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We monitored electric and magnetic fields synchronously and continuously in an Italian area prone to

moderate-to-high magnitude seismic activity. Identifying and monitoring of potential precursors may

contribute to risk mitigation. A decade after the Central Italy Electromagnetic Network started, nine

strong shakes with magnitudes between 5.0 and 6.6 occurred in Central Italy between August 2016 and

January 2017. The events produced a fault  offset  of up to 2.8 m along a NNW–SSE normal fault

system, 75 km long and located NW of the fault system, which generated the destructive L’Aquila 2009

earthquake sequence. This paper describes the electric and magnetic variations in the extremely low

frequency band recorded at the Chieti Station of the network. Meteorological and geomagnetic data

were compared to the recordings of these electric and magnetic activities by statistical correlations. We
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recorded several  abrupt  increases  in  electric  and magnetic  activities  not  simultaneous to  the  main

seismic events and presumptively related to them. Electrical signals consist in discrete electric field

oscillations between 50 and 200 Hz, with time lapses lasting between 3 and 45 minutes. In addition,

magnetic signals consisting of magnetic field pulses with time lapses greater than 10 ms were recorded

in the same time interval. Similar signals occurred during the 2009 L'Aquila, Central Italy, sequence.

Days before each strong earthquake, both electric and magnetic phenomena increased in intensity and

number.  Two physical  models  are  proposed  to  describe  and interpret  electric  and  magnetic  signal

events. A number of hypotheses about the origin of recorded electric and  magnetic signals may fit

coherently with electromagnetic theory and are discussed in the light of a consistent dataset.

Keywords: Earthquake forecasting, electrical oscillations, magnetic pulses, electric properties, 

electromagnetic models.

INTRODUCTION

On 24 August 2016, a Mw = 6.0 earthquake shake devastated Amatrice, Accumuli (Rieti, Latium) and

Arquata del Tronto (Ascoli Piceno, Marche Region), reaching a maximum intensity of X (MCS) at

Pescara del Tronto causing a total of about 300 casualties. The earthquake badly damaged many other

villages at the junction between Lazio-Umbria-Marche and Abruzzi. The hypo-centre was located at the

deep junction of Mt. Vettore and Mt. Gorzano faults, which were both activated and ruptured during

this first event. In the following three months a continuous sustained seismic activity persisted, the

fracture propagated towards the north along the Mt.  Vettore–Sibillini  fault  system, producing three

significant events, one of Mw = 5.3 occurring 40' after in Norcia, and two Mw = 5.4 and 5.9, both
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occurring on the evening of 26 October. Considering these events, the rupture area extended for over 25

km NNW from the epicentre of the 24 August event. On 30 October 2016 (Italian time 07:40), a Mw =

6.6 ± 0.2 shock followed, about 15 km NNW of the epicentre of the 24 August shock (Galli et al.,

2017). On 18 January 2017 in the Campotosto area to the south of the mega-seismic area, further

rupturing of the Mt. Gorzano fault produced other four significant events of Mw ~ 5.1, 5.5, 5.4 and 5.0

during a few hours. At this point, a NNW–SSE mega-seismic elliptic area ~75 km long, including

several normal faults of high seismic potential, was affected by cumulative damage between IX and X

MCS. There is some doubt about which faults took part in the event as consistent fault-rock breakage

and noticeable offset and displacement were observed and related to each event. Notably, some fault

sections were reactivated in  several stages (Brozzetti  et  al.,  2019).  Continuous ground dislocations

ranged several kilometres for the 24 August and 26 October events, but on 30 October the fracture was

30 km long with up to 200 cm of displacement in some places. This event extended from the fracture of

August to those of October. As a whole, the Sibillini faults collapsed totally during the event of October

30, and the previous events must definitely be considered as foreshocks. Any stronger shocks was a

main shock since there was a stronger one. At the same time, seismic swarms of moderate magnitude of

up to Mw ~ 4 were triggered in other tectonic domains such as Tuscany, Piana Umbra and Marche

foreland. The cumulative magnitude of the 2016–2017 sequence may be near to Mw ~ 6.8, which is in

turn the maximum credible magnitude for each of the mentioned faults. The first significant event was

in fact in the between of Mt. Vettore and Mt. Gorzano faults, which were activated according to a

complex stress transmission which may be considered in continuity with the faults activated by the

L’Aquila earthquake (Lavecchia et al., 2012; 2017). The 2016–2017 seismic sequence in central Italy

filled a seismic gap between the 1997–1998 Umbria-Marche at NW and the 2009 L’Aquila-Campotosto

at SE (Ferrarini et al., 2015), spanning a total extent of approximately 80 km (Calderoni et al., 2017).

The seismicity of the area was depicted well in Baratta’s book written in 1900 (Baratta, 1901), and
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even though only Gorzano fault has been associated with large historical earthquakes, the whole of the

area is known for repeated destructive earthquakes.

Independent  knowledge  of  the  physical  mechanisms  driving  seismic  and  volcanic  activity  can  be

obtained  from observations  of  electric  and  magnetic  fields  generated  by these  complex  processes

(Johnston,  1997).  A partial  collection  of  electric  and  magnetic  phenomena  observed  with  strong

earthquakes was first  made by Mario Baratta at  the end of the nineteenth century (Baratta,  1891),

reporting  many  observations  made  in  central  Italy.  Following  this  work,  many  experiments  were

executed in the twentieth century attempting to do instrumental observations in Italy and everywhere in

the world (Uyeda et al., 2009). However, the extremely interdisciplinary character of these researches

tends  to  make  their  accomplishments  difficult  for  the  conventional  earthquake  community  to

understand (Uyeda et al., 2009). Even if it was clear that a variety of source processes generated the

observed electric and magnetic field perturbations, several problems reflected on the credibility of this

observations including (Johnston, 1997): 

1) missing constraints on the various physical mechanisms and models of various processes that are

imposed by data from other disciplines, 

2)  observations  lacking  self-consistency,  an  adequate  signal-to-noise  ratio,  an  adequate  noise

quantification, or consistency with other geophysical data obtained in the area, 

3) lack of the use of reference stations to quantify and remove common-mode noise generated in the

ionosphere/magnetosphere and to isolate the most likely location of signal sources in the Earth’s crust. 

Specifically, extended research on electric field variations of the Earth were realised by measuring the

potential difference between two ground dipoles (Varotsos & Alexopoulos, 1984a,b, 1987; Varotsos &

Lazaridou,  1991).  This  research  culminated  in  the  VAN method  of  earthquake  prediction  through

seismic electric signals, which received extended discussion in a special issue of Tectonophysics (vol.

224, 1993) and criticism in a special issue of Geophysical Research Letters (vol. 23, 1996). Also based
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on  coil  magnetometer  measurements,  magnetic  field  variations  were  associated  to  electric  field

variations with one to two seconds of delay (Varotsos et al., 2003). Such electric and magnetic pulses

were detected minutes before strong earthquakes (Varotsos et al., 2007). Vertical electrodes were also

used for the detection of random pulse-like signals at Very Low Frequency (VLF) in Japan (Enomoto et

al., 1991). Another trend of research concerned disturbances in VLF radio signals related to seismic

activity (Molchanov & Hayakawa, 1999; Biagi et al., 2001). In these studies, wave propagation in sub-

ionospheric channels of the Earth-ionosphere wave-guide covering  epicentre areas showed recurrent

driving-wave depletion on the occasions of strong earthquakes (Biagi et al., 2009; Hayakawa et al.,

2010). Moreover, satellite studies of earthquakes detected changes in the ionospheric Extremely Low

Frequency (ELF) and VLF emissions as well (Larkina et al., 1989). A statistical study of ELF and VLF

emissions recorded from near-Earth space by the AUREOL-3 satellite around the  epicentres of 325

earthquakes  was  described  (Parrot,  1994).  Finally,  recent  observations  from  low-orbit  satellites

evidenced quasi-static electric field perturbations above some strong earthquake epicentres (Nemek et

al.,  2009;  Zhang  et  al.,  2012).  A large  number  of  publications  regarding  electromagnetism  and

earthquakes concerned radiation and propagation in Ultra Low Frequency (ULF) band are not cited

here, leaving their quote later if called into question. Despite fairly abundant circumstantial evidence,

many  of  the  problems  of  fundamental  importance  in  seismo-electromagnetics  remain  unresolved

(Uyeda et al., 2009).

Electrodynamics studies, in association with seismic activity, were suggested from past and present

observations  of  earthquake  lights  during  strong  seismic  events  (Witze,  2014).  Given  that  strong

earthquakes are rare events, continuous long-term instrumental monitoring is necessary to verify the

usefulness of electrodynamics research so as to understand earthquake processes and to obtain reliable

results  regarding  their  mutual  correlation  (Uyeda  et  al.,  2009).  The  Central  Italy  Electromagnetic

Network (CIEN), which aims to verify the association between electrodynamics and seismicity, has

5

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119



been operating in Central Italy for more than ten years (Fidani, 2011). The network was composed of

10 active stations at the time of the intense seismic sequence in Central Italy, after a long and continual

updating of observational locations and instruments. Stations of CIEN were initially equipped with

electrical monitoring in Central Italy in 2006 as this region appeared to be the most probable area for

future moderate earthquakes (Cinti et al., 2004). In particular, electric field oscillations recorded by

CIEN concurred to strong earthquakes in Italy (Fidani, 2011; Fidani & Martinelli, 2015) have not been

reported up to now. Also,  the same type of detector has never  been used by other  researchers for

earthquake studies, whereas other kinds of electric signals, like air  ion concentrations (Bleir et al.,

2009) and atmospheric electric fields (Kamogawa et al., 2004; Röder et al., 2002), have been used.

