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Abstract—Based on the long-term observations of the wells on the Petropavlovsk-Kamchatsky Test Site, the
Kamchatka Peninsula, the paper analyzes manifestations of three main types of seismohydrogeological
effects—hydrogeological precursors, coseismic pressure jumps and postseismic effects of the vibrational
impact of seismic waves in measurements of the pressure and chemical composition of groundwater, depend-
ing on the earthquake parameters (magnitude, epicentre distance, intensity of seismic impact in the observa-
tion areas). The paper presents data on the earthquakes that were preceded by hydrogeological precursors in
several (n = 2—4) wells. It is discussed whether it is possible to use hydrogeological precursors to predict
strong earthquakes in Kamchatka. The authors also discuss the results of their experimental use in a real-time
environment with weekly reports on the current observational data for the Kamchatka Branch of the Russian
Expert Council. By the example of water level observations in YUZ-5 Well, the authors analyzed coseismic
jumps in the groundwater pressure due to rupture formation in the sources of local M,, > 6.0 earthquakes and
four types of effects of the vibrational impact of seismic waves during local and distant M,, = 6.8—9.3 earth-
quakes at epicentral distances from 80 to 14600 km; the study demonstrates that such effects depend on the
earthquake parameters and the intensity of seismic impact in the well area.

Keywords: well, earthquake, water level, chemical composition of groundwater, hydrogeological precursor,
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INTRODUCTION

For decades, scientists studying the Earth have
been discussing the impact of earthquakes on ground-
water based on well and spring observations in order to
estimate the variability of pressure, discharge, tem-
perature and hydrogeochemical regimes of groundwa-
ter depending on parameters of seismic events
(Wakita, 1995; Reddy et al., 2011; Yusupov et al., 2014;
Skelton et al., 2014; 2019; Barberio et al., 2017,
Boschetti et al., 2019; Chiodini et al., 2020; Martinelli
et al., 2020; Tsunogai, Zhou et al., 2020; Kopylova
and Boldina, 2020; 2021; Kopylova et al., 2020; 2022).
The findings of such studies permit to explore into the
space-time scales of the manifestation of seismohy-
drogeological effects, depending on parameters of
seismic events, which facilitates effective management
of water resources and environmental control in seis-
mically active regions. Besides, the development of
adequate models of the response of groundwater to
seismic impacts helps to improve the methods for
search and practical use of hydrogeodynamic and
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hydrogeochemical precursors in earthquake predic-
tion research and the analysis of seismic effects in geo-
physical and geochemical fields during variations in
the water content and permeability of rocks.

Seismohydrogeological effects that occur before,
during and after earthquake moments are considered
with regard to three factors of the earthquake impact
on groundwater (1—3).

(1) Pre-earthquake processes in the fluid-saturated
geological environment that become manifest in
hydrogeological (hydrogeodynamic and hydrogeo-
chemical) precursors (Wang and Manga, 2010; 2021;
Kopylova and Boldina, 2020). Formation of fissure
dilatancy in water-bearing rocks, changes in filtration
properties and the hydraulic relationship between dif-
ferent elements of hydrogeological systems, controlled
by wells (Skelton et al., 2014; 2019; Kopylova and Bol-
dina, 2021 et al.), or a quasi-elastic deformation of
water-bearing rocks caused by pre-earthquake aseis-
mic motions in the source area (Kopylova and Bol-
dina, 2012) are analyzed as hypothetical mechanisms
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of variations in the pressure, temperature, ionic-salt
and gas composition of groundwater in wells before
earthquakes.

(2) Rupturing at earthquake sources is accompa-
nied by variations in the static stress state of water-
bearing rocks and an abrupt coseismic increase or
decrease in the groundwater pressure in piezometric
wells (Wakita, 1975; Kopylova et al., 2010).

(3) Propagation of seismic waves from the source of
an earthquake is accompanied by dynamic deforma-
tion of water-bearing rocks and various co- and post-
seismic variations in the pressure, temperature and
chemical composition of groundwater and gases
(Wang et al., 2001; Kitagawa et al., 2006; Kopylova
and Voropaeyv, 2006; Shi et al., 2013; 2015; Sun et al.,
2015; Boschetti et al., 2019; Kopylova and Boldina, 2020;
Chiodini et al., 2020; Martinelli et al., 2020, etc.).

