¢ water
L]

Article

A Verification of Seismo-Hydrogeodynamic Effect
Typifications Recorded in Wells on the Kamchatka Peninsula:
The 3 April 2023 Earthquake, Mw= 6.6, as an Example

Galina Kopylova * and Svetlana Boldina

Academic Editors: Paolo Madonia

and Juan José Duran

Received: 24 October 2024
Revised: 15 January 2025
Accepted: 6 February 2025
Published: 21 February 2025

Citation: Kopylova, G.; Boldina, S. A
Verification of Seismo-
Hydrogeodynamic Effect
Typifications Recorded in Wells on
the Kamchatka Peninsula: The 3
April 2023 Earthquake, Mw= 6.6, as
an Example. Water 2025, 17, 634.
https://doi.org/10.3390/w17050634

Copyright: © 2025 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (https://cre-

ativecommons.org/licenses/by/4.0/).

Laboratory of Geophysical Research, Kamchatka Branch of the Geophysical Survey of the Russian Academy of
Sciences (KB GS RAS), 683006 Petropavlovsk-Kamchatsky, Russia; boldina@emsd.ru
* Correspondence: gala@emsd.ru

Abstract: Long-term observations in wells make it possible to study changes in ground-
water pressure/level during individual earthquakes (seismo-hydrogeodynamic effects —
SHGEs) over a wide range of periods of their manifestation. Information on the morpho-
logical features and durations of the SHGEs together with data on earthquake parameters
form the basis for creating the unique typifications of SHGEs for individual observation
wells. With reliable verification, such SHGE typifications provide the practical use of well
observation data to predict strong earthquakes and assess their impact on groundwater.
During long-term (1996-2022) precision observations of pressure/water level variations in
wells of the Petropavlovsk—Kamchatsky test site (Kamchatka Peninsula, northwest Pacific
seismic belt), SHGE typifications describing the manifestations of various types of SHGEs
at the earthquakes in ranges of magnitudes Mw =5.0-9.1 and epicentral distances de = 80—
14,600 km were developed. At the same time, the issue of verifying created SHGE typifi-
cations for individual wells in relation to the strongest and closest earthquakes, accompa-
nied by noticeable tremors in the observation area, is relevant. On 3 April 2023, an earth-
quake, Mw = 6.6 (EQ), occurred at an epicentral distance d. = 67-77 km from observation
wells. Various changes in the groundwater pressure/level were recorded in the wells: os-
cillations and other short-term and long-term effects of seismic waves, coseismic jumps in
water pressure caused by a change in the static stress state of water-bearing rocks during
the formation of rupture in the earthquake source, and supposed hydrogeodynamic pre-
cursors. The EQ was used to verify the SHGE typifications for wells YuZ-5 and E-1 with
the longest observation series of more than 25 years. In these wells, the seismo-hydroge-
odynamic effects recorded during the EQ corresponded to the previously observed SHGE
during the two strongest earthquakes with Mw =7.2, de =80 km and Mw = 7.8, de =200 km.
This correspondence is considered an example of the experimental verification of previ-
ously created SHGE typifications in individual wells in relation to the most powerful
earthquakes in the wells” area. Updated SHGE typifications for wells E-1 and YuZ-5 are
presented, showing the patterns of water level/pressure changes in these wells depending
on earthquake parameters and thereby increasing the practical significance of well obser-
vations for assessing earthquake consequences for groundwater, searching for hydrogeo-
dynamic precursors and forecasting strong earthquakes. The features of the hydrogeody-
namic precursor manifesting in the water level/pressure lowering with increased rates in
well E-1 before earthquakes with Mw > 5.0 at epicentral distances of up to 360 km are
considered. A retrospective statistical analysis of the prognostic significance of this pre-
cursor showed that its use for earthquake forecasting increases the efficiency of predicting
earthquakes with Mw > 5.0 by 1.55 times and efficiency of predicting earthquakes with Mw
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>5.8 by 2.34 times compared to random guessing. This precursor was recorded during the
92 days before the EQ and was identified in real time with the issuance of an early prog-
nostic conclusion on the possibility of a strong earthquake to the Kamchatka branch of the
Russian Expert Council for Earthquake Forecasting.

Keywords: well; groundwater pressure; earthquake; typification of seismo-hydrogeodynamic
effects; earthquake forecast; Kamchatka Peninsula

1. Introduction

For decades, the geosciences have been interested in studying the impacts of earth-
quakes on the natural environment, including on underground water. The variety of phe-
nomena observed in pressure, level, discharge, temperature, and hydrogeochemistry
changes in underground water during strong earthquakes do not yet have an exhaustive
explanation regarding the relationship between different types of such phenomena and
earthquake parameters. Of particular interest is the experimental study of the hydrogeo-
logical precursors of strong earthquakes on data from long-term precision observations in
wells.