Only on 2011, when an independent result  focused on magnetic  pulse recordings for the L'Aquila

earthquake  (Orsini,  2011),  the  network  was  extended  to  magnetic  monitoring.  A multi-parametric

monitoring of CIEN started after 2011, when Chieti Station supported terrestrial currents and magnetic

component recordings. Magnetic detectors have been widely used in every region of the world and

recently they have been refined; for example,  in the development of coil  induction magnetometers

(Grosz et al., 2011). Results from several studies have strongly suggested the possibility to detect ULF

(Han et al., 2014) and ELF (Schekotov et al., 2015) magnetic signatures of earthquakes, as well as ELF

magnetic  pulses  measured  hours  before  moderate  and  strong seismic  activity  (Bleier  et  al.,  2009,

Scoville et al., 2015). The QuakeFinder network (www.quakefinder.com), consisting of 122 stations in

California, mostly along the San Andreas Fault, and another 42 stations along fault zones in Greece,

Taiwan,  Peru,  Chile  and Indonesia (Warden et  al.,  2018),  have already recorded a confirmation of

magnetic  pulses  preceding  strong earthquakes  (Kappler  et  al.,  2019).  Recordings  of  coupled  ELF

electric and magnetic fields from the Chieti Station are presented in this work for the first time, while

measurements of VLF electric fields and terrestrial currents are still not considered together with the

aforementioned.
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Geotectonics and Seismic Data

 

The complex tectonic pattern of the fault activated in the period of 2009 and 2016–17 offers a field of

argument about stratigraphic interpretation. Basically we have two main tectono-stratigraphic units.

The lowermost is the crystalline basement made of gneiss and granite covered by a thick layer of

anagenites (quartzite). Being the units formed by many thrust and fold systems cross-cut by extensional

faults, there are no borehole data or robust direct evidence to establish their number of overlaps and

crustal thickening before the extensional phase. Depending on the model adopted (e.g. Brozzetti &

Lavecchia, 1994) the depth of the basement may be 4 km beneath Mt. Vettore and only 2 km in the

western part of the fault system. Thus, all the main seismic shakes would be located in the crystalline

basement. The uppermost unit is the Mesozoic sequence formed by 2000 m of Triassic evaporates and

a thicker cover of Mesozoic limestone. The terrains present in the western side of the Apennine chain

and up to the coastal line are involved in a compression thrust and fold system which developed mostly

in 6000-m-thick Tertiary soft terrains such as sandstones, marls, and clays having a depocentre in the

foredeep area (deformed). Below these sequences there is again the limestone-evaporites stratigraphic

unit and then, much deeper, the crystalline basement, at a depth of about 7–8 km in the Chieti-Pescara

area, which is near the limit of the Adriatic foreland (near the undeformed area).

Seismic events of Mw ≥ 4.0 recorded in this region of Central Italy between July 2015 and October

2017  are  shown  in  Table  1.  The  Chieti  Station  is  located  at  the  Volcanology  Laboratory  in  the

Department  of Psychology,  Health and Territory Sciences  (DiSPUTer)  of the University of Chieti-

Pescara “G. d’Annunzio” in Chieti Scalo  (42° 22’ 05.09” N; 14° 08’ 51.56” E) with an altitude of 51 m

amsl in the Abruzzo region. Figure 1 shows the distance of the Chieti Station from the main areas of the

7

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167



central  Apennines  where  the  main  shocks  struck  between  Norcia,  Amatrice,  and  Capitignano  at

distances of about 100, 80, and 70 km respectively.

Electromagnetic Data

Electrical detectors are made up of two principal parts: the outdoor sensor constituted by a pair of

orthogonal  electrodes  with a  couple  of  amplifiers  (A1 in Fig.  2a)  and the  indoor real  time signal

analysis with a recording system realised by a personal computer (IC1 in Fig. 2a). The two electrodes

oriented along the NNW and WSW directions at Chieti Station are located above the building of the

Volcanology Laboratory. The resolution for this electric field detector is calculated to be around 50

mV/m between 10 and 1000 Hz with a precision of around ± 500 mV/m, see APPENDIX A. The natural

electric  noise  level  at  Chieti  Station  in  the  ELF  band  varied  considerably  depending  on  the

meteorological conditions. Spectrumlab measurements of it ranged from about –90 dB at around 10 Hz

to –80 dB at around 100 Hz for fair weather conditions, which corresponds to an electric fields spectral

density  noise  floor  of  about  10-4 Vm-1Hz-½ (Boldyrev  et  al.,  2016).  Spectrumlab  measurements

meanwhile around –60 dB with peaks of -40 dB for the whole of the ELF spectrum, corresponding to

an electric field spectral density of about 10-3 to 10-2 Vm-1Hz-½ (see APPENDIX A), were made under

perturbed  meteorological  conditions  with  thunderstorms  above  or  around  the  station.  Typical

recordings for fair weather of ELF electric recording at Chieti Station are shown in Fig. 3a. The picture

displays  the  dynamic  spectra  on  a  colour  graph  which  corresponds  to  both  the  WSW and  NNW

direction electrodes, recorded on 2 January 2016 over a  70-minute period.  Moving along the time

direction at constant frequencies which are integer multipliers of 50 Hz, continuous intense phenomena

8

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190



are described by marked horizontal thin lines; they represent the power supply network emission with

the first harmonic intensity at about –50 dB. Other less well defined horizontal green/blue lines appear

below 50 Hz; these are known as Schumann Resonances (Jackson, 1975) and occur at about 7.6, 14,

19, 24, 31, 37, and 43 Hz. The power intensity increased sporadically by around 10-20 dB, indicated by

yellow and red spots above the green band in Fig. 3a for frequencies between 50 and 150 Hz. These

phenomena were observed during past years by other CIEN stations and the maximum daily intensity

of  the  spots  was  observed  to  increase  around  major  earthquake  times  (Fidani,  2011;  Fidani  &

Martinelli, 2015). The maximum daily intensity of the spots was also observed at Chieti Station and

was stored in the IC1 memory. If plotted with respect to the frequency corresponding to the maximum

amplitude, the phenomena are circumscribed in a well defined area of the ELF band (see Fig. 3b).

Green spots with frequencies of around 300, 500 and 900 Hz, which appeared in other positions of Fig.

3a, reflected variations in the power absorption of the power network line.

The magnetic detector is also made up of two principal parts: the sensor constituted by a loop antenna

with an amplifier (A2 in Fig. 2a) and a real-time signal analyser with two recording systems realised by

two personal computers (IC1 and IC2 in Fig. 2a), both indoors in the building basement. The apparatus

receives radio waves in the audio frequency band by magnetic induction at the loop antenna. Then the

amplified signal from the output of A2 is divided into two parts, which are connected to two different

sound cards of the two different computers: IC1 was used for the comparison with the electrical signals

and IC2 was completely dedicated to the magnetic pulse analysis (see Fig. 2a). The resolution of this

magnetic field detector is around 0.05 nT at 10 Hz with a precision of ± 1 nT, see APPENDIX B. The

loop antenna is located in the underground floor of the building. It has been oriented with the axis of

symmetry NNW to reduce the 50 Hz noise coming from the local electrical power line in order to turn

down the voltage threshold, which is adjustable by software. Electric currents induced in the magnetic

loop were amplified and divided into two equal signals to be analysed by IC1, which was equipped
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with a supplementary sound card, and by IC2. Dynamic spectra obtained by IC1 analysis revealed a

very stable and regular behaviour with a uniform noise level that reached –70 dB between 12 and 30

Hz,  –80  dB  above  30  Hz  and  -90  dB  below  12  Hz.  The  uniform noise  was  interrupted  almost

exclusively  by  magnetic  pulses  which  were  rarely  observed  during  either  weak  or  strong

meteorological phenomena and lightning bolt  strikes which occurred near Chieti  Station.  Magnetic

pulses appeared like vertical lines in the dynamic spectra, as expected. Power spectra of pulses covered

nearly all the frequencies up to several hundreds of hertz, with a 5–10 dB power level greater than the

noise level (see Fig. 4). The Labview data acquisition software at IC2 allowed to test different settings

of the threshold, as well as different filter configurations to evaluate the number of daily triggers. A

search of the filter cut-off frequency was implemented, being so the 50 Hz influence coming from the

electrical power line was almost completely excluded from data. The acquisition at IC2 had constant

parameters between September 2, 2016 and June 28, 2017, when the voltage threshold defined by the

Labview data acquisition software was set to 110 mV; corresponding to about 2.5 nT at 10 Hz (see

APPENDIX B), while the filter cut-off frequency was set to 20 Hz, and the data acquisition ran for 24

hours per day. Computers IC1 and IC2 for the electrical and magnetic recordings and analysis are

located in the underground floor of the building.

Chieti  Station  was  also  equipped  with  a  subterranean  electrodes  system  which  was  installed  in

September 2010.  Electrodes  were made up of  3  square boreholes,  2m depth,  and 1m width each,

aligned to the magnetic field in the NW-SE direction; the centre of each borehole is distant 3 m from

the other two. Because of the 20° dip in the field surface, the borehole tops are shifted by 1.20 m from

the  NE  borehole  to  the  SW borehole.  In  the  centre  of  each  borehole  were  placed  4  electrodes,

constituted of Fe plates 50 x 50 x 0.5 cm, for a total of 12 electrodes. The first 4 are on the bottoms of

the holes,  the others separated by 50 cm of soil levels from each other and from the surface. The

acquisition hardware was certified USB DAQ module E14-140 M by L-Card LLC (Bobrovsky et al.,
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2017). Analysis of the Chieti Station subterranean electrodes database showed impulse-like signals of

ground electromagnetic field values measured up to 14 days before the strongest quakes in Central

Italy. Furthermore, to compare micro-seismicity with electromagnetic acquisitions, an SR04 EDUGEO

three-axis seismograph was recently installed  at the same position.

