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Abstract: It is supposed that prior to a large earthquake its focus may send through the Earth lithosphere a long-range effect of 
strain-related to transient electric signals, which in turn give rise to geomagnetic variations propagated over a wide range of 
frequencies. Consequently, to confirm long-range electromagnetic anomalous effect related to the M9 Great Tohoku earthquake 
occurred on 11 March 2011, we retrospectively analyzed the geomagnetic data collected at three observatories placed in Japan 
(Memambetsu, Kakioka) and Romania (Provita de Sus). The daily mean distributions of the normalized function Bzn and its 
standard deviation (STDEV) for all the three observatories are performed in the ultra-low frequency range (0.001-0.016Hz) by 
using the FFT band-pass filter analysis. Additionally, a comparative statistical analysis, based on a standardized random variable 
equation, was applied to the Bzn time series to emphasize a possible pre-seismic anomalous interval and, consequently, a peak 
greater than 2.5·STDEV, related to the M9 Tohoku earthquake, was identified on 5-6 February 2011. The lead time was 32 days 
before the earthquake occurrence. The final conclusion is that the detection area of the pre-seismic electromagnetic effect could 
be extended to the considerable distances from the epicenter of a giant earthquake. 
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1. Introduction 

On the basis of the last 20 years of the terrestrial, satellite 
and laboratory studies related to earthquakes preparation in 
the Earth’s lithosphere, one can conclude that at least two 
possible pre-seismic signatures may occur: (i) direct EM 
signals of different frequencies generated from the 
earthquake foci [2, 5, 8, 9, 10, 11, 12, 17, 18] and (ii) the 
changes of electric conductivity that, in the conditions 
imposed by real geophysical properties, may generate 
internal current concentrations flowing either through the 
fluid or through the surrounding rocks, which give rise 
anomalous vertical magnetic fields [6, 7, 14, 18, 21, 22, 
24]. 

In this paper, in order to emphasize the long-range effect 
of strain-related precursors, we will consider both the 
approach R* [km] = 100.5M-0.27 (where R* is the epicentral 
distance and M is the earthquake magnitude) as stipulated in 
[15] and, a comparative statistical analysis applied to the Bzn 
time series obtained at the three observation sites 
(Memambetsu, Kakioka and Provita de Sus). 

2. Geotectonic Setting and Seismicity 

On 11 March 2011, a giant earthquake of M9 struck the 
Japan and both the Japan Meteorological Agency (JMA) and 
US Geological Survey (USGS) placed the hypocentre of the 
main shock near the northeast coast of Honshu, at the 
geographic coordinates 38.322°N, 142.369°E and about 24.4 
km depth, as illustrated in Fig. 1. The earthquake was the 
result of thrust plate faulting on/or near the subduction zone 
boundary between the Pacific and North America plates. In 
the epicentral area, the Pacific plate moves approximately 
westwards with respect to the North America plate with a rate 
of 83 mm/yr, and begins its westward descent beneath Japan, 
at the Japan Trench. The rupture nucleation of the largest 
events in the Tohoku sequence, including the main shock, was 
controlled by structural heterogeneities in the mega thrust 
zone [26]. This earthquake has been preceded by a series of 
large foreshocks over the previous two days, beginning on 9 
March with a seismic event of M7.2 at about 40 km far, 
continuing with three earthquakes greater than M 7.0, on 11 
March, 2011. Since 1973, the subduction zone of the Pacific 
Plate under North America Plate, delineated by the Japan 
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Trench, hosted nine events of magnitude around 7, two of 
them being very larges. On 6 June 1978 an earthquake of M 
7.7, placed at 35 km to the southwest of the 11 March 
epicentre at about 58 km depth, caused 22 fatalities and over 
400 injuries. The other one of M 7.8, located approximately 
260 km to the north of the 11 March epicentre at about 29 km 
depth, caused 3 fatalities and almost 700 injuries in December 
1994. 