A detailed description of the diversity of seismo-hydrogeological effects, including
observation data on wells in various regions of the Earth, is given in the monographs in
[1,2]. At the same time, the authors note the need for further well observations in seismi-
cally active regions during strong earthquakes, especially at the stages of their prepara-
tion. This is due to the fact that the possibility of deriving the timely diagnostics of hydro-
geodynamic and hydrogeochemical precursors for their use in forecasting strong earth-
quakes still remains controversial.

This paper examines changes in groundwater pressure in observation wells located
in the east of the Kamchatka Peninsula (Figure 1) during an earthquake with a magnitude
of Mw = 6.6 that occurred on 3 April 2023 (hereinafter, EQ) at an epicentral distance of d. =
67-77 km in comparison with seismo-hydrogeodynamic effects (SHGEs) recorded in these
wells during other previously occurring earthquakes with a wide range of magnitudes
and epicentral distances, detailed descriptions of which were given in the authors’ previ-
ous publications.

When a strong earthquake occurs near the area of precision observations of ground-
water parameters in wells, a unique opportunity arises for a detailed study of the impact
of seismicity on groundwater. To study such phenomena, it is preferable to use deep wells
in conditions without man-made influence [3]. If this condition is met, as in the case of
observation wells in Kamchatka, each strong earthquake, together with reliably diagnosed
changes in groundwater parameters, both preceding the earthquake and associated with
its implementation, represents valuable scientific facts that form the basis for studying the
influence of seismicity on underground aquifers and the possibility of using hydrogeo-
logical precursors for forecasting strong earthquakes.

During the entire observation period at the Kamchatka wells in 1996-2023, digital
equipment was used [4,5], allowing for the diagnosis of SHGE in the range of periods
from seconds to minutes to hours to days and tens of days (Section 3). The seismo-hydro-
geodynamic effects in pressure/water level changes recorded in observation wells during
the EQ are presented in Section 4. A comparison was made of the SHGE detected in wells
E-1 and YuZ-5 during the EQ with previously recorded SHGE in these wells during the
most dangerous and nearby earthquakes. The purpose of such a comparison was to verify
previously created typifications of the SHGE for individual wells, especially during strong
local earthquakes, which occur rarely.
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The refinement of the set of SHGESs in individual wells during a strong earthquake
increases the practical significance of well observations for seismic forecasting and as-
sessing the impact of such events on monitored aquifers and the technical condition of
observation wells.
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Figure 1. Location observation wells (Table 1) on the territory of Petropavlovsk—-Kamchatsky geo-
dynamic test site (shown with a yellow dotted line in the inset), geologic setting, epicenter and focal
mechanism of 3 April 2023 earthquake, Mw = 6.6 (Table 2) and the epicenters of major aftershocks
(according to data of NEIS (https://earthquake.usgs.gov/earthquakes/search (accessed on 20 January
2024)), GlobalCMT (https://www.globalcmt.org (accessed on 20 January 2024)) and the Kamchatka
Branch of the Geophysical Survey of the Russian Academy of Sciences
(http://sdis.emsd.ru/info/earthquakes/catalogue.php (accessed on 20 January 2024)). (a) Location of
observation wells: 1—piezometric well, 2—flowing well, 3—Petropavlovsk (PET) seismic station,
7 —Petropavlovsk-Kamchatsky geodynamic test site (inset), 8 —Petropavlovsk-Kamchatsky city
(inset). (b) Geological environment according to [6-8] with author’s additions: 4—weather station,
5—main event epicenter, 6—aftershock epicenters, 9-13—geological formations (9—Quaternary
sedimentary deposits, 10—Quaternary volcanogenic deposits, 11 —Quaternary lavas of modern vol-
canoes, 12—Neogene volcanogenic-sedimentary rocks, 13—Late Cretaceous metamorphosed vol-
canogenic-sedimentary rocks), 14 —regional faults (1 —Avachinsky, 2—Petropavlovsky), 15—faults
(a—established, b—assumed), 16—depth to the metamorphosed basement in km, 17 —tectonic
structures (I—Avacha volcano-tectonic depression, II—Petropavlovsky horst, IIl —Nachikinskaya

zone of fold-block dislocations), 18 —direction of regional underground runoff.

Particular attention in the work is given to the description of the hydrogeodynamic
precursor (HGP) manifested in the water level/pressure changes in well E-1. The paper
provides updated retrospective estimates of the prognostic significance of this precursor
for the entire observation period, showing the possibility of its use for predicting earth-
quakes with magnitudes Mw > 5.0 at epicentral distances of up to 360 km (see Section
3.1.1).
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Since 2002, based on the detection or absence of this hydrogeodynamic precursor in
real time, weekly reports on the possibility of a strong earthquake in the area of the Pet-
ropavlovsk-Kamchatsky geodynamic test site have been compiled and transmitted to the
Kamchatka branch of the Russian Expert Council for Earthquake Forecasting (KB REC)
[9]. Before the EQ, the hydrogeodynamic precursor in pressure and water level changes
was diagnosed with the issuance of a prognostic conclusion. The earthquake that occurred
on 3 April 2023, is in satisfactory agreement in magnitude, time and location with the early
forecast based on observations of the hydrogeodynamic precursor in well E-1.

