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Abstract: The authors generalize and analyze the investigation results of joint anomalies of
high-frequency geoacoustic emission and atmospheric electric field by the ground–atmosphere
boundary which were detected by them in Kamchatka. These anomalies are observed as geoacoustic
emission increases in kilohertz frequency range and bay-like decreases of atmospheric electric
field with the sign change which occur close in time during calm weather conditions. It is
the authors’ opinion that the common nature of these anomalies is short-time stretching of the
near-surface sedimentary rocks at an observation site during unstable tectono-seismic process.
A scheme of the detected anomalies formation has been suggested.

Keywords: high-frequency geoacoustic emission; atmospheric electric field near the earth’s surface;
joint anomalies; seismically active region

1. Introduction

The boundary between the ground and the atmosphere is characterized by considerable changes
of contacting medium properties, large fluxes of mass and energy, a broad list of simultaneously
existing heterogeneous fields, and their interactions. At this boundary, the near-surface rocks and the
near-ground atmosphere interchange various substances, pulse, and energy. Field interaction manifests
in direct and indirect forms when several direct interactions connected between each other are realized.
Geodynamic phenomena and processes occurring by the ground–atmosphere boundary are the subject
for investigation of an intensively developing new subdiscipline “Near-surface geophysics” [1,2].

The characteristic features of the ground–atmosphere boundary and the adjacent earth crust and
atmospheric layer are anomalous disturbances of different fields in seismically active regions. They are
usually recorded within the interval up to one month before an earthquake with the magnitude of more
than 4–5 at the distance up to the low hundreds of kilometers from an epicenter and are interpreted as
precursors [3,4]. It is generally accepted that these disturbances are associated with rock deformations
during earthquake preparation.

Among the preseismic anomalies of the near-surface fields, increase of high-frequency geoacoustic
emission in kilohertz frequency range [5–9] and bay-like decrease of atmospheric electric field with sign
change during calm weather conditions [10–15] are observed. Anomalies of these fields, essentially
different, occur in solid and air mediums and have different polarity that indicates various mechanisms
of formation. Just like precursors in other fields, they are initiated by geomechanical stress field change

Atmosphere 2019, 10, 267; doi:10.3390/atmos10050267 www.mdpi.com/journal/atmosphere

http://www.mdpi.com/journal/atmosphere
http://www.mdpi.com
https://orcid.org/0000-0002-3030-9944
https://orcid.org/0000-0001-6548-7639
http://www.mdpi.com/2073-4433/10/5/267?type=check_update&version=1
http://dx.doi.org/10.3390/atmos10050267
http://www.mdpi.com/journal/atmosphere


Atmosphere 2019, 10, 267 2 of 16

in a zone of earthquake preparation and are generated in the result of transformation, near-surface
rocks stress—deformation.

In this case, geoacoustic emission anomalies are rock direct responses and atmospheric electric
field anomalies are the indirect responses of the near-ground air electric state on deformation caused
by an earthquake preparation process. Common deformation nature of these anomalies is the reason
that they occur close in time.

Seismic process is a sequence of rock constant deformation under the influence of tectonic
forces. Thus, anomalies of geoacoustic emission and atmospheric electric field are observed in a
seismically active region not only before an earthquake but during near-surface rocks deformation
intensification within seismically calm periods. It is also confirmed by the mutual interaction and
significant correlation between near-surface fields variations in an aseismic region [1], where the
tectonic energy inflow and rock deformation rate are significantly less. Instability of the tectono-seismic
process in time and mottled hierarchic block structure of the earth crust determine the complicated
spatial-time deformation of rocks, including local tension and compression which should cause
different responses of high-frequency geoacoustic emission and atmospheric electric field.

Joint investigation of geoacoustic emission and atmospheric electric field has not been carried out
up to the present time. It is important for understanding of the earth crust impact on the near-ground
atmosphere in seismically active regions, for detection of an earthquake complex precursor and
for investigation of the formation mechanisms of the near-surface fields disturbances during the
tectono-seismic process.

