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Zusammenfassung

Wenn sich seismische Kompressionswellen im Untergrund ausbreiten, konnen auf Grund
elektrokinetischer Kopplungseffekte ‘seismoelektrische’ (SE) Signale erzeugt werden.
Diese SE-Signale reagieren sowohl auf poroelastische als auch auf elektrische Gestein-
seigenschaften sensitiv, wihrend ihr Auflosungsvermoégen dem von seismischen Wellen
dhnelt. Es besteht daher die Moglichkeit mit SE-Untersuchungen Erkenntnisse zu erweit-
ern, die ansonsten mit klassischen geophysikalischen Methoden gewonnen werden.
SE-Signale werden in der Regel in ‘koseismische’ Wellen und ‘Interface Responses’ (IRs
- Signale von Grenzflichen) unterschieden. Koseismische Wellen sind an seismische Wel-
len gekoppelt und enthalten daher nur Informationen iiber die direkte Umgebung der je-
weiligen Messstation. IRs werden erzeugt, wenn die (ko)seismischen Wellen elektrische
oder hydraulische Diskontinuititen iiberqueren. Sie reagieren sensitiv auf die Porositit
und Permeabilitiit der Gesteine sowie auf die Salinitdt und Viskositét der Porenfluide. Da
sich IRs unabhéngig vom seismischen Wellenfeld ausbreiten, konnen aus ihnen auch In-
formationen aus einiger Entfernung zur Messstation gewonnen werden. Fiir gewohnlich
liegt daher das Hauptaugenmerk bei SE-Untersuchungen auf den IRs.

Das Ziel dieser Dissertation ist es, SE-Signale zu untersuchen, die durch Erdbeben erzeugt
werden. Ein besonderer Fokus liegt dabei auf der Detektierung, der Analyse und der In-
terpretation der Signale. Wihrend durch Erdbeben erzeugte koseismische Signale bereits
beobachtet wurden, steht die Identifizierung von erdbeben-erzeugten IRs noch aus.

Im ersten Teil dieser Arbeit werden Abstand-Magnituden-Grenzwerte priasentiert, welche
die Moglichkeit quantifizieren, SE-Signale zu beobachten. Anhand iiber 16 000 Erdbeben
wurde ermittelt, dass 67 % der Beben mit einer Magnitude groBer als 2:3 log;o(r=km) in
einer Hypozentraldistanz r klar identifizierbare SE-Signale hervorrufen, falls der lokale
Rausch-Pegel unterhalb von 0.1 uV/m liegt. Des Weiteren konnte durch SE-Signale, die
in der Atacama Wiiste in Nord-Chile aufgenommen wurden, ein lokaltionsspezifisches
Signalverhalten nachgewiesen werden. Dazu wurden im Zeitbereich seismische und SE-
Einhiillenden (Envelopen) miteinander verglichen und im Frequenzbereich seismoelek-
trische spektrale Verhiltnisse (SESRs) als ein neues Konzept zur Evaluierung des Ein-
flusses von IRs auf das Gesamtsignal, vorgestellt.

Das Prinzip der SESRs wird im zweiten Teil der Dissertation detaillierter untersucht.
Unter anderem mit Hilfe eines Inversions-Algorithmus wurde ein aus Felddaten berech-
neter SESR synthetisch nachmodelliert. Die Berechnungen zeigten, dass die Form des
SESRs hauptsichlich durch IRs, die in den ersten paar hundert Metern des Untergrundes
erzeugt werden, beeinflusst wird. Dabei reagierte der untersuchte SESR sensitiv auf die
Porositidt des Untergrundes, die Salinitédt des Porenfluids und die Tiefenlage der IR erzeu-
genden Grenzflachen.

Im letzten Teil der Dissertation werden numerische SE-Signale analysiert, die auf Grund-



lage eines mehrschichtigen Untergrundmodells berechnet wurden. Ziel ist es, ein even-
tuelles passives SE-Feldexperiment auf der Armutlu Halbinsel in der Tiirkei zu sim-
ulieren. Die Ergebnisse zeigen, dass die Moglichkeit einzelne IRs in einem SE-Wellenzug
zu identifizieren, am groBten ist, wenn die Messgerite nah am Epizentrum der Beben
platziert sind. Durch die Analyse der synthetischen SESRs und SE-Einhiillenden konnten
zudem Porositits- und Salinitits-Anderungen im oberen Erdboden detektiert werden. Bei
einem realen Feldexperiment wiirden jedoch - abhiingig vom lokalen Rausch-Pegel - aller
Voraussicht nach die geringen Amplituden der SE-Signale eine Herausforderung darstel-
len.

Zusammenfassend zeigen die Untersuchungen dieser Dissertation, dass durch Erdbeben
generierte SE-Signale innerhalb einer begrenzten Entfernung zum Hypozentrum detek-
tiert werden konnen, falls die Beben-Magnituden grof3 genug sind, dass die erzeugten
SE-Amplituden den anthropogenen Rausch-Pegel iibersteigen. Der Weite des Detekti-
erradius ist dabei abhidngig von dem Ziel der Messung (Observation von IRs oder ko-
seismischen Wellen). Wenn das Signal/Rausch-Verhiltnis ausreichend gut ist, konnten
SESRs und die Analyse von Einhiillenden genutzt werden, um Porositéts- und Salinitits-
Anderungen in den oberen hunderten Metern des Untergrundes zu detektieren. Dabei
miissen die Ergebnisse jedoch vermutlich mit weiteren Informationen eingegrenzt wer-
den. Um die Schlussfolgerungen dieser Dissertation zu verifizieren, werden Feldmessun-
gen empfohlen.



Summary

When seismic pressure waves propagate through the subsurface they can excite ‘seis-
moelectric’ (SE) signals via electrokinetic coupling. These SE signals are sensitive to-
wards poroelastic as well as electrical properties while providing the resolutions of seis-
mic measurements. They might therefore add information to conventional geophysical
measurements.

SE signals are generally divided into coseismic waves and interface responses (IRs). The
coseismic waves are bound to seismic waves and can therefore only reveal information
about the direct vicinity of the recording stations. Interface Responses (IRs) are excited
when the (co)seismic waves cross electric or hydraulic discontinuities. They are sensitive
to the rocks’ porosity and permeability as well as the salinity and viscosity of the pore
fluids. As they propagate independently from the seismic fields they can contain inform-
ation from interfaces further away from the recording stations. Therefore, IRs are usually
the main focus of SE investigations.

The goal of this thesis is to investigate SE signals generated by earthquakes with a spe-
cial focus on the detection, analysis and interpretation of these signals. While coseismic
signals have been observed during earthquakes, IRs have yet to be detected.