These factors of the seismic impact account for the
time sequence of pre-, co- and post-seismic variations
in groundwater in relation to the instrumental earth-
quake time but cannot explain a wide variety of the
observed responses of the groundwater parameters
even in nearby wells. The variety of the responses of
the pressure and other physical and chemical parame-
ters of groundwater to the seismic impact is explained
by using data on the peculiarities of the local geologi-
cal and hydrogeological conditions, such as filtration
and elastic properties of water-bearing rocks, the
unique hydrogeodynamic and gas-hydrogeochemical
characteristics of groundwater in individual observa-
tion wells (Kopylova and Boldina, 2006; 2020; Bol-
dina and Kopylova, 2013), the degree of correlation
between the groundwater regime and seismogenic
structures and the variability of stress fields and defor-
mations with time (Shi et al., 2013; 2015; Sun et al.,
2015). Yet, despite many years of research in this field,
there is no sufficient explanation of the variety, mech-
anisms, and processes of the generation of seismohy-
drogeological effects recorded in the variations in the
levels, discharges, temperature, gas- and hydrogeo-
chemistry of groundwater in seismically active regions
before, during and after earthquakes (Wang and
Manga, 2010; 2021).

Among the most underexplored seismohydrogeo-
logical effects are hydrogeological precursors, which
manifest themselves at earthquake preparation stages
and which can be potentially used through well obser-
vations for predicting the time of large seismic events.
Relatively few solid data on such precursors have been
collected globally, which explains the pessimism of a
certain part of the scientific community about whether
they really exist. Another reason why the phenomenon
of hydrogeological precursors remains underexplored
is that such precursors become manifest in relatively
small territories in the areas of the sources of future
large earthquakes, including their near and intermedi-
ate field zones (Kopylova and Boldina, 2020; Kopy-
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lova et al., 2022), but large earthquakes quite rarely
occur in the same location.

More solid documentary evidence of seismohydro-
geological effects recorded in various seismically
active regions is about variations in the levels, pres-
sure, temperature, and ionic-salt and gas composition
of groundwater at the moment and after earthquakes
(referred to below as co- and post-seismic effects).
Adequate models have been suggested for such effects
to describe their manifestation in individual observa-
tion wells and springs (Wang et al., 2001; Kitagawa
et al., 2006; Shi et al., 2013; 2015; Sun et al., 2015;
Boldina and Kopylova, 2017; Kopylova and Boldina,
2021; etc.).

The description of hydrogeological precursors,
their correlation with parameters of subsequent earth-
quakes and processes of their generation in individual
observation wells on the basis of conceptual models
considering peculiarities of the manifestation of
hydrogeological precursors and a combination of the
local natural and technical conditions (Kopylova and
Boldina, 2021; Kopylova et al., 2022) helps to under-
stand the significance of the hydrogeological method
in earthquake prediction. Studies of the co- and post-
seismic effects in groundwater help to gain a deeper
insight into hydrogeodynamic and hydrogeochemical
processes in the water-saturated environment of seis-
mically active and aseismic regions of the Earth.

It is evident that studying hydrogeological precur-
sors and other seismohydrogeological effects in the
near and intermediate field zones of earthquake
sources requires detailed and long-term observations
over the regime of wells and springs. This paper dis-
cusses the findings of the studies of the seismohydro-
geological effects on the Petropavlovsk-Kamchatsky
Test Site on the Kamchatka Peninsula (PKTS),
obtained by the Kamchatka Branch of the Geophysi-
cal Survey of the Russian Academy of Sciences (KB
GS RAS) during long-term (1977—present) observa-
tions in five deep wells (Table 1).

The Kamchatka Peninsula is situated at the junc-
tion of the Pacific Oceanic Plate with the continental
Eurasian and North American plates and is one of the
most seismically active regions of the Earth, where the
occurrence frequency of major earthquakes with a
magnitude of about 8—9 does not exceed the first hun-
dreds of years, and large perceptible earthquakes that
in continental areas produce shakes with an intensity
of 5—6 and more points according to the 12-point
MSK-64 scale (Medvedeyv et al., 1965) occur at inter-
vals in the first years (Chebrov et al., 2011).

