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Abstract

A catalogue of precisely located micro-seismicity is fundamental for investigating
seismicity and rock physical properties in active tectonic and volcanic regions and
for the definition of a ‘baseline’ seismicity, required for a safe future exploitation of
georesource areas. In this study, we produce the first manually revised catalogue of
micro-seismicity for Co. Donegal region (Ireland), an area of about 50K M? of on-going
deformation, aimed at localizing natural micro-seismic events occurred between 2012
and 2015. We develop a stochastic method based on a Markov chain Monte Carlo
(McMC) sampling approach to compute earthquake hypocentral location parameters.
Our results indicates that micro-seismicity is present with magnitudes lower than 2
(the highest magnitude is 2.8).The recorded seismicity is almost clustered along previ-
ously mapped NE-SW trending, steeply dipping faults and confined within the upper
crust (focal depth less than 10km). We also recorded anthropogenic seismicity mostly

related to quarries' activity in the study area.
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1 | INTRODUCTION

The Co. Donegal region is located in the northwestern part of
Ireland, and it is part of the NE-SW trending Caledonian fold belt of
Lower Palaeozoic age. The major tectonic feature of the area is the
presence of the NE-SW trending fault system, of which the Leannan
Fault is the most representative example. The Leannan fault is di-
rectly in line with the Great Glen fault and the possibility that it is
a north-west continuation of this structure is discussed (Pitcher
et al.,, 1964). Ireland is a region of slow lithospheric deformation
and at the present Co. Donegal is the only seismically active area in
Ireland, with an average rate of 1Mw=2-3 event every 3-4years.

catalogue, Donegal granite region, geothermal research, micro-seismicity, Monte Carlo

Regions of slow lithospheric deformations are characterized by a
low seismicity rate and limited accumulation and release of tectonic
energy, leaving open the question if such deformation is ‘diffusely’
accommodated along a wide fault system (or even across the whole
crust) rather than clusterized along specific faults. In particular, the
sparsity of the seismic networks (common in region with low seismic
risk) makes it appear, in current catalogue, that seismicity is gener-
ally diffuse, but it could also be grossly mislocated due to the small
amount of seismic data available. Well-planned experiments with an
appropriate density of seismic stations are required to register and
locate small events. Otherwise, standard national seismic networks
with a low density of seismic stations could not be able to register
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the target events. Precise location can be achieved through visual in-
spection of seismic waveforms and manual picking of P- and S-direct
phases, where automatic methods should be favoured only in case
of large (>10,000 events) catalogue, due to their proness in detect-
ing false-positive cases (Miinchmeyer et al., 2022). In addition to the
detailed seismic monitoring through dense network, the adopted lo-
cation procedure has strong impact on the location of events and on
the discrimination between natural and human-induced events (also
based on the hypocentral depth), therefore on the assessment of the
ordinary background micro-seismicity within 1D volume.

Co. Donegal is also the site of post-orogenic radiogenic granites
partly exposed along the NW Atlantic coast and potentially buried
at shallow depth in the eastern part of the study region. For this
reason, the area represents a target for deep (0-5km depth) geo-
thermal investigation (Goodman et al., 2004). Having a high qual-
ity of precisely located micro-seismicity is fundamental before the
exploitation of geo-resources for two main reasons. First, seismic
waves generated by local events bring information useful to recon-

struct the 3D seismic properties of the Earth's crust beneath the

gt

Significance statement

This work provides the first-ever catalogue of manually re-
vised micro-seismicity of Co.Donegal, a region of ongoing
slow lithospheric deformation. Through our work, we tried
to give an answer, with a newly developed algorithm, to
the open question whether the deformation in these kinds
of regions is "diffusely" accommodated within the whole
crust rather than clusterized along specific faults.

seismic network and to better constraint the rock volume in which
secondary porosity and fluid circulation may be present. Second, the
definition of a ‘baseline’ seismicity for the area where the exploita-
tion will be in place is necessary to keep the seismic risk related to
the exploitation itself under strict control.

For these two reasons, the final aim of our work is the precise
location of both human-induced and natural micro seismic events
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FIGURE 1 (a)Seismic network deployed in Donegal in the framework of the SIM-CRUST project. 12 broadband seismic stations have
been deployed for about 2.5 years of continuous recording. Two stations belong to a previous temporary seismic network, ISLE/ISUME
projects. Seismic data have been integrated with data from the permanent seismic station IDGL, Irish National Seismic Network. Inter-
station distance is less than 10km in the central area. Sources of anthropic noise are present in the area, lowering the quality of the seismic
signal recorded. Fault traces in the region are reported as red lines. Colours indicate different terranes. From Agostinetti and Licciardi (2015),
courtesy of Andrea Licciardi. (b) Historical and Instrumental seismicity recorded in Donegal region. Seismic stations D34, UFAN and IDGL

