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Abstract. We present the results of ground-based Ultra Low1 Introduction

Frequency (ULF) magnetic field measurements observed

from June to August 2004 during the Bovec earthquake orAt the beginning the instrumental characteristics of the mag-
12 July 2004. Further we give information about the seis-netometers are described and an overview about the seismic
mic activity in the local observatory region for an extended activity during this epoch is given. It is suggested by many
time span 2004 and 2005. ULF magnetic field data are pro@uthors performing ULF seismic observations (Fraser-Smith
vided by the South European Geomagnetic Array (SEGMA)et al., 1990; Hayakawa and Fujinawa, 1994; Hayakawa et
where the experience and heritage from the CHInese MAG-al., 1996, 2007; Molchanov et al., 2002, 2004b; Kopytenko
netometer (CHIMAG) fluxgate magnetometer comes to ap-etal., 2004; Harada et al., 2004; Sorokin et al., 2004) to apply
plication. The intensities of the horizontal and vertical ~ certain standard signal processing methods to magnetic field
Z magnetic field and the polarization rat® of the verti-  data to possibly extract seismogenic electromagnetic ULF
cal and horizontal magnetic field intensity are analyzed tak-emission.

ing into consideration three SEGMA observatories located

at different close distances and directions from the earth-1.1 Instrument and data base

quake epicenter. We observed a significant increase of high .
polarization ratios during strong seismic activity at the ob- e CHIMAG fluxgate magnetometer was originally de-
servatory nearest to the Bovec earthquake epicenter. Apaieloped at the Space Research Institute of the Austrian
from indirect ionospheric effects electromagnetic noise could*c@démy of Sciences Graz, to investigate magnetic pulsa-
be emitted in the lithosphere due to tectonic effects in thelions in the ULF range. The vital parameters of the high

earthquake focus region causing anomalies of the verticaleMpPoral resolution 3-axes fluxgate magnetometer are the

magnetic field intensity. Assuming that the measured ver-néasurement range @512 nT, the compensation field of

tical magnetic field intensities are of lithospheric origin, we 80000nT in X-and Z and-30000nT in Y direction. The

roughly estimate the amplitude of electromagnetic noise inAccUracy is 8pT at a temporal resolution of 1Hz, derived

the Earths crust considering an average electrical conductivirom the highest possible sampling frequency of 64 Hz. The

ity of <o>=10"3S/m and a certain distance of the observa- 3-@XeS magnetometer measures in X (positive Northward),
tory to the earthquake epicenter. Y (positive E_astvyard) and Z (positive towar_ds the centre of
the Earth) direction (Magnes, 1999; Schwingenshuh et al.,
2000). The CHIMAG magnetometer comes to application in
the frame of the SEGMA project, see Vellante et al. (2004).
Figure 1 shows by yellow markers the SEGMA observato-
ries Castello Tesino (CST), Ranchio (RNC), both Italy and
Nagycenk (NCK), Hungary, which are evaluated in the frame

Correspondence tdG. Prattes of this work. The stations L'Aquila, Italy and Panagyurishte,
BY (gustav.prattes@oeaw.ac.at) Bulgaria (shown by white markers) belong to the SEGMA
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Table 1. Geographic coordinates of SEGMA stations and corre- 2 Scientific background and methodology

sponding distances to the Bovec earthquake epicenter. . . . -
P g . P Experience showed that night time magnetic field data are

less influenced by man made and geomagnetic effects than

Station Geographic Coordinates  Distance to day time hours. We extracted the local midnight period from

Name Code Lat9IN] Long.[°E] Bovec [km] 22:00LT-02:00 LT (UT+1) for further analysis and divided

Castello Tesino  CST 46.0 117 153 this 4h period into 8 half hour intervals equally distributed,
Nagycenk NCK 47.6 16.7 275 30 min each. Each of these segments was subjected to a FFT
Ranchio RNC 43.97 12.08 291 analysis taking into consideration data processing rules. The

selected sampling frequency f§=1Hz so the upper ana-
lyzable frequency isfyy=fs/2=500mHz. The frequency