The paper focuses on the manifestations of hydro-
geological precursors in several (n = 2) PKTS wells,
depending on the ratio of magnitudes and epicentre
distances of earthquakes as well as the intensity of their
impact in the observation areas. The earthquake
intensity according to M.SK-64, the density of seismic
energy (Wang, 2007), and amplitude-frequency char-
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acteristics of seismic waves according to the earth-
quake data recorded at the Petropavlovsk seismic sta-
tions that is the closest to the observation sites (Kopy-
lova and Boldina, 2020) were used as the parameters of
the intensity of the seismic impact.

All in all, seven earthquakes occurred during the
observation time in 1977—2021 (Table 2) which were
preceded by the manifestations of hydrogeological
precursors in several wells operating in natural condi-
tions without any man-made impact. All the seven
earthquakes are classified as the largest (M,, = 6.5—
7.8) seismic events in the region of the Kamchatka
Peninsula, which occurred at a depth of up to 200 km.
This demonstrates that the complex occurrence of
hydrogeological precursors as a natural phenomenon
observed in a seismically active region at large earth-
quake preparation stages is relatively rare and unique.

INPUT DATA

The authors were directly involved in the observa-
tions at the PKTS wells, in the development and
improvement of a groundwater parameter observation
system (Kopylova et al., 2016; Kopylova and Boldina,
2019; Boldina et al., 2022), and in the development of
methods and software tools for processing observa-
tional data (Kopylova et al., 2003; 2009). Descriptions
of the wells, observational techniques and data pro-
cessing methods for the detection of seismohydrogeo-
logical effects can be found in (Kopylova et al., 1994;
2016; Khatkevich and Ryabinin, 2004; Kopylova and
Boldina, 2019; Boldina et al., 2022).

All PKTS observation wells, in which precursors
were recorded, are deep, water-bearing rocks wells,
characterized by a variety of hydrogeological and
hydrogeochemical parameters (Table 1). The intervals
of the intake portion of the wells are 310—2423 m at a
depth of 600—2500 m. The structure of the wells is
described in detail in (Kopylova et al., 2016; Kopylova
and Boldina, 2021; 2022).

The 2018—2022 studies (Kopylova et al., 2018;
2020; 2022; Kopylova and Boldina, 2019; 2020a;
2020b; 2021) present generalized data on the seismo-
hydrogeological effects recorded in the wells on the
Kamchatka Peninsula due to the local and teleseismic
earthquakes. In particular, coseismic pressure jumps
during local earthquakes and four types of effects of the
vibrational impact of seismic waves (I-IV) were
detected in the water level variations in YUZ-5 Well,
and dependencies on earthquake parameters were
determined for them. This paper uses previously pub-
lished as well as updated and recent data on such
effects. Earlier publications of the authors on the topic
are listed in the references to the 2018—2022 studies
mentioned above. All those findings are the backbone
of the data on the seismohydrogeological effects in the
PKTS wells, presented in this paper.
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Hydrogeological Precursors

A criterion for the detection of hydrogeological
precursors (HP) in the variations in the level, ionic
and gas composition of groundwater is an anomalous
behaviour of individual parameters against the back-
ground long-term annual average values in several (n > 2)
wells before the earthquakes.

Figure 1 shows examples of hydrogeodynamic pre-
cursors in the water level variations in YUZ-5 and E-1
Wells during the M,, = 7.2 Zhupanovsky earthquake of
January 30, 2016 (Table 2, No. 7).

In E-1 Well (Table 1), earlier a signal was detected
in the form of a decrease in the water level at a higher
average daily rate of <—0.06 cm/day before M > 5.0
earthquakes at epicentral distances d, < 350 km during
weeks—the first months (Kopylova, 2001; Kopylova
and Boldina, 2012a). This signal of the water level
decrease with a threshold value of —0.06 cm/day (a
hydrogeodynamic precursor) was observed in 100% of
cases before M,, > 6.5 earthquakes and approximately
in 50% of cases before M = 5.0—6.4 earthquakes
(Kopylova and Boldina, 2020). Since 2002 the authors
have been monitoring this hydrogeodynamic precur-
sor in real-time mode, with weekly reports on its pres-
ence/absence, for the Kamchatka Branch of the Rus-
sian Expert Council for Earthquake Forecasting (KB
REC) (Chebrov et al., 2011). An example of this
hydrogeodynamic precursor before the Zhupanovsky
earthquake, detected in real time, is shown in Fig. 1b.