used to locate the seismic sequence of 2012.
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of Co. Donegal, which could give new insights in the tectonic de-
formation mechanisms and help to find out granite volumes charac-
terized by micro-fractures suitable for fluid circulation. The seismic
data provided in this paper have been collected thanks to the SIM-
CRUST project: ‘Seismic imaging and monitoring of the upper crust:
exploring the potential of low-entalphy geothermal resources of Ireland’
(sim-crust.dias.ie). The project comprises the development of two
high-density (inter-station distance <10km) seismic networks to ex-
plore the Dublin basin and the Donegal granite region, case of study
of our research. Additional seismic data, for a small seismic sequence
occurred few months before the deployment of SIM-CRUST stations
have been analysed for a more complete picture of the seismicity
in the area. These data have been provided by a temporary proj-
ect (Readman & O'Reilly, 2022) operated by the University College
Dublin. Our study focuses on the detection and location procedure
through a Markov chain Monte Carlo approach of both natural and
human-induced seismicity recorded from August 2012 to July 2015
by 12 broadband seismic stations. We compile a first manual-revised
catalogue of Donegal micro-seismicity, and we integrate it with the
location of the seismic events occurred in a small seismic sequence
during January 2012 in the study area (see Figure 1).

2 | DATA AND METHODS

Within the SIM-CRUST project a seismic network of 12 stations
has been installed and maintained in the Co. Donegal from August
2012 to June 2015 (1.a) with the inter-station distance between 5
and 20km. All stations were equipped with broadband seismom-
eters (Guralp CMG-40T), with a flat response between 50Hz and
60s. Seven Earth Data PR6-24 Portable Field Recorders have been
used, together with four Guralp CMG-EAM Flexible data acquisition
modules. Due to the limited space available for storing the digitizer,
a Nanometrics Taurus has been installed at station DL13. All stations
(except for DL21 and DL13) have been installed within a building
allowing for continuous power supply. Continuous waveform data
have been archived as 1-day MSEED files at DIAS (Dublin Institute
for advanced Studies).

In order to detect the seismic events we analysed the con-
tinuous waveforms by applying a STA/LTA network coincidence
trigger algorithm (Team, 2017) and using Jupyter Notebook
(Executable Books Community, 2020). Then, we performed a
manual picking of P and S waves first arrival times of the events
detected by the trigger algorithm (Goldstein & Snoke, 2005) for a
total of 35 natural events and 79 human-induced events. In order
to recover as many phases/events as possible, we varied the STA/
LTA parameters several times to find the more reasonable ratio
between true triggered events and fake events given by the nat-
ural seismic noise. We reviewed all the arrival times to exclude
erroneous ones. We also integrated seismic data recorded by
other three temporary seismic stations installed during a small
seismic sequence occurred in January 2012 near the Fanad penin-
sula (Mollhoff & Bean, 2016). The seismic sequence was triggered
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by a Mw 2.5 event occurred next to Milford and has been felt by
the local population (https://www.irishtimes.com/news/doneg
al-earthquakes-homes-1.694869). Finally, a total of 114 earth-
quakes were located using a hierarchical Bayes Markov chain
Monte Carlo (McMC) algorithm. The used McMC algorithm has
been developed on purpose for this study and described in detail
in Appendix A. The Markov chain Monte Carlo (McMC) method al-
lows us to estimate the realistic uncertainties on the investigated
parameters (Lomax et al., 2000). Establish realistic uncertainties
is fundamental to robustly relate retrieved earthquake locations
to other geological/geophysical observations. The strength of
McMC method lies on the fact that the data uncertainties are also
considered as part of the unknowns and are robustly estimated
through the McMC sampling following a Hierarchical Bayes ap-
proach (Malinverno & Briggs, 2004). Moreover, a detailed velocity
model of the investigated area does not exist at the moment. This
aspect can be easily solved by using our method because we just
need to specify the minimum and maximum values of all the priors
to define the prior probability distribution (i.e. the velocities of P
and S waves). Earthquake locations were represented in map view
and cross-section by using GMT (Generic Mapping Tool) and its
Python extension PYGMT (Wessel et al., 2019).

05h51m 598 600 602 604 606 608 610
Time (s)
FIGURE 2 Vertical waveform plot for the natural event # 31

with waveforms sorted by arrival times at the stations. P and S
onsets are clearly visible.
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The seismic network recorded both natural earthquakes and
quarry blast events. In the following paragraph, we report the pro-
cessing and results of two representative events: natural event # 31
and anthropic event # 15. Figure 2 shows the plot for the natural
event # 31 after the picking phase sorted by arrival times at the sta-
tions. The event is well recorded on all the seismic stations of the
network, where the onset of P and S waves are clearly recognizable
from the seismic noise of the traces.

Stations DL31, D34, DL10 and DL13 lie on the external perim-
eter of the seismic network, mostly covering all azimuth directions.
At these stations, the Ts-Tp time of all the natural events detected
lies in the range 1.5-3s. This means that the source of all the events
must be approximately at the same distance from these stations,
leading to a clustered behaviour of all the natural events in the near
centre of the network, as reported in 9.