DATA ANALYSIS

Spectrograms related to the electric fields were analysed for a year and half from the beginning of

January 2016 up to the end of June 2017. This period was characterized by a lot of gaps in the data,

which were caused by power supply interruptions during several time intervals in 2016 and 2017. Gaps

in  the  data  occurred  in  intervals  of  one  or  more  days,  and  they  exactly  corresponds  to  gaps  in

spectrograms being the sample frequency of kHz. The ELF bands of electric fields were collected in a

time series of the maximum daily intensity of oscillations in both the NNW and the WSW direction.

These series of data showed intensity variations with some correspondence with the recorded seismic

activity from October 2016 to the beginning of January 2017, as shown below. In fact, electric ELF

oscillations at Chieti Station increased in intensity from 10 dB to 20 dB above the noise level along

WSW direction,  when strong seismic activity occurred near the station,  namely at  the time of the

Castelsantangelo sul  Nera-Norcia  (on October  26,  19:10 Mw = 5.4 and 21:18 Mw = 5.9,  and on

October 30, 07:40 Mw = 6.5, UTC) earthquakes in 2016. The same type of increase in ELF oscillations

was detected at the time of the Emilia (Mw = 6.0, Mw = 5.8) earthquakes in 2012 (Fidani & Martinelli,

2015) and at the time of the L’Aquila (Mw = 6.3) earthquake in 2009 (Fidani, 2011). At the same times,

behaviours differed between the NNW and WSW components.  Namely,  a  near  constant  behaviour

characterized the maximum intensity of ELF oscillations recorded by the NNW electrode. Detected
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ELF oscillations are indicated by vertical bars in Fig. 5a,b. Recordings by the WSW electrode between

January 2016 and June 2017 (See Fig. 5b) shown a maximum intensity increased since mid-October

2016 and reached a peak a few days after the main shock in Norcia. The daily frequency of oscillations

in both the NNW and the WSW direction increased to cover near all days from October to December

2016. Chieti Station data before and after the Amatrice earthquake that occurred on August 24, 2016

(Mw = 6.0), were partially lost because of the power supply shutdown at Chieti University during the

vacation period. The Chieti Station has always recorded low ELF activity since 2011, even if less than

1 every three days and with an average amplitude of around –65 dB for both the NNW and the WSW

direction. Amplitudes of ELF oscillations reached about –50 dB around the maximum values; they

correspond to induced electric potentials  of 360 µV Hz-½, see APPENDIX A. Rainy days with elevated

electrical activity are also shown in Fig. 5c by vertical bars proportional to the daily amount of rain,

whereas  seismic  events  are  indicated  by black  circles.  No clear  correspondence  between rain  and

electric potential measurements is apparent at Chieti Station.

Starting from September 2, 2016, the Labview software saved data for 24 hours. On October 25 the

daily count below 8 Hz increased significantly above the total average of 29 pulses; then it returned to

the typical daily rate on November 24, (Fig. 6) which was characterised by an average of 6 pulses of at

least  2.5  nT.  A significant  decrease  in  the  daily  count  reached  the  average  value  of  2  when  the

frequency was below 8 Hz: this occurred between December 18, 2016, and January 10, 2017, when a

very high rate of pulses above the threshold of 2.5 nT at 10 Hz (see APPENDIX B) appeared eight days

before the Capitignano earthquakes (Mw = 5.5) on January 18, 2017. From 24 October, several pulses

with amplitudes much greater than 2.5 nT were recorded in the frequency band lower than 10 Hz, as

shown by the daily spectrum in Fig. 7. The same effect was recorded in terms of the daily trigger

number, which first increased in the band below 10 Hz, where the detector is less sensitive, and then

decreased progressively until it almost disappeared on the day of the mainshock in Norcia (30 October
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2016). It is important to point out that the detector even recorded some pulses with amplitudes greater

than  10  nT  below  10  Hz,  where  the  typical  voltage  gain  of  the  amplifier  decreases  for  those

frequencies. In fact, a first signal with the amplitude of 53 nT at 6.8 Hz was recorded on October 25,

along with  a   few other  pulses  recorded at  lower  frequencies  reaching amplitudes  beyond 60 nT.

Several other pulses with amplitudes  greater than 60 nT under 4 Hz, were recorded on the 27, 28 and

29 October  2016, near  80 nT on 29. The  number of pulses  with amplitudes  greater  than 2.5 nT

increased significantly on 10 and 12 January 2017, when the number of these signals was 3.4 and 2.1

times greater than usual, respectively. Around the average numbers of pulses were also detected on

January 11, 13 and 15. During the days preceding the Capitignano earthquake on 18 January 2017,

several signals greater than 2.5 nT appeared, mainly between 4 and 10 Hz, as shown in Fig. 8. In the

same figure, it is possible to see that sometimes several pulses were recorded even below 7 Hz and all

were above the voltage threshold. In fact, the day preceding the quake, the antenna received a pulse

with a frequency of 4.4 Hz with an amplitude of 45 nT, while at a greater frequency of 16.8 Hz had an

amplitude of 10 nT. The day after the mainshock, the detector recorded two big pulses, the first with a

frequency of 9.5 Hz and an amplitude of 20 nT, and the second with a frequency of 14 Hz and an

amplitude of 31 nT.

Spectrograms of the magnetic loop signals obtained by IC1 were saved with frequencies between 4 Hz

and 450 Hz in a logarithmic scale, starting from July 21, 2015, to October 31, 2017. Spectrograms of

magnetic  components  evidenced  a  regular  pattern  that  was  interrupted  a  few times  every  day by

vertical lines; such lines represented the graphic markers of pulses. Magnetic pulses were selected with

a 5-dB threshold above the noise level in this representation. The average number of pulses was around

eight pulses for day. Daily pulse numbers did not increase during strong meteorological perturbations

and thunderstorms. There was no evidence of increases in the daily pulse number around the Amatrice

main event on 24 August 2016, when the detector was on. It increased slightly on 25 October and
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increased strongly on 26 October, reaching 45 pulses when two moderate earthquakes of Mw = 5.4 and

Mw = 5.9 struck Central Italy about 100 km from the Chieti Station (see Fig. 9a). Pulse rates increased

about four hours before the Castelsantangelo sul Nera quakes occurred (on October 26, 19:10 Mw =

5.4 and 21:18 Mw = 5.9, UTC), as shown in Fig. 5. The pulse rate increased to 88 on 27 October,

decreased to 30 on 28 October, and increased again to 60 on 29 October 2016, the day before the main

shock in Norcia (see Fig. 9a). After this day, the pulse rate returned to the average value of eight pulses

for day in the next days until 3 November 2016, when a new maximum of 92 was reached (see Fig. 9a).

For the next three weeks, pulse rate maxima appeared at intervals of exactly one week. Therefore, the

entire  process  of  weekly increases  in  pulse  rate  covered  a  four-week interval  with  a  total  of  five

maxima. The same pattern appears in Fig. 6  as was obtained by IC2 analysis. A new strong pulse rate

was measured by IC1 on January 16, 2017, two days before the strong seismic swarm of Montereale,

L'Aquila, about 70 km from Chieti Station, when 96 daily magnetic pulses were recorded by IC1. A

similar peak was observed by IC2 analysis as well. The methodologies performed by IC1 and IC2 were

essentially different, as the first was based on FFT with a threshold chosen from the signal power,

whereas the other was based on a threshold chosen from the signal amplitude after filtering in signal

periods. However, they produced identical results of significant variations in pulse rates. IC2 analysis

revealed that the characteristic pulse frequencies reached the upper border of ULF band, where natural

phenomena such as geomagnetic activity are able to generate disturbances. The majority of the ULF

radiation have magnetospheric origin, thus, the geomagnetic activity of the same period was reported

by  means  of  the  Ap  (downloaded  from

ftp://ftp.ngdc.noaa.gov/STP/GEOMAGNETICDATA/APSTAR/apindex)  and  Dst  (downloaded  from

http://wdc.kugi.kyoto-u.ac.jp/dst_final/index.html) indexes (see Figs. 9b and 9c for comparisons with

the magnetic pulse number). The Ap index is a measure of the general level of geomagnetic activity

over the globe that is related to solar activity such as solar storms and the eleven-year cycle, which
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produces strong magnetospheric influences (Vassiliadis, 2008). Dst was also considered to take into

account sub-storm activity, when geomagnetic perturbations can be of considerable intensity even if

concentrated in the ULF band (Echer et al., 2004; Kozyreva et al., 2007). In particular, the sudden

negative  variations  in  Dst  could  be  misinterpreted  as  magnetic  pulses  when  intensity  variations

exceeded 100 nT. Figures 9a and 9b show that magnetic pulse maxima do not in general coincide with

peaks of the Ap index or with stronger quakes. Even Dst variations are not related to the pulse number

according to Figs.  9a and 9c.  Finally,  statistical  correlations were calculated between the magnetic

pulses and the Ap index time series (see the Supplementary materials),  and between the magnetic

pulses and the Dst index time series (see the Supplementary materials). They are reported in Figure 10

left, which show no significant statistical correlations.

DISCUSSION OF PHYSICAL MODELS 

Electric and magnetic fields recorded by Chieti Station in 2016 and 2017 evidenced several excesses

with respect to the average recordings which occurred around the major seismic events. Indeed, no

excesses were recorded around the Amatrice earthquake of Mw = 6.0 on 24 August 2016 for electric or

magnetic fields. Even though a significant loss of data occurred days and weeks before this event, first

from 5 to 7 August and then from 13 to 21 August, during the three days preceding the “main shock”

and even during the six days afterwards, the data acquisition did not record any significant variations of

electric  or  magnetic  signals.  Moreover,  electric  and  magnetic  excesses  were  recorded  around  the

Castelsantangelo sul Nera earthquake on 26 October (Mw = 5.9), the Norcia earthquake on 30 October

(Mw = 6.5), and the Montereale earthquake on 18 January (Mw = 5.5). However, such excesses were

detected not exactly on the occurrence of these events but hours and days before and after the quake
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times.  Thus,  electromagnetic  propagation  is  not  able  to  justify  such  time  differences,  nor  did  the

electric and magnetic recording times coincide with the passage of seismic waves (Yamazaki, 2012) at

the position of Chieti Station. Therefore, it seems that any possible physical model connected with

charge separation which occurs during rock fractures or seismo-electromagnetic generation must be

discarded in this discussion.