In YUZ-5 Well, two cases of anomalous variations
in the water level were recorded: the variations mani-
fested in a significant disruption of its long-term
annual average seasonal trend: before the M,, = 7.8
Kronotsky earthquake of December 5, 1997 (Table 2)
during three weeks (Kopylova, 2006; Kopylova and
Boldina, 2012), and before the Zhupanovsky earth-
quake (see Fig. 1a) during three months (Boldina and
Kopylova, 2017). Before the Kronotsky earthquake,
the water level was decreasing with an amplitude of
11 cm. Before the Zhupanovsky earthquake, the water
level was increasing with an amplitude of about 30 cm
against the long-term annual average seasonal trend
(see Fig. 1a C).

Hydrogeochemical precursors and postseismic
effects in the variations of the ionic-salt and gas com-
position of water from GK-1, M-1 and G-1 Wells due
to the 1987—1997 earthquakes are shown in Fig. 2
(Kopylova and Boldina, 2021). In GK-1 Well, the
chloride ion concentration was observed to be
decreasing during one-nine months before seven
earthquakes (Table 2, Fig. 2a, the left diagram). Before
the earthquakes of January 1, 1996, December 5, 1997
and January 30, 2016, the decrease in the chloride ion
concentration alternated with a sharp increase lasting
for 4—5 months (Ryabinin and Poletaev, 2021). The
augmented dispersion and changes in the average con-
centrations of free gases were observed during two
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Fig. 1. Variations in the water level in YUZ-5 (a) and E-1 (b) Wells due to the M,, = 7.2 Zhupanovsky earthquake (below—ZhE) of
January 30, 2016 (Table 2). Variations in the water level in YUZ-5 Well: A—water level variations in July 2012—May 2016, against precip-
itation and M,, > 6.5 earthquakes (indicated with arrows): 1—hourly average observational data with compensated barometric variations;
2—seasonal water level variations; 3—residuals in the water level variations after compensation of the annual seasonality and trend: the bold
dashed line indicates the fragment of graphs during ZhE, see Fig. C); B—a coseismic increase in the water level after the onset of seismic
waves (03:25); C—precursor and postseismic water level variations. Variations in the water level and its daily average rate in E-1 Well: A—
from November 2015 to March 2016, against precipitation; ZhE is indicated with an arrow. In the graph of the daily average rate of water
level variations, numbers show: January 1—10—the onset of the hydrogeodynamic precursor, January 2—21—the date of submission of a
forecast report on a potential strong earthquake to KB REC, January 3—30—ZhE; the dashed line indicates the threshold water level
decrease rate —0.06 cm/day; the bold dashed line outlines the fragment of water level variations, shown in the figures: B—water level vari-
ations from December 30, 2015 to March 10, 2016, including a hydrogeodynamic precursor and a postseismic increase; C—change in the
daily average water level variations rate against its threshold —0.06 cm/day (according to (Boldina and Kopylova, 2017)).
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months before the earthquake of March 2, 1992
(Fig. 2a, the right diagram) (Kopylova et al., 1994).

In M-1 Well, the concentration of bicarbonate ion
decreased before five earthquakes (Table 2, Fig. 2b).
In four cases, a simultaneous increase in the concen-
tration of sulfate ion, calcium and sodium was
observed. A month before the earthquake of March 2,
1992, the water mineralization increased by 25% and
the hydrogeochemical type of water changed due to
the increase in the concentration of sulfate ion and the
decrease in the concentration of bicarbonate ion
(Kopylova et al., 1994; 2022).

In G-1 Well, anomalous variations in the concen-
trations of chloride ion, sulfate ion, hydrocarbonate
ion, sodium and calcium were observed before the
earthquakes of January 1, 1996 and December 5, 1997
(Fig. 2c¢) (Khatkevich and Ryabinin, 2004; Ryabinin
and Khatkevich, 2009).

Figure 3 shows the relationship between manifesta-
tions of HP in several wells and the parameters of sub-
sequent earthquakes—their magnitudes M,, and epi-
central distances d, (km) with regard to the calculated
specific density of seismic energy e, J/m? in the obser-
vation area (Wang, 2007; Wang and Manga, 2010;
2021; Kopylova and Boldina, 2020a; 2020b, 2021;
Kopylova et al., 2022). Table 2 also shows the shaking
intensity according to the 12-point MSK-64 scale in
the area of Petropavlovsk-Kamchatsky during all the
seven earthquakes in question.