Section 5 presents diagrams of the refined SHGE typifications for wells YuZ-5 and E-
1, taking into account the observation data during the earthquake of 3 April 2023, and also
discusses the issues of creating and using SHGE typifications when conducting observa-
tions at wells in order to search for earthquake precursors and study the impact of seis-
micity on groundwater.

Table 1. Observation wells, Kamchatka Peninsula.

Precision obser- Depth Water Level
vations Start _Il;_‘ Depth, Water Tem Water
. Date Lithology: h,m Mineraliza- Water Gas
Wells Coordinates .. Open o . perature, . -
(Precision obser- Age, Composition Discharge tion, Type Composition
. R Interval °C
vations Duration m Rate, g/L
*) q,L/s;

YuZ-5 53.17° N Sept 1997 800 K2, mudstone, piezometric 14 045 HCO3-504— dissolved
158.41° E (26.4 years) 310-800 shale h=15 ) Na-Ca gas, N2
53.26° N Jan 1996 665 piezometric Cl-HCOs- free gas,

E-1 Tuff: 1 1.
15848°E (28 years) 625-645 N, Tuffs h=27 0 > Na N2-CHs
53.14° N April 2021 717 piezometric HCOs-S0s— dissolved
1303 y5g36°E (2.8 years) 517-717 N, Tuffs h=25 14 067 Na gas, N2
600
53.18°N July 2020 310-313 self-flowing, dissolved
M1 15828°E (3.6 years) 407-410 N, Tuffs q=15 16 025 SO-CaNa gas, N
553-556
Notes: * Number of years as of 1 February 2024.
Table 2. Earthquake data (https://www.globalemt.org;  https://earthquake.usgs.gov;
https://glob.emsd.ru (accessed on 20 January 2024)).
Earthquake Source Mechanism Earthquake
EQ Hypocenter
According to CMT https://www.globalcmt.org Source
Coordinates Movement Along
EQ EQ M (accessed on 20 January 2024) Dimensions ****
the Rupture *****
Date Time 5calar Seismic Mo
N, E, H, Strike, Dip, Rake, w, L, U, m
ment
©) ©) km ©) ©) ©) m m
Mo, N x m x 1020
6.6*
3 April 2023 03:06:59 52.58 15876 95 6.5* 0.1 215 (104) 86(10) 80(159) 15,798 41,210 0.46
6.6 KA

Notes: * Magnitude of the earthquake according to the catalog https://www.globalcmt.org (accessed
on 20 January 2024). ** Magnitude of the earthquake according to the catalog https://earth-
quake.usgs.gov (accessed on 20 January 2024). *** Magnitude of the earthquake according to the
catalog https://glob.emsd.ru (accessed on 20 January 2024). **** L, length along the strike, and W,
width along the dip, were estimated from magnitude Mw = 6.6 according to the following formulas:
IgL =0.440 x Mw —1.289 and 1gW = 0.401 x Mw — 1.448 [10]. **** The amount of movement along the
rupture U was found from scalar seismic moment Mo, in U = Mo/S x 1, where S = L x Wis the rupture
area, and p =30 x 10° N/m? is the shear modulus of elastic medium.
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2. Wells, Equipment, Data Processing

The Kamchatka Peninsula is located in the northwestern part of the Pacific seismic
belt, at the junction between the Pacific oceanic plate and the continental Eurasian and
North American plates. Here, seismic activity reaches the maximum level on the Earth
and strong earthquakes with magnitudes up to 8-9 occur with a recurrence rate of the first
hundred years [11,12]. Here, at the Petropavlovsk—-Kamchatsky geodynamic test site (Fig-
ure 1a), precision observations of groundwater pressure are carried out in four deep wells
in order to study seismo-hydrogeodynamic phenomena. The geological and hydrogeo-
logical environment of the wells” area (Figure 1b) is given in [5]. Observations were carried
out by the Kamchatka branch of the Geophysical Survey of the Russian Academy of Sci-
ences (KB GS RAS).

