwater contamination, before, 
during and after hydraulic stimulation testing in a shale gas site managed by the Polish 
Oil and Gas Company (PGNiG) in Pomerania region, northern Poland. Seismic data are 
recorded continuously making available also ambient seismic noise. 

3. Nesjavellir geothermal site (S4CE test site). Geothermal energy is currently produced 
at two power plants, in Nesjavellir and in Hellisheidi. Nowadays, Nesjavellir produces 
geothermal energy of up to 300 MW. Part of the surplus geothermal water from the 
plant goes into the injection wells and in analogy with the nearby Hellisheidi power 
plant the re-injection of geothermal gases into basaltic formations is planned. To this 
aim several tests of fluids deep injection are being conducted to prepare the 
experimental re-injection of carbon dioxide and hydrogen sulphide. The area has 
additionally been instrumented with a micro-seismic array operated since 2016 by 
various institutions. 

In what follows, we report the preliminary results obtained applying the proposed 
methodology to the available test sites. 
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3 CƻŎŀƭ ƳŜŎƘŀƴƛǎƳ ǘƻƳƻƎǊŀǇƘȅ 
 
We apply the Focal Mechanism Tomography technique (Terakawa et al., 2012; Terakawa, 
2014), to estimate the 3D excess pore fluid pressure field at the events hypocentre by using 
focal mechanism of seismic events. 
 
We assume that fault strength is controlled by Coulomb failure criterion:  

      t m s ὖ                         ρ 

where ̱  ƛǎ ǘƘŜ ǎƘŜŀǊ ǎǘǊŜƴƎǘƘΣ ˋ ƛǎ ǘƘŜ ƴƻǊƳŀƭ ǎǘǊŜǎǎΣ t ƛǎ ǘƘŜ ŦƭǳƛŘ ǇǊŜǎǎǳǊŜΣ ŀƴŘ ˃ ƛǎ ǘƘŜ ŦǊƛŎǘƛƻƴ 
coefficient. 

Focal mechanism variations (w.r.t. the expectation for a given stress field) are ascribed to the 
different pore pressure acting on faults. 

The basic assumptions (Terakawa et al., 2010, 2012) are: a) the seismic slip occurs in the 
direction of the resolved shear traction acting on preexisting faults (Bott, 1959); b) the fault 
strength is controlled by the Coulomb failure criterion with a constant friction coefficient 
(Byerlee, 1978); c) the seismic slip on optimally oriented faults relative to the prevailing 
regional stress pattern occurs under hydrostatic fluid pressure. 

Generally, studies of stress inversion (e.g., Gephart and Forsyth, 1984; Michael, 1984, 1987) 
attribute focal mechanism variations to different friction coefficients of preexisting faults 
(e.g., Kubo and Fukuyama, 2004). The FMT approach attributes focal mechanism variations 
to the degree of fault overpressure acting on faults. 

S4CE partner UNISA has developed a piece of software called άǎǘǊŜǎǎƻƴŦŀǳƭǘέ during S4CE 
project. The code evaluates shear and normal stresses acting on nodal planes of each focal 
mechanism, identifies the fault plane between the two nodal planes assuming that the slip 
vector is parallel to the shear stress acting on the fault and make estimates of pore fluid 
pressure at the hypocenters using: 

ὖ ὖ s
t

m
             ς 

where ̱  is the shear strength, ̀ is the normal stress, P is the fluid pressure, and  ˃is the 
friction coefficient, ὖ is the hydrostatic pressure at hypocenter and P ςPh is the fluid 
pressure excess. 

 
In the next Section, we first report the results of FMT applied to a real dataset: St Gallen S4CE 
test site. 