Figure 3 demonstrates that hydrogeological pre-
cursors were observed in several wells before the M, =
6.5—7.8 earthquakes at epicentre distances d, = 80—
300 km. Those earthquakes were followed by the
ground shaking with /,,¢x s, = 4—6 points. The density
of seismic energy e during those events in the area of the
wells was from 0.1 to 4.5 J/m>. Hydrogeological precur-
sors were observed in the near and intermediate field
zones of the earthquake sources, for which the epicentre
distance d, (km) to the maximum earthquake source lin-
ear size L (km) ratio was d,/L = 0.9-3.7.

Duration and lead time of hydrogeological precur-
sors before the earthquakes in specific wells (7} and
T,) are shown in Table 2. They varied from 1 to 9
months (Fig. 4). It should be noted that there is no
relation between the precursor duration 7, and the
magnitudes of the subsequent earthquakes (Fig. 4a).
At the same time, for M-1 Well the following trend can
be seen: the hydrogeochemical anomaly lead time 7,
increases within 1—5 months with the increase in the
magnitude of the subsequent earthquake (Fig. 4b).

The hypothetical mechanisms of hydrogeody-
namic and hydrogeochemical precursors in the obser-
vation wells on the Kamchatka Peninsula were ana-
lyzed in (Kopylova and Boldina, 2012; 2020a; 2020b;
2021; Kopylova et al., 2022). For example, in order to
explain anomalous variations in the water level in
YUZ-5 Well before the Kronotsky and Zhupanovsky

IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 59

411

earthquakes, the authors used the mechanism of
quasi-elastic deformation of water-bearing rocks
caused by pre-earthquake aseismic motions in the
source areas. The tidal sensitivity of the water level in
relation to the theoretical volume deformation at the
depth of 500 m (the mid-point of the open section of
the wellbore) 4, = 0.161 cm/10~° (Kopylova et al.,
2010) was used to estimate the amplitudes of deforma-
tion of the volume expansion of water-bearing rocks
upon the decrease in the water level before the Kro-
notsky earthquake at —0.7 x 107 (=11 ¢m/0.161
c¢m/10~°%) and the volume compression at 1.9 x 1077
(30 cm/0.161 cm/10~°) before the Zhupanovsky earth-
quake.

The concept of the quasi-elastic deformation of
water-bearing rocks cannot explain the uniform man-
ifestation of the hydrogeodynamic precursor in the
form of a decrease in the water level in E-1 Well at an
increased rate. For this well, more plausible appears to
be the mechanism of the formation of fissure dilatancy
at earthquake preparation stages, associated with an
increase in the capacity of water-bearing rocks and a
decrease in the hydrostatic pressure head. Given the
presence of a methane-nitrogen gas in groundwater
(Table 1), it can also be assumed that phase changes in
the state of gas at earthquake preparation stages have
their effect by decreasing the volume of free gas com-
ing to the wellbore, increasing the groundwater den-
sity and downgrade the water column height. Further-
more, it can be assumed that as a result of seismic
shakes the volume of free gas in the wellbore grows and
the water column height increases (see Fig. 1b—the
increase in the water level with an amplitude of 3.7 cm
during approximately 30 days after the Zhupanovsky
earthquake).

The mechanism of the occurrence of hydrogeo-
chemical precursors in flowing wells is analyzed in
(Kopylova and Boldina, 2021; 2022). By the example
of the earthquake of March 2, 1992 (No. 2 in Table 2
and in Fig. 2a, Fig. 2b) it is demonstrated that the
anomaly precursors in GK-1 and M-1 Wells resulted
from the change in hydrodynamic conditions of mix-
ing of waters with different chemical compositions,
which are found in the aquifer systems of both wells.
Most probably, this process was triggered by an unbal-
anced formation of fissure dilatancy in water-bearing
rocks with different permeability, disturbance of the
hydrodynamic water exchange conditions, and
changes in the chemical composition of water flowing
out of the wells. The main parameters of this process
that define the form and the duration of hydrogeo-
chemical anomalies are the time of relaxation of the
groundwater pressure impulses upon initiation of the
dilatancy process in water-bearing rocks and the time
of movement of mixed water of an anomalous compo-
sition in the aquifer system and in the wellbore.