 

Figure 1. The locations of the MMB and KAK observatories on the 
geotectonic map (modified after Tong et al. 2012); red star is M9 earthquake; 
red lines show the major plate boundaries; red arrow indicates the motion of 
the Pacific Plate relative to the North America Plate. 

3. Basic Theoretical Concepts, Data 

Collection and Analysis 

3.1. The Normalized Function Bzn and Its Time Invariance 

Assumption 

The idea to use the geomagnetic time series to study 
earthquakes precursors was based on the fact that at the Earth 
surface the vertical geomagnetic component (Bz) is entirely a 
secondary field and its existence is an immediate indicator of 
lateral inhomogeneity. Additionally, for a two-dimensional 
(2-D) structure, the vertical component Bz is produced mainly 
by the horizontal geomagnetic component perpendicular to 
the geoelectric strike (B┴) and, consequently, a normalized 
function Bzn is defined as follows: 

Bzn(f)=Bz(f)/B┴                  (1) 

where (f) is frequency [Hz]. This normalized function should 
be time invariant in non geodynamic conditions, but it 
becomes unstable due to the geodynamic processes, so that it 
could be used as a pre-seismic ULF geomagnetic signature [21, 
22]. 

In order to emphasize the cause (earthquake)-effect 
(pre-seismic anomalous Bzn) relationship, in [22] is shown 
that (1) may be rewritten as follows: 

Bzn(f) =[ρ║(f)/ρz(f)]1/2              (2) 

where ρ║ and ρz are parallel and vertical resistivities [Ωm]. 
As it can be seen in (2), the normalized function Bzn could be 
linked to the variation of resistivity in the crust, and its right 
part leads to the normalized resistivity (ρn), defined by: 

ρn(f) = ρ║(f)/ρz(f)                (3) 

Consequently, the existence of a 2-D structure gives rise to 
normalized function Bzn that has a magnitude proportional to 
the intensity of the anomalous electric current concentrations, 
which are in turn determined by the resistivity gradient 
generated in pre-seismic conditions. 

3.2. Geomagnetic Data Collection and Analysis 

The geomagnetic data collected at the Memambetsu 
(MMB), Kakioka (KAK) and Provita de Sus (PS) 
observatories during the interval December 2010-March 2011, 
have been used to identify the pre-seismic ULF geomagnetic 
signatures related to the M9.0 earthquake. The sampling rate 
of the three geomagnetic components (Bx orientated to the 
north, By orientated to the east and Bz downwards) was 60 s. 

The MMB, KAK and PS observatories have the geographic 
coordinates (43°54’36" N, 144°11’9" E), (36°13’56" N, 
140°11’11" E) and (450 9’21" N, 25037’45" E), being located 
towards north-east, south-west and far north-west, 
respectively, of the M9.0 earthquake epicentre, as shown in 
Fig.2, and the criteria of selection are: 
(i) Possibility to obtain geomagnetic data at MMB and 

KAK via internet (www.intermagnet.org) and in 
real-time for the PS; 

(ii) Long-range effect of strain-related to the pre-seismic 
geomagnetic signature obtained by using the approach 
R*[km] = 100.5M-0.27, as in [15], where R* is the 
epicentral distance and M is the earthquake magnitude 
(in our case M=9 and R* ≈ 17,000km); 

(iii) Possibility to investigate the dimensionality 
characteristics of the geoelectric structure under the 
measuring sites (MMB, KAK and PS) and to identify the 
frequency range for which (1) is valid. 

For the PS observatory, the dimensionality characteristics 
of the geoelectric structure were investigated by using 
single-site magnetotelluric tensor impedance decomposition 
[1] and, applying the MAPROS software packages [22], it was 
shown that in the frequency range 0.001-0.0166 Hz the 
skewness values are less than 0.3, what means that the 
geoelectric structure is of 2-D type, having a strike orientation 
of about N960E. Thus, to satisfy (1), at the PS observatory one 
of the horizontal geomagnetic components is always 
orientated perpendicular to the geoelectric strike of the 
Carpathian Electrical Conductivity Anomaly (CECA), which 
on the Romanian territory is delineated by the divergence zone 
of the induction arrows, Wiese convention [19]. 

