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Abstract

A scientific collaboration between the Warsaw Academy of Science, (Poland) and the National Institute of
Geophysics (Italy), gave rise to the installation of few stations for the long term measurement of magnetotel-
luric fields in central Italy. The selection of investigation sites was determined by the individual seismic inter-
est of each location. The project began in the summer of 1991, with the installation of 2 magnetotelluric sta-
tions in the province of Isernia, (Collemeluccio and Montedimezzo). In 1992, 2 more stations became opera-
tive, one in the province of Rieti, (Fassinoro), the other in the province of I’Aquila, (8. Vittoria). For the pur-
pose of this project, the magnetic observatory in L’ Aquila was also equipped with electric lines, for the mea-
surement of the telluric field. The aim of the analysis here presented, is to show that is possible to follow the
temporal evolution of magnetotelluric characteristic parameters. At Collemeluccio this evolution was com-
pared with the seismic released energy for events recorded within the study area.

Key words magnetotellurics — modelling — seis- Electromagnetic phenomena can also be ob-
micity served on the Earth’s surface, (where the noise
level allows this), the origins of which lie deep

within the complex mechanisms of rock frac-

1. Introduction ture caused by tectonic stress, therefore this
type of electromagnetic phenomenon should

Natural electromagnetic phenomena can be not be influenced by induction due to varia-
caused by the electromagnetic induction, of ex- tions in the terrestrial magnetic field. Several
ternal origin of the Earth’s magnetic field time  observations appear to confirm the correlation
variations, within the Earth. The observation of of electromagnetism with tectonic and seis-

these phenomena, can be made by the mea-  mic phenomena occurring in the study area
surement of the time variations of each mag- (Rikitake, 1976; Honkura, 1981; Mogi, 1985).
netic and electric component in a given area. These phenomena overlap those of so-called

The resulting measurements can then be used «traditional» magnetotellurics, however, they
to determine the distribution of underground can be separated out with the aid of specific

electrical conductivity. The name magnetotel- mathematical analyses.

luric was given to the technique that specifi- Many results obtained from the study of ob-
cally uses horizontal electric and magnetic servation installations, generally demonstrate
components for such measurement; (Tikhonov, the clear existence of a connection between
1950; Cagniard, 1953). electromagnetic phenomena and seismic activ-
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ity. The correlations between seismic activity
and the fluctuations in the telluric electric field,
the magnetic field, the impedance of the soil
and the radio-emissions, are of particular inter-
est. It is, however, necessary to point out that,
due to inherent interpretational difficulties, the
results obtained from these observations are
not always definitive, therefore it is not possi-
ble to state the absolute existence of a clearly
defined systematic phenomenologic correlation
between telluric electromagnetic «anomalies»
and seismic activity. However, having stated
this, significant results can be found in: Corwin
and Morrison (1977), Morrison et al., (1979),
Gokhberg et al. (1982), Warwick et al. (1982),
Varotsos and Alexopoulos (1984, 1987),
Drakopulos et al. (1989), Fraser-Smith et al.
(1990), Zhao et al. (1991), Uyeda et al. (1992).
A recent experimental review paper on this
phenomenology is available in Park et al
(1993).

It is, therefore, natural that the scientific
community pays particular attention to the
variations of the parameters linked to the elec-
tric and magnetic properties of lithoid material
exposed to stress and fracturing. Several labo-
ratory test have demonstrated the existence of a
close correlation between the stress tensor and
the impedance tensor (electric), for various rock
types. Similar correlations have been found in
other physical quantities, in which magnetization
and electric fields have been generated under the
application of stress (Nagata, 1970; Stacey and
Johnston, 1972; Tuck et al., 1977).