The results of the analysis of the manifestation of
hydrogeological precursors in five PKTS wells also
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the March 2, 1992 earthquake (Table 2) (according to (Kopylova and Boldina, 2020; 2021; Kopylova et al., 2022)).
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demonstrate that all the observation wells under study
provide insights for the detection of precursors before
large local earthquakes if the wells run in natural con-
ditions without any man-made impact. It appears that
the increased sensitivity of the pressure of groundwater
in E-1 well to the earthquake preparation processes
(Fig. 3b), revealed on the basis of precise water lever
observations, is due to the local hydrogeological con-
ditions, specifically, the low porosity (5%) and water
inflow (0.004 m?/day water transmissivity) of water-
bearing rocks, and the presence of a methane-nitrogen
gas in groundwater (Kopylova et al., 2012).

The analysis of the manifestations of hydrogeolog-
ical precursors on the PKTS shows that runtime diag-
nostics of anomalous variations in the parameters of
groundwater in the studied observation wells on the
basis of routine observations permits us to use them,
along with other earthquake prediction data, in the
mid- and short-term forecasting of the strongest
earthquakes in Kamchatka first months—days in
advance.

Since 2022, in cooperation with the Kamchatka
Branch of the Russian Expert Council for Earthquake
Forecasting (KB REC), the authors have been carry-
ing out an experiment by using hydrogeodynamic pre-
cursors in the variations of the water levels in E-1 and

IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 59

YUZ-5 Wells for the real-time prediction of earth-
quakes, with weekly reports on the presence/absence
of hydrogeodynamic precursors according to routine
observations (Chebrov et al., 2011). In 2002—2016, the
reports of KB REC helped to predict, on the basis of
water-level data, the location, the magnitude and the
time of six M = 5.3—7.2 earthquakes: four of them had
a magnitude of 6.4—7.2 (Fig. 3b). Before the M,,= 6.6,
d, = 350 km earthquake of March 16, 2021, a hydro-
geodynamic precursor was also detected in real time in
the variations of the water pressure in E-1 Well (Bol-
dina et al., 2022).

Co- and Post-Seismic Effects

Effects of coseismic deformation of water-bearing
rocks. Abrupt increases or decreases in the groundwa-
ter pressure upon changes in the static stress state of
water-bearing rocks due to rupturing at earthquake
sources were recorded at various times in YUZ-5 Well.
14 cases of their manifestation, with amplitudes of 0.2
to 12.0 cm of water column, recorded during 5—12 min
after the instrumental time of the earthquake at the
origin, are described in (Kopylova et al., 2010; Boldina
and Kopylova, 2016, 2017; Kopylova and Boldina,
2019).
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Table 3 presents data on the earthquakes, during
which such coseismic abrupt increases or decreases in
the pressure were recorded in YUZ-5 Well. Figure 5
shows the distribution of coseismic pressure jumps,
depending on the earthquake parameters—ratios of
their magnitudes M,, to epicentre distances d, in km.
At a first approximation, manifestation of coseismic
pressure jumps is described by the dependence M,, =
0.003d, + 6.0 (boundaries of the area of the earth-
quakes followed by coseismic jumps in the water level
in Fig. 5).

Coseismic jumps in the groundwater pressure can
yield point estimates of the type and the amount of the
volume coseismic deformation of water-bearing rocks
with amplitudes >unit x 10~ (Kopylova et al., 2010).
The amount and the type of the volume coseismic
deformation (compression or extension), estimated at
the mid-depth of the penetrated water-bearing strata
of 500 m by the amplitudes of pressure jumps and their
direction, generally correspond to a volume coseismic
deformation within one order according to the dislo-
cation source model (Okada, 1985) if the parameters
of mechanisms of sources of respective earthquakes
are used (Table 3).

Effects of the vibrational impact of seismic waves.
The results of the studies of the co- and post-seismic
responses of the water pressure in YUZ-5 Well to the
passage of seismic waves from 19 M,, = 6.8—9.1 earth-
quakes at epicentre distances d, = 80—14600 km are
presented in (Kopylova and Boldina, 2020). Based on
the morphological features and duration of the varia-
tions in the water level, the authors distinguished four
type of such effects: oscillations (type /), short (up to
tens of hours) water level rises superimposed on oscil-
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lations (type 1), short water level rises (type /1I), and
long (1.5—3 months) drawdowns (type V).