The CECA is generated by the lithospheric faults system 
that forms in its southern sector a tectonic boundary between 
the Moesian and Intra-Alpine continental plates. 

At global scale, the PS observatory is placed on the 
EURASIA plate, as it is shown in Fig. 2, nearby the 
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Trans-European Suture Zone (TESZ) that separates 
East-European Precambrian Platform by West-European 
Palaeozoic Platform [20]. 

In this paper, we used the existing geomagnetic components 
B⊥, and Bz obtained at PS observatory by a continuous 
monitoring system (MAG03-DAM, with 6 channel, 24 bit 
resolution). The parameters of the data acquisition card are 
under software control that collects information at each five 
seconds and stored them at every 60 seconds. By means of the 
wireless connection system, the geomagnetic data are 
transferred to the central unit, placed at the Institute of 
Geodynamics-Bucharest, for real-time processing and Bzn 
time series analysis, mainly, related to the seismic active 
Vrancea zone. 

 

Figure 2. The locations of the MMB, KAK and PS observatories on the 
EURASIA map; red star is the M9 earthquake; TESZ is the Trans-European 
Suture Zone. 

As regards MMB and KAK observatories, due to the fact 
that for each site we have only three geomagnetic components 
(Bx, By and Bz), that were obtained via internet (link 
www.intermagnet.org), it was necessary to consider the 
induction arrows which graphically represent the transfer 
function between the vertical and horizontal geomagnetic 
field components. As the vertical magnetic fields are 
generated by lateral conductivity gradients, induction arrows 
can be used to infer the presence of lateral variation of the 
electrical conductivity, so that they are widely used for 
studying the dimensionality characteristics of the geoelectric 
structure [3, 19]. The induction arrows are known also as 
tipper vectors because they transform or tip the horizontal 
magnetic field into vertical plane according to the 
relationship: 

Bz(f) = Tx(f)Bx(f) +Ty(f)By(f)        (4) 

where Tx and Ty are the complex components of the 
induction arrow. 

In a 2-D geoelectric structure, the induction arrows are 
associated only with the E-polarization mode (sometimes in 
magnetotellurics referred to as the transverse electric, or TE 
mode) that describes electrical currents flowing parallel to 
strike. As a result, resistive-conductor boundaries extended 

through a 2-D structure give rise to induction vectors that are 
orientated perpendicular to them. 

For the MMB and KAK observatories, in order to select the 
frequency range where (1) is valid (i.e., existence of a 2-D 
geoelectric structure and its strike orientation), we applied on 
the existing geomagnetic data, acquired in the interval 
December 2010-March 2011, the MAPROS software 
(multi-windows robust estimation) to obtain the length of the 
real part of the induction arrows with relation: 

Treal length=│Re (Tx) │+│Re (Ty) │       (5) 

With their orientation: 

Treal angle= arctan [Re(Ty)/Re(Tx)]        (6) 

Thus, in the frequency range 0.001-0.0166 Hz, the 
following data are obtained: (i) for MMB observatory the 
Tlength ≈ 0.35; Tangle ≈ 290 (from north over east), and the strike 
orientation is N1190E; (ii) for KAK observatory the Tlength ≈ 
0.58; Tangle ≈ 200 (from north over west) and the strike 
orientation is N700 E 

To obtain the geomagnetic component perpendicular (B┴) 
to the 2-D geoelectric strike, we rotated the existing horizontal 
north component (Bx) with the angle α = 290 towards east for 
MMB observatory and, with the angle α = 200 towards west 
for KAK observatory, respectively. An example of the new 
geomagnetic time series B┴ and Bz, recorded at the MMB for 
5 days (8 February – 12 February 2011), is illustrated in Fig. 3. 

 

Figure 3. The geomagnetic time series of Bz and Bperp (B┴) on the interval 8 
February –12 February 2011. 