In this paper we aim to direct the results
gained from a series of magnetotelluric mea-
surements to the study of the above mentioned
phenomena (see also Ernst er al., 1994). The
observation installations used in this series of
measurements consisted of an instrumental net-
work formed by magnetometers and telluric
lines for the measurement of time variations of
the magnetic and electric fields. In particular, a
torsion magnetometer with a photoelectric
transducer was used for the measurements of
the time variations of the three components of
the geomagnetic field; whilst for the measure-
ment of potential spontaneous phenomena, 2
electric lines were used for each site at around
100 m apart placed in a NS-EW direction; the
instrumentation was completed by low noise
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and linear filter preamplifiers. The polar elec-
trodes consisted of a porous porcelain element
containing a cupric sulphate gel. Data were gath-
ered using a 14 bit A/D converter and a cassette
recorder (fig.1). The systematic sampling took
place every 20 s; every 10 days it was speeded
up by 4 s per 24 h (Jankowski et al., 1984).

The siting of this type of long term phe-
nomenologic observation network had to be
located in an area in which the noise level
was compatible with the phenomena under ob-
servation.
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Fig. 1. Magnetotelluric instrumentation utilized in
the field measurements.
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2. Geological-structural features position began during the Late Triassic, on the

and seismicity in the area southern border of the expanding Tethys. In the

Middle Liassic, a major tectonic crisis pro-

The geological setting of the Central and duced the disarticulation of large sectors of the

Central-Southern Apennines is characterized shelf platform, whilst the higher sectors were

by the presence of large carbonate platforms undergoing shelf sedimentation, vast low-lying
separated by pelagic basins. The carbonate de- areas were subjected to pelagic sedimentation.
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Fig. 2. Structural scheme of the Central-Southern Apennines. 1 = Quaternary volcanic deposits; 2 = Plio-Qua-
ternary extensional basins: L’Aquila (L), Fucino (F), Sulmona (S) and Rieti (R); 3 = extensional faults;
4 = strike-slip faults; 5 = thrust faults; 6 = Apennine thrust front.
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Thus large paleogeographic-domains were
born, among which are the Laziale-Abruzzese
carbonate platform, the Umbro-Marchigiano
and Marsicano-Molisano basins. The principal
tectonic phases, Tortonian-Pliocene in age, ac-
compained by the appearance of abundant ter-
rigenous sediments, have disarticulated the an-
tique carbonate platform generating folding
and thrusting phenomena

Extensional activity followed the compres-
sive phases in the Tyrrenian area since Late
Miocene. Extensional tectonics determined the
regional formations of uprised and collapsed

structures, horst and graben, limited by large
normal faults. This process was accompained
by plio-pleistocenic volcanism. The principal
tectonic features related to this extensional
phase, are characterized by NW-SE orientation
(fig. 2) (Parotto and Praturlon, 1975).

The sites chosen for this magnetotelluric
study all fall within an area of the Apennines
characterized by its high level of seismic activ-
ity, (intensities of up to X MCS and magni-
tudes up to 6.9), with localized events at a
hypocentral depth principally contained within
20 km (Istituto Nazionale di Geofisica, 1995).

13°

14° 15°E

Fig. 3. Historical seismicity in Central Italy (this century). Reported events are M > 4.0 and proportional to

circle radius.
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The focal mechanisms are mainly linked to an
extensional movement, associated with minor
strike slip components, in either an apenninic
or anti-apenninic direction (Gasparini and
Praturlon, 1981).

The principal seismogenetic centers that
occur in the study area (fig 3), are Piana del
Fucino, noted for the powerful earthquake
(M = 6.9) at Avezzano in 1915 (Ward and
Valensise, 1989); the Reatine area (for which
the ING records report historic events of up to
VII-IX MCS); and the territory of L’Aquila
(intensity up to X MCS). The southern zone of
the study area contains the seismogenetic cen-
ters of Monte della Meta, (intensity levels of
up to VI-VII MCS), recently affected by the
Val Comino earthquake 1984 M = 5.4 (Console
et al., 1989); Isernia (intensities of up to VI-
VII MCS); and the center of Matese (intensi-
ties of up to X MCS). The present seismicity
of the area is manifested in a moderate but per-
sistent activity, with events of medium magni-
tude, varying around M = 3.0 + 4.0.