The maximum amplitude of the water level oscilla-
tions (types I and [II) is determined by the pressure
variations in the well—water-bearing rock system,
which occur due to the passage of surface seismic
waves with periods corresponding to the resonant fre-
quency of the well (Kopylova and Boldina, 2007). The
rise in the water level for tens of minutes-hours (types
1T and I1]) after the onset of seismic waves can be due
to the increase in pressure upon disturbance of the
steady water flow conditions near the wellbore. Strong
local earthquakes with the intensity /,4x.4, = 5 points
were accompanied by sustained water drawdowns in
the well with the amplitudes of 0.3—1 m (type /V) due
to the increase in permeability of water-bearing rocks
during seismic shakes and a drop in pressure.

Figure 6 shows the dependences of the occurrence
of the distinguished types of vibrational effects of seis-
mic waves [—IV on the earthquake parameters
(Fig. 6a) and the amplitude-frequency content of the
maximum seismic wave velocity phases at the nearest
Petropavlovsk seismic station (PET) (Fig. 6b).

Hence, various types of the vibrational effects of
seismic waves in water level variations reflect cumula-
tive changes in the groundwater pressure upon
dynamic deformation of water-bearing rocks and
associated filtration processes, caused by changes in
the properties of water-bearing rocks, mainly, their
permeability (Kopylova and Boldina, 2007; Wang and
Manga, 2010). Formation of fissure dilatancy in
water-bearing rocks, groundwater degassing, unclog-
ging of the fracture-pore space, effects of the cumula-
tive accumulation of interblock deformations, and
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other factors were earlier considered as hypothetical
mechanisms of changes in permeability during the
passage of seismic waves. By the example of YUZ-5
Well, it was found that, depending on the intensity of
the seismic impact and the amplitude-frequency con-
tent of seismic waves, various types of water level vari-
ations caused by the occurrence and development of
specific hydrogeodynamic processes in the well—
water-bearing rock system can initiate and occur
according to a set pattern. Among such processes are
harmonic variations in the groundwater pressure at
frequencies of tens of Hz during the passage of surface
waves and their intensification at the resonant fre-
quency of the well, impulses of the local increase in
the pressure head in water-bearing rocks near the well-
bore, increase in the permeability of water-bearing
rocks during seismic shaking followed by a decrease in
the groundwater pressure.

RELATIONSHIP BETWEEN VARIOUS TYPES
OF SEISMOHYDROGEOLOGICAL EFFECTS
AND EARTHQUAKE PARAMETERS

The paper analyzes three types of seismohydrogeo-
logical effects in changes in the regime of the PKTS
observation wells: (1) hydrogeodynamic and hydro-
geochemical precursors of individual earthquakes,
which manifest in several (n > 2) wells; (2)—coseismic
pressure jumps recorded during 14 local earthquakes,
and (3)—four types of vibrational effects of seismic

IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 59

waves in water level variations during earthquakes
within a wide range of magnitudes and epicentre dis-
tances. Figure 7 shows the diagram of the distribution
of such types of seismohydrogeological effects,
depending on the earthquake parameters and the
intensity of the seismic impact in the observation
areas.

In Kamchatka, hydrogeological precursors were
observed in three flowing and two piezometric wells
during a period from one to nine months before seven
M, = 6.5—7.8 earthquakes at epicentre distances d, =
80—300 km (Fig. 3, Fig. 7, Table 2). Those earth-
quakes were the largest seismic events during the
period of observations and were followed by shakes
with an intensity of four to six points according to
MSK-64. The density of seismic energy during those
events in the area of the wells was e = 0.1-0.4 J/m.
Hydrogeological precursors were revealed in the con-
ditions of undisturbed (natural) operation of the
observation wells and were highly anomalous. In rela-
tion to the instrumental epicentre of the earthquakes,
hydrogeological precursors were observed in the near
and medium (intermediate) field zones of the earth-
quake sources (d,/L = 1-3.7) (Table 2, Fig. 7).

Runtime diagnostics of hydrogeological anomalies
on the basis of routine observations permits us to use
them, along with other earthquake prediction data, in
the mid- and short-term forecasting of strong earth-
quakes in the Kamchatka Krai (Kopylova and Bol-
dina, 2020).
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(Kopylova and Boldina, 2020).

The results of the analysis of the manifestation of
HP in five Petropavlovsk-Kamchatsky Test Site wells
also demonstrate that all the observation wells provide
insights for the detection of precursors before large
earthquakes if the wells run in natural conditions with-
out any man-made impact.

