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Abstract

Self-potential time series are investigated to characterise self-potential time scales. The data analysed were recorded
in stations located in two active seismic areas of the Mediterranean region, the Southern Apennine chain (Giuliano)
and Cretc Island (Heraklion). where in past and recent years many destructive seismic events have taken place.
The seismological and geological settings, combined with a low level of cultural noise, allow us to consider these
areas ideal outdoor laboratories to study the time dynamics of geophysical parameters of electrical nature. At the
same time, the different seismological features of such areas make an inter-comparison between the geoelectrical
variability observed at the two sites interesting. Fractal analysis tools, able to detect scale laws and quantity
persistence features, are used to better understand the background variability properlies of the self-potential
signals. As results from our analysis, antipersistence seems to be a ubiquitous feature on short time scales (minutes)
regardless of environmental conditions. On such scales, the accumulation of random fluctuations is not particularly
efficient and significant variations mostly occur as sudden jumps.

Key words  self-potential — earthquake prediction — and fluid fields (e.g., Sholtz, 1990). In the recent
structiral analysis 7‘]‘:"[11‘!(?[.3‘ — anomalous diffusion past, some works S]_]pported the existence of a
direct link between intense seismic activity and
electrical anomalies (e.g., Varotsos et al., 1993;

1. Introduction Uyeda, 1996; Nagao ef al., 1996). On the other
hand, other authors suggested alternative expla-

Seismic activity and geolectrical variability nations for observed anomalous electrical fluc-
are likely driven by some common geophysical tuations (Pham er al, 1998) or, more in general,
mechanisms, such as the variability of the stress complained about the lack of systematic and

rigorous statistical analyses in the works sup-
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dologie Avanzate di Analisi Ambientale, CNR, C. da S. Loya, gia, 1997, Stark, 1997§ Geller, 1999). Only re-
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to explain the origin of electrical anomalies
(Vallianatos and Tzanis, 1998, 1999a,b).

Apart from the striking problem of reliably
assessing the existence of a significant correla-
tion between electrical variability and seismic
activity, an open question remains on the defini-
tion of anomalous pattern, which is crucial for
exploring the potential of gecelectrical parame-
ters as earthquake precursors. In fact, also sup-
posing the existence of a significant dynamical
correlation, electrical signals can be reliably used
as warning signals for earthquakes only after an
objective criterion is stated to classify anoma-
lous behaviours. Otherwise one remains con-
fined in the framework of retrospective studies.

One of the main sources of difficulty in as-
sessing this question correctly resides in the
complex nature of the system underlying geoe-
lectricity. Geoelectrical signals and, in particu-
lar, the self-potential signals we discuss in this
work, are the result of the interaction between
very heterogeneous and not well known mech-
anisms which are constrained by a large variety
of boundary conditions. Complex dynamics and
external variability (rainfalls, temperature vari-
ations, etc.) may produce crinkled behaviours,
irregularity and details over a wide range of
time scales.

The presence of a large variety of dynamical
behaviours makes it particularly hard to dis-
criminate the patterns due to anomalous condi-
tions from the standard ones. In addition, local
features peculiar to the given geological setting,
can be actively involved in driving electrical
variability (Patella er al., 1997). As a conse-
quence, many problems concerning geoelectric-
ity and its link with seismicity might be a matter
of local concern and a priori one cannot ex-
clude that some details about the definition it-
self of «anomaly» have to be case-specific.

Recently, self-potentials measured at two
sites, Tito and Tramutola, located on the Irpinia-
Basilicata Apennines (Ttaly) were analysed (Cuo-
mo et al., 2000). Antipersistent features were
disclosed on the time scales going from a few
minutes to several hours. If seen at a temporal
detail of minutes or hours, the analysed signals
do not show significant accumulation of ran-
dom fluctuations. They do not form easily fast
trends, appear rather noisy, and generally some
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days are needed to pick up the presence of
possible smooth behaviours.

In this work we investigate the short time
persistence features of self-potential time ser-
ies recorded respectively in a different site
(Giuliano) located in the Irpinia-Basilicata re-
gion itself and in a site (Heraklion) located on
the Crete Island (Greece) which exhibits seis-
mic features different from those of the South-
ern Apennine chain both for frequency and in-
tensity of earthquakes. Persistence properties
are characterised by analysing the second order
structure function (Mandelbrot and van Ness,
1968) of the time series and discussed exploit-
ing the analogy of our results with those expect-
ed in anomalous diffusion phenomena.