In the first part of this thesis distance-magnitude-thresholds are established that quantify
the possibility to observe SE signals from earthquakes. Based on over 16,000 events we
found that 67 % of earthquakes with magnitude M 2:3 log;o(r=km) at hypocentral dis-
tance I showed clear SE signals if the noise level is below 0.1 uV/m. Furthermore we
confirmed the site-dependency of SE earthquake signals recorded in the Atacama Desert
of Northern Chile by comparing seismic and SE envelopes and introducing SE spectral
ratios (SESRs) as a new concept to evaluate the influence of IRs on SE signals in the
frequency domain.

The concept of SESRs is explained in the second part of this thesis in more detail. We
approximated a SESR calculated from field data through synthetic modelling with the
help of an inversion algorithm. The calculations implied that the shape of the SESR is
primarily influenced by IRs generated in the first few hundred meters of the subsurface
and that a sensitivity exists towards to the rock’s porosity, the pore-fluid’s salinity and the
depth of the interfaces that generate IRs.

Last but not least, the response of numerical SE signals to a multi-layered subsurface
model was analysed, simulating a possible passive SE field experiment on the Armutlu
Peninsula in Turkey. The results showed that the chance to identify single IRs in a SE
wavetrain is highest if the recording stations are placed close to the epicenter of the earth-
quakes. Through the analysis of SESRs and SE envelopes, porosity and salinity changes
in the upper subsurface could be detected. Nevertheless, depending on the local noise
level the estimated small amplitudes of the field data will provide a challenge.



All in all, the investigations of this thesis showed that SE signals can be detected in a lim-
ited radius from the hypocenter if the magnitudes of the earthquakes are large enough for
the generated SE amplitudes to overcome the anthropogenic noise-level. The detection
radius thereby depends on the observation target (IRs or coseismic signals). If the signal-
to-noise ratio is sufficient, SESRs as well as envelope analysis could be used to detect
porosity and salinity changes in the first few hundred meters of the subsurface, although
the results have probably to be constrained by previous information. Field measurements
are now required to verify the findings of this thesis.
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1 Introduction

A glossary of all coef cients appearing in this chapter can be found at the end of this
chapter (section 1.7)

1.1 Motivation

When seismic waves propagate through the subsurface they can be accompanied by so-
called seismoelectric (SE) signals. One explanation for the generation of these signals are
electrokinetic coupling effects in the electric double layer between the rock matrix and
the pore- uids (see section 1.4).

SE signals have been researched sporadically since the late 1930's and more intensively
since the 1990's (see section 1.2). But although the number of publications focusing on
SE waves is constantly increasing, the attention towards this particular eld of research is
still small in the geophysical community. This is surprising since SE signals offer a lot of
potential. While being sensitive towards poroelastic parameters, such as porosity or the
pore- uid's conductivity, SE signals additionally provide a resolution similar to seismic
waves.

SE signals have successfully been recorded and evaluated during eld experiments with
arti cial seismic sources (see section 1.2). Besides that, SE signals have also been ob-
served during earthquakes. An advantage of analysing SE signals from earthquakes is that
earthquakes are usually associated with higher energies than arti cial seismic sources,
which could for example lead to greater investigation depths. On the downside, pass-
ive SE eld experiments are more dif cult to control, since source strength and position
cannot be in uenced. Nevertheless one hope when analysing earthquake generated SE
signals is that they can provide new insights into nucleation processes and/or earthquake
associated variations of the subsurface.

The number of publications focusing on SE signals generated by earthquakes is not over-
whelmingly large, yet. Furthermore, most of these studies focus on the numerical invest-
igation of general concepts, like for example the generation of and distinction between
different SE signal-types. However, if one wants to explore the potential of SE signals
generated by earthquakes, eld experiments and their evaluations are inevitable. The fo-
cus of this thesis therefore lies on earthquake generated SE signals that can be measured
during passive SE eld studies. The goal is to analyse the probabilities to detect the SE
signals, develop approaches to analyse them and evaluate interpretation possibilities. The
hope is to broaden the knowledge about SE signals generated by earthquakes in general,
while keeping in mind the possibilities of future eld experiments.

13
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1.2 History of seismoelectric research

The investigation of SE signals started in the late 1930's when rst observations of coup-
ling effects between seismic and electromagnetic (EM) wave elds were reported (Blau
and Statham, 1936; Thompson, 1936, 1939; Ivanov, 1939). Shortly afterwards Frenkel
(1944) offered a rst theoretical approach for an "electri cation” of elastic waves, calling

it the "seismoelectric effect of the second kind". Due to its historic signi cance Frenkels
paper was republished in 2005 (Frenkel, 2005) although he did not consider the whole set
of Maxwell's equations limiting his calculations to the coseismic electric eld (Pride and
Garambois, 2005). Following Frenkels paper in 1944, the overall interest in SE phenom-
ena remained small, even though Martner and Sparks (1959) claimed to have recorded
electrical signals arriving before seismic waves from an explosion source.

It wasn't until the 1990's that the so-called SE effect came back into focus. In 1993
Thompson and Gist successfully observed an interface response (IR) from a 300 m deep
gas-water interface. One year later Pride (1994) derived a set of governing equations - that
were later complemented by two follow-up papers (Pride and Haartsen, 1996; Haartsen
and Pride, 1997) - describing the coupling between seismic and EM waves in a fully sat-
urated medium. Today, it is commonly accepted that it was Prides work that reintroduced
the interest in SE research to the geophysical community.

This newly found interest in SE research led to a variety of eld experiments (e.g. Butler
et al., 1996; Dupuis et al., 2007; Strahser et al., 2011), laboratory studies (e.g. Block and
Harris, 2006; Bordes et al., 2008; Holzhauer et al., 2016) and numerical investigations
(e.g. Garambois and Dietrich, 2002; Revil and Jardani, 2010; Kréger et al., 2013). A
detailed overview on SE studies since the 1990's can be found in chapter 1 of Maureen
Devi's PhD-thesis (Devi, 2017).

Pride's governing equations were developed for fully saturated media. In 2013, Warden
et al. extended these equations to include partially saturated materials. At the same time,
Revil et al. (2013) proposed an alternative approach towards the SE theory suggesting a
poro-acoustic model coupled with dynamic electrokinetic theory for partially saturated
porous media.

In recent years the interest in SE phenomena has been rising constantly. In 2015 the rst
book on "the seismoelectric method" was released (Revil, 2015) providing an overview
on fundamental concepts of SE theory. A year later Jouniaux and Zyserman (2016) pub-
lished a review on the "electrokinetically induced seismo-electrics, electro-seismics, and
seismo-magnetics for Earth sciences". A second book with the title "Seismoelectric ex-
ploration: Theory, experiments and applications” focusing on SE applications is expected
to be published in 2020 (personal information).