The anthropic event is shown in Figure 3a. The typical wave-
form of the anthropic events detected is characterized by an initial
clear P-wave onset, whereas the S-wave onset is less or no visible
on the traces. A relatively long coda occurs at high frequency. Two

distinct low-frequency arrivals can be found in the coda of such

kind of events (Figure 3b). These patterns are widely recognized in
anthropic seismicity (Korrat et al., 2022) (Saadalla et al., 2023) and
can be used to classify the artificial events. We also performed a
comparative spectral analysis between a natural earthquake and
an artificial seismic signal. Natural and human-induced seismic
events have different spectral content, and this feature has been
used for a correct classification in doubt cases. In Figures 4 panel
a) and b) we selected a window of 5s of noise for both events and
in panel c) and d) we selected only the blast and natural waveform
to analyse their frequencies content. The spectrum of the blast
events is characterized by lower frequencies content and a sharply
decrease with increasing frequencies. On the contrary, the natu-
ral event is characterized by a more stable pattern of frequencies
(Figure 5).

3 | RESULTS

Figure 6 shows the sampled locations of the ML=1.5 natural event #

31 in map view (panels a and c) and cross-section (panel b). The pink
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FIGURE 3 (a) Vertical waveform plot for the blast event # 15 with waveforms sorted by arrival times at the stations. P-wave onset is
clearly visible (red bars), S waves are less or no distinguishable. (b) same as in (a), but waveforms are filtered with a band-pass filter with

corner filter at 1 and 5Hz.
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FIGURE 4 20-strace including: (a) the natural events #31; (b) the blast event #15. Analysed events are indicated with yellow bars.
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FIGURE 5 Spectrum of 5s of noise before the natural event (a) and blast event (b). Spectrum of the natural event #31 (c) and blast event
#15 (d).
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star represents the mean posterior location, and the grey points are
all the models collected in the McMC sampling. The epicentral loca-
tion is well-constrained with a quasi-circular distribution of solutions
in the X-Y plane and radius smaller than 1km (Figure 6c), while the
depth is less constrained as shown by the larger spread of solutions
with depth (Figure éb).

We tested the performance of McMC algorithm statistically
through frequency distribution histograms; in Figure 7 we show
these histograms for event 31. The X and Y parameters show a
Gaussian distribution with a standard deviation of about 1km. The Z
parameter (depth value) shows a Gaussian distribution with a mean
value at around — 7 + 3 km (Figure 7a-c). The velocity of P waves
shows a Gaussian distribution with an average value between 5

and 6km/s, whereas the velocity of S waves has the highest peak

at 3.5km/s with a standard deviation of about 1km/s (Figure 7d,e).
Both P (zp) and S wave uncertainties (z5) have been well-constrained.
Their curves show a Gaussian distribution with a narrow shape. The
average value for zp is 1.2, for zg is 1.4, both with standard deviation
lower than 1 (Figure 7g,h). Finally, the mean value for the V;, / Vs ratio
is between 1.68 and 1.70 with a standard deviation of less than 0.1.

Figure 8 shows the seismicity recorded during the small seis-
mic sequence occurred in Fanad during January 2021. Seismic
data have been recorded by station UFAN, deployed by University
College Dublin during the WaveObs project (Mollhoff & Bean, 2016).
Waveforms for the mainshock and aftershocks display a strong simi-
larity (Figure 8a) with an almost constant S-P time, indicating a com-
mon source region. P waves have a clear onset and can be located

with precision using standard approaches (Figure 8b).
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FIGURE 6 Results for event # 31: collected solution during McMC sampling (black dots), with mean posterior location (pink stars). (a) Map
view on a X-Y plane. (b) Vertical section on the X-Z plane. (c) Zoom on the map view along the X-Y plane.

85U8017 SUOWILLIOD BAFe81D) 8|l |dde au Aq pausenob aJe sajolfe YO ‘8sn JO S9Nl 1oy Akeiq i 8UIUO A8 UO (SUO|puo-pue-SWLB) D™ A8 | I AReJq Ul jU0//:SdNU) SUORIPUOD Pue SWiB | 8y} 88S *[£202/TT/L0] Uo ArigITauliuo A8]IM 1l eueIy00D Aq T69ZT Y TTTT OT/I0p/wo0 A8 |1m Ateiq1jeul|uoj/Sdpy woiy pepeojumoq ‘0 ‘TZTESIET



RIVA ET AL.

Figures 9 and 10 show the final maps of the natural and hu-
man-induced events that have been located. The initial total number
of detected events to be located was 203: 141 were classified as
blast, considering the features described in section ‘Methods’, 58 as
natural events and 4 regional events that have not been considered
in the location procedure. After a first location, the events with un-
certainties on X and Y parameters >1 Km were eliminated from the
catalogue. The high uncertainties of these events may be caused by
errors in the detection of real events or uncertainty during the man-
ual picking. For this reason, the total number of events in the final
catalogue and shown in the maps 9 and 10 decreased from 203 to
114: 79 are blast events and 35 are natural events.