2. Data

The data we analyse in this work are se-
quences of voltage differences measured using
a receiving electrode array. Data were recorded
from 1-1-1993 to 12-31-1993 at Heraklion sta-
tion (Crete) and from 1-1-1998 to 12-31-1998
at Giuliano station (Southern Italy).

2.1. Giuliano station

This station is equipped with a high resolu-
tion multimeter connected with a GPIB inter-
face to a computer, the sensors are two elec-
trodes of a dipole aligned with the fault direc-
tion, the distance between the probes is 100 m
and they are built with copper bars and are
put into the ground at 1 m depth to avoid the
influence of temperature excursions. The elec-
trodes are connected with screened trailing ca-
bles to the multimeter. The sampling interval is
Ar=1 s and after a preliminary screening of the
experimental values a mean value every 60 sam-
ples is stored. At the Giuliano station there are
only two electrodes to measure only a compo-
nent of electric field that is parallel oriented
towards the fault. This constraint was necessary
to jointly measure the electrical and seismoa-
coustic parameters, in any case there are other
stations with the classical couples of electrodes
in the investigated area (Di Bello et al., 1994).
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Fig. la-c. Examples of records of self-potential signals. The sampling time is 1 min and the plots cover about a
period of 20 days. a) Giuliano (January 1998); b) Giuliano (May 1998); ¢} Heraklion (June 1993).
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2.2. Heraklion station

Al the field station (Heraklion, Crete island)
we measured the telluric field variations (from
0.1 Hz to DC), by two pairs of dipoles oriented
in EW and NS directions. The length of dipoles,
in each pair, is 50 m and 100 m, respectively. In
our instrumentation a Butterworth low-pass
active filter with a cut-off frequency of (0.1 Hz at
—3 dB, is used (see for details Nomicos and
Chatzidiakos, 1993). The station is installed
20 km from the coast and is {ar enough from any
industrial noise source, as it was selected after
an extensive investigation. The field system is
based on a data-logger (model 21X, Campbell
Scientific) installed at the field station, which
digitises the information and stores it. The sam-
pling rate was set to one sample per second. A
central station uses a commercial PC to commu-
nicate twice per day with data-logger and col-
lects the information via switched telephone
line, using a standard CCITT smart modem
V21/V22. Data are saved on hard disk of the
central station, for further processing.

2.3. Data records

Examples of geoelectrical records measured
at the two sites are shown in fig. la-c. Very
different behaviours can be detected along self-
potential time series, Sudden changes, long time
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stationary behaviours, similar oscillatory pat-
terns and smooth trends can be observed in
geoelectrical variability. We emphasise that each
of the behaviours shown in fig. la-c are not
peculiar 1o the time series they were extracted
from but both the series show a similar variety
of dynamical behaviours,

It is well known that some environmental
parameters can be responsible for self-potential
variability. In our measuring systems, the elec-
trodes were placed into the ground at least 1 m
depth, consequently the influence of tempera-
ture on self-potential data is negligible. It is well
known that the influence of environmental tem-
perature is relevant only in the shallow layers
(depth less than 1 m) of subsoil. The correlation
between the environmental and rock tempera-
ture available at Giuliano station with self-po-
tential data is about ¥ = 0.2,

Rain and water infiltration in the shallow
layers of subsoil can induce electrokinetic phe-
nomena. As a consequence, scl{-potential meas-
ured by means of electrodes in the ground are
generally contamined during the rain period.
Observational evidence suggests that this effect
is more significant when we have rain after a
long dry period. As an example, fig. 2 shows
rain at Giuliano in January 1998, when the time
series in fig. la was recorded. To the naked eye,
it is very easy to note the resemblance between
the two plots. It has to be stressed that the signal
in fig. lc was recorded at the beginning of the
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Fig. 2. Rain events during January 1998 at Giuliano.
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Crete dry season, when weather conditions are
characterised by high air temperature and no
rain (on the average about 24°C and 1.5 mm
respectively in the period June-October 1993).