Specifically, electric field excesses measured on the occasions of the L'Aquila and Modena earthquakes

which occurred in 2009 and 2012, respectively, consisted in ELF oscillations whose intensities reached

a maximum during the days around the main shocks (Fidani, 2011; Fidani & Martinelli, 2015). Electric

field oscillations in the ELF band with the same spectral pattern as the cited cases were also recorded

around Norcia and Capitignano earthquakes, as shown above. In all of the described cases, the intensity

excesses of electric oscillations lasted weeks before and after the respective main shocks, with intensity

distributions  centred  around  the  earthquake  times.  Therefore,  even  if  some  excesses  in  electric

oscillations  cannot  be  excluded  around  the  Amatrice  earthquake  when  loss  of  data  occurred,  the

recordings  show that  a  distribution  centred  around  the  Amatrice  earthquake  time  did  not  appear.

Moreover, the increased density in daily detection of electric oscillations which was observed weeks

before and after the L'Aquila 2009, Modena 2012, and Norcia 2016 earthquakes was also observed by

the  Chieti  electric  detector  around  the  time  of  the  Amatrice  earthquake.  Further  properties  are

evidenced in this study concerning electric oscillations with respect to those observed for the L'Aquila

and Modena earthquakes, as the intensity of electric oscillations was discriminated between the NNW

and  WSW  directions  in  this  work.  Recordings  evidenced  that  intensity  variations  increased

significantly only in the WSW direction, while the density in daily detection increased for both the

NNW and the WSW direction.

Regarding the magnetic field,  excesses occurred in the number and intensities of magnetic pulses,

which exceeded some thresholds. Such excesses were also observed for the L'Aquila earthquake in
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2009, by means of a loop located near L'Aquila city (Orsini, 2011), and for the Modena earthquake in

2012 by means of an integrated semiconductor device near Modena (Curcio, 2012). Pulses were not

observed for the Modena earthquake in 2012, probably because no loops were working at less than 300

km from the epicentre. Excesses in the number of magnetic field pulses were also recorded around

Norcia and Capitignano earthquakes (see Figs. 6 and 9a), while they were not recorded around the

Amatrice earthquake (see Fig.  9a).  Magnetic pulses were recorded with the same data gaps as the

electric recordings. As for the electric signals, excesses in the number of magnetic pulse also showed a

persistence of several days before and after the L'Aquila, Norcia, and Capitignano earthquakes. Such

persistence was not observed around the Amatrice earthquake. Moreover, unlike past works, where

magnetic pulses were recorded in the ULF band below 1 Hz (Johnston, 1997),  here the harmonic

content of pulses was concentrated in the ELF band, around 5 Hz. Finally, magnetic pulses in the ELF

band were recently detected for moderate earthquakes reaching intensities of tens of nT, and in some

cases beyond 100 nT (Scoville et al., 2015; Kappler et al., 2019).

The intensity and distribution of electric oscillations increased during the same weeks when the number

of magnetic pulses increased around the Norcia earthquake, even though there were some differences.

WSW electric oscillations increased around 15 October 2016, eleven days before the Castelsantangelo

sul Nera events and fifteen days before the Norcia event, reached a maximum intensity on 3 November,

decreased in the next weeks, and then reached a new maximum on 10 January 2017. The number of

magnetic pulses increased on 25 October 2016, reaching a maximum on 28 October and a minimum on

2 November 2016. The number of pulses continued to oscillate with a weekly period at least three more

times, reaching an absolute maximum on 16 November 2016, then decreased, and then increased again

on 17 January to reach a new maximum on 19 January 2017. Therefore, the ELF band electric activity

started  to  increase  about  10  days  before  the  strong  events  of  Castelsantangelo  sul  Nera  and

Capitignano,  whereas  the  magnetic  pulse  activity  started  to  increase  about  one  day before  strong
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shocks. A further comparison between electric and magnetic activity using IC1 evidenced the absence

of magnetic pulses or oscillations corresponding to the electric oscillations, and the absence of electric

oscillations and electric pulses also shifted in time corresponding to magnetic pulses, see Varotsos et al.

(2003).  More  specifically,  electric  phenomena  recorded  around  the  earthquake  time  represent

oscillations lasting from few minutes to tens of minutes with a frequency dispersion of several tens of

hertz.  Magnetic  phenomena  recorded  around  the  earthquake  time  instead  represent  pulses  lasting

several tens of milliseconds with a frequency dispersion that is very large. Moreover, although they

were both recorded in the ELF band, electric phenomena have a maximum power spectrum around 100

Hz  while  magnetic  phenomena  have  a  maximum  power  spectrum  around  and  less  than  10  Hz.

Therefore, the two phenomena observed for the strong earthquakes of both October 2016 and January

2017 did not seem to be directly related to one another. Consequently, the Maxwell equations can be

used to verify failure of electric and magnetic recordings at Chieti Station together. They can be used to

start with two different electrodynamics models describing observations, and then an attempt will be

made to verify if a common cause can be found.

Starting with electric field measurements, the frequencies of electric field oscillations were very well

defined in repeated electrical recordings with a persistent behaviour of up to tens of minutes, which

suggested some relatively stable source. Electric field oscillations were recorded only by one electrode

at  a  time  and  one  station  at  a  time.  Measurements  suggested  localized floating  sources  in  the

atmosphere of limited dimensions able to create a local electric field. For these reasons, the source of

electric oscillations measured above the ground was thought to have been produced by charged clouds

floating in the atmosphere. To evaluate the electric induction on the electrodes due to charged clouds, a

comparison with the magnitude of Schumann Resonances phenomena was carried out. Intensities of

Schumann Resonances are  well  defined, for the first  at  f  = 7.4 Hz their  induced potential  can be

estimated to be around 55 μV Hz-½ (see APPENDIX A). Potentials induced by charged clouds are
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evaluated by calculating the average potential along the electrode length as 

Vo = 1/L 0
L V(r,x) dx,                                                                                                                       (1)

where  the  vector  r is  the  distance  between  the  tip  of  the  wire  and  the  centre  of  the  cloud.

Mathematically, symmetric and dynamically stable charged clouds were proposed (Tennakone, 2011)

by balancing electrostatic forces with air  pressure,  see Fig.11a.  This model is  attractive because it

suggests that with high charge concentrations, corona discharges in the space between the separate

charges can render the cloud luminous (Tennakone, 2011). Therefore, it is able to give a response for a

class of observations of earthquake lights, ball  lightning, which was one of the arguments (Fidani,

2010) that inspired the CIEN for electromagnetic monitoring. Finally, measurements obtained by CIEN

allowed the possibility of estimating the electric field E in the atmosphere and its frequency, making it

possible to roughly evaluate the dimensions of the charged clouds. Following the APPENDIX A, the

cloud separation diameters of opposite charges are evaluated between 108 and 27 cm respectively with

the corresponding positive charges ranging between 2.3 × 10-4 C, in a volume of 6.6 × 105 cm3, and 1.4

× 10-5 C, in a volume of 7.6 × 104 cm3, respectively. These give average ion concentrations inside the

clouds of about 2.2 × 109 and 1.2 × 109 ions/cm3, respectively. They are able to induce an emf along the

electrodes which is calculated in the APPENDIX A, it resulted between 2.8 × 10-5 V Hz-½  to 2.8 × 10-4

V Hz-½, see Fig. 11b. Based on this model and the ratio between induced potentials, it is demonstrated

in the APPENDIX A that the electrodes are completely surrounded by negative charge density.

Electric activity observed during the L'Aquila seismic swarm in 2009 (Fidani, 2011) and during the

Modena seismic  swarm in 2012 (Fidani  & Martinelli,  2015)  evidenced that  increases  in  electrical

activity occurred in the spring and summer seasons. Meteorological activity also manifested itself more
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frequently with thunderstorms in spring and summer (Poelman et al., 2014; Camuffo et al., 2000), so

past works took into account the possibility that intensity excesses of electric oscillations could be

produced by meteorological  activity.  However,  this  should be not  the case for  the 2016 and 2017

Central  Italy  earthquakes,  when  electric  oscillation  excesses  appeared  between  October  2016  and

January 2017 (see Fig. 6). More specifically, electric oscillations recorded at less than one hour from

rainfall  were excluded and a  statistical  correlation,  between the remaining electric  oscillations and

rainfall at Chieti Station was studied by means of the Pearson product-moment correlation coefficient.

The considered period of one and a half years, with 467 effectively recorded days, included 213 days of

electric  oscillations  and 131 rainfall  days.  The  result  of  the  correlation  calculation  showed  that  a

correlation between the electric oscillations and rainfall is not significantly different from zero (see Fig

10 right). Furthermore, Figs. 5a and 5b show equal density of daily electrical oscillations in the NNW

and WSW directions between June 2016 and January 2017, but intensities sound different, with only

intensities in the WSW direction having maxima around the Norcia and the Capitignano earthquakes.

The difference, which was not evidenced for the L'Aquila and Modena earthquakes, could be linked to

wind direction as wind is able to transport clouds of ions. In these pictures, WSW is the direction

perpendicular to the Apennine chain.

The model can now be tested to explain magnetic measurements corresponding in time to electric field

oscillations, which report no apparent signals emerging from the noise. To this end, it can be considered

that in a perfectly spherical symmetric charge distribution, the only direction in which the electric,

magnetic, and radiation fields can point is radially outward from the centre of the sphere. Moreover, in

a radiation field, the electric and magnetic fields must be transverse to the direction of motion, so even

if this system is pulsating, it does not produce any radiation. In general, symmetric structures which

oscillate  radially  do  not  radiate  electromagnetic  fields  due  to  the  symmetry  (Heller  et  al.,  2004).

