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ABSTRACT

This paper is focused on a specific methodology able to emphasize the correlation between anomalous behaviour of
electromagnetic normalized functions and intermediate depth seismic events which have occurred in the Vrancea zone and
pointing out the main constraints related to them. The lithospheric conductivity changes produced prior to and during an earth-
quake, as a sequence of the dehydration of the rocks, associated with rupturing processes and fluid migration through faulting
systems developed inside and close vicinity to foci, could be detected by means of the peculiar features of the electromagnetic
normalized functions taken throughout the frequency range DC-10 Hz.

Some experiments have been dedicated to assess the robustness of a methodology using electromagnetic data acquired
over a span of several years. It means that the real-time selected electromagnetic normalized functions complying with tempo-
ral invariability criterion for a 2D geoelectric structure in non-seismic condition have been analysed taking into consideration
just their daily mean distribution versus seismic events recorded simultaneously.

As this methodology emphasizes the conductivity changes prior to a seismic event, it becomes an interesting subject for
studying anomalous behaviour of electromagnetic normalized functions against their normal variation as possible precursors
of earthquakes triggered in the Vrancea zone.

Key words: Electromagnetic precursors, Lithospheric conductivity, Earthquakes, Vrancea zone

Citation: Stanica, D.andD. A. Stanica, 2010: Constraints on correlation between the anomalous behaviour of Electromagnetic Normalized Functions (ENF) and
the intermediate depth seismic events occurred in Vrancea zone (Romania). Terr. Atmos. Ocean. Sci., 21, 675-683, doi: 10.3319/TA0.2009.09.09.01(T)

1. INTRODUCTION

Electromagnetic research concerning a seismic hazard
has been orientated for solving at least three kinds of pre-
seismic phenomena/parameters which have occurred in the
frequency ranges DC-100 MHz (Fig. 1):

* Signals possibly emitted from earthquake sources which
may produce geomagnetic/geoelectric changes in ULF-
ELF-VLF-LF-HF bands;

* Anomalous transmission of electromagnetic waves due
possibly to a disturbed ionosphere related to the transmis-
sion anomaly of man made (VLF) waves and scattering of
MF radio waves (VHF);

* Spatial-temporal variation of the electric conductivity in
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the lithosphere, associated with seismic energy release in-
side and/or in close proximity of foci, may be reflected by
the electromagnetic normalized functions (ENF) carried
out in ULF band.

For several decades numerous researchers have looked
for anomalous electric/magnetic signals associated with
earthquakes. In seismogenic studies many papers have been
devoted to the detection of electric/magnetic signals in the
ULF/ELF bands and to their correlation with seismic events
of tectonic and volcanic origin (Fraser-Smith et al. 1990;
Fujinawa and Takahashi 1994; Varotsos et al. 1996; Riki-
take 1997; Uyeda et al. 1999, 2000, 2009; Liu et al. 2000;
Nagao et al. 2000, 2002; Zeng et al. 2001; Yen et al. 2004;
Varotsos 2005). Thus, the research on the relation between
spatial-temporal changes of the electrical conductivity and
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seismic events has become an important subject in this
direction, and the dehydration of the rocks associated with
rupturing processes and fluid migration through faulting
systems may also lead to noticeable increasing of the con-
ductivity developed inside and/or in close vicinity of foci
(Freund et al. 1999; Hattori 2004; Stanica et al. 2004a,
2006; Stanica and Stanica 2007; Hattori et al. 2008; Saroso
et al. 2009).

In this paper the temporal variation of the electric con-
ductivity in lithosphere, produced inside and in close prox-
imity of Vrancea’s seismogenic volume reflected by the
ENF associated with seismic activity will be analysed.

2. GEODYNAMICS OF THE VRANCEA ZONE

The seismically active Vrancea zone is located within
the arcuate portion of the Eastern Carpathians being bounded
to the north-east by Scythian and East European platforms,
to the South by the Moesian Platform, and westwards by
the Transylvanian Basin (Fig. 2). The earthquakes are con-
fined in a well-defined volume, 80 km long, 40 km wide and
170 km high, and the most of them being at an intermediate
depth of 60 - 170 km. The frequency-of-occurrence is about
2 - 10 events per month, with magnitude M < 4 and about
1 - 6 strong events (M = 7) per century. The crustal activity
is weak, often occurred in clusters and mainly located in the
depth interval of 15 - 40 km.