3. The analysis tools

Irregularity, crinkliness, and jagged patterns
in observational signals are generally the signa-
ture of complex dynamics. Fractal analysis
methods usually are suitable tools to quantify
such an irregularity and to gain insight into the
complexity of the dynamics underlying a given
signal. Fractal processes have no characteristic
scale and their power spectrum follows a power
law 1f" (Feder, 1988). Pure 1/f” power spectra,
that is pure fractal processes are physically im-
possible (see, e.g., Theiler, 1991) because the
total power would diverge to infinity. Low and
high cutoffs have to be expected which makes
band-limited fractal behaviours in real time
series and, more in general, multi-scaling be-
haviours may be expected,

One of the tools universally accepted to in-
vestigate scale invariance in space and time and,
in particular, to analyse fractional Brownian
motion (the fractal extension of the classical
Brownian motion) is structural analysis (Man-
delbrot and van Ness, 1968).

The structure function of order p of a time
series {x(m)} (n = 1, ... N) is defined accord-
ing to

Sﬁ(r) = <|[x(n+ 1) - x(n) ||”>

with the vertical bars denoting the Euclidean
normand the angular brackets the expected value.

In particular, for fractional Brownian mo-
tions (fBm), S (r) scales as 7"

S(r) o= T,

In this work, we focus on the second order
structure function, which can provide useful in-
formation on the persistence properties of the
investigated signal and is usually exploited in
the dynamic description of reaction-diffusion
systems (Zanette, 1998).

For any real number Hintherange 0 < H < 1,
let B, (1) be the position of a particle performing

th

an fBm. The increments of a fBm have zero
average

< B,(D-B,,

[l

J=>=0
and variance
2 2H
<[B,(1) =B, (t)'> ~|r -1

that is the second order structure function of
fBm scales as

Sy ~1"

with the coefficient H (Hurst coefficient) related
to the spectral exponent by the following for-
mula (Mandelbrot and van Ness, 1968):

B=2H+1.

The increments of a fractional Brownian motion
are stationary and their correlation coefficient
obeys the law (e.g., Vicsek, 1968)

,O(H) & (22”' 1 1.

For H = 0.5 there is no correlation between the
process increments and we are in a standard
diffusive regime. As is well known, in the ran-
dom walk which models classical Brownian dif-
fusion the walker follows a random path driven
by a memoryless dynamics.

FBm well describes transport processes, re-
ferred to as anomalous diffusion phenomena,
which are closely related to standard diffusion
and are commonly detectable in the natural world
(Zanette, 1998 and references therein). In such
transport phenomena, the mean square displace-
ment does not depend linearly on time, as in
standard diffusion, but grows as a power law with
a scaling coefficient different from the value
H = 0.5. By exploiting the analogy with anoma-
lous diffusion, some dynamical inferences can
be drawn from a scaling second order structure
function of a generic signal, also in the case it is
not generated by {Bm and there is no simple rela-
tion between the spectral and Hurst coefficients.

A positive correlation characterises super-
diffusive regimes (H > 0.5). Positive (negative)
trends follow positive (negative) trends and the
accumulation of fluctuations is faster than in
classical Brownian motion. The motion is per-
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sistent and accounts for a transport more effi-
cient than in normal diffusion. Signals which
show scaling in the superdiffusive range are
strongly non stationary, they form trends and
display long-range correlation whose strength
increases with M, the limit A = 1 value being the
clue of an analytical drift.

Conversely, a negative correlation (H < 0.5)
indicates that positive fluctuations follow nega-
tive fluctuations and vice-versa. In such subdit-
fusive signals, the variance of the mean square
displacement grows slower than in standard dif-
fusion. At the limit A = 0 it does not grow at all
and the signal is stationary.

To summarize, A characterises the persist-
ence properties of the time series according to
the following scheme:

— H = 0.5 - classical Brownian motion
(standard diffusion); the process is dynamically
memoryless.

- 0.5 < H < | —persistent motion (superdif-
fusion); future trends are positively correlated
with past trends.

— 0 < H < 0.5 — antipersistent motion (sub-
diffusion); future trends are negatively correlat-
ed with past trends.

In this work second order structure function
is estimated by (e.g., Cressie, 1993):

1
N(1)

$,(0=—3 (t+7) -2’

NiT)

where N(t) is the number of observations dis-
placed at a time distance 7 apart. Note that the
time series do not need to be sampled at equal
time intervals and a lack of information in peri-
ods which are short in comparison with the
length of the series, are expected not to affect
dramatically the characterisation of background
behaviours.