3. The observational sites selection
and the electromagnetic noise level

In the study of magnetotellurics and its cor-
relation with seismotectonic events, the non-in-
ductive electromagnetic noise level originating
from within the Earth is deemed to be gener-
ated by determined internal physical and chem-
ical processes. To demonstrate this, physical
models have been developed in which the nat-
ural ground noise is modulated by the stress of
the internal and superficial rock (Igoshin and
Sholpo, 1979; Anghel, 1979; Corwin and Mor-
rison, 1977; Lockner and Byerlee, 1986). How-
ever, electromagnetic disturbances (due to an-
thropic activity) can hamper the signal moni-
toring. The natural noise can in fact be over-
come by the artificially generated noise of
large technological systems, the intensity of
which is notably larger than that of the target
signals.

In Central Italy, the principal source of arti-
ficial noise is that of the railways, being fed by
direct current. The choice of measurement
points was therefore, primarily conditioned by
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the position of the rail network. The magne-
totelluric monitor stations were installed at
a minimum distance larger than 20 km away
from any railway. However, due to the possi-
ble effects generated by the rail network, even
over long distances, an extra precaution was
taken, ie. the frequency band explored was
limited to a maximum frequency of 0.01 Hz.
This limit was computed considering that
for a wave period of T = 100 s the apparent
wavelength of an electromagnetic signal in a
vacuum is 107 km, within the Earth, with an
average resistance of p = 10 Ohm.m, it is less
than 20 km (skin depth). Therefore, the obser-
vational points were located in the «far field»
of rail noise for T < 100 s. Thus, for waves of
T < 100 s the artificial magnetic field interacts
with the medium and the electric and magnetic
signals result as correlated and therefore indis-
tinguishable from the natural signals. For
T > 100 s, the measurement points result in the
near field in relation to the artificial sources;
thus the relative magnetic and electric fields
are not correlated for electromagnetic induc-
tion, most importantly in terms of phase and
polarization, therefore their effect is easily
demonstrable, with the application of magne-
totelluric algorithms.

The series of measurements used in this
study, begun in the summer of 1990, in the
province of Isernia, with the installation of a
magnetotelluric - station (Collemeluccio clm)
and a telluric station (Montedimezzo, mdm). In
1991 another 2 magnetotelluric stations be-
came operative in the province of Rieti (Fassi-
noro, rie) and in the province of L’ Aquila
(S. Vittoria, svi), in addition to the geomag-
netic Observatory of L’Aquila which was
rigged with telluric lines for the purpose of this
study.

4. Signal treatment and the revelation
of non inductive phenomena

In order to understand exactly whether an
active tectonic process can influence the elec-
trical resistivity in the area near to the mea-
surement station, it is necessary to expose the
electric and magnetic signals to a mathematical
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treatment. Greater protection against interfer-
ence is gained however with the recognition
and isolation of artificial noise from the signal
itself.

In the «near field» the magnetic disturbance
produced by the railway is plane-polarized
roughly on the vertical of the observation site:
therefore, the noise results as present mainly
on the Z magnetic component (Palangio et al.,
1991). An attempt to remove this noise com-
prises the consideration that the vertical mag-
netic signal measured H,(¢) is a result of the
overlaying of a undesirable component H,a(f)
and a natural component H,n(?):

H,(t) = Hin(t)+H,a(?).

In the hypothesis that the H,n () component
is produced by induction of the horizontal
H,(#) and H,(¢) and that all other natural sig-
nals are reasonably negligible, it is possible to
separate the induced part of the measured sig-
nal H,n(f), via the use of the «impulse re-
sponse» function of the medium 7,(r) and
T, (»:

Hn(t) = T,(1) * H ()+Ty(2) * Hy ().