These new geomagnetic time series, obtained at the KAK, 
MMB and PS observation sites on the interval December 
2010-March 2011, were used to calculate the daily averaged 
values of the normalized function Bzn and its standard 
deviation (STDEV) and, consequently, a FFT band-pass filter 
analysis on the frequency range 0.001- 0.0166 Hz, as it is 
shown in Fig. 4, has been performed for two successive time 
windows of 1024 samples, with 60% overlapping on the entire 
time series of 1440 data points acquired each day. 
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Figure 4. The FFT band-pass filter analysis on the time windows of 1024 
samples recorded on 12 February; black line is original Bzn time series; pink 
line is Bzn distribution in the frequency range 0.001Hz-0.0166 Hz. 

4. Results 

In this study, it was considered that in pre-seismic 
conditions, the normalized function Bzn has an anomalous 
behaviour due to the electrical conductivity changes, possibly 
associated with the earthquake-induced rupture process and 
fluid flow through the high conductive paths (faults system) 
extended through the Earth’s crust. 

In Figs. 5, 6 and 7 we will emphasize how the pre-seismic 
crustal electrical conductivity changes are reflected by the 
daily averaged distributions of the normalized function Bzn, 
carried out at the MMB, KAK and PS observatories during the 
interval December 2010-March 2011. 

 

Figure 5. Daily mean distribution of the normalized function Bzn and its 
STDEV obtained at the MMB observatory during the interval 1 December 
2010–31 March 2011; red full circle indicates M9 earthquake; pink full circle 
is the earthquake of M5.1 occurred near the MMB observatory with ED ≤ R* 
(Table 1); ratio 9.0/24 is the magnitude/hypocenter in km. 

Thus, the daily mean distribution of Bzn at the MMB 
observatory, illustrated in Fig. 5, suggests the presence of two 
distinct anomalous domains that underlie the seismic activity 
in the Hokkaido area, including the M9 Tohoku earthquake, as 
it is summarized in Table 1. The Bzn value of about 1.873 on 

January 7, observed on the first domain (1December 
2010–4February 2011), is a pre-seismic anomaly associated, 
the most probably, with an earthquake of M5.1 occurred on 9 
January in the Hokkaido area, at 30km depth, with an 
epicentral distances of about 180 km. The second anomalous 
domain (5 February-11 March 2011), with values of Bzn 
between 1.873 and 1.875, indicates the possible pre-seismic 
candidates related to M9 earthquake and the highest value on 
11 March is considered to be a co-seismic effect. The last 
interval (12 March–31 March 2011), with Bzn magnitude of 
about 1.872, reflects a specific distribution of Bzn after the 
Tohoku main-shock. 

Similar information is reflected by the Bzn distribution at 
the KAK observatory, as it shown in Fig. 6, where two distinct 
anomalous domains related to the seismic events, summarized 
in Table 1, are also identified. So that, on the interval 1 
December 2010 – 4 February 2011, the normalized function 
Bzn has anomalous values between 1.360 and 1.361 that are 
mainly associated with the two earthquakes of M4.7 and M5.1. 
The second anomalous interval of Bzn, with values higher 
than 1.361, extended between 5 February – 11March 2011, 
emphasizes some possible pre-seismic candidates to the M5.2, 
M5.4, M4.8, M5.2 and M9 earthquakes, when a co-seismic 
effect having a maximum value is identified on 11March, as 
well. The Bzn distribution after M9 earthquake is almost 
constant, with Bzn variations around the value of 1.3605. 

 

Figure 6. Daily mean distribution of the normalized function Bzn and its 
STDEV obtained at the KAK observatory during the interval 1December 
2010–31March 2011; red full circle indicates M9 earthquake; pink full circles 
are the earthquakes that occurred near the KAK observatory with ED ≤ R*, as 
in Table 1; ratio 9.0/24 is the magnitude/hypocenter in km. 