Figure 9 shows the located natural events within the Donegal
Granite region. The natural seismicity is gathered between 55.12
and 55.22N and between -7.59 and-7.74 E (580-590 Km on the
X coordinate and 6110-6120 Km on the Y coordinate) (Figure 9a).
In the lower panel (panel b), the events are shown in cross-section
along the track line A-B. The majority of the events is clearly aligned,
showing a trend towards SE with a high dip angle.

rra Nova NUIBSAM

Figure 10 shows the distribution of located blast events within
the Donegal area. Most of the blast events are concentrated in the
proximity of active local quarries in the area. Table 1 resumes the
geographical locations for the Donegal's quarries. Quarries locations
have been used to cross-validate the location of the recorded blast
events. Comparing the position of the quarries and the clusters of
localized blast events, the correlation between the two is clearly vis-
ible. This means that the majority of the anthropic events in Donegal
are quarry blasts and they have been correctly localized by McMC

procedure to their correspondent quarry (Table 2).

3.1 | Local magnitude

We calculated the local magnitude for the natural events located in
Co. Donegal as reported in Table 3. Due to the scarceness of local
seismicity and the consequent difficult calibration of existing mag-
nitude values with respect to ours, we decided to use two differ-

ent approaches for magnitude comparison. We first calculated the
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FIGURE 8 Natural event belonging
to the 2012 sequence registered at the
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(b) Zoom on the first P-wave arrivals for
all the events. P-wave onset is clearly
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individual magnitude at each station using the following formula by
Richter (1935):

ML = logy4(A) — logyo(AO) (1)

being A the measured ML Wood-Anderson amplitude in millimetres.
The second member is the empirical calibration function, which in
turn is a function of the epicentral distance (Richter, 1935). This for-
mula applies the updated Woods-Anderson parameters (gain=2080,
natural period TO=0.8s and damping constant h=0.7). We then cal-
culated the magnitude at each station using a calibrated local scale
for Ireland, provided in the study of Grannell et al., 2018 following

the formula:
ML =Log(A) - Log(A0)+S (2)

where A is the maximum amplitude of the earthquake S wave on a
Wood-Anderson filtered trace, S is a station correction coefficient
and Log(AO) is a distance-dependent correction term accounting for
geometrical spreading and anelastic attenuation resulting from this

equation:

Log(AO) = — a*log(R) — b*R - ¢

with a=1.095717, b=0.001552 and ¢=-2.028571 and R is the hypo-
central distance. We added a stations correction term for the individ-
ual station used by the Irish Seismic Network and provided in the study
of Grannell et al., 2018 for both Formulas (1) and (2). We then averaged
the individual ML values for each station. However any individual ML
measurement that was more than two standard deviations from the
mean ML value was discarded, and then the average ML was recalcu-
lated. We used this criterion for both approaches. The following Table
reports the coefficients of the seismic stations used in this study and
applied to Equations (1) and (2):

Table 3 reports the final magnitude values for the 35 nat-
ural seismic events calculated by the two equations, their stan-
dard deviations and the corresponding number of stations used
to reach the final ML value. We called ‘MLRI35’ the magnitudes
calculated by the Equation (1) and ‘ML_Donegal’ the magnitudes
resulting from Equation (2). After a first magnitudes calculation,
the values of ML_Donegal were substantially different from
the mean MLRI35 values, with higher standard deviations. We
then discarded the seismic stations D32 and D34 from the ML_
Donegal calculation because they have lower S/N ratio and are

the most distant from the epicentres. Finally, we come up with

95UB917 SUOWIWIOD BAIIS1D 3[qedt|dde au Aq peusenob ale sajoiLe YO ‘8sh Jo Sajni Joj Akeigi]auluo A3]IA UO (SUONIPUOD-pUe-SWLB)/L0D A8 |IM Akelq iUl uo//:sdny) SUONIPUOD pue SLe | au) 89S *[£202/TT/20] Uo Akeiqi7auluo (I eIl pueiyo0D Ad T692T BYTTTT OT/I0p/Wod e im Akelqipul|uo//sdny wolj pspeojumod ‘0 ‘TZTESIET



RIVAET AL.

560

X [UTM]

6120

6110 1

Y [UTM]

6100

6090

b)) K

== Donegal fault traces
A Seismic stations

Y Natural seismic events

o

—H
* %
o

Depth [Km]

S
b s
-

Y& Natural seismic events of 2012 sequence
= Profile track

=== Presumed fault

* | x

0 5 10
Distance [Km]

15

FIGURE 9 Natural seismic events plotted on the X-Y map and on the Z coordinate. Panel (a) shows the seismic stations and the track of
the NW-SE profile. Panel (b) shows the natural events projected on depth and the presence of the presumed fault.

the magnitude values reported in Table 3. In some cases, the mag-
nitudes calculated by Equation (2) are still slightly lower than the
‘MLRI35’ values. However, the majority of them are below 2 with
small standard deviations and this result is in agreement with the
magnitude values expected for Co. Donegal.