However,  if  a magnetic  field detector  is  in  the atmosphere and the charged cloud goes around it,
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surrounding and encasing it, then the instrument is able to see asymmetric charge movements and to

measure variations in the electric and magnetic fields. In the case of Chieti Station, the electric detector

can be reached by charged clouds while the magnetic one cannot because it is located underground, at

about 20 m from the position of the electric detector. Therefore, it is clear that the Chieti magnetic

detector is not able to measure the magnetic component of electric oscillations of charged clouds.

With  regard  to  electric  signatures  of  magnetic  pulse  recordings,  pulses  were  characterized  by  a

threshold fixed at the Chieti magnetic detector which corresponds to pulse amplitudes exceeding 2.5 nT

at 10 Hz, with many recorded pulse amplitudes that reached several tens of nT. To have an initial

estimate of the minimal electrical current flowing in the Earth’s crust, a simple model using the Biot-

Savart law which considers an infinitely long line conductor that is at some depth in the Earth’s crust

was used.

Bo = μo Io / (2 π r).                                                                                                                            (2)

Given that  the  loop has  an  axis  oriented  approximately NNW–SSE, the  idealized  current  flowing

parallel to the ground plane that can be induced in the loop will have an approximately WSW-ENE

direction, which is perpendicular to the fault strike of Central Italy. This configuration required current

variations from at least 1 kA for 2.5 nT to 30 kA for the 80 nT pulses measured before the Norcia

earthquake,  where  the  WSW-ENE  line  is  about  75  km  from  Chieti,  and  0.5  to  10  kA for  the

Capitignano earthquakes, where the WSW-ENE line is about 40 km from Chieti, in order to produce

magnetic induction intensities of up to 50 nT. However, a localized infinitely long line conductor seems

a  very  particular  and  unlikely  condition  to  be  verified  in  the  Earth’s  crust  to  describe  magnetic

recordings at the Chieti station, as it is not possible to demonstrate that such long line conductors exist

underground  and  currents  are  not  dispersed  much  earlier.  Then,  a  second  model  of  a  finite  short

21

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501



horizontal  dipole located at the hypo-centre was considered to model magnetic pulses measured at

ground (Bortnik et  al.,  2010). The theoretical approach was developed for an antenna lying near a

planar interface (King et al., 1981), which was placed underground in a simple homogeneous medium

characterized by its magnetic permeability  μ, electric permittivity  ε, and electric conductivity  σ. The

generation of underground electrical currents that may account for the reported observations at large

distances of many tens of km can thus be estimated for concentrated sources. The second Maxwell

equation system which makes it possible to estimate the magnetic induction generated in a complex

permittivity medium Є = ε + i σ/ω can be written as

  E = i ω B,

                                                                                                                                                         (3)

  B = μ (J – i ω Є E),

where the dipole current Jy = δ(x) δ(y) δ(z – d) is located at a depth d in the half-space z > 0,  oriented

along the x-axis in the WSW-ENE direction at the position x = 0 and y = 0. Thus, the intensity of the

radiating element IΔl is a seismo-telluric current which can be constrained by (3). The system (3) can

be solved by a two-dimensional spatial Fourier transform of the fields and imposition of the boundary

conditions at the ground, between the atmosphere and soil. The results can be scaled as ~ e−z/δ (Bortinik

et al., 2010), where the skin depth is defined by

 δ = (π f μo σ)−1/2,                                                                                                                              (4)

while  the magnetic field intensity coupled with the loop  By scales linearly with  IΔl.  Based on the
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reported typical pulse lengths, a frequency of  f = 2 to 10 Hz was considered in the following. With

regard to the conductivity of the Earth’s crust in Central Italy, the Apennine chain is characterised by a

4 km thick top layer of quartzite with σ = 5 × 10-4 m-1 and underlying gneiss and granite basement

with σ = 2.2 × 10-3 m-1, where μ is approximately 10 μo (Juhlin, 1999). These values were confirmed

by magneto-telluric studies which obtained a three-strata model that  also included superficial  soft

terrains not present on the Apennines, characterized by values of 0.2  m-1 up to 2 km, 3.33 × 10-4

m-1 for the next 3 km, and 2 × 10-3 m-1 for the next 5 km, respectively (Di Lorenzo et al., 2011).

A conductivity of 2.2 × 10-3 m-1 is used for the homogeneous model considered here as the basement

with resulting skin depths δ = 1 to 2.2 km, depending on f. The top 4 km quartzite layer is characterised

by skin  depths  δ  =  2.2  to  5  km,  depending  on  f.  However,  ulterior  overlying  6  km soft  terrains

characterised by conductivity of 0.1  m-1 and  μ = 6  μo (Juhlin,  1999),  at  places eastwards  from

Apennines such as Chieti,  provide skin depths  δ =  0.2 to 0.4 km, depending on  f.  Magnetic field

intensities collected by means of the Chieti loop were calculated to be between 2.5 and 80 nT for the

Castelsantangelo sul Nera and Norcia seismic events and between 2.5 nT and 50 nT for the Capitignano

events. Following Bortnik's work (2010) which is to be used directly in calculating the minimal current

necessary to produce magnetic perturbations,  a minimum of  Bo = 2.5 nT to be observed at  Chieti

Station was calculated. Taking into account the further estimated loss due to the 6 km soft terrain, it

should have required at  least  IΔl = 4.8  × 1018 A·m at a distance of 70 km. That is,  a 10-km-long

radiating element requires a 4.8 × 1014 A telluric current at a source hypo-centre such as Capitignano.

On the other hand, a minimum of Bo = 2.5 nT to be observed at Chieti Station should require IΔl = 2.1

× 1024 A·m at a distance of 100 km. That is, a 10-km-long radiating element requires a 2.1  × 1020 A

telluric current at a source hypo-centre such as Norcia. Both values, being minimal values due to the

nodes of magnetic distribution, are so elevated as to be unrealistic too. Even if the variable magnetic
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fields can enter into the atmosphere above the Apennines with intensity losses of 2.5 × 10-3 to 1.8 × 10-

2, depending on f, and considering only the geometric loss into the atmosphere, a minimum of 92 MA

and  190  MA current  variations  would  be  required  to  induce  signals  above  the  threshold  of  the

magnetometer at Chieti for Capitignano and Norcia, respectively.

Finally,  a  more realistic  model  of  a  distributed electrical  current  was considered starting from the

geological settings of the eastern region in Central Italy.  In fact, the Sibillini Mountains where the

intense seismic sequence occurred are about 60 km WSW of the Adriatic Sea, which can behave like a

very good electric mass, having σ = 5 m-1, towards which any electric charge excess will converge.

The geology of the region between mountains and sea is characterized by several kilometres of Laga's

wet clay, which is a good conductor with a conductivity of 0.05–0.2 m-1. Thus, as Laga is a large

area  extending  parallel  to  both  the  Adriatic  sea  and  the  Apennines,  eventually  electrical  currents

between them will be distributed over large sections of the clay deposits. This means that if a charge

excess is generated inside the Apennines it will migrate preferentially eastwards, where the large clay

area is parallel to the Adriatic coast, and it is thus able to reach lower latitudes equal to Chieti Station

latitude (see Fig. 12a). These geological considerations are sufficient to suggest a new physical model

of a magnetic field created by electrical current density migrating perpendicular to the Adriatic coast.

The calculation described in APPENDIX C retrieves the magnetic induction Bo concatenated with the

coil of the instrument and generated by an electrical current density going through a soil section east of

the Apennines (see Fig. 12a).  A current source Io is located at the earthquake epicentre (xN,yN), where

xN = 0 km and  yN = -65 km, while current lines go towards the Adriatic sea, partially passing below

Chieti Station at (xo,yo), where xo = -75 km and yo = 0. The current density is supposed to extends in a

section of 2 xi (h - ho) and is coupled with the loop depending on distance of the idealised infinite line

current, and loop reciprocal orientations (see APPENDIX C). A contour plot of Bo is shown in Fig. 12b
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with respect to xi extension, using a total current variation of Io. Supposing Io is able to extends under

the Chieti Station, therefore xi = xo, about 40 kA of distributed current variations are sufficient to create

variations of  Bo = 80 nT, with  ho = 0.1 km and  h = 6 km according to  geological  results  for the

conductive layer. About 1.3 kA of distributed current variations are necessary to create variations of Bo

= 2.5 nT. The electric current density variations to create Bo = 2.5 to 80 nT can be calculated to about

1.5 to 44  A m-2 at the position of Chieti and, considering the fault length of 20 km and the layer

thickness of 6 km, as  variations  of  about  0.011 to 0.3 mA m-2 around the epicentre  position.  The

retrieved magnetic induction Bo was found to be little influenced by either h or ho. The same calculation

can be repeated for the Capitignano earthquakes  located at  xC = -35 and yC = -55 km, where the

difference between the Chieti Station coordinate and the WSW-ENE line position of such earthquakes

was about xo - xC = -40 km. In this case, considering xoi = xC, the distributed electric current variations

can be calculated to create Bo = 2.5 to 50 nT as about Io = 0.7 to 14 kA with 1.4 to 28 A m-2 of current

density variations at the position of Chieti.

Magnetic  field pulses  are  thought  of  as  sudden interruptions  of  current  density in  the hypo-centre

region to produce current variations and magnetic field variations all around the current density layer.

