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Abstract

Analysis of the results of thirteen-year radon studies in the Southern Kuril Islands allowed us to establish a reliable
relationship between tectonic events and anomalous concentrations of observed radon (VRA) extracted from the near-
surface layer. Radon anomalies were compared with earthquakes of magnitude higher than 4 from the United States
Geological Survey (USGS) catalog, which occurred within a radius of 500 km from the observation point. It was pos-
sible to divide the epicenters of tectonic events into groups that differ in distance relative to the monitoring point.
Earthquakes always occur after the maximum of the preceding radon anomaly. Events of the first group belong to the
near zone and are located within a radius of less than 130 km from the radon monitoring point. Events of the second
group belong to the far zone and are located at a distance of more than 180 km from the radon monitoring point.
The proposed method for determining the time and place of a tectonic event is the result of research. The proposed
method is based on measuring the concentration of soil radon at four spatially separated points in the corners of a square
with a distance between neighboring points of 180 km, which corresponds to the distance of the far zone. If an abnormal
concentration of volume radon activity is detected at one of the observation stations, the presence of radon anomalies
at other points is checked. If a radon anomaly is detected at least at one of the other observation points, a tectonic event
is expected within six days from the moment of the maximum radon anomaly in the spatial boundaries limited
to 130 km relative to the observation point where the first VRA anomaly was recorded. The proposed method is appli-
cable for protecting specific objects in conditions of increased seismic activity. The effectiveness of the method
is determined by the fulfillment of the provisions of the developed measurement methodology.
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Introduction

Currently, there is a tendency to abandon the prediction of earthquakes, since only the exact
location (meters), time (minutes), and magnitude (points) can be considered a prediction. In some
cases, the researchers did not completely abandon the prediction, but displaced their focus to estimating
the probability of an event [1, 2]. In Russia, there is a trend in the development of seismic safety,
including seismic zoning, the introduction of innovative technologies for earthquake-resistant con-
struction and early warning systems.

Nevertheless, scientific interest in predicting and searching for earthquake precursors remains
relevant [3-5]. Today, a particularly important task is the short-term prediction [6-8], which allows
us to take prompt response measures to reduce human and economic losses.

Changes in the stress-strain state of rocks during earthquake preparation are among the most
realistic physical mechanisms that can be used for short-term prediction [9-11]. The underground
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atmosphere and hydrosphere are subject to changes in the stress-strain state of the geological envi-
ronment.

The state of the underground atmosphere in a rock mass can be controlled by radon isotopes.
They have a continuous source of generation, are fairly easy to register, and do not have a cumulative
effect, which increases the sensitivity of measurements. It is preferable to use the isotope Rn-222,
because it has a source of generation contained in almost all rocks.

Many researchers point to possible important relationships between changes in radon concentra-
tions in soil, groundwater, atmosphere and earthquakes [12-14]. Many studies have been conducted
on measuring radon before earthquakes in soil [15-17], air [18-20], and water [21-23].

S.Okabe conducted the first studies of radon gas and seismic activity in 1956 [24]. He found
a positive relationship between changes in atmospheric radon concentrations near the Earth's surface and
regional seismic activity in Japan. Thus, he pointed to radon as a new indicator of earthquakes.

In the work performed by V.I1.Ulomov [25], significant changes in the radon concentration in
borehole water were noted before the Tashkent earthquake of April 26, 1966. This is the first time
that radon anomalies in borehole waters can serve as an indicator of earthquakes.

A number of studies have shown that the concentration of radon in soil, water, and atmosphere
varies depending on movements in the Earth's crust. For example, in the Gulf of Corinth (Greece),
the level of radon in the atmosphere sharply decreased before the earthquake [26]. In the case of the
Izu-Oshima-Kinkai earthquake (January 14, 1978), the concentration of radon in groundwater
began to decline three months before the event and plummeted five days before it. On the
contrary, before the Kobe earthquake (1995), the concentration of radon in underground waters
increased and peaked nine days before the disaster [27].