4 | DISCUSSION

The natural seismicity examined in this study is consistent with the
tectonic setting of the region and, in particular, with the mapped
NE-SW fault system (Figure 9a). The lower panel shows earthquakes

plotted in cross-section. The majority of events shown in Figure
occur along steeply SE dipping feature. The upward continuation
of the represented tectonic feature could reach the Glen fault,
a NE-SW trending sinistral strike-slip deformation widespread
throughout the Highlands of Scotland and NW Ireland, that has been
interpreted as a response to the subduction of lapetus and continen-
tal collision (Kirkland et al., 2008). The southwestern continuation of
the Great Glen Fault zone is marked in NW Ireland by the Leannan
Fault (Figure 9) and the presumed fault marked in the cross-section
Figure 9 (panel b) may be part of its splay. The Figure also shows that
most earthquakes are located at depths of less than 10km, with a
few events occurring at greater depth. The depth distribution of the
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TABLE 1 Donegal quarries' names and coordinates referred to
the clusters of blast represented in Figure 10.

Latitude

Longitude

Name

Carrickascanlon Co-Donegal 54.978 -7.890

55.154 =7.712

Figart Co-Donegal

earthquakes suggests that most events occur within the radiogenic
granites buried at shallow depth. The presence of Donegal granites
might have created a vulnerable zone in the Lennan Fault System,
potentially contributing to its current seismic activity (Hensen
etal., 2019).

The natural seismicity is gathered between 55.12 and 55.22N
in latitude and between -7.74 and-7.60 E in longitude (580-590
Km on the X coordinate and 6110-6120 Km on the Y coordinate)
(Figure 9a), both for more recent and sparse seismic events and
for a seismic sequence occurred in the area. This fact indicates
that tectonic stress, in region of slow tectonic deformation, is still
accommodated along pre-existent fault systems which behave
as weak zone in the upper crust. Even if the (suggested) sources

for such stress are located either far away (i.e. mid-Atlantic ridge,

TABLE 2 Station correction coefficients.

Station correction

Seismic station coefficient
IDGL 0.207577
DL10 -0.445406
DL11 -0.150145
DL12 -0.445576
DL13 -0.115051
DL14 -0.293419
DL21 0.037369
DL22 -0.435984
DL23 -0.53154

DL24 -0.471261
DL31 -0.209358

Hensen et al., 2019) or at the surface (i.e. post-glacial rebound Wu
et al.,, 1999), seismic events pop-up in precisely defined zones,
characterized by fault systems mapped at the surface and most
probably inherited from previous geodynamic processes. Here,
the process that led the development of the Great Glen fault, for
which our study area is the southward continuation, was prob-
ably active mainly prior to the Upper Carboniferous (300Ma,
Kennedy, 1946). Nevertheless, present-day seismic activity still

clusterizes along such weak zones.
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TABLE 3 Magnitude values at each stations calculated by using Equation (1) (‘MLRI35’) and Equation (2) (‘ML_Donegal’), their standard
deviations and the corresponding number of station used to reach the final averaged ML value.

Idev_num Idev MLRI35 MLRI35_std
01 20,120,928,062,959 1.6 0.3
02 20,121,024,065,903 1.5 0.3
03 20,121,031,193,817 1.5 0.3
04 20,121,122,194,654 1.9 0.4
05 20,130,210,063,823 1.5 0.2
06 20,130,402,052,503 2.3 0.3
07 20,130,405,004,553 2.8 0.3
08 20,130,405,004,643 14 0.3
09 20,130,503,203,415 1.5 0.3
10 20,130,521,101,615 1.4 0.3
11 20,130,523,130,545 14 0.3
12 20,130,528,095,326 14 0.3
13 20,130,602,025,737 1.6 0.4
14 20,130,608,123,331 14 0.3
15 20,130,609,032,716 14 0.3
16 20,130,622,075,627 14 0.3
17 20,130,625,021,853 14 0.3
18 20,130,625,221,351 14 0.3
19 20,130,720,051,915 1.5 0.2
20 20,130,925,094,650 1.8 0.3
21 20,131,231,194,717 1.5 0.2
22 20,140,314,011,925 1.5 0.3
23 20,140,401,120,612 1.5 0.2
24 20,140,429,040,202 1.5 0.2
25 20,140,519,061,145 1.5 0.2
26 20,140,611,130,418 1.5 0.3
27 20,140,619,111,118 1.6 0.4
28 20,140,706,122,114 1.5 0.2
29 20,140,706,155,212 1.5 0.2
30 20,140,728,115,302 1.5 0.3
31 20,140,805,055,249 1.5 0.2
32 20,140,818,001,902 1.5 0.3
33 20,141,209,063,409 14 0.3
34 20,150,521,215,759 1.5 0.3
35 20,150,701,004,049 14 0.4