In the paper we generalize and analyze the investigation results of the detected joint anomalies
of high-frequency geoacoustic emission and atmospheric electric field by the ground–atmosphere
boundary on Kamchatka peninsula. Simultaneous geoacoustic and atmospheric electric measurements
were carried out at two sites during different time intervals in summer–autumn 2005–2009 and 2012.
They were carried out together with the measurements of the main meteorological quantities applying
the same observation method and one measuring-recording complex. In 2009 the measurements
were accompanied by the observations of the earth surface deformation. In 2012 the radon and
thoron volumetric activity was measured in the near-surface ground layer gas. That allowed us to
obtain qualitatively new set of experimental data, discussion and analysis of which are useful for the
investigation of near-surface fields interaction during the tectono-seismic process.

2. Observations and Results

2.1. Observations at “Mikizha” Site

For the first time simultaneous measurements of geoacoustic emission and atmospheric electric
field were carried out at “Mikizha” site (52.99◦ N, 158.23◦ E, Figure 1) from 23 August to 11 October 2005
(experiment 2005). They were realized in the conditions without industrial noise and airborne pollution
which significantly affect the atmospheric electric field behavior by the ground. A piezoceramic
hydrophone, installed at the height of 10 cm above the Mikizha lake bottom, was used as a geoacoustic
emission sensor. The lake dimensions are 200× 700 m2. Its inmost depth where the hydrophone is
installed is 4 m. Geoacoustic signals were recorded at the frequency ranges of 0.1–10, 10–50, 50–200,
200–700, 700–1500, 1500–6000, 6000–10,000 Hz. Acoustic pressure Ps accumulated over 4-s period in
each range was considered [16].

Atmospheric electric field potential gradient V′ was measured by a rotational electrostatic
fluxmeter which had sensitivity of about 3 V·m−1 and the setting time at the level of 0.9 was 1 s.
The fluxmeter primary transducer was installed 130 m away from the hydrophone on the shore of
Mikizha lake on an open meadow which is a part of a large flat field with low plant stand. It was
partially placed in an open cavity of the size of 0.3× 0.3 m2 and the depth of 0.4 m. The measuring
plate of the electrostatic generator was at the height of 7 cm above the ground. V′ was measured
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once in 4-s period. Air pressure, wind velocity, and rain intensity were measured 20 m away from the
fluxmeter. The sensors were at the heights of 2.5, 4.9 and 4.2 m from the ground, respectively.

Figure 1. Location of the measurement sites “Mikizha” (1) and “Karymshina” (2) where the experiments
were carried out.

Applying a data acquisition digital system developed by the authors based on a PC, all the
measured quantities were recorded continuously. To eliminate the mutual influence of geoacoustic
and atmospheric electric data, signals from the hydrophone and the electrostatic fluxmeter arrived at
different analogue-digital converters (16- and 14-bit, respectively).

During the measurements, disturbances, which are close in time, of acoustic pressure Ps and of
atmospheric electric field potential gradient V′ were recorded. They were observed in calm weather
conditions (weakly changing air pressure, absence of rain and wind of more than 6 m·s−1) when
there was no significant impact of meteorological factors on Ps and V′ behavior. Such disturbances
were recorded during seismically calm periods and before a local earthquake that indicates their
tectono-seismic nature. During seismically calm periods, potential gradient V′ disturbances were
observed during significant disturbances of acoustic pressure, with sudden commencement, occurring
only in kilohertz frequency range, as a rule (Figure 2). Joint disturbances of Ps and V′ before an
earthquake are illustrated in Figure 3. This earthquake with the magnitude of 4.8 mb occurred on
9 September 2005 at 11:42 UTC at the epicentral distance of 260 km from “Mikizha” site. The hypocenter
coordinates are 51.060◦ N, 156.153◦ E; the depth is 136 km (NEIC, http://earthquake.usgs.gov).
To illustrate the high-frequency character of acoustic disturbance, Ps behavior is represented at the
frequencies of 50–200 and 6000–10,000 Hz. It is clear from Figure 3 that a sudden Ps increase begins at
the frequencies of 6000–10,000 Hz 21 h before the earthquake. However, there is no such an increase
at the frequencies of 50–200 Hz. Potential gradient V′ disturbance begins almost simultaneously.
Anomalous disturbances of these quantities cease 7.5 h before the earthquake. The weather turned
nasty several hours after it [16].