Scientists from Irkutsk analyzed the observed variations in subsurface radon and time variations
in atmospheric pressure. Measurements were carried out in loose sediments at three stations in the
Baikal Region [28]. During the observation period, three significant earthquakes were recorded. The
conducted emanation monitoring made it possible to determine the effect of changes in atmospheric
pressure on the release of subsurface radon [28].

From 1997 to 2016, subsurface radon measurements were performed on the Kamchatka Peninsula
and its probable relationships with tectonic events were identified [29]. Researchers have identified me-
dium-term signs of preparation for a strong earthquake in the Kamchatka seismogenic zone [30].

Monitoring measurements in the underground atmosphere and hydrosphere, in particular soil
radon, make a significant contribution to understanding the physical processes associated with earth-
quake preparation.

The aim of the study is to develop a new method for determining the time and location of an
earthquake based on tracking changes in the stress-strain state of rocks based on measurements of
soil radon in the underground atmosphere. To achieve this goal, the following tasks were performed:
development of a measurement methodology; development of a method for detecting anomalies of
volume radon activity (VRA); comparison of VRA anomalies with subsequent earthquakes; study of
the behavior of VRA at various epicentral distances from the monitoring station.

Methods

In 2011-2024, radon monitoring was carried out on Kunashir Island in the mode of forced delivery
(forced convection [31]) of soil air to the detector. Geodynamically, the selected area for research
belongs to the subduction zone. From the point of view of plate tectonics, it is located in the junction
zone of the Pacific plate and Okhotsk Sea plate. The rate of subduction of the Pacific plate under
the Okhotsk Sea plate is about 8 cm per year. The monitoring station is located 150-200 km west of
the ocean trough. This circumstance limits the registration of weak earthquakes in variations in the
volume radon activity, which simplifies the identification of anomalies and events. Geologically, the
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Fig.1. Variations in volume radon activity and seismic events for 2011-2024

station is located on an ancient lava flow of andesite-basalt composition, formed after one of
the eruptions of the Mendeleev volcano. Rocks of this composition have elastic properties, which is
a condition for obtaining informative data on variations in the volume radon activity. Measurements
at this station are optimal based on the number of observed earthquakes. If a small number of
earthquakes occur in the observation region, it is impossible to obtain statistically reliable patterns.
Too many numbers make it difficult to compare anomalies and events. The measured velocities of
satellite positioning reference points changed after the Simushir earthquakes of 2006-2007. The
middle islands of the Kuril Ridge move at a rate of 1.4 cm per year, the southern ones up to 3.3 cm.
This situation may indicate that there is no plate engagement in the middle part of the ridge, and
stresses are accumulating in the southern part, which may lead to earthquakes. Moreover, there
have been no events with a magnitude greater than 8 in the Southern Kuril Islands region for more
than 30 years, and the average interval between earthquakes with a magnitude greater than 8 is
about 10 years [32].

In Fig.1 presents a multi-year series of volume radon activity and seismic events from from the
United States Geological Survey (USGS) catalog. As can be seen from Fig.1, the data is not suitable
for processing, analysis and interpretation according to the method developed by the authors. At this
scale, it is impossible to identify anomalies and compare them with subsequent earthquakes. The
authors developed a method for identifying anomalies of radon volume activity and comparing them
with earthquake-causing ones [31].