Well data are presented in Table 1 and Figure 2. The YuZ-5, E-1 and 1303 wells are
piezometric with the water level at depths of 1.5-27 m below the Earth’s surface. The M-
1 well is self-flowing with a water flow rate of 1.5 L/s.

water level 1-1.5 m water level 27 m water level 25 m
w. YuZ-5 waterlevel 27m | w. E w. 1303 — - =245 mm_20 w. M-1
5 3 gravel, pebblé 36 m
=245 mm| " —
L2y 2 B, Fels 168 Q 2168 mm
£
= £ N
5 gravel, =25 mm o 2
K| pebble, £ Q
Q 2 #=219 mm
~ Vo—
2=108 mm
T = Se
I o gravel, 2-114 mm
| g=168mm | o Bl pebble, £ c — | E £
= Q 2 tuff, | ~ E tuff, S
El g : = 2 310-313m 3
§ ® ° % N ,E = § N ©
€
©
3
<
—_—
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-
(I
. 625-647 m 1 1 293 mm
A £
] 4 g
o~
E “;Ifs perforation 1 553-556 m
o (I
} 11
I cement éé&

plug

Figure 2. Wells’ structure and geological section.

The wells open up pressure aquifers in the areas of casing perforation at depths of
310-1100 m. The exposed water-bearing rocks consist of tuffaceous—sedimentary rocks of
Neogene age and terrigenous metamorphosed deposits of Late Cretaceous age with pre-
dominantly fracture permeability. These aquifers are characterized by static confined con-
ditions [13-16]. For such conditions, when opening an aquifer with a piezometric well, a
direct relationship is observed between changes in water pressure and deformation of
water-bearing rocks controlled mostly by the aquifer elastic parameters.

Analysis of the relationship between the water level changes with atmospheric pres-
sure and theoretical earth tide variations showed distinct barometric and tidal responses
in the piezometric wells YuZ-5 and 1303 in the range of hourly and daily periods, while
there was a weak barometric response and no tidal response of groundwater pressure in
self-flowing well M-1. We believe that this is caused by the dissipation of barometric and
tidal signals in water pressure changes at the perforation depths of the wellbore by the
free flow of water from well M-1. At the same time, the depth opening of water-bearing
rocks of 310-556 m (Figure 2), the constancy of water pressure and discharge, as well as
the stability in chemical composition of underground water throughout the year, allow us
to accept static confined conditions for well M-1.
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In water level changes in well E-1, a weak barometric response was detected in the
range of periods of two or more days, as well as the absence of a tidal response in the
range of diurnal and semidiurnal tidal waves. We believe that such features of this well
are associated with the increased compressibility of underground water containing me-
thane-nitrogen gas (Table 1).

The results of barometric and tidal analysis of water level variations in piezometric
wells indicate the presence of statically confined conditions and allow us to estimate the
elastic properties of aquifers (Table 3). The values of Skempton’s coefficient B and specific
elastic capacity Ss of water-bearing rocks, as well as porosity ¢, were obtained by calcula-
tion using the values of barometric efficiency Ev and tidal sensitivity Av according to
[17,18]. The values of the filtration parameters —transmissivity T and hydraulic conduc-
tivity —were obtained from well tests after the completion of drilling.

Table 3. Elastic and filtration properties of water-bearing rocks [5,13].

Tidal ific Elasti
. . 1.d'a . Skempton’s Co- Specific . astic . Transmissivity, Hydraulic Con-

Barometric Effi- Sensitivity, . . Capacity, Porosity, . .
Wells . . efficient, T, ductivity,

ciency, Ev, Av*, B Ss, ) m2/Da m/c

hPa/10" mx 107 y
YuZ-5 0.40 0.161 0.67 16.9 0.11 7.8 9x107

E-1 0.1 - 0.09 29 0.05 0.005 3.2x107
1303 0.43 0.215 0.64 10.3 0.07 0.32 3.7x108

Notes: * Ay is tidal sensitivity of water pressure with respect to the theoretical volumetric strain.

The duration of continuous observations of water level/pressure variations using dig-
ital equipment in individual wells varies from 28 to approximately 3 years (Table 1). The
description of the equipment is given in [4,5]. During the EQ, as well as throughout the
entire period of precision observations, all wells were equipped with precision sensors for
groundwater pressure/level and atmospheric pressure, providing an accuracy of 0.1 hPa.

The study of seismo-hydrogeodynamic effects in the groundwater pressure changes
in Kamchatka wells has shown that they can manifest themselves in a wide range of peri-
ods—from seconds to hours and days to tens of days. This diversity in the manifestations
of SHGE over time is consistent with observations in other regions during strong earth-
quakes [1,2,19-25].

It should be noted that the detail of the SHGE study, especially high-frequency vari-
ations in water pressure due to the passage of seismic waves, is determined by the fre-
quency of pressure/level measurements in observation wells. With hourly measurements,
it is not possible to study high-frequency variations in groundwater pressure. With meas-
urements in the range of minutes, we can only state the fact of high-frequency variations
in water pressure during the passage of seismic waves from strong earthquakes, but it is
impossible to consider them in detail with accurate estimates of amplitudes and frequency
content [26,27].