4. Results

In order to take into account different sea-
sonal conditions, second-order structure func-
tion was estimated separately from monthly data
samples (months with very few available data
were discharged) in the time range going from a
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few minutes up to ten days. The presence of
antipersistent scaling on the shortest time scales
(minutes) was detected in all 19 samples inves-
tigated. In particular, fig. 3a-c shows the log-log
plots of S,(r) estimated from the records of
fig. la-c. A scaling typical of antipersistence is
detectable over about a decade in the first part of
the plot in fig. 3a (4 = 0.350 = 0.006). This
scaling is followed by a standard diffusion pow-
er law (H = 0.495+0.002) and finally S,(7)
attains to a plateau indicative of stationariety
(H =0.0200 = 0.0004). The sample appears as a
succession of short range correlated fluctua-
tions with antipersistence properties character-
ising the shortest time scales. As shown in Sec-
tion 2.3, such fluctuations were related to rain
events (comparison between fig. la and fig. 2).
In any case, the estimation of the Hurst coeffi-
cient over the shortest time scales in the dry
period (H = 0.380 = 0.008) is statistically con-
sistent with that calculated in the rain period
(H = 0.345 = 0.008).

Figure 3b shows two slightly antipersistent
ranges (H = 0.453 = 0.005 and H = 0478 +
+ 0.0008). In the final part of the plot, the pat-
tern described by §,(7) starts to decrease as a
consequence of the oscillatory behaviour ob-
served in fig. 1b. At any rate, similar time scale
properties are displayed by the two samples in
fig. 1a and 1b over the time range examined.

Three time ranges in which scaling occurs
are detectable in fig. 3c, with three different
dynamical characteristics: on the shortest time
scales the series is antipersistent (H = 0.355 =
+0.001), in the intermediate range the time
series evolves as a classical Brownian motion
(H = 0.501 x 0.002) and finally a slight per-
sistence is detectable on longer time scales
(H = 0.632 = 0.0004). Persistence accounts for
the very smooth trend which can be picked up in
fig. 1b at the naked eye view. The dynamical
correlation characterising persistence suggests
the presence of a driving forcing. In spite of this
forcing, also in this case the degree of irregular-
ity increases on shorter time scales and the
presence of anticorrelated increments is detect-
able on the shortest ones. To sum up, antiper-
sistence on short time scales (minutes) charac-
terises both the time series recorded at Giuliano
and that recorded at Heraklion,
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Fig. 3a-¢. Second order structure function estimated from the records of fig. la-c in log-log scale. The time
scales investigated range from 1 min to ten days. a) Giuliano (January 1998); b) Giuliano (May 1998); ¢) Heraklion

(June 1993).
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5. Discussion and conclusions

The ubiquity of antipersistent features on the
short time scales (minutes) found in our analy-
sis agrees with previous results (Cuomo et al.,
2000) and accounts for a slightly non stationary,
noisy behaviour, Short time variations are sim-
ilar to those expected in reaction-diffusion sys-
tems with subdiffusive properties. Smooth trends
present in the series appear rather slow. There is
no significant accumulation of fluctuations in
the variability played on short time scales where
possible significant changes mostly occur as
sudden variations. Slightly non stationary, fast
correlated fluctuations are not dynamically
anomalous but are compatible with the back-
ground behaviour shown by the signals (although
they might show anomalous amplitude). On
longer time scales a wide variety of behaviours
is detectable along the series. In particular, two
extreme behaviours were observed. Second or-
der structure function estimated from the sam-
ple recorded at Giuliano in January 1998 quick-
ly attains a flat behaviour accounting for sta-
tionary features, whereas that estimated from the
sample recorded at Heraklion in June 1993 at-
tains a superdiffusive scaling. In the latter case,
long range dynamical correlation is detectable
in the observations and the accumulation of
fluctuations spreads faster than in normal diffu-
sion. This behaviour is presumably driven by
the progressive drought which characterises
Crete Island in that period. As is well known,
the signals are very sensitive to the humidity
level of the soil and a slow progressive decrease
of the water content can likely be responsible
for a smooth trend. In any case, also from the
comparison of these extreme examples, no sig-
nificant dynamical difference is detectable on
the shortest time scales which overall behave as
in a subdiffusive phenomenon.
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