. I . response of the horizontal and vertical magnetic field com-
cha||:1 b# tare noé corltrrlbigrj]g lto ;2'8 4W°r.it<r'1 The B.?Vgél?;rth'ponent was separated into three sub bands, 10-50 mHz, 50—
quake happened onthe uly » With magnitu 100 mHz and 100-450 mHz. In the frame of this work we

gfczfeedp\t/\:tzht;:rkerg.n;r:i:roi\lfnelgiga{thglrﬁkc?a?]pslgzr::]e'rr:bllg 1focus on the lower frequency band from 10-50 mHz because
that the closest SEGMA station to the epicenter is Castell of the highest S/N ratio. Further the power spectral derity

Quas determined
Tesino at a distance of 153 km, Nagycenk station is located at )
|Bz (f)

275 km and Ranchio observatory is at 291 km distance. The, (f) = Sy (f) = |Bu (f)I?
Zentrale Anstaltifir Meteorologie und Geodynamik (ZAMG, z - Af H o Af

2007) reported about damage of more than 1100 houses in

the epicenter region. Several walkers where hurt because dg he(;e]?d(t];) 'Sht.hﬁ fre:lqct)ienlf:'y restﬁor]lse ang is the seflecte(io
rock fall, reportedly one person lost his life. In far parts of anawidth which is 2Umrz in Ihe frequency span from 19—

Austria ground motion was observed and houses in Carinthig0 mHz.

were damaged. Even in Vienna vibrations were noticed. Ta- Continuing the calculations lead to the monthly mean and
ble 1 shows the SEGMA stations with geographic Cooroli_standard deviation for both components and every sub band.

nates and the distance to the Bovec earthquake epicenter. C.:ompanso_n.s between certain day and half hour magngnc
field intensities to the monthly mean plus standard deviation

help to estimate the wave intensity. The geomagnetic con-
dition is expressed il K, values. Strong geomagnetic in-
. . . fluence expressed in high K, values manifests in strong
To find a possible connection between an earthquake angh,qnetic field intensities. Geomagnetic pulsations during
magnetic field ULF signatures as precursor candidatespignt time are usually/ polarized, typically measurable in
(Gladychev et al., 2001) mtrogluced thg so—callgd SeISMIC iNyhe pe4 band (period close to 100s). We expect high vari-
dex K. They found the following empirical relation ations in the intensities of the magnetic field components
during strong geomagnetic influence. TH& , values were
10075 Ms ' <1+ . 10_%)_2'33 ) taken from The International Service of Geomagnetic Indices
10- R ’ (ISGl, 2007).

By summing up we evaluate a certain value for the wave
whereK; is a threshold valuel; is the magnitude of the  intensity in half hour segments for the vertical and horizon-
earthquake andk is the distance between the earthquakety| field component. A key parameter in non seismic earth-
and the observatory. The seismic ind&x for the Bovec  quake analysis is the polarization rafosee also Hayakawa
earthquake on 12 July 2004 for Castello Tesino observatoryt g]. (1996) or Molchanov et al. (2002, 2004b), which is de-
is Kscs7=17.8, for NagycenkK; ycx=3.2 and for Ranchio  fined as the vertical over the horizontal magnetic field power.
KS RNC =31

Apart from the Bovec earthquake several seismic eventR — S_Z )
happened in the local area of the SEGMA observatories in SH
the two year time period 2004/2005. Table 2 shows date, gewhere S, and Sy are the magnetic field intensities of the
ographic coordinates and magnitude of these seismic eventgertical and the horizontal component in the frequency band
Also in this table the distance to the closest SEGMA station,from 10-50 mHz. This proxy value is expected to be high
the earthquake focus depth and the concerning station as welR > 1) before and during strong seismic activity.
as the seismic index Ks are listed. The reason for high ratios can be an increased vertical
The listed events were analysed in Prattes (2007). Thenagnetic field power which can be associated to direct mech-
event oriented analysis showed a weak correlation betweeanisms acting in the crust, so-called microfracture electri-
the earthquake magnitude and the strength of emitted eledication (Molchanov and Hayakawa, 1998), as sketched in
tromagnetic noise. Fig. 3. Another possibility for a high polarization ratio is a

@)

1.2 Seismic events

Ks =Ky -
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Fig. 1. SEGMA stations and the Bovec earthquake epicenter (Google Earth).