The advancing number of publications on SE phenomena shows that the interest in the
topic is constantly growing. However, as most of the studies target theoretical concepts,
reports of eld applications are still rare. It is therefore important to shift the focus from
numerical investigations of general questions to the actual application of SE measure-
ments in the eld.
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1.3 Seismoelectric signals generated by earthquakes

Most of the studies mentioned in section 1.2 either explore general questions concern-
ing SE coupling or are aimed at controlled-source SE experiments. However, a coupling
between seismic and EM elds can also be observed during passive measurements or in
other words "during earthquakes'.

Numerous reports of electrical (and magnetical) signals that were recorded during earth-
guakes exist. These signals show a great similarity to the simultaneously recorded seismic
signals (e.g. Johnston, 2006; Huang, 2011; Sun et al., 2019). Over time, geophysicists
have offered different explanations for this phenomenon. Among them were the consid-
eration of piezoelectric effects (e.g. Gershenzon et al., 1993; Huang, 2002) or a "seismic
dynamo effect' through which the electrical signals are induced by a conductive crust vi-
brating in the earth's magnetic eld (e.g. Honkura et al., 2000; Matsushima et al., 2013).
However, these studies were seldom able to explain all recorded signals or waveforms.
Today the theory of electrokinetic coupling is therefore probably the most accepted ex-
planation for the observed signals although a mixture of different effects cannot be ex-
cluded.

To better understand the EM signals created during earthquakes a great number of numer-
ical studies have been conducted. Different source types have been simulated such as a
double-couple source (Gao and Hu, 2010) or a nite fault (Ren et al., 2010; Hu and Gao,
2011) and the characteristics of different EM wave-types excited during earthquakes have
been discussed (Gao et al., 2013; Ren et al., 2015). However most of the numerical mod-
els consist only of one or two layers in combination with half-spaces. In contrast to that,
Gao et al. (2016) used a model consisting of 9 layers to recalculate the EM waveforms for
the MW6.0 Park eld earthquake. Sun et al. (2019) included a scattering effect into their
simulation of a 7-layer model so the resulting waveforms better re ected their observa-
tions from a M5.4 earthquake in Japan. These studies show the importance of including
realistic subsurface parameters and a suf cient number of layers into simulations if one
wants to understand SE signals generated by earthquakes.

While there has been great progress in the understanding of SE signals generated by
earthquakes as well as the related synthetic modelling, the analysis of actual eld data has
been neglected. This thesis can be seen as a rst step to close this gap by providing in-
formation on the detection, analysis and interpretation of SE data recorded during passive
experiments.

1.4 Theory of seismoelectric signals

The effect of SE coupling is explained by Haartsen and Pride (1997) in the following way:
When solid grains come into contact with a uid a so-called electric double layer (EDL)
is formed. The EDL consists of ions that are stuck to the surface of the grains and counter-
ions that move freely in the pore- uid, balancing the immobile ions (see Fig. 1.1). When
a seismic wave travels through the subsurface the counter-ions in the uid start moving
relatively to the immobile ions on the grains resulting in a "streaming current'.
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If the passing seismic wave is compressional the mobile counter-ions accumulate in the
peaks of the seismic wave and dissipate in the troughs. The resulting unbalance creates
an electric eld perpendicular to the seismic wavefront leading to a "conduction current'.
When the conduction and streaming currents equalise themselves the net current becomes
zero. This is the reason why only electric and not magnetic elds accompany compres-
sional waves.

In case of seismic shear waves conduction currents are not generated since there is no
divergence and therefore no peaks and troughs that can initiate charge separation. The
streaming current that is excited by the relative motion between the grains and uids then
results in a magnetic eld accompanying the seismic waves. This magnetic eld can in
turn induce an electric eld, although this is expected to be much smaller than the electric
eld excited by compressional waves.

The electric and magnetic elds described above are bound to their respective seismic
counterparts. As they cannot exist without them, they are called "coseismic' waves. Fur-
ther details on coseismic waves will be given in section 1.5.1.

Fig. 1.1: Sketch of the electric double layer (EDL): The EDL consists of immobile ions stuck on
the grains' surface and mobile counter-ions in the pore uid. When the mobile ions start moving
relatively to the immobile ions due to passing seismic waves a “streaming current' is generated
resulting in electric and magnetic elds, depending on the seismic wave-type.
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1.4.1 Governing equations

In 1994 and 1997 Pride and Haartsen and Pride published the following set of govern-
ing equations describing the electrokinetic coupling between seismic and electromagnetic
waves in an isotropic, fully saturated medium assuming a time dependeac'of

Nt= wira+rw]+F (1.1)
. . . . 2.

t =[KeN s+ CN wit+ G[Nu+ Ku' 3N ] (1.2)
P=CN 4+ MN w (1.3)

. K. «
ww= [ NP+ wor 1+ f]+ LE (1.4)
I=L[ NP+ w?r¢ta+ f]+ sE (1.5)
N E=iwB M (1.6)
N H= iwbD+3+C (1.7)
D= eE (1.8)
B= nH (1.9)

Equations 1.1 - 1.3 are based on Biot's theory for acoustic propagation in porous media
(Biot, 1956, 1962) while equations 1.6 - 1.9 are Maxwell's electromagnetic eld equa-
tions. Equations 1.4 and 1.5 are called "dynamic transport equations' and were developed
by Pride (1994). They couple the EM wave elds to the mechanical wave elds. Equa-
tion 1.5 states, that the macroscopic current dedsisythe sum of the streaming current
densities ( rst term of 1.5) and the average conduction densities (second term of 1.5). The
Darcy lItration velocity iww from equation 1.4 can equally be separated into a mech-
anically uid ow ( rstterm of 1.4) and a uid ow caused by the electric eld (second

term of 1.4).

Equations 1.4 and 1.5 are both connected via the dynamic coupling coeflcfant

If L is zero, the seismic and electric elds are entirely decoupled and no electrical (or
magnetical) signal is excited by seismic waves. According to Pride (1994), the coup-
ling coef cient is the product of a static coef cieriy as well as a frequency dependent
function:

f eoktjz] d
o= T 120 (1.10)
T2 rr-—— 2 1=2
Lw= Lo 1 WM 29 7 g jeg WIS (1.11)

w; 4 L h



18

INTRODUCTION

with w; being the “transition frequency'. This frequency, sometimes also known as Biot-
frequency, separates the viscous ow at low frequencies from the inertial ow at high
frequencies. Itis de ned as:

fh
ayKor ¢
If w; >> w, the coupling coef cient. becomes frequency independent. This is generally
the case for SE applications as for typical subsurface paramet&an be expected to
be much larger than 1000 Hz, which is well above the frequency range of typical seismic
applications.
Equation 1.10 was developed for fully saturated media. Warden et al. (2013) extended
Pride's theory to partially saturated conditions. In that case the static coef cient becomes:

Wt = (112)

Lo(Sw) =

W2 o8 qss) (1.13)

¥

where§(S,) is a saturation function. In the modelling code used for this thesis the sat-
uration function from Guichet et al. (2003) is implement&:((Sy Swr)=(1 Swr),

Swr = 0:1 being the ‘residual saturation’). However, other saturation functions as for
example from Revil et al. (2007) or Allégre et al. (2010) could be considered. For more
details on the numerical modelling of SE wave propagation in partially saturated materials
and the in uence of the different saturation functions see Warden et al. (2013).