To compare corresponding electric field pulses to magnetic ones, it is necessary to consider that both

magnetic and electric detectors are located near the conductor, the conductive layer. In this case, the

emitted electromagnetic energy will be principally magnetic with a small electric component, which is

due to the conductor’s presence, which reduces the electric field inside it to zero by definition. Indeed,

the conductive clay layer is characterized by a finite conductivity (0.1  m-1) and its effect on the

electric field can be calculated. Electric fields corresponding to the measured magnetic fields can be

written as (Lifstis & Pitaevskij, 1986):
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Ey ≈ 2 π δ Bx/(μo λ),                                                                                                                    (5)

where  δ is  the  skin  depth  and  was  evaluated  above  to  be  between  0.5  and  1.1  km and  λ is  the

wavelength of the electromagnetic emission that is equal to 30,000 km at 10 Hz and 150,000 km at 2

Hz. Electric field pulse intensities are therefore calculated to be in the range between 2.5 and 4 μV m -1,

for greatest pulses of Capitignano and Norcia earthquakes, respectively, around 2-4 Hz. These values

are well under the noise level of the electric field and should not be revealed by electric detectors used

in this experiment in accordance with the results.

A  possible  common  cause  for  both  observed  magnetic  and  electric  measurements  with  strong

earthquakes it is premature at this stage of research. However, some specific model of electrified CO2

gases passing through the newly created fracture surface of the rock can be considered (Enemoto et al.,

2017). Electrified gases are able to produce electric charge excesses in the crust and atmosphere and to

generate pressure-impressed current/electric dipoles (Enemoto et al., 2012). Another possible model is

the  hypotheses  of  the  Lithosphere-Atmosphere-Ionosphere  Coupling  (Pulinets,  2011;  Pulinets  and

Ouzounov, 2011). It can unite the gaseous emissions before earthquake, charged clouds and thermal

anomalies in the common chain, where the key role plays the process of ionization of atmospheric

gases (Pulinets et al., 2011). This ionization is provided by α-active radon released over active tectonic

faults and tectonic plates borders. Pulses of electrified gases could be responsible for electric charged

clouds in the atmosphere and electrical current variations in the crust.

CONCLUSIONS

Continuous recordings of non stationary electric fields and magnetic fields with frequencies in the band
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(3–300 Hz) evidenced specific signals which were exceptional in number and intensity at Chieti Station

between 2016 and 2017. Electric anomalies consisting of oscillations of up to a few hundred hertz did

not correlate with meteorological lightning and rainfall. Magnetic anomalies consisting of pulses with

characteristic  frequencies  up  to  ten  Hz  did  not  correlate  with  Dst  and  Kp  indexes.  Nine  strong

earthquakes distributed in three main periods struck Central Italy in August 2016, October 2016, and

January 2017. Events that occurred in October 2016 and January 2017 were preceded by increases in

electric  oscillations  weeks beforehand and were preceded by increases  in  the number  of  magnetic

pulses one day before. It was discussed that the duration of electric oscillations and magnetic pulses

lasted for several days and weeks around the earthquake times. Therefore, the Amatrice earthquake in

August 2016 seemed to be not accompanied by increased electric magnitude and pulse number even

though the data from Chieti Station show gaps during the days around the time of that earthquake.

The electric field components along the WSW and NNW directions showed a gradually increasing

number  of  horizontal  electric  oscillations.  Specifically,  the  WSW component  of  the  electric  field

perpendicular to the Apennine chain was characterized by an increase in intensity since mid-October

2016, a maximum in electric intensity occurred on 2 November 2016, and a second maximum of the

same intensity on 6 January 2017, about ten days before the Capitignano shocks. The number of days

with electric oscillations also increased during the same period. In contrast, the NNW component of the

electric field parallel to the Apennine chain was not characterized by intensity increases but only by the

number  of  days  on  which  electric  oscillations  increased,  from  middle  of  October  to  the  end  of

December  2016.  These  results  are  in  agreement  with  observations  made  on  the  occasions  of  the

L'Aquila 2009 (Mw = 6.3) and the Emilia 2012 (Mw = 6.0) earthquakes, when increases of electric

oscillations were recorded by Fermo and Zocca stations, respectively.

The magnetic data analysis at Chieti Station, performed through two independent sample systems of

the same signal, and two different methods made by Labview and Spectrumlab programs, shows that
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six days before the earthquake of Norcia and one day before the Castelsantangelo sul Nera earthquakes,

a large number of pulses were recorded in the ELF band below 10 Hz with amplitudes mostly in the

range of 2.5 to 80 nT, which almost disappeared on the day that the main shock (Mw = 6.5) occurred in

Norcia, 30 October 2016. Furthermore, one day before the main shock occurred in Capitignano (Mw =

5.5) on 18 January 2017, a larger number of pulses started to be recorded with amplitudes mostly in the

range of 2.5 to 50 nT, and the number then decreased the day after the main shock. These kinds of

magnetic signals were already recorded before the L’Aquila (Mw = 6.3) earthquake that occurred on 6

April  2009 (Orsini,  2011), and should be considered to verify their recurrence in sufficiently large

number of strong earthquakes. 

Physical  models  were  developed  to  allow  for  an  interpretation  of  the  electric  and  the  magnetic

measurements.  The  model  for  electric  oscillations  consisted  of  charged  clouds  kept  together  by

atmospheric pressure holes which yielded a stable structure able to oscillate. This model was able to

describe the lack of corresponding magnetic components from the loop detector. It was not able to

describe differences between WSW measurements and NNW measurements. Data recorded in the other

CIEN stations was used up to now exclusively to verify that electric oscillations are not coincident in

time and amplitude at different positions, confirming to be local phenomena. The model for magnetic

pulses consisted of diffused underground electrical currents between the Apennines and the Adriatic

Sea.  Furthermore,  following  this  model,  the  amplitudes  and  the  increased  trigger  counts  recorded

before the earthquakes could even be related to the distance from the epicentres to the antenna, which

was about 70 km for the Capitignano earthquake epicentre and about 100 km for the Norcia earthquake

epicentre. In a model constrained by the geology of the area, a clay conductive layer was able to drive

charge excess into the Adriatic Sea, and therein also underneath the Chieti station. The current required

to induce detectable pulses is greater than 1 kA, and is greater than 40 kA for strongest pulses, which is

of the same order than previous estimated (Bortnik et al., 2010).
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The two models, of charged clouds and diffused currents, are self-consistent. Spherically symmetric

charged clouds are unable to radiate electromagnetic energy, according with the lack of corresponding

magnetic components from the coil magnetometer. Diffused electric currents in the crust are able to

describe the lack of corresponding electrical components from the electric field detector as energy was

principally concentrated in the magnetic field near the conductive layer. Signal to noise ratio limits of

two instruments are consistent with measurements of natural signals such as Schumann Resonances.

Common-mode  noise  generated  in  the  ionosphere/magnetosphere  was  quantified  and  considered

through geomagnetic indexes. The two different models used for electrical oscillations and magnetic

pulses have not yet assigned a common cause, although upwards migrating fluids offer some well-

founded answers.
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Table 1 – List of the 29 earthquakes localized within a distance of 150 km from Chieti with M ≥

4 shown in Figg. 5, 6, and 9. Seismic events with 4 ≤ M < 5 are omitted when occurred the same day of

a seismic event with M ≥ 5, and only the major with 4 ≤ M < 5 is reported when more than one event

occurred the same day. Official data are taken from the INGV website at http://terremoti.ingv.it. 

Date Time (l.t.) Mw Zone Depth (km) Lat. Lon.
2015-12-06 17:24:38 4.4 Adriatic sea 12 42.40 15.24
2016-01-16 19:55:11 4.3 Baranello (CB) 10 41.53 14.60
2016-08-24 03:36:32 6.0 Accumoli (RI) 8 42.70 13.23
2016-08-24 04:33:28 5.3 Norcia (PG) 9 42.79 13.15
2016-08-25 14:36:05 4.4 Amatrice (RI) 8 42.60 13.28
2016-08-26 06:28:25 4.8 Amatrice (RI) 9 42.61 13.29
2016-08-27 04:50:59 4.0 Montegallo (AP) 8 42.84 13.24
2016-08-28 17:55:35 4.2 Arquata (AP) 9 42.82 13.23
2016-09-03 12:18:51 4.3 Castelsantangelo sul Nera (MC) 8 42.86 13.22
2016-10-16 11:32:35 4.0 Accumoli (RI) 9 42.75 13.18
2016-10-26 19:10:36 5.4 Castelsantangelo sul Nera (MC) 9 42.88 13.13
2016-10-26 21:18:05 5.9 Castelsantangelo sul Nera (MC) 8 42.91 13.13
2016-10-27 10:21:45 4.3 Preci (PG) 9 42.88 13.10
2016-10-29 18:24:33 4.1 Norcia(PG) 11 42.81 13.10
2016-10-30 07:40:17 6.5 Norcia (PG) 9 42.83 13.11
2016-10-31 04:27:40 4.0 Norcia (PG) 11 42.76 13.09
2016-11-01 08:56:40 4.8 Ussita (MC) 8 42.99 13.13
2016-11-03 01:35:01 4.7 Pieve Torina (MC) 8 43.03 13.05
2016-11-12 15:43:33 4.1 Accumoli (RI) 10 42.72 13.21
2016-11-14 02:33:43 4.1 Castelsantangelo sul Nera (MC) 11 42.86 13.16
2016-11-29 17:14:02 4.4 Capitignano (AQ) 11 42.53 13.28
2016-12-11 13:54:52 4.3 Castelsantangelo sul Nera (MC) 9 42.91 13.12
2017-01-18 10:25:40 5.1 Montereale (AQ) 9 42.55 13.26
2017-01-18 11:14:09 5.5 Capitignano (AQ) 10 42.53 13.28
2017-01-18 11:25:23 5.4 Capitignano (AQ) 9 42.49 13.31
2017-01-18 14:33:36 5.0 Cagnano Amiterno (AQ) 10 42.48 13.28
2017-02-03 05:10:05 4.2 Monte Cavallo (MC) 7 42.99 13.02
2017-04-27 23:16:58 4.0 Visso (MC) 8 42.96 13.05
2017-07-22 06:13:08 4.0 Campotosto (AQ) 13 42.57 13.33
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Figure 1  The figure shows the azimuth of the magnetic antenna, which was oriented mainly to reduce

the  50  Hz noise  coming  from the  local  electrical  power  line  as  far  as  possible.  Furthermore,  the

directions of wire electrodes are indicated by white segments. They are located in Chieti, about 70-100

km from the areas of the main shocks (stars).