I.P.Dobrovolsky proposed a deformation model for the manifestation of tectonic earthquake pre-
cursors [33]. This model is used to estimate the precursors occurrence zone for the Southern Kuril
Islands. The ratio of the earthquake magnitude M to the logarithm of the distance from the monitoring
station to the epicenter of the tectonic event R > 2.5 was used. The ratio is applicable to the assessment
of the manifestation zone of precursor effects associated with variations in porosity and permeability
of the geological environment. The ratio of the earthquake magnitude to the logarithm of the distance
from the monitoring station to the event is conventionally called a geodynamic criterion. During the
observation period, the maximum magnitude was 7. This value was used to calculate the radius
of occurrence of precursor effects, which was 500 km (the distance from the monitoring point
on Kunashir Island to the epicenters of tectonic events) [31]. Retrospective analysis of earthquakes with
a magnitude greater than 4 with a geodynamic criterion K higher than 2,5 was conducted (Fig.2, 3).
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Fig.2. Earthquakes in the VRA field from 2011 to 2024. Rhombuses indicate events that were preceded
by an VRA anomaly, circles indicate events that were not reflected in the VRA anomaly curves.
The lines correspond to different M/logR ratios
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Fig.3. Map of earthquakes in the VRA field for the observation period from 2011 to 2024. The star indicates the observation station.
Orange circles indicate events that were preceded by an VRA anomaly; purple squares indicate events that were not reflected
in the VRA anomaly curves. The circle corresponds to a radius of 500 km from the monitoring station
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at the top shows the generated moment of the earthquakes (mathematical expectation) from the
earthquake, a shaded column shows the generated catalog for the same period are taken as a basis. All
time interval during which the anomaly lasted .. L .
generated seismic events were located within a radius
of 500 km from the monitoring station and their magnitude was assumed to be greater than or equal
to 4. Earthquake sequences with K> 2 and K > 2.2 were considered.

Random sequences of anomalies are also generated according to the Poisson distribution law.
The mathematical expectation of the intervals between the selected VRA anomalies over a nine-year
period is taken as a basis. The anomaly window is taken as the average value among all selected
values between the anomaly maximum and its end — 7 days (Fig.4). Sequences of anomalies iden-
tified before earthquakes with criteria K> 2 and K > 2.2 were considered.

The generated random sequences of earthquakes and anomalies were compared. If the earth-
quake fell within the seven-day anomaly window, it was assumed that it was preceded by an anomaly
of soil radon.

As a result of calculations, the experimental probability for earthquakes with K > 2 is 0.89, while
the theoretical probability is 0.35. For earthquakes with K> 2.2, the experimental probability is 0.98,
while the theoretical probability is 0.20. For both K > 2 and K > 2.2, the theoretical probability does
not correspond to the experimentally obtained values. For earthquakes with K> 2 and K > 2.2 and
radon anomalies, the theoretical probability is 3 and 5 times less than the experimental probability,
respectively. This may indicate a causal relationship between anomalies in radon volume activity and
earthquakes.

Results and discussion

It is established that seismic events occur after the maximum anomaly of the volume radon ac-
tivity, and near and far earthquakes (relative to the observation point) are reflected in different parts
of the VRA curve. In the time interval from the radon anomaly maximum to six days, tectonic earth-
quakes of the far zone are manifested. For the geological and tectonic conditions of the South Kuril
geodynamic polygon, the radius of the far zone (extension zone) was more than 180 km. In the time
interval from the radon anomaly end to 28 days near zone events appear. Near zone events are
reflected in the VRA curve after the anomaly reaches the background level in the time interval
up to 28 days. For the conditions of the South Kuril geodynamic polygon (subduction zone), the
radius of the near zone (compression zone) was less than 130 km [34].

The behavior of the crack-pore space when the stress state of the massif changes directly at the moni-
toring point is the physical basis for reflecting the earthquake preparation process in the behavior of soil
radon, taking into account that the observed radon anomalies are short and high-amplitude [35].
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In Fig.5 shows the average anomalies of

volume radon activity for the measurement pe- Fig.5. Averaged VRA anomalies in the compression

. X and extension zones and radon decay curves. Solid lines —
riod 2011-2024. When studying the decay of Rn, averaged values of VRA anomalies before the events
a regularity is observed between the initial and of the near (1) and far (2) zones; dashed lines —radon