Table 2. Seismic events of interest during 2004 and 2005 for the SEGMA stations CST, RNC and NCK.

Event date Geographic Coord. Intensity  Distance to station [km] Depth of focus [km]  Statidig
29 Aug 2004  46.4DN 12.88 E 4.3 101 10 CST 0.48
10 Jun 2004 44 0N 12.0°E 2.6 8 38 RNC 0.50
29 Aug 2004 43.87N 11.96 E 3.00 14 7 0.54
28 Jun 2004  47%N 16.45 E 3.2 18 5 NCK 0.58
Event date Geographic Coord. Intensity  Distance to station [km]  Depth of focus [km]  Statidtg
25 Jul 2005 47.81N 16.28 E 4.1 38 12 NCK 1.58
15 Jul 2005 44 20N 12.09 E 3 25 19 0.18
15Jul 2005  44.2IN 12.12E 4.8 26 22 RNC 1517
15 Jul 2005 44, 22N 12.1C E 4.0 28 22 2.00
15 Jul 2005 44.20N 12.09 E 3.0 25 21 0.18
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decrease of the horizontal magnetic field power which can béonosphere between 80 km and 120 km altitude as seen in

related to indirect mechanisms like lithosphere-atmosphereFig. 2. A down-propagating Alfen wave from the magne-

ionosphere coupling effects, see Gokhberg et al. (1995)tosphere causes a depression of the ULF horizontal mag-
Molchanov et al. (2004a), Sorokin et al. (2004), Parrot etnetic field component on the ground. One further effect
al. (2006) and Biagi et al. (2007). Hot water and gas re-called inductive seismo-electromagnetic effect was described
lease in the earthquake epicenter region leads to Atmospherisy Molchanov et al. (2001). The two possible generation
Gravity Waves (AGW's) causing turbulence in the lower mechanisms of ULF anomalies on the surface are sketched in
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Fig. 4. Temporal evolution of geomagnetic ind&X ,, polariza-
tion R, Z-intensity andH -intensity from 10 June to 20 August 2004

3 measured at CST station during nighttime. The red vertical line in-
High voltage grid | dicates the occurrence time of the earthquake.

Observatory : Traffic -
% >>> ) A Possible noisc sources. | 3 Analysis of seismomagnetic events
Barthquake focus In this section polarization analysis results are presented for

the 10 week period from 10 June 2004 to 20 August 2004.
Fig. 3. Sketch of possible ULF anomalies related to earthquakes dud hree different SEGMA stations CST, RNC and NCK were
to direct lithospheric electromagnetic emission and possible naturataken into account. An estimation of the possible magnetic
and artificial noise sources. field strength variation in the Bovec earthquake focus region
is determined.

Figs. 2 and 3. In Fig. 3 the possible noise emission sources

are shown. Apart from seismogenic noise emission, noise.1 Polarization analysis

is due to (i) artificial emissions e.g. traffic or any moving

magnetic object or the high voltage grid and (ii) geomag-In Fig. 4 the temporal evolution 0EK,, the polarization
netic effects. To sort out the source of noise emissions geratio R and the intensity of th& and H components during
omagnetic effects represent the strongest influence followedhe ten week long period from 10 June to 20 August 2004 are
by man made emission. Many authors reported about the imshown measured at CST station. Every frequency response
portance and difficulties of discriminating man made noise,segment (eight values correspond to one day) is summed to
e.g. Harada et al. (2004), Villante et al. (2004) and Masci etestimate a certain value for the field intensity and concate-
al. (2007). Less influence due to man made noise is expectedated for the whole time period. The Bovec earthquake on 12
during the nighttime hours which is the reason why we se-July 2004 is indicated with EQ and a red line in week 5. By
lected the local midnight time period for detailed analysis asanalysing the single component intensities one can see that
described in Sect. 2. Man made noise can be mainly observeduring strong geomagnetic activity in week seven, the wave
in the vertical magnetic field component. Electromagneticintensities are high for both single components. The intensity
emission due to processes in the lithosphere like microfracincrease of the horizontal component dominates compared to
ture electrification causes anomalies in vertical direction toothe increase of the vertical intensity leading to small polar-
Multi-point investigation help to identify artificial noise from ization ratios during week seven. The increas&kafhown

a certain station. We benefit from the SEGMA chain mea-in panel two during week two and three which was around
surements and compared vertical magnetic field intensitieshree weeks before the earthquake could be due to a decrease
from CST, RNC and NCK to determine the data quality of of the horizontal intensity. The temporal evolution of the ver-
the stations and found the highest noise level at CST statiortjcal component does not show any obvious increase during
followed by RNC and NCK. To distinguish man made noise this time period. The increase & during the end of week
from seismogenic emission sophisticated signal processingpur and the beginning of week five is due to similar effects.
methods have to be applied. A clear enhancement @@ on 12 July 2004 is due to high