Investigation of geoacoustic emission and atmospheric electric field was continued in
summer–autumn 2006–2008. The measured quantities, the observation method, the acquisition,
and record system were the same. The measurements were carried out from 27 June to 16 October 2006
(experiment 2006), from 28 June to 24 October 2007 (experiment 2007) and from 2 July to 27 October
2008 (experiment 2008) [17]. In the result of long geoacoustic measurements [7] and our measurements
during the experiment 2005, it was established that anomalous geoacoustic disturbances manifest

http://earthquake.usgs.gov
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the most brightly at the frequency range of 2.0–6.5 kHz at “Mikizha” site. Thus, acoustic pressure Ps

accumulated over 4-s period in this range was considered.

Figure 2. Example of a joint anomalous disturbances of acoustic pressure Ps in kilohertz frequency
range, atmospheric electric field potential gradient V′ and atmospheric pressure Pa during a seismically
calm period on 2 September 2005.

Figure 3. Joint anomalous disturbance of acoustic pressure Ps in kilohertz frequency range and
atmospheric electric field potential gradient V′ before the earthquake with the magnitude of 4.8 mb on
9 September 2005. Vertical dashed line indicates the earthquake.

The characteristic feature of joint anomalies of high-frequency geoacoustic emission and
atmospheric electric field is the field decrease often with a sign change followed by a recovery almost to
the same level. Such a bay-like decreases of potential gradient V′ manifest the most during significant
increases of acoustic pressure Ps which, as a rule, have sudden commencement and last for more than
several minutes. It occurs in calm weather conditions, i.e., slightly changing air pressure without
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rain and strong or moderate wind [17]. Figure 4 illustrate the record fragment of joint anomalies of
potential gradient V′ and acoustic pressure Ps. There was no rain during the period represented in
Figure 4. During a strong Ps increase at about 15:00 UTC on 22 August 2006 (Figure 4) the potential
gradient V′ decreased to −120 V·m−1.

Figure 4. Record fragment of atmospheric electric field potential gradient V′, acoustic pressure Ps,
wind velocity U and air pressure Pa on 22 August 2006 (a) and a developed view of the record selected
interval (b). Arrows indicate the beginning of V′ and Ps anomalies.

Anomalous disturbances of acoustic pressure Ps and of potential gradient V′ have different form
and usually last from the first tens of minutes to the first hours. As a rule, they cover a part of one hour,
of two adjacent hours or that of the first and the last hours when lasting for several hours. Disturbances
of such duration manifest in the changeability Ps of V′ and hourly mean values which, in our case, are
the averages from 900 values. Application of hourly mean values simplifies data large volume analysis
and allows us to state the presence or the absence of the relation between high-frequency geoacoustic
emission disturbances and those of atmospheric electric field.

To clarify the weather effect on the behavior of geoacoustic emission and atmospheric electric
field, we considered the correlations between Ps, V′ series and hourly mean values of meteorological
quantities (air pressure Pa, its temperature T and relative humidity F, wind velocity U, and rain
intensity I) which are the averages from 6 values. To choose an appropriate method for analysis, all the
series were verified on normalcy of distribution. It turned out that Ps, V′, U, I, series are distributed



Atmosphere 2019, 10, 267 6 of 16

abnormally and Pa, T and F series have almost normal distribution. Thus, Spearman nonparametric
correlation analysis was applied [17].