3.1   Application to a real dataset: St.Gallen site (Switzerland) 

We apply the FMT procedure to the St. Gallen (Switzerland) test site, which is available to the 
S4CE consortium. Please note that an alternative and complementary analysis of the dataset 
from St.Gallen has been provided by the S4CE consortium within the Deliverable D5.5. The 
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St.Gallen site hosted a deep geothermal project, and it is located close to the river Sitter in 
the urban area of the city of St. Gallen, in the Swiss Molasse Basin between Lake Constance 
and the Alps. The site is being run by St.Galler Stadtwerke, the local energy supplier and 100% 
owned by the city of St.Gallen, Switzerland. 
The seismic data analysed in this Section have been collected by Swiss Seismological Service 
(Fig. 1) in 2013 while realizing well control measures after drilling and acidizing the ά{ǘΦDŀƭƭŜƴ 
GT-мέ όGT-1) well (Fig. 2). The main characteristics of the dataset are: 
 
Å 347 events recorded from July 2013 to October 2013  
Å 17 recording stations 
Å Magnitude (ML) ranging between -1.2 and 3.5 
Å Depth between about 4.0 and 4.8 km 

 
All the waveforms have been corrected by recording instrument response, tapered at 5%, and 
filtered in the frequency range 0.2-80 Hz. Double-difference locations, P-picks, S-picks and P-
polarities correspond to those used by Diehl et al. (2017). 
 
 

 

 

Figure 1:  Plan view of the analyzed earthquakes. Symbols are proportional to the magnitude and color coded 
according to the depth. The beachballs indicate two available focal mechanism solutions for the MLcor 3.5 event. 
Seismic network layout is indicated in right bottom frame. The blue line indicates the surface projection of the 
well trajectory. Gray dashed line indicate a NE-SW section used in the following figures to project earthquakes 
location.  



Deliverable D6.5 
 

PU Page 10 of 27 Version 4.1 

 

 
Figure 2: The upper panel shows the three main phases of the project reported by Moeck et al. (2015) together 
with the well head pressure, and the injection rate. The lower panel depicts the temporal evolution of seismicity 
from 2013-07-14 to 2013-10-22. Earthquakes are color coded according to the depth. 

 

3.2   Focal mechanism and stress field 

We estimated fault mechanisms based on first-motion polarities using the FPFIT code 
(Reasenberg and Oppenheimer, 1985). Azimuth and take-off angles have been calculated 
using the double difference location and the 1D velocity model provided by Diehl et al. (2017). 
Only those events having at least 6 clear P-wave polarities have been analysed. 

The final number of available mechanisms is 98. The distribution and the classification, which 
is shown in Fig. 3, suggest a rather complex stress-field with different faulting styles.  

Under the hypothesis of uniform regional stress field, the FMT attributes the focal mechanism 
variations to fault strength heterogeneity due to pore fluid pressure acting on faults. In the 
subsequent analysis we consider only the events for which: (i) the angle between slip vector 
and shear stress ς misfit angle ς is smaller than 30°; (ii) pore fluid pressure is lower than the 
minimum principal stress. 

To obtain the best FMT solution the following analysis has been performed:  

1.    Data were processed using the Bayesian Right Trihedra Method (BRTM, D'Auria and 
Massa, 2015; Lisle, 1987). Given a dataset of focal mechanisms, the BRTM returns the 
ŀǘǘƛǘǳŘŜ ƻŦ ǘƘŜ tǊƛƴŎƛǇŀƭ {ǘǊŜǎǎ !ȄŜǎ ŀƭƻƴƎ ǿƛǘƘ ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ .ƛǎƘƻǇ Ǌŀǘƛƻ όʊB = 
ό2̀ ς ̀ 3ύ κ όˋ1 ς ̀ 3); Bishop, 1966). The stress-inversion procedure highlights a sensible 
difference in active stress-field in shallower and deepest subsets (Fig. 4). 

2.   Using the stress pattern and the depth-dependent gradient of SHmax (25.2MPa/km) 
(Alber and Backers, 2015), assuming that slip on optimally oriented faults relative to 
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the stress field occurs under hydrostatic pore fluid pressure, we estimated the stress 
ƛƴǘŜƴǎƛǘƛŜǎ ƻŦ ˋ1όмлпҏммрύΣ ˋ2όусҏмлрΣύ ŀƴŘ ˋ3(58÷64) in MPa as function of depth.  

3.    The fault mechanisms of all events do not fit a uniform stress-field and we decided to 
analyse the events based on the depth. We considered separately the events up to 4.5 
km and then the deepest cluster whose still unclear origin has been also discussed by 
Diehl et al. (2017).  