Nat. Hazards Earth Syst. Sci., 8, 5604 2008 www.hat-hazards-earth-syst-sci.net/8/501/2008/



G. Prattes et al.: Multi-point seismic ground based magnetic field observations 505

g_GO\ T

. .
|IIII|IIII||||I.JI.hL|‘I“ ||||||||||
3 4 5 8 7 8 9

number of exceedings

week

Fig. 6. Station comparison of polarization enhancement.
Fig. 5. Panel 1. XK, value, Panel 2: Temporal evolution &f
measured at Castello Tesino (red), Nagycenk (blue) and Ranchio
(green) stations for an averaging period of one day. seven, during week six it was one at NCK. At RNC station
the number of high polarization values in week four was five,
during week five ten and during week six it was five. A com-
vertical magnetic field intensity. During week five both mag- mon significant enhancement of polarization at all stations
netic field component intensities are increased. CST, NCK and RNC can be observed during week five.
Figure 5 shows th& K, value representing the geomag-
netic condition in the upper panel. The lower panel shows3.2 Estimation of the electromagnetic field in the earth-
the temporal evolution oR for the SEGMA stations CST, quake focus
NCK and RNC for one day averaging. The highest ratios
can be observed at Castello Tesino. One can see significaithe majority of earthquake focuses are distributed between
changes at the end of week two and during week four andhe surface and depths of about 70km. We assume that a
week five, short before the Bovec earthquake indicated withsource emitting wideband electromagnetic noise is located in
label EQ and a red line in week 5. In week seven the geothe hypocenter dissipating the energy outside the source re-
magnetic activity was strong enough to cause fast changes igion. High frequency components are attenuated very strong,
the polarization ratio determined at Nagycenk and Castelldhaving low skin depths, whereas lower frequencies penetrate
Tesino station. the Earth’s lithosphere without significant attenuation. The
The polarization mean plus standard deviation at CST staprobability of earthquake signature manifestation is much
tion for the ten week period is 1.19 indicated in the secondhigher in the ULF frequency range than in other frequencies.
panel of Fig. 4. For NCK station mean plus standard devia-The following Table 3 shows the averaged electrical conduc-
tion was 1.31, and for RNC station it was 0.61. tivity <o > for different materials and the corresponding skin
The mean plus sigma & exceeded the threshold 85 times depthss evaluated at certain low frequencies.
in the whole observed time period at CST station, 13 times in During geomagnetic quiet periods from 19 June 2004 to
week three, 11 times in week four, 12 times in week five and27 June 2004 an example of vertical magnetic field power
15 times in week 6. A majority of polarization enhancement increase exceeding the monthly mean plus standard deviation
happened before during and short after the Bovec earthquakie shown under the condition that the polarization rakio
in week 5. At the SEGMA stations Ranchio (RNC) the po- is high (R>1) on 24 June 2004. Measurements were taken
larization ratio value of 0.61 was exceeded 53 times in thefrom the SEGMA station Castello Tesino (CST).
ten week long time period. At Nagycenk (NCK) station the In the frequency range from 10-50 mHz the eight half
polarization raised above 1.31 24 times in the ten week longhour segments showed a maximum vertical intensity varia-
period of interest. Figure 6 shows a station comparison oftion from 22:30-23:00 (UT+1) which wa;,ax=0.157 nT.
polarization enhancement, the blue bar shows Nagycenk, th# we assume that this measured anomaly is a precursor of
green bar Ranchio and the red bar Castello Tesino statiorthe Bovec earthquake we can roughly estimate the intensity
The Bovec earthquake happened during week 5. The numben the earthquake focus region. Therefore we have to think
of enhanced polarization values is much higher at CST staef an electromagnetic wave propagating through an electrical
tion which was the closest SEGMA station to the epicenterconductive lithosphere. The earthquake focus lies in a depth
compared to NCK and RNC. During week four the number of 2~6 km which is negligible compared to the distance of
of high polarization values was zero, during week five it wasd=153 km to Castello Tesino statioh<«d). The skin depth