Figure 5 illustrates cross-correlation functions for the series of Ps and V′ hourly mean values.
The shifted series is V′. It is clear from Figure 5 that the functions values are negative in all the
experiments and their maximum values are observed during V′ zero shifts. Consequently, V′ negative
disturbances occurred simultaneously with Ps disturbances with the accuracy up to one hour. Thus,
Ps and V′ paired hourly mean values were considered. Scatterplots between these values are shown in
Figure 6a–c.

Figure 5. Cross-correlation functions for the average hourly values of atmospheric electric field
potential gradient and acoustic pressure in the experiments 2006 (solid line), 2007 (dashed line) and
2008 (dot-dash line).

The relations of non-meteorological origin between the disturbances of geoacoustic emission and
atmospheric electric field were detected by the method suggested by the authors. To remove bad
weather effects, we considered only those pairs of hourly mean values of acoustic pressure Ps and
potential gradient V′ when there was no rain (I = 0), strong or moderate wind ( U < 1.5 m·s−1), low air
pressure (Pa > 995 hPa) during the corresponding hours. Scatterplots between Ps and V′ during such
calm weather conditions are illustrated in Figure 6d–f.

In the author’s opinion [18], the relation between Ps and V′, represented in Figure 6d–f contains
two components, they are: a background component determined by weak effect of uncounted
meteorological and other factors on geoacoustic emission and atmospheric electric field and a tectonic
nature component. The latter is generated by geoacoustic emission and electric field anomalies
different in sign which occur during intensification of near-surface rocks deformation in the region of
measurement point. Such intensification should occur multiply during unstable in time and intensive
tectono-seismic process taking place by the Eastern Kamchatka.

We consider that the background component of the relation manifests when Ps is less than some
value P∗s and the tectonic component manifests when Ps is more than P∗s that indicates near-surface
rocks deformation intensification. Different mechanisms of formation of the relation background
and tectonic components, particularly determined by different mediums in which geoacoustic and
atmospheric electric anomalies (near-surface rocks and near-ground air) occur, cause a complicated
dependence between Ps and V′. To separate the background and the tectonic components, piecewise
linear regression and quasi-Newtonian method were applied to estimate its parameters. Acoustic
pressure discontinuity point, which corresponds to P∗s value at first approximation, was calculated by
STATISTICA software package.

In the experiments 2006, 2007 and 2008, P∗s was 2.66, 0.46 and 0.41 mPa, respectively. Less values of
P∗s in the experiments 2007 and 2008 are explained by acoustic noise level decrease after the experiment
2006 when the hydrophone was taken up for routine maintenance and reinstalled by the bottom several
meters away from the previous place. In the result, the noise average level decreased. It was largely
determined by inhomogeneous structure of near-bottom sedimentary rocks.
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Figure 6. Scatterplots between the average hourly values of acoustic pressure and atmospheric electric
field potential gradient V′ in the experiment 2006 (a), 2007 (b), 2008 (c) and for the same experiments
during calm weather conditions (d–f), respectively. The number of Ps and V′ pairs is shown in brackets.
Vertical dashed lines are P∗s values which correspond to the discontinuity points of the piecewise linear
regression on Ps; g, h are the lines illustrating the regression for background and tectonic components
of the relation between Ps and V′.

For the datasets illustrated in Figure 6d–f, the Spearman’s correlation coefficient between V′

and Ps in the experiments 2006, 2007, and 2008 is −0.08, −0.32 and −0.04, respectively. For the same
datasets, in case of piecewise linear regression V′ on Ps, the multiple correlation coefficient is larger
and is 0.77, 0.77 and 0.75, respectively. Consequently, the piecewise linear regression characterizes
better the relation between V′ and Ps, thus, separation of the indicated datasets into two parts and
analysis of the correlation for each of them are reasonable. The parameters of the background and
tectonic components of the relation between V′ and Ps are shown in Table 1.

Table 1. Background (Ps < P∗s ) and tectonic (Ps > P∗s ) components parameters of the relation between
the hourly mean values of atmospheric electric field potential gradient V′ and acoustic pressure Ps

during calm weather conditions (see the text).