Several geodynamic models have already been pro-
posed for the Vrancea zone (Constantinescu and Enescu
1984; Oncescu et al. 1984; Trifu and Radulian 1989; Linzer
1996; Soloviev et al. 1999; Sperner et al. 2001; Martin et al.
2005), but a comprehensive and appropriate model is not

The Carpathian Arc

ESC OO
SRS

S
ST SSC AT,
.‘:‘ oSOt S

OSSO

Earthquakes
< Intermediate depth
# Crustal depth

SOCEN
COOTSD
“"::\‘:v“.‘

yet available for explaining entirely the intermediate-depth
earthquakes triggered in the Vrancea zone, and their lack of
occurrence in the depth-interval of 60 - 170 km.

Another geodynamic model, based on 3D magneto-
telluric tomographic images (Stanica et al. 1999, 2004b),
seems to support the idea that the inferred torsion that may
result from the effects due to descending asthenospheric
currents, on the one hand, and the irregular shape of the rel-
ic slab (seismogenic volume) on the other hand, is capable
of generating a torque that may increase shear stress and
drive faulting system and re-shearing within the rigid slab.
If this is the case, then the trigger action of the intermediate
depth earthquakes, in the Vrancea zone, may be interpreted
as the rock response to active torsion processes induced
by the complex interplay among the structure of the litho-
sphere and the surrounding asthenosphere, in this sector of
the Eastern Carpathians.

3. THEORETICAL BASE OF THE ELECTROMAG-
NETIC NORMALIZED FUNCTIONS

It is well known that at the Earth’s surface the verti-
cal geomagnetic component (Bz) is an entirely secondary
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Fig. 1. Frequency ranges used to emphasize the EM precursory phe-
nomena/parameters related to seismic activity.
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Fig. 2. Map of the Carpathian Arc Bend and the seismically active Vrancea zone: E E P is East European Platform; M P is Moesian Platform; and

T B is Transylvanian Basin.
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field and its existence is an immediate indicator of lateral
inhomogeneity (Word et al. 1970). For two dimensional
structures, the Bz is produced essentially by the horizon-
tal geomagnetic component perpendicular (Bperp) to strike
and, consequently, a normalized function (Bzn) defined as:

Bzn = Bz /Bperp (H

should be time invariant for a given 2D structure in non geo-
dynamic conditions (Word et al. 1970), but it is unstable
in geodynamic circumstances and, therefore, could be used
as a precursory parameter (Stanica et al. 2006; Stanica and
Stanica 2007).

Also, the absolute value of the normalized function
(Bzn) is able to assess the polarity of the conductivity anom-
aly (i.e., whether it is more conductive than the surrounding
media).

In order to define the interrelation between Bzn and
electrical conductivity changes, in addition to the relation (1),
we may compute the vertical resistivity Roz:

Roz =0.2 T |Epar/B, [ )

where T is the period (s) and the Epar is the electric field
parallel to strike. Also, it is possible to write the relation:

Ropar = 0.2 T | Epar/Bperp [ 3)

where Ropar is the resistivity parallel to strike.
Thus, in terms of resistivity (electrical conductivity)
the normalized function Bzn may be estimated as:

| Bzn | = (Ropar /Roz)'"? 4)

and, subsequently, the normalized function Ron may be
written:

Ron = Ropar/Roz 5)

Relation (4) demonstrates the fact that the Bzn could
be linked to the resistivity/conductivity variation along the
submerged conductive paths (fault systems) through the
Earth’s lithosphere.

Both normalized functions Bzn and Ron have been
presented in the above text by the acronym ENF and, fur-
ther on, only the correlation between anomalous behaviour
of the Bzn with seismic energy release in Vrancea zone will
be analysed.

4. METHODOLOGY AND RESULTS

As we have seen in relation (1), the normalized func-
tion Bzn could be used as a precursory parameter of seismic
event measuring both the vertical component Bz (obtained

directly from continuous monitoring of the geomagnetic
field) and horizontal geomagnetic component perpendicular
to the strike (Bperp) which has to be correctly evaluated by
using the magnetotelluric tensor impedance decomposition
technique (Bahr 1988).

In this respect, a specific electromagnetic methodology
has been used, in the frame of which the next steps were
performed:

e Establishment of the optimum placement of the monitor-
ing site and pattern recognition (2D structure and strike
orientation);

* Installation of the measuring system for continuous moni-
toring of the geomagnetic components Bz, Bperp and
Bpar;

* Emphasis of the anomalous behaviour of the normalized
function Bzn in order to highlight its relation with seismic
events.