. .. . . decay curves for the maximum of the near (3) and far (4)
final amounts of the initial substance, which is zones; dash-dotted lines — approximation of VRA values
approximated by the exponential law. Propor- after the completion of the anomaly, radon decay curve
tional coupling is the basis of the law of radioac- for the near (5) and far (6) zones
tive decay. The average maximum of the radon
anomaly for each zone is taken as the starting point. For each measurement point, the average value
for all anomalies was calculated separately for anomalies preceding near zone earthquakes (line 1,
Fig.5) and far zone earthquakes (line 2, Fig.5). The average anomalies of volume soil radon activity
for the near and far zones are plotted with radon decay curves (curves 3, 4, Fig.5). Curves 5 and 6 in
Fig.5 is an approximation of the VRA curves after the end of the radon decay curve anomaly.

Reduction of the anomalous value of volume radon activity as for the near zone (line 1, Fig.5),
and for the far zone (line 2, Fig.5) occurs not only due to the decay of radon, which was released. The
flow of soil radon from the pore space is stopped. In both the first and second cases, the radon curve
(lines 1, 2, Fig.5) does not agree with the law of radioactive decay, starting from the maximum value
of radon concentration (curves 3, 4, Fig.5). In the case of the near zone, the VRA curve is approxi-
mated by the radon decay curve (curve 5, Fig.5) after the end of the radon anomaly at the output to
the background values. In the case of the far zone, the VRA curve after the end of the anomaly returns
to the initial values before the increase and is not approximated by the decay curve (curve 6, Fig.5).
This is due to the fact that radon continues to be squeezed out of the pores and cracks. Thus, the
described mechanism of formation of radon anomalies is justified.

Based on the described mechanism of radon anomalies formation, a method for short-term pre-
diction of the earthquakes time and location is formulated. The key component of the proposed
method is the change in the porosity and permeability of rocks under the influence of tensile
and compressive stresses. Stretching in one area leads to compression in another. Accordingly, the
removal of compressive stresses during destructive processes in the source at the time of an earth-
quake or shortly before it will cause the removal (for some time) of tensile stresses outside the source
(in the far zone). This will lead to the restoration of permeability to the previous level, i.e. the pore
volume will decrease and radon will be displaced to the adjacent areas of the pore space. When
monitoring in the far zone (extension zone), a tectonic event is reflected on the VRA curve in the time
interval after the anomaly maximum of up to six days. The radon anomaly that occurred in the far
zone is caused by the process of destruction in the earthquake source. Monitoring of radon variations
in the far zone, taking into account that the destructive process in the focus of a tectonic event leads
to the appearance of an anomaly, will allow predicting an earthquake after the maximum of the radon
anomaly [36].

VRA, Bg/m?
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Fig.6. Layout of volume radon activity For the practical implementation of the proposed

observation points .
method, it is necessary to create a network of observa-

tion points for monitoring soil radon in seismically
active areas, for example, in the North Caucasus and in the Crimea. These regions are of great economic
importance and have a high population density. Currently, radon monitoring sites are located in dif-
ferent regions with different geodynamic activity — the Kuril Islands, Sakhalin Island, Eastern Sayan
(Republic of Tyva), the Urals, the Republic of Kazakhstan, and the Kyrgyz Republic. The monitoring
results confirm the patterns of earthquake reflection in the radon field obtained for the subduction
zone. The conducted studies show that in order to obtain standard data, it is necessary to strictly
observe the mode of measuring soil radon, taking into account geological and tectonic conditions.

Conclusion

Despite the skeptical attitude towards predicting tectonic events, each new catastrophic earth-
quake again makes the problem relevant. To study the process of earthquake preparation, new ap-
proaches are needed based on methods that have a real physical justification. Monitoring of soil radon
meets this condition and makes it possible to obtain statistically significant observation series. The
proposed method for determining the time and location of an earthquake allows us to estimate the
quantitative characteristics of the expected earthquake time relative to the characteristic zones of
manifestation on the radon curve and determine the position of the tectonic event epicenter in space.
After successful application in real conditions, the proposed method is highly likely to prevent tec-
tonic events at controlled objects in regions with increased seismic hazard.
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