As regards PS observatory, the Fig. 7 depicts unusual 
anomalous behavior of Bzn, with values ranging from 1.856 to 
1.872, that was obtained on the same interval (1 December 
2010-31March 2011). As increased values of Bzn are not 
justified by the local seismicity occurred in the Vrancea Zone, 
we have considered that these are, the most probably, a 
long-range geomagnetic effect related to the M9 Tohoku 
earthquake, for which a high co-seismic effect on 11 March 
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2011 was identified, too. The existence of such effect is 
consistent with the idea that, in pre-M9 earthquake conditions, 
the crustal rocks of the EURASIA Platform begin to crack 
under the action of the very strong stress which leads to the 
release of electric charges [7]. These charges, carried by the 
high pressure-fluid flow through the faults system, may 
generate currents of high amperage which in turn induced 
disturbances of the geomagnetic field observed at PS 
observatory. 

 

Figure 7. Daily mean distribution of the normalized function Bzn and its 
STDEV obtained at PS observatory during the interval 1 December 2010 – 31 
March 2011; red full circle indicates M9 earthquake; pink full circle is the 
earthquake of M4.1 occurred near the PS observatory; ratio 9.0/24 is the 
magnitude/hypocenter in km. 

Although the KAK site is relatively closer to the epicentral 
location of the Tohoku main-shock (about 370km), the amplitudes 
of the anomalous pick levels of Bzn, shown in Fig. 6, are less than 
the amplitude values of the Bzn at the MMB observatory, 
illustrated in Fig. 5, which is located at a greater distance (about 
700km). This information confirms the possibility to associate the 
pre-seismic anomalous behaviour of Bzn with the resistivity 
changes due to the fluid flow along the faults system extended 
parallel with the Japan Trench. The above mentioned idea is in 
agreement with the seismic hazard map which emphasizes a pick 
ground acceleration (PGA) at MMB higher than that at KAK 
(PGA MMB = 4.8m/s2; PGA KAK= 3.2m/s2), as in 
(fttp://hazards.cr.usgs.gov/maps/sigeqs/20110407/20110407.jpg). 

To investigate the singularity of the pre-seismic anomalous 
interval related to the M9 Tohoku earthquake and to eliminate 
the earthquakes effects manifested around the KAK 
observatory, as shown in Table 1, the following standardized 
random variable equation was performed: 

Bzn*=(X – W)/Y               (7) 

where: 
� X is the value of (Bzn MMB - Bzn KAK) for a particular 

day, starting with 1 January 2011 and ending on 31 
March 2011; 

� W is 30 days running average of (Bzn MMB - Bzn KAK) 
before the particular day; 

� Y is 30 days running average of (STDEV MMB - 
STDEV KAK) before the particular day; 

� Bzn* emphasizes the pre-seismic anomalous interval and 
represents the threshold for anomaly using STDEV. 

After investigating the Bzn* distribution on the interval 01 
January-31March 2011, which was obtained by using (7), only 
two peaks of average magnitude higher than 2.5·STDEV have 
been identified as possible precursors related to the M9 
earthquake, as it is shown in Fig.8: 
� the first one, on the interval 5-6 February 2011, with 

average value of Bzn* = 2.7·STDEV; 
� the second, on the interval 1-2 March 2011, with average 

value of Bzn* = 2.9·STDEV. 
As it can be seen in Table 1, on 5-6 February when the first 

pre-seismic anomaly was observed, the geomagnetic activity 
was quiet (∑Kp index = 20), while for the second one, on 1-2 
March, an enhancement of the Kp index (∑Kp index = 30) is 
associated with a geomagnetic storm 
(www.swpc.noaa.gov/products/planetary-k-index). Thus, 
only the first pre-seismic anomalous interval identified on 5-6 
February is associated, the most probably, with M9 Tohoku 
earthquake. 