Experiment 2006, Experiment 2007, Experiment 2008,
Parameter Component of Relation: Component of Relation: Component of Relation:

Background Tectonic Background Tectonic Background Tectonic

n 969 501 792 653 1164 504
rs 0.11 −0.27 −0.15 −0.23 −0.07 −0.04
p <0.001 <0.001 <0.001 <0.001 0.02 0.35
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It is clear from Table 1 that there is a statistically highly significant component of the relation in
the experiments 2006 and 2007 which is absent in the experiment 2008.

The relation between the hourly mean values of potential gradient V′ and acoustic pressure Ps in
the tectonic component were also analyzed by Kendall’s rank correlation coefficient τ, which allows
one to estimate the probability of multidirectional G = (1− τ)/2 and unidirectional Q = (1 + τ)/2
changes of two variables. Estimates of the parameter values are illustrated in Table 2.

Table 2. Estimates of Kendall’s correlation coefficient τ, its significance level p, probabilities of
multidirectional G and unidirectional Q changes of V′ and Ps in the tectonic component of the relation.

Experiment τ p G Q

2006 −0.19 <0.001 0.59 0.41
2007 −0.15 <0.001 0.58 0.42
2008 −0.03 0.29 0.51 0.49

Based on it, in the experiments 2006, 2007 the correlation coefficient τ is nonzero and its
significance level is p < 0.001. Here G > Q, in other words the possibility of multidirectional
changes of V′ and Ps, which correspond to opposite in sign anomalous disturbances of atmospheric
electric field and geoacoustic emission, is higher. There is no such a tectonic component of the relation
between V′ and Ps, generated by these disturbances, in experiment 2008.

2.2. Observations at “Karymshina” Site

In the authors’ opinion [18], the most probable cause of the relation between the electric field and
geoacoustic emission in the tectonic component is the near-surface rocks deformation intensification
in the region of measurement point. To verify this fact, simultaneous measurements of ground
surface deformation are required. They were carried out on 1–18 October 2009 (experiment 2009) at
“Karymshina” site (52.83◦ N, 158.13◦ E, Figure 1), which is located 20 km from “Mikizha” site [19].

Geoacoustic emission was measured by a piezoceramic hydrophone similar to that used in the
experiments 2005–2008. The hydrophone was installed in an artificial reservoir 1× 1× 1 m3 in size
and covered from rain and wind influence. It was discovered before [7,20] that at “Karymshina” site
the geoacoustic emission anomalies manifest the most in the frequency range of 0.7–2.0 kHz. Thus,
acoustic pressure Ps accumulated in this range over 4-s period was considered.

Atmospheric electric field potential gradient V′ was measured by the rotational electrostatic
fluxmeter which was used in the experiments 2005–2008. The primary transducer of the fluxmeter was
installed just in the same way as for those experiments. It was placed 60 m from the hydrophone in the
center of a flat glade 20× 20 m2 in size surrounded by bushes of about 3 m high. In such conditions,
wind weakens near the ground surface and its influence on electric field behavior decreases.

To register the relative deformation of the ground surface ε, a laser strainmeter-interferometer was
used. Its measuring base length is 18 m and the sensitivity is 10−11 m. The measurement frequency
was 860 Hz, and the accuracy was not less than 10−7 taking into account the weather factors [20,21].
To analyze the ε behavior, first differences were applied. They were calculated by two adjacent values
averaged on second interval. They were considered to be the estimates of rock deformation rate ε̇.
The meteorological quantities were measured once in 10–minute interval at the height of 7 m from
the surface.

During slightly changing air pressure, without rain and strong wind, five cases of joint
disturbances of acoustic pressure Ps and atmospheric potential gradient V′ were recorded.
These disturbances occurred during multiple sign-variable shifts of near-surface rocks which occurred
at the background of their comparatively slow tension (Figure 7a,b). Such sifts were recorded at
“Karymshina” site before [20] and are clearly seen in the figure of rocks deformation rate ε̇ graph.
We should note the relation between the disturbances Ps, V′ and ε̇ which is the most noticeable
at 18:00–19:00 UTC on 16 October (Figure 7b). It indicates the fact that occurrences of Ps and V′
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disturbances depend on near-surface rocks tension rate. Potential gradient V′ disturbances were
recorded as a decrease with sign change followed by the recovery almost to the same level (Figure
7a) and additional increase after the recovery (Figure 7b). In the four recorded cases of rocks
compression, only acoustic pressure disturbances occurred despite the same deformation rates and
weather conditions [19].