1.5 Seismoelectric wave-types

1.5.1 Coseismic waves

As described before, the electrical and magnetical signals excited by electrokinetic coup-
ling are bound to their respective seismic waves and cannot exist independently. Hence,
they are known as coseismic waves.

Garambois and Dietrich (2001) developed the following transfer-functions for the coseis-
mic electric and magnetic eld:

1 eorfku r C .
g L 1 =& 1.14
St h < r{H u ( )
. f erfkijzj G._.
JH] a—h r—JUJ (1.15)

While eq. 1.14 is valid for longitudinal P-waves, eq. 1.15 is valid for transverse SH- and
SV-waves. Equations 1.14 and 1.15 were developed for fully saturated media. Extensions
for un- and partly saturated media have been proposed by Bordes et al. (2015) and Zyser-
man et al. (2016).
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The transfer-functions show that the electric eld is proportional to the seismic accelera-
tion t and sensitive to the uid's electric conductivigs. Meanwhile the magnetic eld

is proportional to seismic velocity and sensitive to the porosify. As the coseismic
signals are directly connected to the seismic amplitudes, they only provide information
limited to the immediate vicinity of the recording station. Information from deeper layers
cannot be retrieved.

Coseismic electric elds have successfully been recorded during active as well as passive
eld measurements (e.g. Strahser et al., 2011; Matsushima et al., 2002). During the in-
vestigation of the eld records a distinct S-phases can often be identi ed in the data, even
though the electric eld should only accompany compressional waves. As illustrated in
Fig. 1.2, this apparent contradiction can easily be resolved, considering that SE signals
also accompany S-to-P converted waves, which are generated at the earths surface as well
as at the numerous interfaces in the subsurface.

Reports of recorded coseismic magnetic elds exist as well (e.g. Matsushima et al., 2002).
Unfortunately, it is extremely dif cult to distinguish between the actual coseismic mag-
netic eld and arti cial induction signals caused by the movement of the recording sta-
tions. Reports of observed coseismic magnetic signals are therefore usually treated with
caution. Bordes et al. (2008) were able to record magnetic coseismic signals in the Low
Noise Underground Laboratory of Rustrel (France) during a precisely designed experi-
ment, carefully excluding any magnetic signals caused by induction. The accurate setup
of the experiment demonstrates how hard it would be to record the magnetic signals in
the eld without arti cial interference. Because of these challenges this thesis will only
focus on the electrical signals as many other studies do as well.

1.5.2 Interface responses

Beside coseismic waves a second type of SE signals exists, commonly known as an inter-
face response (IR). The term “converted signals', which can be found especially in older
publications, describes the same wave-type.

As the name "Interface Response' suggests, IRs are excited when the (co)seismic waves
cross an interface. Differing electric or poroelastic parameters on either side of the bound-
ary lead to a charge separation, which then acts as a source for a new EM eld. As the
resulting EM wave is not bound to a seismic wave anymore, it usually propagates at a sig-
ni cantly larger speed than the (co)seismic waves and can therefore be observed before
them (see Fig. 1.2).

A sensitivity study of Garambois and Dietrich (2002) showed that IRs respond to changes
of rock- porosity and -permeability as well as the salinity and viscosity of the pore uids.
Furthermore IRs can contain information from deeper layers, because - contrary to co-
seismic waves, which only provide information about the direct vicinity of the recording
stations (see section 1.5.1) - they are not directly bound to the seismic eld. Hence, IRs
are usually the prime target of SE investigations.

In recent years scientists started to distinguish between two different IR types: radiant and
evanescent IRs. Radiant IRs (rIRs) are only excited at very small incident angles, mean-
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ing “vertically above the source'. However, due to their fast velocities they seemingly
appear on all traces of a SE shot-gather simultaneously. Contrary to that, evanescent IRs
(elRs) are generated at larger offsets. They therefore have a moveout similar to that of the
seismic waves, which is why they are also known as quasi-coseismic signals (Ren et al.,
2015; Butler et al., 2018). Detailed information on elRs and rIRs is provided in chapter
4.

1.5.3 Seismoelectric signals from the source

Besides coseismic signals and IRs a third type of EM wave is generated during an earth-
guake. This EM wave is related to the nucleation processes and should be recorded im-
mediatly after the origin time of the earthquake. As the amplitudes of these signals are
expected to be comparably small, their detection is rather unlikely (Gao et al., 2013).
Hence, they will not be discussed in this thesis.

Fig. 1.2: Schematic overview on SE signals observed during earthquakes. Coseismic signals
accompany P-waves and are proportional to the seismic acceleration. IRs are excited at interfaces
and reach the surface faster than their coseismic counterparts.
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1.6 Thesis outline

The goal of this thesis is to broaden the knowledge about SE signals generated by earth-
gquakes by focusing on detection, analysis and interpretation scenarios. The actual value
of passive SE eld experiments can of course only be assessed by conducting and eval-
uating SE measurements. However, the investigation of previously gathered data as well
as numerical calculations can help to determine under which circumstances these experi-
ments will most likely be successful. One hope for this thesis therefore is that it helps to
pave the way for future passive SE eld experiments.

The main body of this thesis consists of three scienti ¢ papers that investigate SE sig-
nals generated by earthquakes. In the rst paper (chapter 2) we established logarithmic
distance-magnitude thresholds to investigate at which hypocentral distances SE signals
can be expected to be observed if they were generated by an earthquakes with a distinct
magnitude. We then compared SE signals from various earthquakes recorded at different
locations in the Atacama Desert (Northern Chile) to detect site-speci ¢ behaviour. We
recognised this site-dependency with SE spectral ratios (SESRS) - which were introduced
by us - as well as envelope-analysis. This supports our assumption that SE signals can be
used to study the local subsurface.