When conducting observations with a frequency =1 Hz, for example, [24], records of
water pressure fluctuations and subsequent post-seismic changes can be obtained, the fea-
tures of which are explained by the occurrence of a complex of hydrogeodynamic pro-
cesses in the well-aquifer system, determined by local natural conditions, as well as dif-
ferences in the structure of wells. This is consistent with the authors’” opinion [26], as well
as the opinion of the authors of [28], that each observation well is a unique object for re-
cording and subsequent study of seismo-hydrogeodynamic effects both in the high-fre-
quency domain with periods of seconds to minutes and in the low-frequency hourly to
daily range.

For the convenience of describing the individual types of SHGEs in Kamchatka wells,
their entire set was divided into:



Water 2025, 17, 634

7 of 31

(i) “high-frequency effects” in groundwater pressure changes caused by the vibration
impact of seismic waves and change in the static stress state of water-bearing rocks,
as well as short-term disruption of quasi-stationary filtration of underground water
near the wellbore, lasting from minutes to hours;

(ii) “low-frequency effects” in groundwater pressure changes during the preparation of
earthquakes and relaxation of the disturbed state of the well-aquifer system at the
post-seismic stages, lasting for a day or tens of days.

The identification of “high-frequency effects” was carried out using fragments of the
initial level/pressure records with a minimum frequency of measurements, including the
arrival time of seismic waves at the nearest PET seismic station (Figure 1). In 1996-2018,
such minimum recording frequency at wells YuZ-5 and E-1 was 5-10 min. Starting from
2017-2020, after the modernization of equipment at all four wells [4], the minimum fre-
quency of observations is 1 Hz in wells YuZ-5, 1303, M1. At well E-1, water level meas-
urements were taken every 5 min and water pressure was measured at a depth of 6 m
below the water level every 2 min. Atmospheric pressure is measured at a frequency of 5
min directly at all wells.

The identification of “low-frequency effects” in water pressure changes was carried
out using time series of hourly average data obtained by averaging the initial level/pres-
sure records in a time window of 1 h. In the obtained hourly average data series of water
level/pressure recording, adaptive compensation for tidal and barometric variations
based on an estimate of the complex transfer function from atmospheric pressure varia-
tions to water level changes was carried out in accordance with the algorithm described
in [5,29].

The identification of anomalies in the water level/pressure change in well E-1 was
carried out using daily time series after compensation for barometric variations.

For well YuZ-5, based on long-term observations, an average seasonal head change
function was constructed with a data sampling frequency of 1 day [5], which was used to
diagnose the seismo-hydrogeodynamic effects lasting tens of days. Such long-lasting
SHGEs were distinguished by a significant deviation of the current values of groundwater
pressure from the behavior of the average seasonal head function. The deviations in cur-
rent water level/pressure values of at least +10 cm in relation to the seasonal average pres-
sure function for about a month or more were taken as an anomaly.

A mandatory element of data processing for identifying the SHGE is monitoring the
influence of the loading effect from atmospheric precipitation. For this purpose, observa-
tion data of daily precipitation amounts at the nearest weather station Pionerskaya are
used (Figure 1b). It has been empirically established that with precipitation of more than
15-20 mm/day, an increase in water pressure with amplitude of 1-2 hPa may occur during
the 1-2 days. Besides this, prolonged increases in water pressure in the YuZ-5 well some-
times occurred after abnormal amounts of precipitation (up to 75-150 mm/day) during
autumn cyclones [5]. Such meteorological phenomena can be accompanied by significant
deviations in the intra-annual seasonal change in water pressure compared to the behav-
ior of the long-term average seasonal pressure function.

3. Characteristics of Previously Observed SHGE

The long-term time series of observations were obtained for wells YuZ-5 and E-1 (Ta-
ble 1). During such long time intervals, numerous earthquakes occurred in a wide range
of magnitudes at different epicentral distances to the wells. These earthquakes were ac-
companied by seismo-hydrogeodynamic effects that differed in morphology and dura-
tion, as well as in time relative to the earthquake moments. The presence of multiple earth-
quakes and corresponding SHGEs allow us to generalize such data for individual wells
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showing the dependence of SHGEs’ various morphologies and durations on the earth-
quake parameters—the ratio of their magnitudes and epicentral distances, density of seis-
mic energy in the wave in the well area [30] and the ratio between epicentral distances of
the well and linear size of the earthquake sources [31]. An example of a graphical repre-
sentation of the typification of seismo-hydrogeodynamic effects for well YuZ-5 is given in
the work ([5], Figure 14).

Below, in Sections 3.1-3.3, a brief description of the SHGEs recorded in observation
wells during the previous observation period is presented.

3.1. Well E-1: Typification of Seismo-Hydrogeodynamic Effects

Well E-1 opens up brackish groundwater in Neogene tuffs in the depth range of
625-648 m (Figures 1, 2 and Table 1) in a hydrodynamic zone of weak water exchange.
Such conditions are indicated by the absence of annual seasonality in water level changes,
as well as increased mineralization of underground water and the methane-nitrogen com-
position of the dissolved gas.