Where * represents the convolution opera-
tor. Once the functions 7, and T, have been de-
termined (a normal process in the study of geo-
magnetic depth sounding, e.g. Parkinson and
Hutton, 1989), it is possible to determine the
structural characteristics of the site.

As well known is possible to determine the
tensor, «the impedance of the medium», Z;(w),
traditionally used in magnetotellurics (see
Kaufman and Keller, 1981). This may be ex-
pressed in frequency domain if E, and E, indi-
cate the electric fields in the direction of x and
y, with

A

E

X

(@) = Z1, () H, (0)+ Zy, (o) Hy (@) (4.1)

E, (0) = 25, (@) H, (@) + 2, (0) H, (@). (4.2)
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As has already been seen, the measured
electric field, in addition to inductive signals,
contains natural non inductive signals pro-
duced by artificial and natural sources. In the
time domain the non inductive part of the elec-
tric fields E,;(f) can be separated:

Eni(t) = Em(t) - Ep(t)

in which E,,(¢) is the recorded signal and E, ()
is the predicted signal via the impulse response
function Z;(?):

E, (1) = Zi (1) * H ()+Z1p (1) * Hy(2)
E,y () = 25 (1) * Hy()+Zn (1) * H, ().

Figures 4 and 5 illustrate several examples
of the separation of non inductive signals from
the recorded signals, in the case of the horizon-
tal components of the electric field for the
S. Vittoria site.

The predicted signal, computed using the
impulse response functions of the medium,
constitutes the inductive contribution; i.e. this
represents the electric field produced via in-
duction, by the variations of the horizontal ge-
omagnetic field components. From the differ-
ence between the recorded and the predicted
signal, it is possible to decontaminate the
ground noise, thus revealing the Earth’s natural
electric field.

Returning now to the magnetic transfer
functions, being the currents that generate the
anomalous contribution on the vertical compo-
nent H,a(t), due to the presence of non induc-
tive electric fields E,;(f), it is possible to
write

E,i() = T (1) * H,a(t)

and thus, theoretically possible to isolating the
anomalous magnetic contribution.

It is clear that the function Te(?), or its cor-
respondent in the frequency domain, becomes
a very useful parameter, in establishing the na-
ture of anomalous signals.
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Fig. 4. An example of the separation of predicted and recorded horizontal electric signal for the site
at S. Vittoria: medium to low magnetic activity. Horizontal magnetic field is reported on the top and the
bottom.

165




Antonio Meloni, Paolo Palangio, Marco Marchetti, Roman Teisseyre, Tomasz Ernst and Janusz Marianiuk

WH

A b NNt b s E S

|: 20 mV/km
WMWMWMW% E ew
W

KASETA : s12a 1993/01/12 08:23-11:09 FILE: 18.s12

At e

WWMWMWMWWM

W

RECORDED

10 mv/km

DIFFERENCE PREDICTED

T

{30 nT

Santa Vit. 18.s12 (Ens)
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at S. Vittoria: medium to low magnetic activity. Horizontal magnetic field is reported on the top and the
bottom.
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S. Experimental computation of the
impedance tensor at Rieti and S. Vittoria

The elements of the impedance tensor Z;
are defined using eqgs. (4.1) and (4.2); the ap-
parent contradiction of the resolution of a sys-
tem with two equations of 4 unknowns, is re-
solved considering that since the elements of
Z; vary slowly with the frequency, they can be
calculated on a number of points with a lower
point value than the transformed values. There-
fore, it can be said that the elements Z;; are cal-
culated, as an average, on limited frequency
bands. One of the most common methods of
calculation of the impedance tensor, is de-
scribed by Madden and Nelson (1964). In this
study, the Wieladeck and Ernst (1977) formula
is utilized, based on a least squares algorithm
in time domain. Applying the Cartesian matrix
of rotation R;;(0) to the elements of the tensor
Zi(w):

Z'j(@) = Ry(0) Z,(0) R,;(6)  (5.1)
the elements Z; (@)’ can be obtained, in a refer-
ence system rotated on the horizontal plane at
an angle of 6. The Z; elements as a function of
0, give the useful graphic representation from
which the type of conductivity structure pre-
sent in the investigated area emerges.