4.    For events with depth less than 4.5 km the stress field is shown in Fig. 4a and for the 
deep cluster the stress field is shown in Fig. 4b.  

(a) 

 
              (b) 

Figure 3: (a) Vertical section containing the focal mechanisms colored according to the faulting style (not 
projected on the vertical section).  (b) Classification diagram. N=Normal, R=Reverse, SS=Strike-Slip 
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         (a) 

 

 

 

 

 

         (b) 

Figure 4: Stereonet plot with the stress-field results and 80% confidence region.  Tables show the Maximum, 
intermediate and minimum principal stress with the Bishop ratio. (a) events shallower than 4.5 km and (b) events 
deeper than 4.5 km. 

 
Then, using Eq. (2) we evaluated the pore pressure excess at each hypocentre, as shown in  
Figure 5. 
 

 
Figure 5: Excess ŦƭǳƛŘ ǇǊŜǎǎǳǊŜ ŀǘ ǘƘŜ ŜǾŜƴǘǎΩ ƘȅǇƻŎŜƴǘŜǊǎΦ ¢ƘŜ ǎŜŎǘƛƻƴ ƻǊƛŜƴǘŀǘƛƻƴ ƛǎ ǎƘƻǿƴ ƛƴ CƛƎǳǊŜ мΦ 
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Based on our results, the inferred excess pore fluid pressure values are generally consistent 
with the conditions of the wellhead pressure. The highest values are obtained at the 
hypocentre of the events deeper than 4.5 km. Some values greater than 20 MPa may be 
caused by uncertainties on focal mechanisms estimation related to the data quality. 

The main results of the focal mechanism tomography as applied to St.Gallen data can be 
summarised in the following:  

Å Induced earthquakes at St.Gallen are characterized by different style of faulting. 

Å The fault mechanisms do not fit a uniform stress-field. Based on the events depth, at 
least two different stress-fields are required. 

Å FMT results (Fig. 5) indicate that fluids contributed to the generation of the induced 
events.  

Å Taking into account for the uncertainties, the inferred excess pore fluid pressure is 
consistent with the well head pressure. 

Å A correlation exists between the high excess fluid pressure and the high Vp/Vs values 
(not shown in this section), particularly for the deep cluster. 

 
In our first approach the locations taken from Diehl et al. (2017) have been used without 
further questioning the correctness of the data. However, before proceeding with the 
analysis, we decided to revise the earthquakes location in St.Gallen using NLDiffLoc: a non-
linear, global-search, probabilistic double-difference earthquake location method (Napoli, 
2019 ς M. Sc. in Physics). The main results of the earthquakes re-location are: i) the seismicity 
is shallower (Fig. 6) respect to the solutions by Diehl et al. (2017); ii) Cluster C1 (Diehl et al., 
2017) does not appear after applying DD re-location method (Fig. 6).  

 

Figure 6: Hypocenters re-location along the section whose orientation is shown in Fig. 1. 290 earthquakes are 
located by both procedure: Red circles represent locations by using NLDiffLoc; Gray circles represent locations 
by Diehl et al. (2014). Blue circles represent 57 earthquake located by Diehl et al (2014) and excluded by 
NLDiffLoc due to errors out of range of acceptability. 
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Due to these new location solutions we need to re-evaluate the focal mechanisms used to 
perform FMT due to changes in azimuth and take-off angles (the analysis is ongoing). In 
addition, we are trying to improve the focal mechanism solutions that show many multiple 
solution using FPFIT by using BISTROP code (De Matteis et al., 2018) based on a Bayesian 
inversion of spectral-level ratios and P-wave polarities. 
 
Finally, although this study is not yet completed, we are convinced that focal mechanism 
tomography offer, at least in the case of St.Gallen site, interesting possibilities as contribution 
to the monitoring the geo-energy projects involving subsurface stimulations and track the 
fluid transport through the evaluation of the excess pore pressure.  
 