Finally, we observe a relevant number of seismic sources
throughout the study area, not consistent with ‘standard’ natural
seismic events (i.e. not consistent with shear events, with unclear or
absent S-wave arrival and associated long-period coda waves). Such
events have been associated to local human activities, mainly ex-
plosions in quarries. Such events form small local clusters in precise
locations. Being the positions of the quarries know within a certain
precision, such seismic sources could be in future used as ‘active

sources’ for further crustal investigations.

Num_sta_good ML_Donegal ML_Donegal_std Num_sta_good
4 1.2 0.1 4
6 1.3 0.2 6
6 1.0 0.6 6
7 2.3 0.1 6
6 1.2 0.2 6
7 1.3 0.3 7
7 3.7 0.2 7
7 0.9 0.2 7
7 1.7 0.3 7
6 1.5 0.2 6
6 1.7 0.3 6
7 1.0 0.4 7
7 1.2 0.2 7
7 1.2 0.7 7
7 0.4 0.1 7
7 1.2 0.1 6
7 0.2 0.3 7
7 0.5 0.5 7
8 0.5 0.6 8
7 1.2 0.3 7
8 1.1 0.4 8
8 0.7 0.4 8
8 1.7 0.2 8
8 1.4 0.3 8
8 1.1 0.2 7
8 1.4 0.3 8
8 1.5 0.3 8
8 0.6 0.4 8
8 0.8 0.3 8
8 1.2 0.3 7
8 1.8 0.3 8
8 1.0 0.2 7
6 1.8 0.2 6
5 0.9 0.1 5
3 0.4 0.1 3

5 | CONCLUSIONS

Seismic traces registered from August 2012 to June 2015 by sta-
tions of the Seismic network deployed in Donegal in the framework
of the SIM-CRUST project and by two stations belonging to a previ-
ous temporary seismic network, ISLE/ISUME projects have been an-
alysed to detect natural and anthropic seismicity, in a target area for
future geothermal exploitation. The position of the located events
indicate that:
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1. Clusterized micro-seismicity is present with a magnitude gen-
erally lower than Mw=1.0-2.0 (i.e. not felt by population)

2. Such events are localized within previously mapped fault systems
in Co. Donegal.

3. Anthropogenic seismicity is widely recorded through the entire
study area, and it is mostly related to quarries' activity in the stud-

ied area.

Through this work we produced the first manually revised cat-
alogue of Donegal micro-seismicity and, more widely, of the entire
Ireland. This kind of catalogues is fundamental for both getting
new insights into the geodynamic processes on-going in regions
of slow lithospheric deformation, and for future exploitation of

geo-resources.
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APPENDIX A
MONTE CARLO LOCATION OF SEISMIC EVENTS.

A.INTRODUCTION ON SEISMIC EVENT LOCATION
Here, we define a seismic event as a sudden release of elastic en-
ergy below the topographic surface, which produces seismic waves
that propagate across the rock volume. Locating seismic events is a
fundamental task for both monitoring the subsurface and studying
the Earth's structure. A network of seismic stations at the surface
(but also within the rock volume) can be used to locate such events,
identifying the P and S waves arriving at the seismic stations, and
measuring their arrival times tg and tg. Locating seismic events is a
standard geophysical inverse problem (Tarantola, 2005), where seis-
mologists indirectly measure the 3D position of a physical process
(the seismic energy release) through the measure of related quanti-
ties (the arrival times of the seismic waves). Many different meth-
odologies have been developed for solving such inverse problem,
either based on linearized methodologies (e.g. Billings et al., 1994;
Waldhauser & Ellsworth, 2000) or stochastic approaches (e.g. Lomax
et al., 2009). Due to the need of modelling the propagation of the
seismic waves, different workflows consider a 1D (e.g. Lahr, 1989) or
3D (e.g. Theunissen et al., 2017) Earth's model.

In this study, we develop a stochastic method based on a Markov
chain Monte Carlo (McMC) sampling of parameters (Mosegaard &
Tarantola, 1995). In stochastic methods, many randomly generated
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numerical representations of the physical model (i.e. the so-called
models) are collected and, for each model, the predicted observa-
tions are generated (this operation is called forward modelling and
the predictions are called synthetics). Through the comparison of
synthetics and observations each single model is evaluated. Here,
our physical model considers the existence of a homogeneous half-
space which represents the rock volume and the seismic event can
occur in any place of the rock volume itself with the same probability.
To avoid bias given by mis-estimated uncertainties, we strictly follow
a Hierarchical Bayes methodology Malinverno and Briggs (2004).
The McMC sampling is guided by a Metropolis rule (Metropolis
et al., 1953) and, thus, sampled solutions are used to make Bayesian
inferences on the investigated parameters (e.g. estimating mean and
standard deviation of each parameter, but also correlation between
different parameters).