Figure 7. Behavior of the near-surface rocks relative deformation ε, its rate ε̇, acoustic pressure Ps in the
frequency range of 0.7–2.0 kHz, atmospheric potential gradient V′, wind velocity U, air pressure Pa on
14 (a) and 16 (b) October 2009. Increase of ε corresponds to rocks stretching.

Occurrences of joint anomalies of geoacoustic emission and atmospheric electric field are
associated with some substance which is present during near-surface rocks tension, acoustic signal
generation, and electric field decrease near the ground surface. In our understanding, this substance is
radon and thoron radioactive emanations which are continuously generated in rocks and diffuse into
the atmosphere everywhere [22]. When incoming into the atmosphere, they increase the ground air
ionization and conductivity that is accompanied by atmospheric electric field decrease by the surface
in fair weather conditions [23]. Radon and thoron content in soil gas depends, in particular, on rocks
deformation and increases there and in the near-ground air before earthquakes [3,24–27].

Taking this into consideration, measurements of geoacoustic emission, atmospheric electric field,
air pressure, wind velocity and rain intensity were accompanied by the measurements of radon and
thoron volumetric activity from 27 August to 17 October 2012 (experiment 2012) [28]. Acoustic pressure
Ps was recorded in the frequency range of 0.7–2.0 kHz with 4-s data accumulation. Tree piezoceramic
hydrophones similar to that used in the experiments 2005–2009 were in operation. They were arranged
in the form of a triangle at the distance of 10–35 m from each other and installed in artificial water
reservoirs just like in the experiment 2009.

Atmospheric electric field potential gradient V′ was measured by an electrostatic fluxmeter used
in the experiments 2005–2009. Gas for the measurements of radon and thoron volumetric activity was
extracted from an open cavity where a primary transducer was partially placed. The cavity promotes
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emanation accumulation that makes the measurements easier. Gas sample volume was 8% from the
unconfined space in the cavity, thus we can neglect the extraction effect on radon and thoron inflow.

Radon and thoron volumetric activity was measured once in 30 min by an automated radiometer
with the sensitivity of not less than 1.4 × 10−4 s−1 · Bq−1 ·m3, 30% limit of the allowable relative error
and the average level of its own background of 5 and 0.1 Bq·m−3 for radon and thoron, respectively.
The radiometer and the fluxmeter were installed at the distance of 50 m from the hydrophones.
Meteorological quantities were measured once in 1 minute at the distance of 8 m from the ground
140 m from the radiometer and the mill.

During the measurement period of 52 days, significant increase of radon Rn and thoron Tn
volumetric activity was observed on 2 October. It considerably exceeded the background level.
Acoustic pressure Ps increase and atmospheric potential gradient V′ decrease with sign change were
recorded almost at the same time. Variations of Rn, Tn, Ps, V′, wind velocity and air pressure on
2 October are illustrated in Figure 8. It is clear from Figure 8 that Ps increase at all the measurement
points and V′ decrease with sign change occurred about three hours after Rn and then Tn increased.
They occurred in calm weather conditions without rain, strong or moderate wind, during weakly
changing air pressure that indicates non-meteorological nature of these disturbances. Such joint
increases of Rn, Tn, Ps and decrease of V′ with sign change were not simultaneously observed during
the measurements any more.

Figure 8. Variations of atmospheric potential gradient V′, acoustic pressure Ps at three measurement
points, those of volumetric activity of radon Rn, thoron Tn, wind velocity U and air pressure Pa on
2 October 2012. 1, 2 are the record fragments of V′ and Ps disturbances.