In the ideal case of pure two-dimensional
conductivity, the impedance tensor can be ro-
tated to the point of uncoupling the eqgs. (4.1)
and (4.2) (£, = Z'\,H,; E', = Z',, H,). Gener-
ally, a maximum and a minimum impedance
value is obtained for a given angle 6.

The graphs in figs. 6 and 7 refer to the sta-
tions of Rieti and S. Vittoria, they display the
rotation of the impedance tensor as a function
of the angle 6 and period T. These areas seem
to show a conductivity structure, far from
the one-dimensional model. The minimum
conductivity value corresponds to an angle 6,
about 40°+ 50°. Even though an exact interpre-
tation of this anisotropy is not possible, it is in-
teresting to note how this angle appears to cor-
relate with the main tectonic features in Cen-
tral Italy.

After a year or so of measurements, the sta-
tions at Rieti and S. Vittoria were abandoned,
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due to an increase in the noise, to an extent
that the levels reached were utterly incompati-
ble with this type of measurement. Since both
stations were used for a lengthy period, the
recorded data was used to attempt an interpre-
tation of the conductivity structure of the two
areas. The subsequent resistivity curves and
phases are shown in figs. 8 and 9. The resistiv-
ity curves were utilized to resolve a problem
of one-dimensional inversion; the results of
which are also illustrated at the bottom of figs.
8 and 9.

6. Analysis of data relating to the station
at Collemeluccio

In this first phase, the area of Collemeluccio
presented the lowest electromagnetic ground
noise level of all the test sites. Consequently,
only this station was kept on in order to under-
take long term studies on the possible associa-
tion of electromagnetic phenomena with seis-
mic events.

In magnetotellurics, frequent use is made of
the apparent resistivity p,, or rather, the resis-
tivity that a uniform Earth should have, in or-
der to give the measured impedance value Z. If
the conductivity varies with the depth, then P
must change with the frequency. Laterally
varying conductivity, however, leads to condi-
tions of anisotropy, as described previously.
The most complex case is that of a variation
over three spatial coordinates, (three-dimen-
sional case), for which a solution cannot be
given. The apparent resistivity is derived from
the non diagonal elements of the impedance
tensor Z;(@), for example using the formula-
tion of Kaufman and Keller, 1981:

| Z;j () |?

b\ij (W) =
WU

Data concerning the apparent resistivity of
the site at Collemeluccio, produced interesting
results. The calculations of which, were made
using E,—H, and E,—H, during periods charac-
terized by a good magnetic activity. The curves
represented in fig. 10, refer to average monthly
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Fig. 6. Rotation of the impedance tensor in the S. Vittoria station. The four panels refer respectively to
T =200 s, 400 s, 600 s and 800 s. Solid line represents Z,, and dashed line represents Z,,.

calculations, for the period between January
1992 and February 1993. Each curve of 20-50
measurement intervals is made up of 499 sam-
ples (about 10* s). The apparent resistivity is
shown on the left and the phases, in order of
period relating to Z,, (above) and Z,, (below)
are on the right. The values of apparent resis-
tivity vary around 5 and 10 Ohm.m, relating
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to a period of between 300 and 1200 s, that
is equal to a depth of circa 20-30 km

(p = ZL\/ 10pT with p in Ohm.m and T in s).
T

Three quantities, invariant with respect to
the rotation can be calculated from the ele-
ments of the impedance tensor, via the R;(6)
matrix. Consequently, these quantities do not
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depend on the reference system in which they

are measured:

A

G =2, () Z,, () —

N>

G2=

X,

L (@) Z,y ()

o (0) +Z,, ()

G3 = Z/\xy (w) - ﬁyx (w)

The ratio G,/G;, the so-called «skew ratio»,
supplies a useful parameter in the interpreta-
tion of the conductivity structure.