 
 

4 !ƳōƛŜƴǘ ǎŜƛǎƳƛŎ ƴƻƛǎŜ 
 
In seismology traditional methods for the study of the Earth structure are based on the 
information that can be extracted from direct waves emitted by seismic sources such as 
earthquakes or explosions. Useful information about the Earth interior, that is not directly 
available, can also be contained in the ambient seismic noise. In the last decade the interest 
in these alternative methods has grown because they are particularly advantageous both for 
economic reasons and for overcoming some limitations of the traditional techniques, in 
particular: localized natural or artificial sources are not needed; ambient seismic noise 
analysis can be used to assess the aseismic response of the subsurface; the new method 
enhances resolution because measurements are made between regularly spaced receivers, 
which may lie much closer to one another than to earthquakes (Shapiro et al., 2005). 
 
This section is devoted to the application of tailored methods based on ambient noise analysis 
for imaging and monitoring of the areas where unconventional georesources exploitation 
(conventional and unconventional oil and gas extraction, fracking, geothermal energy, 
wastewater injection, C02 storage) takes place that can originate several environmental risks 
among which seismic risk. Recently, Obermann et al. (2015) highlighted the potential of 
seismic noise techniques to monitor the St. Gallen geothermal site in Switzerland. They 
observed a significant loss of waveform coherence in the seismic coda that starts with the 
injection of small amounts of water and acid (465 m3) into the well. The loss of coherence 
reaches its maximum (with a total loss of coherence observed at some station pairs) at the 
time of the gas kick or the ML3.5 earthquake, with some variations depending on the region 
sampled by the station pairs.  
Application of efficient methods to reconstruct the elastic properties of the propagation 
medium can improve our knowledge of the basic physics of triggering natural or induced 
earthquakes processes and therefore can enhance our ability to monitor and reduce seismic 
risks. The information obtained from the cross-correlation analysis can be used in two main 
applications: imaging and monitoring. While the former allows us to construct group and 
phase velocity maps of the Rayleigh and Love surface waves at local, regional, and global 
scales, the latter allows to assess the temporal seismic velocity variations (Vassallo et al., 
2016).  
It has been shown (Weaver and Lobkins, 2001) that ς under the condition of energy 
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equipartition ς the response of the Earth after the action of an impulsive source, the so-called 
DǊŜŜƴΩǎ ŦǳƴŎǘƛƻƴΣ Ŏŀƴ be estimated by computing cross-correlation (c-c) function of 
continuous ambient noise data recorded at couples of synchronized stations. 
From a physical point of view, the cross-correlation represents the Green's function, i.e. the 
seismic signal that would be recorded at one of the receivers if an impulsive source were 
acting at the second. From a mathematical point of view the cross-correlation is a function 
equivalent to the convolution with no time reversal action, which provides a measure of 
similarity between two waveforms in time domain and allows us to obtain coherent 
information from seismic noise recorded by a stations pair. For each pairs of stations, a daily 
cross-correlation function is calculated over several days and added together resulting in a 
stacked cross-correlation function. It is expected to observe the propagation of surface waves 
at all pairs of stations symmetrically with respect to zero time because of the noise isotropy 
with respect to the seismic network.  
For a stations pair the presence of a coherent signal and its stability with time in different 
ranges of frequency is analysed.   
 

4.1   Application to a real dataset: Wysin site (Poland) 

We have analysed the continuous noise recorded by stations of the local seismic network 
installed in Wysin (Poland) in the framework of the EU project SHEER (SHale gas Exploration 
and Exploitation Induced Risks). The area under study is a shale gas extraction site in Wysin 
which belongs to the Stara Kiszewa concession of Polish Oil and Gas Company (PGNiG) in 
Pomerania region, northern Poland (López Comino et al., 2018) (Fig. 7). In this area 
exploration and tests of exploitation of shale gas were carried out through hydro-fracturing 
(HF) operations. 
 

 

Figure 7: Wysin seismic monitoring network. GLOD, PLAC, CHRW are the three seismic arrays compose by 8 
short-period sensor (black triangle) and 1 broad-band sensor (green triangle). Three borehole stations (GW1S, 
GW3S, GW4S). Blue line indicates the surface projection of the horizontal wells. 

 






