In the second paper (chapter 3) the concept of SESRs is explored as a new analysing tool
with which the the in uence of the IRs on the SE signal can be evaluated. Field data from
the Pisagua-lquique earthquake sequence is compared to modelling results, showing that
SESRs can probably be used to study the local subsurface in up to a few hundred meters.
In the last paper (chapter 4) the analysis of SE earthquake signals is concluded with the
numerical investigation of the SE response to a multi-layered subsurface model. The
study was conducted to evaluate the possibility of gaining information from a passive SE
eld experiment with local upper crustal seismicity. It was shown that the chances to
identify single IRs in a SE wavetrain is highest if the records are obtained close to the
epicenter of the earthquake generating the signals. Furthermore it was established that
both - SESRs as well as envelope-analysis - can be used to detect porosity and salinity
changes in the upper subsurface. Nevertheless, local noise levels and small amplitudes
remain a challenge.

In the last chapter (chapter 5) of this thesis the main results of the three studies are sum-
marised by answering the following questions: 1) Under which conditions can SE signals
from earthquakes best be detected? 2) How can SE signals from earthquakes be analysed?
3) How can SE signals from earthquakes be interpreted?

The answers show that coseismic signals can be observed over 400 km away from the
earthquake source, depending on magnitude, whereas information from IRs are best ana-
lysed if recorded in close vicinity to the earthquakes' epicenters. SESRs and envelope-
analysis can be used to obtain site-dependent subsurface information without having to
focus on single IR amplitudes. In general, the SE signals show a sensitive behaviour
towards changes of subsurface porosity and the salinity of the pore- uid. Nevertheless,
the distinction between the effects of the different varying parameter might be dif cult.
Before drawing the nal conclusion, it is suggested in an outlook on possible future in-
vestigations, to conduct passive SE eld experiments as soon as possible, as this is the
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inevitable next step to understand SE signals generated by earthquakes.

1.6.1 Authors contribution

The introduction and conclusion of this thesis (chapters 1 and 5) were written by me
(Laura Dzieran). | provided the manuscripts for the three scienti ¢ papers (chapters 2
to 4), created all gures and conducted the analyses with contributions from Wolfgang
Rabbel and Martin Thorwart. Oliver Ritter and Jaime Araya Vargas provided and helped
understanding the SE eld data recorded in Northern Chile (chapters 2 and 3).
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1.7 Glossary
ay tortuosity
B magnetic ux density
C an applied current-density source
C  GC;H;M are coef cients from Biot (1962),
related to bulk moduli of the uid and solid phases
d lengthd d,disthe Debye length, related to the thickness of the EDL
D  dielectric displacement
h  pore uid viscosity
e  electric permittivity
e electric permittivity of the vacuum
ey electric permittivity of the water
E  electric eld
T an applied body-force acting on the uid-phases
F  an applied body-force acting on the bulk material
G  stiffness or shear modulus of the framework of grains
H C;H;M are coef cients from Biot (1962),
related to bulk moduli of the uid and solid phases
H  magnetic eld
T identity matrix
J  electric current density
k dynamic permeability
ko static permeability
ki uid's dielectric permittivity
Kec Gassmann's bulk modulus
L  dynamic electrokinetic coupling coef cient
Lo static electrokinetic coupling coef cient
L  geometric pore parameter
m  geometric parametem= f L?=(aykg), usually between 4 and 8
M  C;H;M are coef cients from Biot (1962),
related to bulk moduli of the uid and solid phases
M  an applied magnetic-current source
m  magnetic permeability
n  Archie exponent
w  radial frequency
w; transition frequency, separating low frequency viscous ow
from high frequency inertial ow
P pore uid pressure
f porosity
r bulk density
rs+ pore uid density
Sy Ssaturation
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residual saturation

electric conductivity

uid's electric conductivity

bulk-stress tensor

average displacement of the solid grains

seismic velocity

seismic acceleration

average relative uid-solid displacement multiplied by porosity
Zeta-potential



2 Seismoelectric ground response to local and regional
earthquakes

This chapter is based on the paper “Seismoelectric ground response to local and regional
earthquakes' accepted for publishing in the book "Seismoelectric exploration: Theory,
experiments and applications' by the editors N. Grobbe, A. Revil, Z. Zhu and E. Slob.
Citation: Dzieran, L., W. Rabbel, M. Thorwart, and O. Ritter, 2020: "Seismoelectric
ground response to local and regional earthquakes'. Seismoelectric exploration: The-
ory, experiments and applications, N. Grobbe, A. Revil, Z. Zhu, and E. Slob, Eds., Wiley
OnlineLibrary, in press.

Abstract We analyze the seismoelectric (SE) ground response to seismic waves radiated
from local earthquakes and its dependency on magnitude and recording location. We
establish a magnitude-distance relationship describing the magnitude threshold to be ex-
ceeded for observing SE signals with standard magnetotelluric stations. Based on 16,341
events we found that 67% of earthquakes with magnitude B3 log;o(r=km) at hy-
pocentral distance showed clear SE signals if the noise level is below 0.1 pv/m. The
logarithmic term results from geometric spreading. A comparison of records from differ-
ent earthquakes and stations shows that both the magnitude and the geology at the receiver
site in uence the observability of SE arrivals. The site effect is frequency dependent. To
guantify this, we computed seismoelectric spectral ratios (SESRs) de ned as the ratio of
the amplitude spectra of SE records and acceleration seismograms. Some stations show
almost constant SESRs in the main frequency range indicating that the response is mainly
composed of coseismic SE signals. Others show consistently a decrease of SESRs with
increasing frequency suggesting interference of coseismic and interface response arrivals.
The transfer function of SE to seismic amplitudes is of the order of values for dry sand
found in previous studies.

2.1 Introduction

The seismo-electromagnetic effect has been explored in numerous near surface studies
(e.g. Thompson and Gist, 1993; Garambois and Dietrich, 2001; Thompson et al., 2007,
Strahser et al., 2007, 2011). However, the coupling between seismic and electric signals
can also be observed during earthquakes (e.g. Honkura et al., 2000; Matsushima et al.,
2002; Huang, 2011; Gao et al., 2016).

In this chapter we investigate seismoelectric (SE) signals caused by regional and local

25
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earthquakes using seismic and magnetotelluric (MT) eld data mainly from the subduc-
tion zones of Central and South America. We focus on the following two main questions:
First, which is the minimum earthquake magnitude required for observing SE elds at a
given hypocentral distance with standard state-of-art seismic and MT eld equipment un-
der low to moderate noise conditions? Second, how do site effects in uence SE signals?
We answer the rst question statistically by analyzing datasets from Costa Rica, Chile and
Norway. We establish a threshold magnitude-distance-relationship which can be used as
a guideline to whether or not SE effects might be observable. The second question is
approached by comparing SE signals from the 2014 Pisagua (Iquique) earthquake recor-
ded at different epicentral distances by seismic and MT stations in northern Chile and
by comparing the site responses of selected stations for different magnitude earthquakes.
The chapter is organized in the following way: The applied instrumentation and analyzed
data sets are described in section 2.2. We then determine threshold magnitude-distance
relationships for the observation of SE signals in section 2.3. In section 2.4 SE site effects
are evaluated.