4.1 Establishment of the Optimum Placement of the
Monitoring Site and Pattern Recognition

With the aim of identifying the best placement for con-
tinuous monitoring of the geomagnetic field, in the condi-
tions mentioned above, at the Geodynamics Observatory
Provita de Sus (GOPS - Fig. 2) we conducted a discrete elec-
tromagnetic (EM) observation, in the ULF band, by using
the GMS 06 system (Metronix, Germany). To evaluate the
geoelectric pattern under the measuring point, data process-
ing and tensor impedance decomposition have been made
with the help of MAPROS software packages and, conse-
quently, the following basic tasks have been performed:

* Real time-display of the time series and all important EM-
parameters;

* Evaluation of skewness coefficients (the rectangle delimi-
tates the frequency range where skewness coefficients are
less than 0.3 what means that the geological structure is
of 2D type - Fig. 3) and strike (the ellipse delimitates the
frequency range where the strike orientation is about east-
west - Fig. 4, thus the Bperp time series should be carried
out always perpendicular to the strike).

The skewness (S) is a dimensionality parameter of the
magnetotelluric impedance tensor and it is defined as

_|1Zxx+Zyy|

5= |Zxy - Zyx |

(6)

with the error

AS =

|Zxx - AZxx['|Zyy - AZyy|
|Zxx - Zyy[

|Zxy - AZxy[ |Zyx - AZyx[
|Zxy - Zyxf'

@)
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Fig. 3. Distribution of the skewness coefficients versus frequency; the rectangle delimitates the frequency range where skewness coefficients are less

than 0.3 and means that the geological structure is of 2D type.
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Fig. 4. Distribution of the strike orientation versus frequency; the ellipse delimitates the frequency range where the strike orientation is about

east-west.

where: Zxy, Zyx are principal impedances and Zxx, Zyy are
additional impedances. The skewness should be < 0.3 to in-
terpret the structure as 2D (Bahr 1988).

The GOPS is placed, to south-west, at about 100 km
from the Vrancea zone, and to North, 80 km from the city
of Bucharest. The criteria for selection of this observatory
are presented above and the following aspects must be in-
cluded, too:

e It is far enough from the seismogenic zone (about 100 km),
so that the Bzn is not affected by the earthquakes of mag-
nitude less than 3.0 (a working hypothesis chosen in an
initial research stage, in order to determine the suitable
distance);

* The existence of a logistics base (a former school) able

to supply an optimal monitoring of geomagnetic data and
wireless connection for data transfer to Bucharest.

4.2 Installation of the Measuring System for Continu-
ous Monitoring of the Geomagnetic Field

The continuous monitoring of the geomagnetic compo-
nents Bz, Bperp and Bpar at the GOPS was accomplished
by using the recording system MAG03 DAM (Bartington -
England), with 6 channel, 24 bit resolution for the collection
of data from three axis magnetic field sensor MAGO03 MSL,
data transmitted to the computer via an optically isolated
RS232 serial link. In order to carry out the Bperp, one of the
horizontal components of the three axis magnetic sensor has
always been orientated perpendicular to the strike.
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The parameters of the data acquisition card are under
software control and additional program collects data at each
one-minute and stores them on the laptop disk (Table 1).

An example of the geomagnetic time series recorded at
the GOPS is presented in Fig. 5.

4.3 Results

Some examples are shown to assess the robustness of
the presented methodology. It means that the selected nor-
malized Bzn function has been analysed, complying with

temporal invariability criterion for a 2D geoelectric struc-
ture in non-seismic condition, taking into consideration just
its daily mean distribution versus seismic events acquired in
a span of several years.

Three particular cases of the Bzn’s distribution ob-
tained for the frequency range less than 1.666 x 10 Hz
and correlated with intermediate depth seismic activity are
shown in the next examples.

Figure 6 shows time series obtained within a 30 day
interval (November 2002), characterized by two domains
of maximum, with increased values of 1.874 (Domain 1)

Tablel. Geomagnetic time series Bperp, Bpar and Bz recorded on 20 August 2008 (30 minutes record).