Figure 9 shows a detailed view of the partial time lags of potential gradient V′ and acoustic
pressure Ps from Figure 8. It is clear from Figure 9 that Ps increases at the measurement points occurred
almost simultaneously but differed in amplitude and form that is likely to be determined by various
responses of sedimentary rocks at these points on the deformation.
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Figure 9. Developed views of the first (a) and the second (b) record fragments of atmospheric potential
gradient V′ and acoustic pressure Ps at three measurement points from Figure 1.

Joint anomalous disturbances of radon, thoron, geoacoustic emission and atmospheric electric
field on 2 October were observed 13 days before the earthquake with the magnitude of 5.6 mww.
It occurred on 15 October at 01:19 UTC at the epicentral distance R = 140 km from “Karymshina”
site [29]. The epicenter coordinates are 51.900◦ N, 159.379◦ E, the source depth is 21 km (NEIC,
http://earthquake.usgs.gov). The radon and thoron increases which lasted for about 8 h (Figure 8)
agree well with the results of the work [26], where increases of these emanations in soil gas were
simultaneously observed in an active fault region before earthquakes with the magnitude ML ≥
4.5, R < 150 km. They usually appeared 1–20 days before an event and had the least duration of 5–7 h.
Impulsive radon spikes in soil–gas before weaker earthquakes (1.7 ≥ M ≥ 4.5) were described in
the work [30].

3. Discussion

During the experiment 2005, joint anomalies of high-frequency geoacoustic emission and
atmospheric electric field were firstly recorded. They were observed in the seismically active region
during seismically calm periods and before the local earthquake. Statistically highly significant inverse
relation between the hourly average values of acoustic pressure and electric field potential gradient
was determined during the experiments 2006, 2007. It has non-meteorological origin. These results
indicate that such joint disturbances and their relationship with tectono-seismic process are real.

The near-surface rocks at “Mikizha” and “Karymshina” sites are sedimentary. The thickness
of this layer is about 50 and 40 m [7]. There is a well No. 99-8 of 19 m depth at “Karymshina”
site which is located 120 m from the electrostatic fluxmeter. Its lithologic log is represented by
boulder-cobble deposits with sandy-clay filler (0–5 m), block-rubble deposits with clay filler (5–14 m)

http://earthquake.usgs.gov
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and boulder-cobble deposits with sandy filler (14–19 m). The statistic water level is 13.7 m. Based on
the estimate in the work [17], geoacoustic emission sources are located not more than 37 m from a
hydrophone. Thus, anomalous geoacoustic signals are generated in sedimentary rocks over which
surface the atmospheric electric field is measured. We should note that sedimentary rocks are widely
spread all over the Earth, about 80% of the continents surface are covered by sedimentary rocks [31].

It was discovered in the experiment 2009 that joint anomalies of high-frequency geoacoustic
emission and atmospheric electric field occur as responses, which are close in time, on near-surface
sedimentary rocks stretching intensification. Sedimentary rocks have complicated polydisperse
fluid-saturated porous structure of low strength. During their stretching, new fragment contact
surfaces are formed and emanation increases, moreover, isolated pores are opened, and existing cracks
extend. In the result, radon and thoron content in the gas of ground layer grows as well as their
inflow into the atmosphere. Mechanical stress between rock fragments simultaneously grows that
causes local deformation change and, consequently, micro-movements during which acoustic signals
are generated.