41

938

939

940

941

942

943



Figure 2  a)  Configuration of the connections of the electrodes and the loop antenna through the

amplifiers A1 and A2 at computers IC1 and IC2, on the left, and the basic scheme of A1 on the right. b)

Simplified block diagram of the laboratory view data acquisition software at IC2 only, consisting of

three main blocks starting from the first  low-pass filter;  the second block is  the voltage threshold

discriminator, the next block measure the amplitude and the  period of  the signals. c) The electric

detector made up of electrodes converging in the A1 double amplifier box in the photo on the left, and a

particular of the loop in the photo on the right.
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Figure 3  a) Dynamic spectra of both WSW and NNW electrodes recorded on 2 January 2016 during

the  afternoon.  Recordings  lasted  70  minutes  and  show several  electric  phenomena  of  natural  and

anthropological origin. The evident vertical lines covering the entire frequency band and characterized

by high intensity are EM waves produced by lightning bolts not too far from the station (Barr et al.,

2000). The green band represents the numerous lightning strikes that occurred at distances of thousands

of kilometres in the tropics. Red spots are the electrical oscillations. b) A typical spectrum of maximum

daily electric oscillations recorded at IC1 during several months by Spectrum Lab software before the

main strike of Norcia. It consists of 81 events of electric oscillations, which are mainly above the noise

threshold of –80 dB; all of them fall between 50 and 250 Hz.
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Figure 4   Dynamic spectra recorded on 26 October in the afternoon. Recordings lasted 175 minutes 

and show a train of magnetic pulses that started at 14:55 LT, indicated by vertical lines; horizontal lines

are the traces of 50-Hz power supply harmonics.

44

961

963

964

965

966

967

968

969

970

971

972

973

974

975



Figure 5   The distribution of  WSW electric  oscillations  (a)  and the distribution  of  NNW electric

oscillations (b) are indicated by black vertical lines. Rain is indicated by vertical lines in (c), together

with  strong seismic  events,  indicated  by black  circles.  Periods  of  lost  data  are  indicated  by grey

shadows for both (a) and (b).
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Figure 6  Two significant increases of the daily counting rate below 8 Hz were recorded, the first from

25 October to 23 November and then another that appeared from 16 to 20 January. Notice that the plot

reports only the biggest daily earthquakes listed in Table 1. The plot reports only the daily biggest

earthquakes listed in Table 1 by grey circles.
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Figure 7  The daily spectrum from 24 to 31 October 2016. From 24 October, the detector recorded an

increase in the number of pulses below 10 Hz. The detector recorded some pulses with amplitudes near

80 nT between 2 and 3 Hz even though the gain of the preamplifier was lower at those frequencies. It is

evident from the above graphs that the magnetic induction threshold is frequency dependent after that

the limit of 110 mV was fixed.
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Figure 8  The daily spectra from 16 to 19 January 2017. A day before the main shock in Capitignano

(January 18, Mw = 5.5), three pulses with amplitudes greater than 20 nT appeared in the band between

4 and 8 Hz and even during the day of the main shock in Capitignano a pulse and the day after two

pulses between 3 and 10 Hz.
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Figure 9  The daily number of magnetic pulses recorded by IC1 for the time interval from the end of

July 2015 to October 2017 is indicated by vertical lines in (a). Vertical lines in (b) and (c) describe

geomagnetic activity by means of Ap and Dst indexes, respectively. The occurrence of strong seismic

events (M ≥ 4) is indicated by red stars. Periods of lost data are indicated by grey shadows.
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Figure 10  Statistical correlations of  ± 5 days in time differences between magnetic pulses and Ap

index time series, and between magnetic pulses and Dst index time series on the left, degree of freedom

were 835; between NNW electrical oscillations and rain at Chieti Scalo time series, and between WSW

electrical oscillations and rain at Chieti Scalo time series on the right, degree of freedom were 467.
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Figure 11   The model of spherical charged clouds surrounding an electrode in (a); the cloud radius

separating opposite charges is 3 ro, and the pressure P inside the section A-A of the cloud is depicted

under it, where P∞ is the pressure of one atmosphere. The retrieved induced potential Vo in the electrode

L is shown with respect to the distance r and the oscillation frequencies f retrieved by (A.6) and (A.8);

the set of possible solutions for cloud distances and frequencies is evidenced on the contour plot of

potentials (b).
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Figure 12  The model of electrical currents flowing from the Apennines around the hypo-centre to the

Adriatic Sea through the conductive clay layer with the system coordinates in (a); the Chieti Station is

at xo = -75 km while Norcia is at yN = -65 km. The retrieved magnetic field Bo in the position of Chieti

due to the total current  Io, flowing through the conductive layer thickness  h – ho = 5.9 km of width

between -xi and xi, in a contour plot (b).
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APPENDIX A

The electrodes are made of 10-m-long coated electric wires with a conductor thickness of 1 mm and are

suspended horizontally between different  parts  of  the building about  14 m above the ground.  The

amplifier A1 is directly connected to the electrodes and suspended with them through a third nylon

thread, see Fig 2c. The induced signals are amplified by two wide band, wide impedance, and low pass

amplifiers (A1 in Fig. 2a), which inputs are protected in amplitudes, and consist of a pair of low noise

operational amplifiers with gains near to 100 dB at 1 kHz. They are connected at IC1 dual (±12-V,

where 0-V is the common ground of the system) power supply by a filter and a shielded cable. Other

two shielded cables send the signals to the sound-card line inputs of the indoor recording system IC1.

The data acquisition software application for the electric fields was the free software Spectrum Lab

V2.77  b08  (downloaded  from  http://www.qsl.net/dl4yhf/spectra1.html).  Spectrum  Lab  is  used  to

analyse the signals utilizing Fast Fourier Transform (FFT) and to fix the recording parameters at IC1.

Data acquisitions at IC1 have different sampling rates of 2, 44, and 200 kHz for electric components

and 900 Hz for the magnetic component. The electric signal of each orthogonal wire is registered in a

continuous way on a different channel of the stereo sound card while the magnetic signal is registered

in a continuous way only in one channel of another sound card at IC1. All sound cards work with a 16-

bit A/D conversion permitting a dynamical range of about 96 dB. FFT is calculated by IC1 for both the

electrodes and for the loop every 4.096 seconds with an input size of 16,384 and a  Hann window

function. The power amplitude range was chosen to cover −106 to −10 dB and the dynamic spectrum

for each signal was plotted with the legend to_many_colors, which allows us to distinguish about 20

different  colours  and shades,  making it  possible  to  evaluate  amplitude  differences  of  about  5  dB.

Colour images were saved with a resolution of 1,278 pixels in the time direction × 972 pixels in the

frequency direction. Different frequency scales were also used to plot different bands so as to better
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present  the dynamic  spectra.  A logarithmic  scale  was used for  the  ELF band of  both  electric  and

magnetic signals, whereas a linear scale was used for the electric components of the VLF and LF

bands. The Spectrum Lab acquisition software is affected by the sound-card system regulations such

that the amplitude of the input signals is attenuated and distorted by the equalizer, and for this reason

the measured amplitude of the signals does not correspond exactly to the original amplitudes of the

input signals and needs to be calibrated (Fidani, 2011).

Schumann Resonances are  characterized by vertical  components of  electric  fields (Jackson,  1975),

which are able to induce identical potentials on both electrodes due to their electrical capacity C with

respect to the ground. The Schumann electrical potential induce in a horizontal electrode wire is

VS ~ i ω C Ri Ev h.                                                                                                                       (A.1)

C ~ π εo L/ln[2h/s] = 25 pF is the wire capacity calculated with the method of images (Jackson, 1975),

where L = 10 m is the wire length, h = 14 m is the distance of the wire above the ground, s = 5 × 10-4 m

is the wire radius, and εo = 8.85 ×10-12 F m-1 is the dielectric constant of the vacuum. Ri = 107 Ohm is

the input electronic resistance, whereas Ev is the vertical component of the electric field which spectral

density  10-3 V m-1 Hz-½ for  Schumann  Resonances  (Boldyrev  et  al.,  2016).  The  Schumann  FFT

spectrum recorded at the Chieti Station is very stable, defining an electrical potential reference induced

on electrodes where the spectral density is 5.5 × 10-5 V Hz-½ for the first Schumann Resonance, 10 dB

above the instrumental noise. Being so, considering a transfer function of 20 dB for a decade, the

potential spectral density corresponding to the spots having -70 dB to -50 dB at about 150 Hz can be

calculated as 2.8 × 10-5 V Hz-½  to  2.8 × 10-4 V Hz-½, respectively.

The equation system which permits stability of charged clouds is written as (Tennakone, 2011)
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dP/dt = ρ E,

                                                                                                                                                    (A.2)

∙E = ρ/εo,

where P is the air pressure, ρ is the charge density, and E is the electric field produced by the cloud. A

solution model of system (A.2) can be written as

E(r) = Eo r exp(-r/ro).                                                                                                                  (A.3)

The charge distribution corresponding to (A.3) is

ρ(r) = εo Eo (3 – r/ro) exp(-r/ro),                                                                                                   (A.4)

which indicates that a positive charge  Q is confined in a spherical volume of  radius 3ro and can be

calculated by

Q = 4 π εo Eo (3/e)3 ro
3                                                                                                                 (A.5)

However, to calculate the charge  Q, it is necessary to have an idea of the cloud radius  ro. It can be

deduced taking into account that this model describes a spherical cloud radially oscillating at frequency

f which forms a stable structure, where the frequency is expressed in terms of the cloud's dimension.