B. BACKGROUND ON BAYESIAN INFERENCES, MARKOV CHAIN
MONTE CARLO AND HIERARCHICAL BAYES
Bayesian inferences is based on Bayes' theorem (Bayes, 1763):

P(m|d) = kP(m)L(m) @)

where m is a model (i.e. a point in the model space), d is the vector
of the observations, P(m|d) is the posterior probability distribution
(see below), P(m) is the prior probability distribution (see Section E),
and L(m) is the likelihood value (see Section D). Bayes' theorem is a
probabilistic formula which relates a new state of knowledge (so-called
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posterior probability distribution, PPD) on the investigated quantities
(i.e. the model) with the previous state of knowledge (so-called prior
probability distribution or simply prior) and a measure of the ability of
the model itself to reproduce observations (so-called likelihood func-
tion). Bayesian inferences is a powerful tool for studying physical (and
not-physical) parameters, because it is able to map out not only a single
model which best reproduces the observations but also a wide family
of models that explain the observation within a certain level.

Finding an analytic solution to Equation 3, however, could be
impossible in a multidimensional space, especially in presence of
complex prior probability distributions (i.e. not-Gaussian priors).
In the last two decades, stochastic methods have been developed
to overcome this issue, where the stochastic sampling of models
is driven to sample the model space with a sampling frequency
proportional to the target distribution (here the PPD, Sambridge
& Mosegaard, 2002). Here, the adopt a McMC sampling strat-
egy: a sequence of models (i.e. a chain) is collected according
to some general rules. Let us assume to be in a position of the
model space (called ‘current model’, m.,) and one more model is
proposed for the chain (called ‘candidate model’, m_,,,). First, such
model m,,,; depends on the current model m,, only, not on previ-
ously sampled models. This is the ‘Markov’ characteristic: a chain
with the shortest possible memory. Second, the candidate model
is accepted as next step in the chain according to the Metropolis
rule: (1) it is always accepted if L(mg,q) > L(mg,); or (2) it is ac-
cepted with a probability a if L(Mgy) < L(mg, ). Here, we follow
the approach developed in Mosegaard and Tarantola (1995) and,
thus, the probability a corresponds to the likelihood ratio, that is:
a=L(Mgnq) /L(mg,). Such formulation is valid only if the candi-
date model is proposed according to the priors (see Mosegaard &
Tarantola, 1995, for details).

As described above, the likelihood function plays a key role in
the McMC sampling. The Likelihood function (presented in details
in Section D) depends on the data uncertainties. However, estimat-
ing errors in a set of measurements could be problematic and errors
are sometimes over- or under-estimated. To avoid bias introduced
by wrongly assumed measurement errors, we adopt a Hierarchical
Bayes approach. In such approach, the data uncertainties are also
considered as part of the unknowns and are estimated through the
McMC sampling. This means that the model comprises both physical
parameters representing the physical processes under investigation
and not-physical parameters related to other aspect of the geo-
physical inverse problem (so-called ‘hyper-parameters’ Malinverno
& Briggs, 2004). It has been noted by Bodin et al. (2012) that such
hyper-parameters do not only estimate the data uncertainties them-
selves, but also account for the use of a simplified physical model
and/or modelling (for example, in our case, the approximation for
ray-paths as straight lines, see next section).

C. MODEL PARAMETERS AND FORWARD MODELLING

Our simplified model for the geophysical process of seismic wave
propagation consists in a homogeneous half-space and a point-
wise source from where the P and S waves originate. Given such

description, our mathematical model is composed by eight parame-
ters. Four parameters describe the event location in space and time.
Two parameters represent the elasticity of the rock volume. The last
two parameters are used to estimate the data uncertainties (sepa-

rately for P and S arrival times). Thus, the model m can be written as:

m=(x,y,2t,Vp, Vs, 7p,75) ,

where (X, Y, z, t) display event location, (VP, Vs) indicate half-space elas-
tic parameters, and (np, rcs) are used to scale data uncertainties.

The forward modelling, in our case, simulates the propagation of
the seismic waves from the event source through the rock volume
to the seismic stations. Given the assumption of an homogeneous
rock volume, the ray-paths are straight lines and the synthetic arrival
times can be computed as: t;(m)=d/Vp +t and ti(m)=d/ Vs +t,
where d is the distance between the event in position (x,y,z) and
one station in the seismic network. Regarding the data uncertainties,
we assume a-priori a realistic value for the data variance ag and we
scale such variance with the hyper-parameters. So, the variance con-
sidered in the likelihood function (Section D) is: 62(m) = 6(2) . 1077,

where X can be P or S.