In well E-1, the total duration of water level/pressure observations is more than 37
years. In 1987-1995, observations were made using mechanical water level recorders. Dig-
ital measurements have been carried out since January 1996 to the present day. In well E-
1, experiments on geothermal measurements with periodic disturbances of the hydroge-
odynamic regime were carried out from 1999 to September 2002. Therefore, these data, as
well as other relatively short breaks in observations, were excluded from consideration
when studying the SHGE. Since 2020, a set of equipment has been operating at well E-1
to measure the water level and atmospheric pressure with a frequency of 5 min, as well
as a set of equipment to measure the pressure, temperature and electrical conductivity of
water at depth of 6 m below the water level with a frequency of once every 2 min [4].

In well E-1, a characteristic feature of water level changes is the increases and de-
creases lasting 3-6 years with amplitudes from the first tens of cm to 1.5 m with an average
rate of <0.1 cm/day. Against the backdrop of such trends, weak barometric variations in
water levels and changes associated with strong earthquakes appear [13]. The SHGEs reg-
istered in this well are presented in [3,31] and include:

(i) hydrogeodynamic precursors in the form of a decrease in water level at an increased
rate before local earthquakes with Mw =5.0-8.3;
(ii) post-seismic increases in water level after earthquakes with Mw = 6.0-8.3.

Epicentral distances of local earthquakes accompanied by manifestations of hydro-
geodynamic precursors and post-seismic increases in water level are de = 70-360 km.

3.1.1. Statistical Significance of Hydrogeodynamic Precursor for Earthquake Prediction

The works in [3,13,31] describe in detail the hydrogeodynamic precursor (HGP),
which manifests itself in an increase in the daily rate of decrease in water level/pressure
during the days to weeks before earthquakes with Mw > 5.0 at epicentral distances of up
to 360 km. Figure 3 shows a schematic diagram of the diurnal rate of water level variations
during the HGP. The threshold value of the daily rate of water level decrease at which the
precursor was identified was determined empirically based on observations in 1987-1995
and it was confirmed by later digital observations.
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Figure 3. Scheme of hydrogeodynamic precursor in water level changes in well E-1. The horizontal
dotted line is the threshold value of the water level decrease rate, determined empirically. Tp —time
of precursor manifestation. The vertical arrows show possible times of earthquake occurrence: un-
filled arrow —earthquakes occur in approximately 10% of cases, filled arrow —earthquakes occur in

approximately 90% of cases [3].

Table 4 presents the retrospective assessment of the seismic forecasting effectiveness
using the hydrogeodynamic precursor (HGP) based on precision observations from Feb-
ruary 1996 to 2023, a total of 22.16 years, taking into account technical gaps in the obser-
vations. Two assessment options are presented: (i) for earthquakes with Mw > 5.0 and (ii)
for earthquakes with Mw > 5.8 that occurred within a radius of up to 360 km from well E-
1. Previously, in ([3], Supplementary Material, Table S3), similar statistical estimates were
presented for the time interval from February 1996 to October 2012.

Table 4. Retrospective assessment of the parameters of the effectiveness of using a hydrogeody-
namic precursor in the water level changes in well E-1 for seismic forecasting over the observation

period from February 1996 to December 2023.

Water level observation data from well E-1 (53.26° N, 158.48°
Data for analysis E), February 1996 to December 2023, total time of continuous
observations T = 8090 days (22.16 years)

Earthquake monitoring area A region within a radius of 360 km from well E-1

Daily rate of water level changes with corrected for barometric

Studied parameter o
variations and trend

Increasing the daily rate of water level decline to <-0.06

Precursor signal HGP
cm/day for at least 5 days

Retrospective analysis of HGP for forecasting the earthquakes with Mw > 5.0

Total number of earthquakes, n 109

Total number of HGP manifestations before earth- 19

quakes (successful forecasts), m

Probability of correlation between HGP manifesta-
. P =49/109=0.45
tions and earthquakes, P = m/n

Probability of missing a target, Pmt = (n — m)/n Pmt = (109 - 49)/109 = 0.55

Total number of HGP manifestations, m’ 62
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Total number of cases when no earthquake oc- 13
curred after HGP manifestations (false alarms)

Probability of a successful forecasts for HGP mani-
P’ =49/62=0.79
festations, P’ = m/m’

Probability of false alarm, Pta = (m’” — m)/m’ Pra = (62 - 49)/62 =0.21

Total alarm time, T 2365 days

Ratio of total alarm time to total observation time,

T/T

Efficiency of HGP for forecasting the earthquakes

with magnitude Mw > 5.0, ] = P/(1/T)
Retrospective analysis of HGP for forecasting earthquakes with Mw >5.8