2.2 Instrumentation and eld data

Our study of the magnitude-distance-relationship (section 2.3) is based on MT eld data
from stations in Costa Rica, Chile and Norway.

The Costa Rica station ZOM was deployed on the Nicoya Peninsula from May to Novem-
ber 2010 as well as February to June 2011. With the help of the ISC catalog (International
Seismological Centre, 2015) we identi ed 203 earthquakes with ML > 1.9 within 5° epi-
central distance.

In northern Chile we used recordings from stations PB02, PB09 and PB15 from the
CX network of the Integrated Plate boundary Observatory Chile (IPOC), located in the
Atacama Desert (GFZ & CNRS-INSU, 2006; Vargas and Ritter, 2015). 16,126 earth-
guakes with ML > 1.2 occurred within a 5° radius around 69.5° West and 22° South in the
year 2014, including the MW8.1 Pisagua earthquake that took place in the night of April
1, 2014 (Cesca et al., 2016) and its aftershocks.

The magnitude-distance analysis also includes two small magnitude earthquakes from
Norway (courtesy of Geological Survey of Norway (NGU)). These events occurred on
July 30 and August 1, 2015 in northern Norway and were coincidentally registered by
two short-term arrays of MT-stations which consisted of six stations each and were de-
ployed by a eld campaign from NGU. Array 1 recorded the event on July, 30 and Array

2 the event on August,1.

The analyzed events as well as the location of the stations can be seenin Fig. 2.1. Tab. 2.1
lists the location, average noise level and electrode distance of the individual stations.
For the analysis of the SE site effects (section 2.4) we used recordings of the MW8.1
Pisagua earthquake from April 1, 2014 and two of its largest aftershocks. Additionally to
the data from stations PB02, PB09 and PB15 of the CX network, we included data from
stations PB0O1, PB03, PB06 and PBO7 of the same network. The electric data were com-
plemented with seismic data recorded at the same location. Information about the stations
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Fig. 2.1: Maps of earthquake epicenters from the ISC catalog and recording stations in (a) Costa
Rica, (b) Chile and (c) Norway used for the magnitude-distance analysis in this study (section
2.3). The epicenters are color-coded according to their category. Category | includes earthquakes
where P-and S-phases could be clearly distinguished in the SE data. Category Il holds
earthquakes where only large SE amplitudes could be identi ed. For earthquakes in category Il
no SE signals could be found.

can be found in Tab. 2.1. The locations and magnitudes of the earthquakes are listed in
Tab. 2.2 and plotted in Fig. 2.2. Backazimuths as well as epicentral distances between the
stations and the earthquakes are listed in Tab. 2.3.

All electric signals in this study were gathered via MT-stations equipped with non-polariz-
able Ag-AgCl-electrodes. In Costa Rica and Chile the signals were digitized with a
sampling rate of 20 Hz and stored by 24-bit EarthData loggers. The seismic data used
in section 2.4 were also sampled with a rate of 20 Hz, recorded by FBA-EST acceler-
ometers. The instruments were provided by the Geophysical Instrument Pool Potsdam.
The events in Norway were registered by the NGU with a sampling rate of 500 or 512 Hz.

2.3 Threshold magnitude-distance relationship

For determining the minimum magnitude required for the observation of SE elds on MT
stations we restricted our analysis to earthquakes within 5° epicentral distance with M
or M magnitudes speci ed in the ISC catalog (section 2.2). Based on this information,
we inspected the electric data in the respective time windows to investigate at which level
SE earthquake signals exceeded the background noise level. We applied a restitution Iter
to eliminate the instrument response and a bandpass Iter between 0.1 Hz and 5 Hz. The
strengths of the magnitudes were provided by the ISC catalog. For each earthquake an in-
dividual noise level was determined by calculating the standard deviation of the amplitude
distribution of the electric eld data recorded on a station in the three minutes before the
event. The average noise level for each station is listed in Tab. 2.1. It differs between 0.1
pV/m and 2.6 pv/m.

For evaluation we divided the SE signals into three categories: Category | includes all
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station latitude longitude noise level electrode distance
(NS/EW)
CostaRica ZOM 10.09° -85.481° 1.0pV/Im 60.0m/60.0m
Chile PBO1 -21.0432° -69.4874° 0.2puvV/im 81.4m/80.3m
Chile PB02 -21.3197° -69.8960° 1.0uvV/m 84.8m/80.9m
Chile PB03 -22.0485° -69.7531° 2.0uv/m 71.5m/80.4m
Chile PB0O6 -22.7058° -69.5719° 15uv/im 80.8m/79.3m
Chile PBO7 -21.7267° -69.8862° 2.0uvV/m 80.5m/81.3m
Chile PB09 -21.7964° -69.2419° 0.1uV/m  80.0m/80.8m
Chile PB15 -23.2083° -69.4709° 0.2puV/im  80.7m/80.8m
Norway Array 1 23.6405° 69.4823° 2.6uV/Im 62.0m/62.0m
Norway Array 2 23.5603° 69.4816° 0.1uvV/im 64.3m/66.2m

Tab. 2.1: Attributes of recording stations in Costa Rica, Chile and Norway.

time latitude  longitude  depth  magnitude
EQ1 2014-04-01 -19.6100° -70.7690° 25km 8.1
23:46:48.20
EQ2 2014-04-03 -20.571° -70.493° 22.4km 7.6
02:43:12.71
EQ3 2014-04-03 -20.311° -70.576° 24.1km 6.5
01:58:27.96

Tab. 2.2: Attributes of the My8.1 Pisagua earthquake from April 1, 2014 and two of its largest
aftershocks used for the SE site effect analysis in section 4.

PBO1 PB02 PB0O3 PB0O6 PBO7 PB0O9 PB15

EQ1
backazimuth
epicentral dist.
EQ2
backazimuth
epicentral dist.
EQ3
backazimuth
epicentral dist.

320° 334° 338° 340° 338° 326° 341°
208 km 211km 290km 365km 252km 290 km 420 km

296° 323° 335° 338° 334° 316° 340°
117km 104km 181km 255km 143km 188km 311km

305° 328° 336° 338° 335° 320° 340°
139 km 132km 211km 285km 172km 215km 341km

Tab. 2.3: Epicentral distances and backazimuths between 8. Pisagua earthquake from
April 1, 2014 and two of its largest aftershocks (Tab. 2.2) to stations from the CX network
(IPOC) in Chile (Tab. 2.1).
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Fig. 2.2: Location map of the CX network of the Integrated Plate boundary Observatory Chile
(IPOC) in northern Chile and the location of the 2014 Pisagua earthquake (EQ1) and two
aftershocks (EQ2 & EQ3). The recordings of the earthquakes were used for the analysis of the
SE site effects (section 2.4).

earthquakes where the SE earthquake signals could be clearly identi ed with distinguish-
able P- and S-phases. Category Il holds earthquakes where only parts of the seismic wave
train can be recognized, usually large amplitude S-waves and coda. Earthquakes not re-
cognizable on the electric records were classi ed as category lll.