www.nat-hazards-earth-syst-sci.net/8/501/2008/ Nat. Hazards Earth Syst. Sci., 3)B@DO8
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Table 3. Electrical conductivity and skin depth for different materials at certain frequencies.

Material <o>[S/Im]  S10mm; Ml Aroomuz [M] 814, [m]
Igneous rock ~1074 5.033x10°  1.591x1C° 5.033x10*
Metamorphous/Limestone ~10~3 1591x10°  5.033x10* 1.591x10%
Sediment ~0.01 5033x10*  1.591x10% 5.033x 103
Sea water ~5 2250x10°  711.76 225.08
Graphite ~100 503.29 159.15 50.33

§ of an electromagnetic wave at very low frequencies can bestations. The SEGMA multipoint chain gives the opportu-

written nity to compare the measurements from different stations,
e.g. CST and two remote stations NCK and RNC. Using a

5= 2 , (4) simple planar wave model we estimated the magnetic field
Vo o amplitude possibly generated in the earthquake focus region.

) ) . .. Assuming the model with the measured vertical intensity of
wherepu is the magnetic permeablhty. For the conductivity 5Zmax=0.157 nT at Castello Tesino the estimated magnetic
o an average value 0i0>:_10_3 S/mis assumed and afre- jniensity in the focus region of the Bovec earthquake is about
quencyw=2rf, f=30mHz is considered. Thisresultsin s ~0 831 nT. The observatory is located at 153 km dis-

\/ > tance to tge epicenter, the average electrical conductivity
3= <o >=10"°S/m. The polarization rati® which is the verti-
4-7x10°7-1x10°3- 2.7 - 30 102 cal to horizontal field power in the ULF frequency band from
= 9.1888x 10'm ~ 100km 10-50 mHz increased the first time about three weeks before
ghe earthquake and the second time about one week before
the earthquake staying high until a few days after the Bovec
seismic event. We found a significant temporal dependence

For a plane wave the magnetic field strength decreases exp
nential in propagation direction.

H(x)=Hg-e 5, (5)  and aspatial dependence of polarization. A concise increase
was observed at Castello Tesino station. The polarization ra-
which results in tio decreased depending on the distance between the station
‘ 153000 and the earthquake epicenter, taking into account the stations
Ho=H (x) -5 =0.157- ¢o1s8810* = 0.831 nT. Nagycenk and Ranchio. All three stations showed coherent

The magnetic field strength variation in the earthquakemcreasmj rat_lo_s_several daYS before the event. .
focus region is assumed to b&Zicus=0.831nT, see Future activities are to improve the model taking into
also Molchanov and Hayakawa (1998) and Kopytenkoconsideration inhomogeneous crust media. The analysed

et al. (2004) and detailed studies were performed infrequency range could be extended up to 64Hz. Further
Malvezzi (2003). ULF/ELF combined electric and magnetic field data could

be analysed. As proposed by many authors sophisticated

signal analysis methods, see also Nenovski et al. (2007)
4 Conclusion and outlook could be applied to discriminate geomagnetic effects, man-

made noise and seismomagnetic influence. The SEGMA
ULF magnetic field observations are a promising techniquemultipoint chain could be extended to perform magnetic
of analysis associated to anomalies before earthquakes. ThReld analysis recorded in European earthquake regions.
ULF disturbances related to earthquakes are generally wealoint ground based and satellite data analysis using results

and sophisticated signal processing methods and a lot of erom DEMETER space mission are planned.
perience is required to evaluate the source of ULF emission

(Harada et al., 2004, Hattori and Hayakawa, 2007). The thregdited by: M. Contadakis

main sources of emission are geomagnetic influences, maReviewed by: two anonymous referees

made noise and seismogenic ULF emission. We observed

the wave intensities of both magnetic field components hor-
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