2365/8090 = 0.29

J=0.45/0.29 =1.55

Total number of earthquakes, n 31
Total number of HGP manifestations before earth- ’
quakes (successful forecasts), m
Probability of correlation between HGP manifesta-
) P=21/31=0.68
tions and earthquakes, P =m/n
Probability of missing a target, Pmt = (n — m)/n Pme=(31-21)/31=0.32

Probability of a successful forecast for HGP mani-
P'=21/62=0.34
festations, P’ = m/m’

Probability of false alarm, Pta= (m’” — m)/m’ Pra = (62 - 21)/62 = 0.66
Efficiency of HGP for forecasting the earthquakes

with magnitude Mw > 5.8, ] = P/(t/T)

J=0.68/0.29 = 2.34

A retrospective parametric description of the HGP includes an assessment of five
statistical quantities characterizing the features of the relation between the forecasts based
on this kind of precursor and subsequent earthquakes of a given energy range in a given
spatial area ([3], Supplementary Materials, Explanation to Table S3):

1—probability of a connection between successful forecasts of earthquakes according
to HGP and earthquakes, equal to the ratio of successful forecasts to the total number of
earthquakes that have occurred (P);

2—probability of missing a target, equal to the ratio of the number of not predicted
earthquakes to the total number of earthquakes that occurred (Pmt);

3—probability of successful forecasts of earthquakes during occurrence of HGP,
equal to the ratio of the number of HGP manifestations before earthquakes to the total
number of HGP manifestations (P’);

4—probability of false alarm, equal to the ratio of the number of HGP manifestations,
after which no earthquake occurred, to the total number of HGP manifestations (P);

5—retrospective efficiency of earthquake forecasts on base of HGP (J).

We used the approach in [32] to assess the retrospective efficiency of earthquake fore-
casts on the basis of HGP. If the forecast according to the specified technique is given for
the same spatial area (within a radius of up to 360 km from well E-1) and for the same
energy range of earthquakes (Mw > 5.0 and Mw > 5.8), then the efficiency of this technique
J can be estimated by the formula:

J = (m/n)/(t/T) = P/(t/T), M
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where m is the number of “predicted” earthquakes, that is, those that correspond to suc-
cessful forecasts; n is the total number of earthquakes that occurred with parameters (lo-
cation—energy) that correspond to the forecast, that is, earthquakes that could be pre-
dicted; T is total alarm time, that is, the total duration of all successful and unsuccessful
forecasts, including the time of all cases of HGP manifestation up to the moment of the
earthquake minus the first 5 days of the HGP manifestation in each case of HGP manifes-
tation or, in the case of “false alarms”, the durations of HGP minus 5 days and plus 30
days corresponding to the waiting time of the earthquake after the end of the HGP mani-
festation (Figure 3) and T is the total time of monitoring the seismic situation by the tech-
nique that is being assessed.

Accordingly, the efficiency ] is the ratio between the number of predicted earth-
quakes according to HGP and the number of those events that could occur accidentally
during an alarm time, assessed by the ratio of T/T. Obviously, the random guess method
would make the value J equal to 1. If the value J > 1, then this technique is useful for
predicting earthquakes.

During the entire period of digital observations at well E-1 over 22.16 years, 109 seis-
mic events with magnitudes Mw > 5.0 within a radius of up to 360 km were considered. In
the case of several earthquakes with a magnitude of Mw > 5.0 that occurred within a time
interval of up to one month at a distance of up to 360 km from the well, only the event
with the maximum magnitude was considered. There were 25 of 109 such events (22.9%),
corresponding either to the aftershocks following the strong earthquake or to an earth-
quake swarm. In all such cases, the choice of the event to be taken into account was made
from a number of earthquakes from 2 to 31.

It was believed that after the end of precursor manifestation, the waiting time for an
earthquake could be no more than 30 days. That is, the alarm time formally included the
time of precursor manifestation minus 5 days plus the time up to 30 days from the end of
earthquake precursor. If, during the time up to 30 days after the end of precursor, the
earthquake does not occur, then in this case, the precursor manifestation was considered
a false alarm and was included in the general alarm time .

To test the stability of statistical parameters of the predictive efficiency of the HGP,
we also calculated the statistical parameters of the seismic forecasting efficiency of hydro-
geodynamic precursor for the time interval December 2012-December 2023. Below, we
present the refined estimates of statistics for three observation periods: (February 1996—
October 2012):(December 2012-December 2023):(February 1996-December 2023) when
predicting earthquakes with Mw > 5.0:

T, days = 4042:4048:8090;

n =58:51:109;

m = 26:23:49;

P =m/n = 0.45:0.45:0.45;

Pmt = (n - m)/n = 0.55:0.55:0.55;

m’ =32:30:62;

Total number of false alarms = 6:7:13;
P’ =m/m’ = 0.81:0.76:0.79;

Pfa = (m’ — m)/m’ =0.19:0.23:0.21;

Time of alarm 1, days = 1316:1049:2365;
/T =0.33:0.26:0.29;
J=P/(x/T)=1.36:1.73:1.55.