Overall 16,341 earthquakes were classi ed in this study. Fig. 2.1 shows the location of
the analyzed earthquakes and the stations at which they were recorded. The epicenters
are color-coded according to their category (orange = I, blue = 1l, green = llI).

Of the 203 earthquakes recorded in Costa Rica (Fig. 2.1a) only 11 events (5%) fall into
category I, and 6 (3%) into category Il. The remaining 186 earthquakes (92%) could not
be observed in the electric eld time series and were classi ed as category Il

The majority of the earthquakes in this study occurred in Chile (Fig. 1b). Of the 16,126
events 65 (0.4%) fall into category | and 131 into category Il. The 15,930 remaining earth-
quakes (99%) were not identi able in the electric eld data and thus attributed category
[I.

From the two events in Norway, the one closer to the temporary MT arrays (hypocentral
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distance < 20 km) was classi ed as category | and the other event (hypocentral distance
280 km) as category Il

The classi cation shows that only a small percentage of the recorded earthquakes can be

observed in the electric signals. Due to the areal distribution of these events (Fig. 2.1) the

assumption can be made that earthquakes occurring closer to the recording stations are

more likely to be fully observable. Additionally, the earthquakes in category | seem to

represent larger magnitude events.

When trying to establish a magnitude-distance relationship for visible SE signals from

earthquakes, one has to consider the noise conditions of the recording stations. Fig. 2.3a)

shows that the number of earthquakes analyzed in this study decreases when the max-

imum allowed noise limit is lowered. However, when lowering the noise limit from 10

to 0.1 pv/m, 55% of the earthquakes in category lll are eliminated from consideration,

while in category Il and | only 15% and 32% are excluded, respectively.

Fig. 2.3b) and 2.3c) show the events' magnitudes in relation to their hypocentral distances.

While Fig. 2.3b) includes all events with a noise level < 10 uV/m, the limit in Fig. 2.3c)

corresponds to 0.1 pV/m. The events' categories are again color-coded and show a clear

distribution pattern.

Coseismic SE amplitudes are proportional and therefore linked to seismic ground acceler-

ation. Hence, we assume that the threshold magnitudes separating the domains of the SE

categories depend mainly on the initial seismic amplitude and geometric spreading just

as seismic amplitudes do. As magnitude is proportional to the logarithm of seismic en-

ergy and, respectively, displacement or acceleration, the magnitude-distance relationship

in question will be logarithmic, too.

For these reasons we applied an approach of the Mdrmc logio(r) for de ning the

SE detection swell, wher®! is a threshold magnitude,is the hypocentral distance in

km andc is a constant. Adjusting constaritwe de ne three thresholds for the events in

Fig. 2.3b) and c):

M1 = 27 logio(r) (2.1)
M2 = 21 logo(r) (2.2)
M3 = 2:3 logor) (2.3)

ThresholddVi1 andM2 apply to earthquakes recorded at a noise level lower than 10 pVv/m.
These thresholds (Fig. 2.3b) were chosen in such a way thiI087% (or 2/3) of all
earthquakes above this threshold are either in category | or Il. This means that SE signals
are identi able with a chance of 67% for earthquakes with magnitudél at hypocent-

ral distances r. ThresholdM2 corresponds to an identi cation chance of 33% (or 1/3).
ThresholdM3 applies to earthquakes recorded at a noise level lower than 0.1 pV/m
(Fig. 2.3c). M3 was de ned such that 67% of the earthquakes above this threshold are
classi ed as category I. This means that if the noise level is below 0.1 pV/m, events of
magnitude M > 4, 5, 6 have a chance of 67% to produce fully observable SE signals at
hypocentral distances< 50, 150, 400 km, respectively.
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Fig. 2.3:a) number of earthquakes in different categories for three noise limits. Categories I, Il,

Il (orange, blue, green) correspond to observable, partly observable and non-observable SE
signals. b) Magnitude-hypocentral distance diagram for earthquakes from Costa Rica, Chile and
Norway with a noise level < 10 pVv/m (Fig. 2.111 andM2 are threshold magnitude-distance
functions according to equations 2.1 and 2.2. Abl\ethe chance to observe an earthquake of
category | or Il is 67%, above M2 the chance is 33%. c) Magnitude-hypocentral distance diagram
for earthquakes from Costa Rica, Chile and Norway with a noise level < 0.1 |MB8s a

threshold magnitude-distance function according to equation 2.3. Ai@wbe chance to

observe SE signals of an earthquake of category | is 67%.
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2.4 Seismoelectric site effects

In this section we investigate SE site effects using the IPOC data set from northern Chile.
In a rst step we compare SE signals from one earthquake recorded at different stations,
in a second step we compare signals from different earthquakes recorded at two selected
stations.

2.4.1 Spatial variation of SE signals

For step one we selected the\¥d.1 Pisagua 2014 earthquake, which took place on April

1, 2014 at 23:46:48.2 UTC, breaking the central fraction of the so called northern Chile
seismic gap (Schurr et al., 2014) (EQ1 in Tab. 2.2). The recording stations line up through
the Atacama Desert (Fig. 2.2). Station PBO1 is closest to the epicenter while station PB15
is furthest away (Tab. 2.3).

The following steps of data processing and analysis were applied to compare the seismic
and SE records:

1. Despiking: Some of the electric eld records were contaminated with spike-type sig-
nals occurring irregularly in time. For despiking two different approaches were applied.
Some records showed spike-type signals of a speci c shape. In these cases, the time
function of these signals was determined from parts of the time series that contained no
earthquake signal and then rescaled and subtracted from where it occurred in the earth-
guake record. Where this was not possible we reduced the spikes by applying a smoothing
Iter of 50 samples window length. Within this window the median absolute amplitude
was calculated and each sample whose amplitude exceeded eight times this mean value
was reset to this mean value.

2. Correction for instrument response and high-pass lter (Havskov and Ottemoller,
2010): The instrument response was eliminated for the SE and seismic time series. Then
seismic and electric signals were ltered with a 0.2 Hz high-pass to suppress low fre-
guency undulations.

3. Coordinate system: The coordinate system of the sensors was rotated from north-east
orientation into radial and transversal components where “radial’ corresponds to the back-
azimuth (Tab. 2.3). In case of subhorizontal layering this step would lead to a separation
of P-SV waves and SH-waves and possibly related SE elds onto the radial and transverse
components (e.g. Bormann et al., 2002).