Figures 5 and 7 show, with the magnitude M, —the
epicentre distance d, as coordinates, the distribution
of the Kamchatka M,, > 6.2 earthquakes that were fol-
lowed by coseismic jumps in the water level (pressure)
in YUZ-5 Well (Table 3). The coseismic jumps (Table
3, Fig. 7, white crosses), as well as hydrogeological
precursors (Table 2, Fig. 7, grey stars) were observed
mainly in the near and medium field zones of the
earthquake sources (d,/L = 1-5).

A characteristic feature of the study region is that
strong earthquakes followed by coseismic water level
(pressure) jumps occurred for the most part within the
Kamchatka seismic focal zone at epicentre distances
of up to 450 km from the well (Table 3, Nos. 1—11, 13).
The maximum epicentre distance of the earthquake
followed by coseismic pressure jump in YUZ-5 Well
was recorded for the Near Islands Aleutian earthquake
of July 17, 2017 in the Commander segment of the
Aleutian Island arc (Chebrov et al., 2019). Its epicen-

IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 59

tre distance d, = 700 km (Table 3, No. 12) was
1.5 times and more greater than the distances of other
earthquakes followed by coseismic water level jumps in
that well.

From Fig. 6 and Fig. 7 it follows that the distribu-
tion of the four types of effects of the vibrational
impact of seismic waves in the water level variations in
YUZ-5 Well depends on the earthquake parameters—
the earthquake magnitude M,, to the epicentre dis-
tance d, ratio, the specific density of seismic energy e,
and the amplitude-frequency characteristics of seis-
mic waves (Fig. 6b). This combination of the quantita-
tive earthquake characteristics can be regarded as a
complex indicator of the intensity of the impact of
seismic waves radiating from the source on the obser-
vation well. For a strong earthquake at a distance of up
to thousands of km from the well, we can estimate the
behaviour of the water level variations and associated
hydrogeodynamic processes in the YUZ-5 Well—
water-bearing rocks system, as well as in other compa-
rable wells, by using the values of M,,, d,, e, and other
indicators, by extending in this way the potential of the
method of water-level observations in the system of
geophysical monitoring of seismically active regions.
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CONCLUSIONS

(1) Earthquake parameters and the intensity of their
impact upon occurrence of hydrogeological precursors
in several (n = 2—4) wells of the Petropavlovsk-Kam-
chatsky Test Site were estimated: M,, = 6.5—7.8, d,= 80—

300 km, e >0.1J/m3, I}, 4= 4—6 points.

The time and the lead time of the occurrence of HP
before such earthquakes varied from 1 to 9 months.

The wells, in which HP manifested, are in the near
and medium (intermediate) field zones of the earth-
quake sources, for which d,/L = 1-3.5, where d,—is
the epicentre distance to the well in km and L—is the
maximum linear size of the earthquake source in km.

IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 59
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The obtained data on hydrogeological precursors
and other types of seismohydrogeological effects in
Kamchatka and the established relationship between
their manifestations and earthquake parameters (Fig. 7)
can be used in studies of the behaviour of natural
hydrogeological systems during the preparation and
occurrence of earthquakes, as well as of other fields of
the Earth relating to variations in the water-saturated
environment of seismically active regions.

(2) Since 2022, in cooperation with the Kamchatka
Branch of the Russian Expert Council for Earthquake
Forecasting (KB REC), the authors have been carry-
ing out an experiment by using hydrogeodynamic pre-
cursors in the variations of the water levels in E-1 and
YUZ-5 Wells for the real-time prediction of earth-
quakes, with weekly reports on the presence/absence
of HP according to routine observations. In 2002—
2016, the reports of KB REC helped to predict, mainly
on the basis of water-level observations in E-1 Well, six
M = 5.3-7.2 earthquakes, four of which had a magni-
tude of 6.4—7.2 (Fig. 3b). Before the M,, = 6.6, d, =
350 km earthquake of March 16, 2021, a precursor was
also detected in real time in the variations of the water
pressure in E-1 Well (Boldina et al., 2022).

The results of observations in E-1 Well show that
there is a certain relationships between changes in the
hydrogeodynamic state of the well—water-bearing
rocks observation system and the processes of the
preparation of strong local seismic events and make it
possible to use the current observational data in the
earthquake prediction system in the Kamchatka Krai.
At the same time, the developed concept of the mech-
anisms of this relationship is largely hypothetical and
needs further research.
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