The temporal fluctuations of Gy, G, and G,
as well as the other Z; elements of the
impedance tensor, being clear of inductive phe-
nomena due to natural magnetic signals of ex-
ternal origin, can be correlated with stress vari-
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ations in the rock at depth. Investigations of
this type have been conducted all over the
world in areas characterized by high seismic
activity, e.g. see Sadowsky et al. (1972),
Honkura et al. (1976).

Figure 11 displays the pattern of the Z; ele-
ments in function of angle 6 and period 7. It
appears evident that the ratio G,/Gj is different
from zero in every frequency interval consid-
ered. Thus it appears that the Collemeluccio
area is of a three-dimensional character. Al-
though some doubt still remains as to the va-
lidity of this interpretation, due to the consis-
tent variance of 6 by the elements of the
impedance tensor.

An attempt to interpret the conductivity
structure of the area as done for S. Vittoria and
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Rieti, is shown in fig. 12. The time variations
of the apparent resistivity p,, and p,,, were
compared to the seismic activity, quantified by
the seismic energy produced each month, during
the period of January 1992 to February 1993 ac-
cording to Basili er al. (1980), (see fig. 14).

7. Conclusions

The wide panorama of research into electro-
magnetic precursors of seismic events, a place
is devoted to the study of parameters linked to
measurements of a magnetotelluric type. Sev-
eral experiments have provided encouraging
results. It must be remembered that the tech-
nique that utilizes the electrotelluric fields to
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this end, must include a scheme of calculation
containing an algorithm that can distinguish
the «noise» of the electrode from the tectonic
signal. Resistivity is one of the typical proper-
ties observed in the study of seismic precur-
sors, since its variations in response to stress
and deformation have been revealed in the lab-
oratory. As well known magnetotellurics uses a
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passive system of measurement of the fluctua-
tions in the electric and magnetic fields at an
observation site; the analysis of the consequent
data reveals the resistivity, via a complex
impedance computation.

In this study after having discussed the in-
herent problems of magnetotelluric installa-
tions and their limits in resistivity analysis, an
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Fig. 11. Rotation of the impedance tensor for the station at Collemeluccio. The four panels refer respectively
to T'=200 s, 400 s, 600 s and 800 s. Solid line represents Z,, and dashed line represents Z,,.
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attempt was made to single out a site that
would allow a long term investigation, so that
variations in the magnetotelluric quantities
could be observed over time.

The time interval considered for this study,
was from January 1992 to February 1993, far
too short a period to reveal any significant cor-
relation between electromagnetic and tectonic
phenomena. In addition to this limitation, there
were no particularly intense earthquakes during
this period: maximum magnitude of events tak-
ing place in the vicinity was 3.8 (fig.13). How-

13

ever, a useful part of this study was that of
checking for possible variations in resistivity
over time. An attempt was then made to place
these temporal resistivity variations in relation
to the total energy released in terms of seismic-
ity. This check is shown in fig. 14, where the
monthly averages of apparent resistivity p,,
and p,, (dotted line) are related to the monthly
seismic energy (continuous line), for the period
January 1992 to February 1993.

The present belief, perhaps too pessimistic,
is that the variation in terms of resistivity pre-
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Fig. 13. Representation of localization of M >
1992-1993.
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2.0 seismic events occurred in the area during the period
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Fig. 14. Monthly total seismic energy (upper part)
and monthly average p,, and p,, (lower part) for the
study period.

ceeding a seismic event is minimal, just several
percentage points (Park, 1991), and therefore
the possibility of predicting these events using
magnetotellurics is quite limited. The statistical
approach taken in this phenomenologic investi-
gation of a purely academic nature, and not in-
tended as a proposal of possible earthquake
prediction methods, has, however, revealed on
the long term a possible correlation; further
study using stronger events and more data,
could be very interesting.
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