4. Envelope analysis: For comparing the strength of seismic and SE amplitudes we com-
puted scaling factors for each site based on envelope functions (e.g. Taner et al., 1979).
The envelopes of the traces were calculated via Hilbert transform and smoothed with
a moving-average Iter. Then the scaling factor was determined by linear regression
between SE and seismic envelope functions. For displaying the envelopes, the intercept
value of the regression line was subtracted from the electric eld envelope and the result
rescaled by the slope factor.

5. Seismoelectric spectral ratios (SESRs): For quantifying the SE site response with re-
spect to the incoming seismic eld we computed the ratio of the spectra of the SE and
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seismic earthquake signals.

Seismic and coseismic electric signals originate from the same source mechanisms, mean-
ing that calculating their spectral ratio eliminates the in uence of the source function.
Both seismic acceleratiod (t) and SE record&(t), can be understood as the convo-
lution of the respective Green's functio® (t) and GE(t) with the same source-time
function t) in the time domain. This corresponds to a multiplication of the respective
spectra in the frequency domain:

U (w)
E(w)

GU(w) SF(w) (2.4)
GE(w) SF(w) (2.5)

Therefore, the ratio of seismic and SE frequency spectra creates a function that is basically
the spectral ratio of the SE and seismic Green's functions. We call this function SESR
(SeismoElectric Spectral Ratio):

E(w)  GE(w)

SESR= Gwy =~ a0w)

(2.6)

Hence, the analysis of spectral trends in the SESR is indicative of the mechanism causing
the SE signals.

Figs 2.4 and 2.5 show the results of the analysis for the radial (r) and transverse (t) com-
ponents of the seven stations. The stations are sorted according to their distance to the
earthquakes epicenter.

Columns a) and b) in Figs 2.4 and 2.5 show the time series of the electric eld and corres-
ponding seismic ground acceleration at the same amplitude scale from origin time to 210
seconds travel time. The earthquake signals are clearly identi able on all traces despite
varying noise levels. In the records of stations PBO1 and PB02, which are closest to the
epicenter, a rst aftershock is visible at the end of the traces. Except for stations PB09 and
PB15, the amplitudes of the seismic signals decrease with increasing epicentral distance
as expected. The deviations from this trend are an expression of the seismic site effect.
The electric traces show a similar trend, but the deviations from it occur at different sta-
tions. This indicates that SE and seismic site effects are not strictly correlated.

The relation of SE and seismic signal strengths is quanti ed in terms of scaling factors
(s) listed in columns c) of Figs 2.4 and 2.5 and plotted in Fig. 2.6. The Figs of column
c) show smoothed envelope time functions of the SE and ground acceleration traces E
and U, that are found in columns a) and b). For comparison, the scaling factor was ap-
plied (see processing item 4 above). The envelopes of E and U agree generally well in
shape. According to Garambois and Dietrich (2001) the coseismic electric signals should
be proportional to the seismic acceleration of compressional waves. The similarity of the
envelopes of the E and U elds con rms this prediction in general. However, more subtle
deviations from this trend become visible through the SESRs shown in columns d) (pro-
cessing item 5).

The SESRs (Figs 2.4 and 2.5 d) show mainly two frequency trends: They are either at
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(PB02, PBO7, PB15) or decrease with increasing frequency (PB01, PB09, PB03, PBO06).
Flat SESR functions indicate that the major part of the SE signal is directly proportional
to the seismic signal. They can therefore be explained by coseismic SE arrivals according
to the relation derived by Garambois and Dietrich (2001). A frequency dependence of
the SESRs can have two possible explanations: either the physical and hydraulic para-
meters steering the E-U relation of the coseismic signals are indeed frequency dependent,
or IR signals contribute signi cantly to the SE ground response function. IR signals can
be expected to be frequency dependent because they are affected by frequency dependent
electromagnetic absorption, which differs from seismic absorption and can therefore not
be compensated by forming a spectral ratio.

The scaling factor calculated in processing item 4 represents the station-speci ¢ value of
d|E|/d|U|, averaged over all frequencies. It shows a strong dependence on station location
but not on epicentral distance (Fig. 2.6). It varies between 5 ad@ pv<s/m? for the

radial components and 5 and120 pV$/m? for the transverse components. The average
scaling factor over all stations is 20 uVs/m? for radial and 40 pv</m? for trans-

versal components with a spatial variation of approximatel¥0%. The scaling factors

of r- and t-components show the same pattern of spatial variation. The lowest scaling
factors are found at stations with a at SESR (PB02, PBO7 and PB15).

As mentioned in processing item 3 the rotation of the coordinate system was applied to
separate P-SV-waves on the radial from SH-waves on the transversal component. This
should result in different magnitudes of the SE signals and of the scaling factors on the
r- and t-component, too, because coseismic signals are caused by compressional wave
portions only (Garambois and Dietrich, 2001). Unexpectedly, we found that radial and
transverse components are of the same order of magnitude both in signal strength and
scaling factors. For 1D or 2D media we would expect to nd P-SV- waves and related
SE-waves polarized only in the vertical plane, oriented in backazimuth direction (radial
direction). The transverse sensor (horizontal component, orthogonal to the backazimuth)
may show SH-waves but no SE arrivals. SE energy can be observed on transverse com-
ponents only if the corresponding rays arrive from directions horizontally oblique to the
backazimuth. Therefore, the observation of SE energy on the transverse component in-
dicates that the assumption of a 1D or 2D medium is an oversimpli cation and that the
subsurface structure is essentially 3D such that intense 3D scattering can occur.

As an intermediate summary we can state that stations show differences in the SE re-
sponses, which are not correlated with epicentral distance. These differences concern SE
signal strength, scaling factors and frequency trends of the SESR, which do not show
any epicentral systematic. In the next step we test if these characteristics can indeed be
regarded as site speci c effects by comparing if the SESRs remain similar for different
earthquake source functions.

2.4.2 Site-speci c SE ground response

In the last section we showed that the SE signals from one selected earthquake do reveal
different characteristics at different stations. To verify whether or not these character-
istics can be considered as site-speci c effects we compare SE signals from different
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Fig. 2.4: Radial components of a) electric eld Bnd b) ground acceleration ecorded for the
Mw38.1 Pisagua earthquake at stations PB01 to PB15 of the CX network of IPOC ordered by
epicentral distance (locations in Tab. 2.1 and Fig. 2.2), ¢) corresponding envelopes and scaling
factors s representing an average of[#f}|, and d) SE spectral ratios (SESRs). The envelopes
and SESRs were smoothed by averaging the functions in a moving window. The SESRs were
computed from the spectra of the time intervals indicated in column a).
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