Complementarily, we used (7) to investigate the singularity 
of the pre-seismic anomalous intervals of Bzn obtained at PS 
observatory, as follows: 

� X is the value of Bzn for a particular day, starting with 01 
January 2011 and ending on 31 March 2011; 

� W is 30 days running average of Bzn before the 
particular day; 

� Y is 30 days running average of STDEV before the 
particular day; 

� Bzn* emphasizes the pre-seismic anomalous interval and 
represents the threshold for anomaly using STDEV. 

 

Figure 8. Bzn*(MMB-KAK) time series obtained by using (7); red full circle is 
M9 Tohoku earthquake; red ellipse (PM9) emphasizes a possible preseismic 
geomagnetic signature related to M9 Tohoku earthquake; pink full circle is the 
earthquake of M5.1 occurred near the MMB observatory with ED ≤ R*, as in 
Table 1; red dashed line is a threshold for anomaly using the STDEV 
(Bzn*=2.5·STDEV). 
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Fig. 9 illustrates the Bzn* time series obtained at PS 
observatory where some peaks have been identified as 
possible precursors related to both the local seismicity in 
Vrancea zone (Romania) and M9 Tohoku earthquake. So, the 
first peak on 7 January, 2011 may be associated with M4.1 
Vrancea earthquake from 3 February 2011. The last two peaks 
observed on 1-2 March and 11 March 2011 could be generated 
by the geomagnetic storms ∑Kp index=30 and ∑Kp index=34, 
respectively, as it is shown in Table 1. The negative peak of 
Bzn* time series identified in Fig. 9, on 5-6 February 2011, 
has a main role in defining the precursor related to M9 Tohoku 
earthquake, because it is in conformity with the last 
experimental results obtained in [4], where the authors have 
investigated the charge generation as a function of stress in the 
fine-grained gabbro samples using similar conditions that 
could exist in the active faults zones. In this case, the negative 
peak observed on 5-6 February in Bzn* distribution, carried 
out at PS observatory that is placed at the western limit of the 
EURASIA Plate, is the most probably the pre-seismic 
electromagnetic effect generated by the M9 earthquake at 
eastward limit of the EURASIA Plate, as in Fig. 2. 

Taking into account that the magnitude of Bzn* on 11 
March is very high it is also consistent with the co-seismic 
charge generation mechanism due to electrokinetic and 

triboelectric effect related to the dynamic rupture process due 
to the M9 Tohoku earthquake [4]. 

 

Figure 9. Bzn* time series obtained by using (7); red full circles are M9 
Tohoku and M4.1 earthquakes, the last one occurred near the PS observatory; 
red ellipse emphasizes a possible precursor (as negative peak) related to M9 
Tohoku earthquake. 

Table 1. The earthquakes occurrence in Japan and their pre-seismic geomagnetic signature illustrated in Fig.5 and Fig.6. 

Earthquakes with M ≥≥≥≥ 4.8 (after EMSC) JAPAN Region 

(near MMB) 

Pre-seismic geomagnetic signature 

Date M Depth km ED km Date Bzn value Lead time days R* km ∑Kp 

2011-03-11 9.0 24 700 Tohoku 
2011-03-11 
2011-03-5,6 

1.8755 
1.8736 

co-seismic 
32 

16,980 
34 
20 

2011-01-22  5.0 60 210 Hokkaido - - - 170  
2011-01-09  5.1 30 180 Hokkaido 2011-01-07 1.8728 2 190 18 
2010-12-15 5.2 47 350 Hokkaido - - - 210  
2010-12-01  4.8 40 270 Hokkaido - - - 135  
Earthquakes with M ≥ 4.7 (after EMSC) JAPAN Region 