Increase of radon and thoron inflow from the soil intensifies near-ground air ionization. In fair
weather conditions, it is accompanied by the formation of negative electric charge in the air layer
from tens of meter fractions to several meters [32–34]. Its average density may be about −700 [35],
and the highest reaches −1200 [36] and even −3200 pC·m−3 [37] that is comparable with the average
density of a space charge in thunder clouds (300–3000 pC·m−3) [38]. Near such a significantly negative
charge, normal atmospheric electric field decreases and even the sign changes [36,37]. We should
note that these results were obtained in an aseismic region where the rocks deformation rate and
emanation inflow into the atmosphere are less than that in seismically active regions. The mechanism
of formation of an uncompensated negative charge in the result of near-ground air ionization by radon
and submicron metal aerosols before an earthquake is considered in the paper [39]. It was shown that
during weak turbulent diffusion when radioactive gas is accumulated in a thin layer by the ground
surface, air increased ionization is observed in that layer. Under the effect of normal atmospheric
electric field, positive ions move downwards from the region of increased ionization and negative ions
move upwards. Thus, uncompensated negative charge appears at some height and local electric field of
reverse direction is formed. This field is overlapped on normal atmospheric electric field and decreases
locally up to the sign change. Such ion separation in space is confirmed by the measurements [40] in
which it was discovered that positive volumetric charge reached +800 pC·m−3 at the level of ground
surface whereas negative volumetric charge reached −160 pC·m−3 and more at the height of 1 m.

Owing to what has been said before we can state that the causes of the bay-like decreases of
atmospheric electric field during tectono-seismic process are generation, dynamics and dissipation of a
negative electric charge of emanation origin in the near-ground air. From this position, the relation
between the anomalies of geoacoustic emission and electric field is clear. It is realized in the result
of presence of radon and thoron which inflow also responds to the tectono-seismic process. It was
confirmed by the joint disturbances of radon, thoron, geoacoustic emission, and atmospheric electric
field before the local earthquake during the experiment 2012.

After 20-year continuous observations in China [41], negative anomalies of atmospheric electric
field were recorded by the ground surface before many earthquakes. They occurred mainly at nighttime
when the field was relatively calm, were observed as decreases up to −500 V·m−1 and more and
lasted for several hours and more. We should note that small (about 10–20%) decrease of atmospheric
electric field without sign change is observed for weak earthquakes [42]. It can be explained by
weaker inflow of radon and thoron into the near-ground air and, consequently, weak negative space
charge. Based on the work [43], anomalous increase of atmospheric radon before the earthquake in
Japan on 17 January 1995 with the magnitude MW = 6.9 is associated with rocks deformations of the
order 10−8–10−6. In the experiment 2009 joint anomalies of geoacoustic emission and atmospheric
electric field were observed without notable local earthquakes during near-surface sedimentary rocks
stretching deformations of the order 10−6 that is two orders higher than those of tidal deformations.
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Such significant deformations are likely to be associated with the fact that “Karymshina” site is in the
zone of different-rank tectonic fault intersection.

Thus, all the results obtained by the authors can be explained by short-time stretching of
near-surface sedimentary rocks at the observation site during a tectono-seismic process, which takes
place in the lithosphere and causes stress state changes of the earth crust rocks including the
near-surface ones. Based on these results, we can suggest a scheme for the formation of joint anomalies
of high-frequency geoacoustic emission and atmospheric electric field in the seismically active region
(Figure 10). Based on this scheme, anomalies of geoacoustic emission, radon, thoron, and atmospheric
electric field have a common deformation nature and common factor, which gives rise to them, is the
sedimentary rock fragmentarity and, consequently, high deformability. Radon and thoron response on
rocks stretching deformation and inflow into the near-ground air form an indirect relation between the
anomalies of geoacoustic emission and atmospheric electric field.

Figure 10. Scheme of formation of joint anomalies of high-frequency geoacoustic emission and
atmospheric electric field in a seismically active region. A—near-ground air, B—near-surface
sedimentary rocks.

4. Conclusions

Joint anomalies of high-frequency geoacoustic emission and atmospheric electric field by the
ground–atmosphere boundary have been detected for the first time in the seismically active region.
They are observed in calm weather conditions and are associated with short-time stretching of
near-surface sedimentary rocks at the observation site during unstable tectono-seismic process. On the
basis of generalization and analysis of the results of theoretical investigations and nature observations
described in the literature and taking into account the results of the experiments carried out by the
authors in Kamchatka, a scheme of anomalies formation has been suggested.
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