Date Time Bperp Bpar Bz
(month-day-year) (hour:minute:second) (nT) (nT) (nT)
08-20-2008 0:00:29 22954 262 42265
08-20-2008 0:01:28 22954 262 42265
08-20-2008 0:02:28 22953 262 42265
08-20-2008 0:03:28 22953 262 42265
08-20-2008 0:04:28 22952 262 42265
08-20-2008 0:05:28 22952 262 42265
08-20-2008 0:06:28 22952 263 42265
08-20-2008 0:07:28 22952 263 42264
08-20-2008 0:08:30 22951 263 42264
08-20-2008 0:09:30 22951 263 42264
08-20-2008 0:10:28 22951 263 42264
08-20-2008 0:11:28 22952 262 42265
08-20-2008 0:12:28 22952 262 42264
08-20-2008 0:13:28 22952 262 42264
08-20-2008 0:14:28 22952 262 42264
08-20-2008 0:15:28 22952 261 42265
08-20-2008 0:16:28 22952 261 42264
08-20-2008 0:17:28 22952 261 42264
08-20-2008 0:18:28 22952 261 42264
08-20-2008 0:19:28 22951 261 42264
08-20-2008 0:20:28 22951 261 42264
08-20-2008 0:21:28 22951 261 42264
08-20-2008 0:22:28 22951 261 42264
08-20-2008 0:23:28 22951 261 42264
08-20-2008 0:24:28 22951 261 42264
08-20-2008 0:25:28 22951 261 42264
08-20-2008 0:26:28 22952 261 42264
08-20-2008 0:27:28 22951 262 42264
08-20-2008 0:28:28 22951 262 42264
08-20-2008 0:29:28 22950 262 42264
08-20-2008 0:30:28 22950 262 42264
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Fig. 5. Geomagnetic time series (Bperp, Bpar and Bz) recorded at the GOPS.
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Fig. 6. Daily mean distribution of the normalized function Bzn (November 2002) correlated with intermediate depth seismic events (vertical lines)
having marked their magnitude; the line of 1.870 (£0.0005) is normal distribution in a non seismic condition.

and 1.875 (Domain 2), separated by a non seismic interval
extended on 8 days (9 - 17 November), where the normal
values of Bzn are about 1.870 (+0.0005). The both domains
are correlated with three seismic events having 4.3, 3.6, and
3.0 respectively, in magnitude.

Figure 7 refers to a span of two months (September
- October 2004) and emphasizes four instability domains,
with increased values of about 1.878 (Domains 1, 2, and
3) and 1.879 (Domain 4). Unlike the case presented in

Figure 6, here, both the instability and stability intervals are
very close and, therefore, the corresponding domains are
superimposed owing to the multitude of produced seismic
events. The earthquakes occurred in this interval are marked
by vertical lines, having values of magnitude oscillating be-
tween 3.0 and 6.0. All of them are in good correlation with
the instability domains of the Bzn associated to the major
changes of electrical conductivity along the submerged high
sensitive path developed at lithospheric level.
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condition.

Both Bzn distribution and its standard deviation
(Fig. 8), correlated with seismic events occurred during
about a month (August 2008), are also represented in order
to emphasize a high level of accuracy related to information
carried out. In this particular case, the Bzn shows continu-
ous increasing values from 1.832 to 1.843 related to the 9
seismic events occurred at the depth interval of 80 - 159 km.
Standard deviation is less than +0.0005, except the days 9,
10 and 19, where it is about +0.001.

The normal distribution of the Bzn, obtained in non-
seismic conditions prior to EQ, corresponds to the so-called
“stable in time” interval. Therefore, taking into account the
succession of seismic events occurred in the Vrancea zone,
in order to find out the reference value for the anomalous
behaviour of Bzn parameter, in a precursory condition, the
normal distribution was selected for an interval of some con-
secutive days without seismic activity. After each seismic
event, the reference level (normal distribution) is changed
as a sequence of the new physical conditions (maybe due to
electrical charge overlap) that could modify the resistivity
values along the conductive path into lithosphere.

S. CONCLUSIONS

The correlation between the ENF and seismic events
occurred in Vrancea zone has pointed out that the interme-

diate depth earthquakes are triggered in the ENF instabil-
ity period, due to the electrical properties variation along
the submerged conductive paths (fault systems) through the
Earth’s lithosphere. These changes of electrical conductiv-
ity occurred some days before earthquakes, as consequences
of the dehydration and rupturing processes, associated with
fluid migration through faulting system inside the Vrancea
seismogenic volume and its surrounding areas, are reflected
by the anomalous behaviour of the Bzn values.

When the instability (anomalous) and stability do-
mains are very close due to a multitude of seismic events
which occurred at short intervals, then correspondent do-
mains are superimposed and maximum amplitude values
of the analysed normalized function Bzn may or may not
reflect the maximum magnitude of the earthquakes. There-
fore, to make an accurate interpretation we have to take into
account these constraints regarding the correlation between
the function Bzn and seismic events.

Additionally, we have to mention that this kind of re-
search has been conducted in Romania since 2001. Accord-
ing to the above mentioned conclusions, at present, it is not
yet possible to make any predictable correlation between
the magnitude of seismic event and the amplitude/shape of
the Bzn, because of the lack of sufficient data concerning
extreme events (M > 6), but there is a chance to take a step
forward in this direction.
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