Following Tennakone's discussion and assuming that the pressure at the centre of the clouds for r = 0 is

P(0) =  0.9 P∞,  where  P∞ = 1.013 × 105 Pa is  the pressure at  normal  atmosphere,  from the virial
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equation,

f = (P∞/p∞)½/(10 π ro)                                                                                                                   (A.6)

where p∞ = 1.225 kg m-3 is the air density of the normal atmosphere. From Fig. 3b the frequency range

of recorded electric oscillations was between 50 and 200 Hz. Assuming that the model executes radial

oscillations around the equilibrium position with the aforementioned frequencies, for 10% pressure

holes, ro is calculated to be between 18 and 4.5 cm respectively. The radius of positive charge is equal

to 3ro.

The potential  produced by charged clouds on the electrodes of length  L partially immersed in the

negatively charged part of clouds and the axis going through the centre of the clouds, see Fig. 10a, can

be calculated using E expressed by (A.3):

V(r,x) = r
r+xE(y) dy = Eo ro

2 {[1 – exp(–x/ro)](1 – r/ro) – x/ro exp(–x/ro)}exp(–r/ro),                (A.7)

and  then  averaging  the  potential  along  the  electrode  length  L to  obtain  the  induced  emf  on  the

conducting sensors:

Vo = (P∞/5εo)½ ro {1 + exp(–L/ro) – r/ro + [1 – exp(–L/ro)](r – 2 ro)/L} exp(–r/ro),                     (A.8)

where Eo = (P∞/5εo)½/ro was retrieved by the condition P∞ – P(0) = 0.1P∞. Evaluating the ratio between

potentials |Vo|/|VS| of electric oscillations at 150 Hz and for the first Schumann Resonance being it from

0.5 to 5, then the relation (A.8) is satisfied for charged clouds whose diameter is around 0.36 m that
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pass with their centres around 2 m away from the tip, see Fig. 10b, of an electrode of length L = 10 m if

the cloud centre is along the electrode axis.

APPENDIX B

The small loop antenna (see the photo in Fig 2c) has a diameter of 80 cm and is made of 40 turns of a

single 1 mm diameter copper wire for electrical purposes to give a total copper resistance equal to 2.5

Ω. The received radio signal is connected through a 50-Ω coaxial cable to the amplifier A2, that is far

away from the antenna and from the computers; even the 12-V switching power supply of the amplifier

is  far  from the antenna and from the circuit  itself.  The amplifier  A2 is  a  typical  circuit  for audio

purposes that has a first input stadium with BJT transistors and a very high amplitude gain even at very

low frequencies.

The data acquisition software application for the magnetic field was the Labview runtime engine 2010

(downloaded  from  http://www.ni.com/download/labview-run-time-engine-2010-sp1/2292/en/).  A

Labview  executable  software  running  on  the  Labview  runtime  engine  2010  is  used  to  analyse

amplitude of impulsive signals to fix the recording parameters at IC2. The sampling rate for Labview

analysis is 44.1 kHz at IC2 and the sound card work with a 16-bit A/D conversion. The data acquisition

software for the magnetic field is a dedicated virtual instrument which has been written on the Labview

system-design platform using its function blocks in order to analyse the digital signal coming from the

audio  sound  card  of  IC2,  which  is  connected  to  the  amplifier  A2  of  the  loop  antenna.  The  data

acquisition  instrument  is  a  Labview  executable  software  application  consisting  in  three  different

cascade blocks as shown in Fig. 2b. The main loop of the software reads the sound-card input line

continuously, while the first block select only those signals below a fixed frequency just like a low-pass
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filter. A second algorithm forms a voltage discriminator block that selects only those pulses that exceed

a fixed voltage threshold and in this case enables other blocks that measure the amplitude and period

(T)  of  those filtered signals  only;  the frequency of  the pulses is  calculated offline by the analysis

software using the formula f0 = 1/T. The values of the voltage and the pulse period are stored in a daily

text file, event by event, with the corresponding time stamp.

The magnetometer was unable to detect the Schumann Resonances, therefore an alternative validation

process was carried out. Specifically, a loop was used with the same dimension as the Chieti loop,

together with a signal generator, so to produce a variable magnetic flux. Sinusoidal electrical currents

were generated and measured with frequencies between 5 Hz and 50 Hz. Subsequently, the magnetic

flux inside the Chieti loop was estimated, in order to retrieve the transfer function of the entire loop-

A2-IC2 chain. The magnetic induction was estimated with a resolution of 0.05 nT Hz-½ and a precision

of 1 nT Hz-½, well above the Schumann intensities characterised by a spectral density of 1 pT Hz-½

(Kulak et al., 2014).

Labview software is able to estimate the effective value of the amplified signal entering audio cards. To

retrieve the magnetic signal that induced the effective value an input signal must be supposed through

the amplifier transfer function.  Supposing that a Gaussian magnetic pulse with maximum value  Bo

induced the signal voltage v(t) between the ends of the N loop wire of area A of the form

v(t) = 2 N A Bo t/2 exp[t/ B.

which is Fourier convoluted with the chain of A2 and IC2 , which is described for simplicity by

A2() = i A20   exp[  (],                                                                                 (B.2)
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where A20  is the total, amplifier plus sound card plus filter, transfer function, 2 = 100 2, and 2 = 30

.  The Fourier integral  solved using 3.896.4, 3.952.1, and 3.952.4 in Gradshteyn & Ryzhik (2007)

produces the modulus of the time signal analysed by Labview, which is written as

|V(t)|=NABoA20[2/(o+2)]½exp[-(o-2)2/4(0+2)-άt2]{[ώ2/2+ά(12άt2)]2+4ώ2ά2t2}½.    (B.3)

o and o = 1/2 come from the Fourier transform of (B.1), which is

v() = i N A Bo  π/o exp[ ()],                                                                        (B.4)

that multiplied by (B.2) produces a scaled Gaussian distribution where  ά =  02/(0+2) and  ώ =

(20+o2)/(0+2).  The effective value  Veff =  1/T  -T/2o
T/2 |V(t)|2 dt]½ is  calculated using 3.321.2,

3.321.5, and 3.321.7 (Gradshtein & Ryzhik, 2007)

Veff = N A Bo A20 (40)- ½exp[-(0-2)2/4(0+2)] ×

              × [ (ώ/23άώ+3ά2/2)Erf(Tά)/T  ά3/2(ώ-5ά/4+ά2T2/4)exp(άT2)]½.     (B.5)

The pulse acquisition rate is limited by software with T = 0.5 s and 0 = 40 2. Pulse frequency f0 is in

the range 2 to 20 Hz, so that ώ is in the range 35.9 to 89.7. Being ά = 282, the first term inside the root

square is the bigger one, so the effective value can be approximated by

Veff  N A Bo A20
  ώ (/22T0)½ exp[-(0-2)2/4(0+2)] /2                                                  B
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which can be inverted to calculate the corresponding magnetic peak

Bo 5.6 × 10-6 Veff exp[(f0-12)2/140] /(f0 + 6)2.                                                                         (B.7)

In this expression,  N = 40,  A = 0.5 m2, and  A20 is around 11,840, whereas  Veff and f0 are given in the

experiment. Using Veff = 110 mV relative to the threshold, at f0 = 10 Hz it corresponds to Bo = 2.5 nT of

minimum amplitude variation to be counted as a pulse.

APPENDIX C

Supposing that the electric current is output from the epicentre region up to cross the clay conductive

layer  and than it  remains constrained between the near-Earth surface and a deep layer  that is  less

conductive with respect to the clay deposits. Furthermore, suppose that it is also limited to being output

perpendicular to the Adriatic sea in the eastward direction with respect to the geological settings of the

region, with a constant density with respect to the horizontal distance from the epicentre (see Fig. 11a).

Fixing the origin of the coordinate axes so that (0,-65) km are the epicentre coordinates and (-75,0) km

the Chieti Station coordinates, where y goes towards the ENE, x towards the NNW, and z towards the

centre of the Earth, the electric current density is uniform and can be written as

Jc = Io / [2 xi (h – ho)],                                                                                                              (C.1)
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where Io is the total current, ho is the depth of the beginning of the conductive layer, and h – ho is the

thickness of the conductive layer. The current Io is supposed to cover a section of 2 xi horizontally. The

infinitesimal magnetic field coupled with the loop in Chieti can be approximated as being generated by

an infinite long line of infinitesimal current dI(x,z) = J(x,z) dx dz = Io dx dz / [2 xi (h – ho)], at distance

x and depth z as

dBo = o J(x,z) {z /[(x – xo)2 + z2]} / {2  [(x – xo)2 + z2]} dx dz,                                          (C.2)

with  the  first  term  inside  the  braces  determining  the  horizontal  projection  of  the  magnetic  field

perpendicular to the loop. Integrating between ho and h along z, a logarithmic function is derived, so

that the magnetic induction: 

Bo = o Io / [8 (h – ho) xi] -xi
xidx ln{[(x + xo)2 + h2] /[(x + xo)2 + ho

2]}.                                (C.3)

The integrating extremes -xi and  xi include the horizontal  extension of the current density,  and the

integral 2.733.1 of Gradshtein & Ryzhik (2007) is used after a variable change x' = x + xo. The total

magnetic field retrieved using the model in Fig. 11a is considered constant inside the small loop and is

expressed by

Bo = oIo{xp ln[(xp
2 + h2)/(xp

2 + ho
2)] - xm ln[(xm

2 + h2)/(xm
2 + ho

2)] + 

        + 2 h (arctg[xp/h] – arctg[xm/h]) - 2 ho (arctg[xp/ho] - arctg[xm/ho]}/[8 (h – ho) xi],      (C.4)

where xp = xo + xi and xm = xo - xi. The C.4 contour is plotted in Fig. 11b with respect to the Io distributed
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electric current and its lateral extension xi. Note that, if Io extends under the Chieti Station then few tens

of kA variations are sufficient to produce the recorded signals, whereas, hundreds of kA are needed for

currents extensions far from the Chieti Station position.
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