(near KAK) 
Pre-seismic geomagnetic signature 

Date M  Depth km ED km Date Bzn value Lead time days R* km ∑Kp 

2011-03-11 9.0 24 375 Tohoku 
2011-03-11 
2011-02-5,6 

1.3623 
1.3613 

co-seismic 
32 

16,980 
34 
20 

2011-02-26 5.2 10 180 E. Honshu 2011-02-19 1.3611 6 210 7 
2011-02-25 4.9 60 175 E. Honshu - - - 150 - 
2011-02-17 4.8 47 135 E. Honshu 2011-02-15 1.3609 2 135 10 
2011-02-10 5.4 49 240 E. Honshu 2011-02-06 1.3613 4 270 20 
2011-02-05 5.2 64 155 E. Honshu 2011-02-05 1.3613 co-seismic 210 20 
2011-01-16 4.8 40 240 E. Honshu -   135  
2011-01-03 4.8 40 280 E. Honshu -   135  
2011-01-02 4.6 50 200 E. Honshu -   110  
2010-12-31 5.1 54 140 E. Honshu 2010-12-29 1.3606 2 190 6 
2010-12-05 4.7 55 70 E. Honshu 2010-12-02 1.3597 3 120 12 

EMSC - European Mediterranean Seismological Centre; M - earthquake magnitude; ED - epicentral distance related to MMB and KAK; R*- epicentral distance 
at which the pre-seismic effect is felt, according to [15]; the dark grey rows emphasise the earthquakes with ED≤R*. 

5. Conclusions 

The geomagnetic data collected at the three observatories 
placed in Japan (Memambetsu, Kakioka) and Romania 
(Provita de Sus) have been retrospectively analyzed on the 
interval December 2010 - March 2011 to emphasize possible 
pre-seismic geomagnetic signatures related to the M.9 great 
Tohoku earthquake. 

The proposed geomagnetic methodology regarding the 

distribution of the normalized function Bzn and its anomalous 
intervals examination, on the base of the standardized random 
variable equation, provided adequate information to identify 
on 5-6 February 2011 a possible pre-seismic peak level higher 
than 2.5·STDEV. The negative peak identified on the same 
interval in the Bzn* time series, carried out at the PS 
observatory, is the most probably the effect of the M9 Tohoku 
earthquake [4]. The lead time is 32 days and it appears to be in 
agreement with the other statistical results carried out for the 
land earthquakes in Japan [13]. 
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Taking into account the results obtained for VLF/LF lower 
ionosphere perturbations [12] and infrared radiation [17], 
identified on 5–6 March 2011 and 7-8 March, respectively, it 
is highly recommended to combine more methodologies to 
investigate both the mid-term (about one month) and 
short-term (days) precursors related to earthquakes. This 
seems to suggest that the pre-seismic electromagnetic signals, 
spanning a wide frequency range (MHz, VLF/LF and ULF), 
arise from the consecutive stages of the M9 earthquake 
preparation processes. 

Finally, we conclude that the long-range anomalous 
electromagnetic effect is consistent with the idea that its 
occurrence at the PS observatory is due to the 
earthquake-induced faulting processes, associated with high 
pressure-fluid flow and electrical conductivity variation 
through the crustal rocks of the Trans-European Suture Zone 
(TESZ) and CECA, both placed at the western limit of the 
EURASIA Plate. 
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Nomenclature 

Bx, By, Bz = Components of geomagnetic field (geomagnetic 
induction) in Cartesian co-ordinates [Tesla(T)= Vsm-2] 
B┴ = Component of geomagnetic field perpendicular to 
geoelectric strike [T] 
E-polarization = For a two dimensional (2-D) structure the 
electric field (Ex) parallel to strike is associated with magnetic 
field (By) perpendicular to strike 
Induction arrows = Vectorial representation of the complex 
ratios of vertical to horizontal magnetic field components, 
shown in (4), to emphasize the lateral conductivity variation 
Kp index = Estimated 3-hours Planetary index which it used to 
characterize the magnetic storms 
∑Kp index = Daily sum of Kp index 
LF/VLF/ULF = Low/very-low/ultra-low frequency [Hz] 
Skewness = dimensionality parameter of geoelectric structure 
Strike = direction of the higher conductivity in a 2-D structure 
Robust estimation = statistical analysis that utilizes iterative 
weighting of residuals to identify and eliminate data biased by 
non-Gaussian noise 
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