D. LIKELIHOOD FUNCTION
The Likelihood function, for Gaussian distributed errors, can be writ-
ten as:
1 _1¢
- 3
(2 c )1/2 (4)

x| C,

L(m) = p(d| m) =

where ¢ represents the fit between model prediction t; ; and the i-th
observation t} . i.e. the residuals e; = (t)s(’i - t;,;)’ with X being either P
or S, through the covariance matrix of the error C:

p=e"Cle. (5)

In this study, we consider un-correlated errors in the measure-
ments, thus C, is a diagonal matrix with the data variance ¢2(m) along
the diagonal. In this case, accounting for the Hierarchical Bayes ap-
proach proposed, the likelihood function simplifies to:

N /5 (m)—to.\ >
1 X,i X,i
L =— Z _ 6
x(m (2n)1/20N(m)EXp ,- < o(m) > ©

with X being either P or S, N is the number of observations of phase X,
and Ly (m) the Likelihood for the X-wave arrival times. Obviously, being
P- and S- wave arrival times un-correlated, the total likelihood for each

model is given by the product of L,(m) by Ls(m).
E. PRIORS

The definition of prior probability distributions is necessary to
apply Bayesian inferences. Here we choose a uniform prior for
all parameters. Uniform priors can be easily handled in computer
codes and guarantee very loose constraints. The minimum and
maximum values of all the priors are summarized in Table A1,

together with the scale parameters (see section F).
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TABLE A1 Priordistributions of model

. Model parameter
parameters in vector m. .

X coordinate

Y coordinate

Z coordinate

T coordinate
P-wave velocity
Vp / Vs ratio
Error on P-data

Error on S-data

F. RECIPE

A key-step in the McMC is the generation of a candidate model from
the current model. There are several ‘recipes’ to generate a model
starting from another model. In our study, we propose a candidate
model in the following way. Staring from the current model, we ran-
domly pick one of the perturbations listed below (called moves):

Modify the x coordinate (selected with probability 2/15);
Modify the y coordinate (2 / 15);

Modify the z coordinate (2 / 15);

Modify the t coordinate (2 / 15);

Modify the Vj value (2 / 15);

Modify the V value (2 / 15);

Modify the = and xg values (3 / 15).

No v s N e

The perturbation will follow the scheme proposed in Appendix A
in Piana Agostinetti and Malinverno (2010). Briefly, the algorithm
will produce a sampling which asymptotically will sample the prior
probability distribution. To guarantee an acceptance ratio of the
McMC sampling between 0.1 and 0.5 (Mosegaard, 2006), each dif-
ferent move can be ‘tuned’ modifying the scale parameter intro-
duced in Table A1.

Terra Nova

Name Minimum Maximum Scale
X 560km 650km 0.05
y 6088km 6128km 0.05
z -20km Okm 0.15
t -10s 5s 0.05
Vp 4.0km/s 8.0km/s 0.10
Vp / Vs 1.5 1.9 0.20
7p -0.5 5.0 0.075
s -0.5 5.0 0.075

F.1. TECHNICAL DETAILS

For each event, we run ten McMC samplings, collecting 100,000
models for each chain. Each chain is independent from the others
and start from a different point of the parameter space (randomly
selected). The McMC sampling can be processed on a personal com-
puter or a dedicated server, with a limited CPU time (less than 30s
per event). In theory, each chain can be run in parallel on a com-
puter cluster, to speed up the process in case of a large number of
events (i.e. more than some hundreds of events). The first half of
the collected models (500,000 models) is discarded because they
are considered the ‘burn-in’ period (Somogyvari & Reich, 2020). We
observe that the burn-in period should be generally more limited in
this inverse problem, but we kept half of the sampling as a conserva-
tive choice. The second half of the sampled models is considered to
be representative of the target PPD. To limit intra-chain correlation,
we only retain 1/1000 of the sampled in the post burn-in phase. At
the end we have a family of 500 models that are used to make infer-
ences on the investigated parameters.

95UB917 SUOWIWIOD BAIIS1D 3[qedt|dde au Aq peusenob ale sajoiLe YO ‘8sh Jo Sajni Joj Akeigi]auluo A3]IA UO (SUONIPUOD-pUe-SWLB)/L0D A8 |IM Akelq iUl uo//:sdny) SUONIPUOD pue SLe | au) 89S *[£202/TT/20] Uo Akeiqi7auluo (I eIl pueiyo0D Ad T692T BYTTTT OT/I0p/Wod e im Akelqipul|uo//sdny wolj pspeojumod ‘0 ‘TZTESIET



	The micro-seismicity of Co. Donegal (Ireland): Defining baseline seismicity in a region of slow lithospheric deformation
	Abstract
	1|INTRODUCTION
	2|DATA AND METHODS
	3|RESULTS
	3.1|Local magnitude

	4|DISCUSSION
	5|CONCLUSIONS
	ACKNO​WLE​DGE​MENTS
	DATA AVAILABILITY STATEMENT

	REFERENCES