In case of retrospective forecasting of earthquakes with Mw > 5.8:
n=13:18:31;

m=11:10:21;

P =m/n = 0.85:0.56:0.68;
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Pt = 0.15:0.44:0.32;
P’ =0.34:0.33:0.34;
Pta = 0.66:0.67:0.66;
J=2.58:2.15:2.34.

As can be seen from the given parameters of retrospective forecasting of earthquakes
based on the HGP, its statistical significance is relatively small, Jmwsso = 1.55 and Jmwss =
2.34. At the same time, the obtained estimates of value ] > 1 show that the use of a precur-
sor is useful in predicting earthquakes, since it exceeds their random guessing. Besides
this, the parameters of statistical significance of the precursor for predicting earthquakes
with Mw > 5.0 and Mw 2> 5.8, estimated for time intervals from 10 to 22 years, remained
quite stable.

Thus, the estimates of predictive statistical significance of the precursor in water level
change made it possible to use this precursor for the current forecasting based on obser-
vation data from well E-1 together with other seismic forecast data.

3.1.2. Post-Seismic Increases in Water Pressure

In well E-1, smooth post-seismic increases in the water level with amplitudes from 2
to 30 cm over a period of 1-3 months were recorded after ten earthquakes with magni-
tudes of 6.0-8.3 at epicentral distances of 70-350 km ([3] (Supplementary Materials),
[13,31,33]). These were the strongest earthquakes, and they were accompanied by notice-
able tremors with an intensity of 4 to 6 points on the macroseismic 12-point intensity scale
MSK-64 [34].

We believe the post-seismic increases in water level after strong earthquakes could
have been caused by the influx of water into the wellbore from water-bearing rocks, as
well as due to a decrease in the density of water in the wellbore with increase in the pro-
portion of free methane-nitrogen gas in water in the wellbore as well as in surrounding
water-bearing rocks, caused by intense seismic shaking.

Similar gradual increases in water level after strong earthquakes were recorded in
the BV well in California [18]. For this well, the influence of transitions of dissolved gas
into a free state is also assumed during post-seismic rises in water level. Unfortunately,
data on the composition of the gas are not provided.

3.2. Well YuZ-5: Seismo-Hydrogeodynamic Effects and Their Typification

In well YuZ-5 (Figure 2; Table 1), water level/pressure observations have been carried
out since September 1997 (27 years). The results of observations, including a description
of various types of seismo-hydrogeodynamic effects, are presented in detail in [5].

In this well, three types of SHGEs were identified:

(i) supposed hydrogeodynamic precursors before the two strongest earthquakes, man-
ifested in a violation of the seasonal change in hydrostatic head during the first tens
of days;

(if) coseismic jumps in water pressure within minutes (1-12 min) due to changes in the
static stress state of water-bearing rocks during the rupturing in the sources of local
earthquakes;

(iii) four (I-IV) types of vibration effects of seismic waves in water pressure changes last-
ing from minutes to tens of days, the morphological features of which are determined
by the amplitude-frequency composition of seismic waves from earthquakes rec-
orded at the nearest PET seismic station [26].
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3.2.1. Supposed Hydrogeodynamic Precursors

Previously, the supposed hydrogeodynamic precursors were identified by a signifi-
cant deviation of the water pressure values from the average long-term head pressure
function in well YuZ-5 before the Kronotsky (KE) earthquake on 5 December 1997, Mw =
7.8 and before the Zhupanovsky earthquake (ZhE) on 30 January 2016, Mw = 7.2 [5,31].

In the case of KE, the preceding excessive decrease in water pressure was Ah =11 cm
of the water column for ~20 days. Before the ZhE, the excess of water pressure relative to
its seasonal position was approximately Ak =30 cm over 90 days with an average standard
error of seasonal trend determination of £10.4 cm of the water column [5]. Unlike well E-
1, in which the precursor appears uniformly before all the earthquakes under considera-
tion, in well YuZ-5, the supposed precursors appeared both in an excessive decrease (the
case of KE) and in an increase in the level/pressure of underground water (the case of
ZhE). This allows us to assume the action of the mechanism of quasi-elastic deformation
of water-bearing rocks near well YuZ-5, which occurs due to aseismic movements in the
area of earthquake sources preceding the main events.

Based on the assumption that the leading mechanism of water pressure change is due
to quasi-elastic deformation of water-bearing rocks near the wellbore, the amplitudes of
volumetric deformation before KE were estimated: Dxg) = Ah/Av = 11 cm/0.161 cm/109 =
68 x 10 = 0.7 x 107 (expansion) and before ZhE Dng) = =30 ¢cm/0.161 cm/10-° = -186.3 x
10 = 1.9 x 107 (compression), where Ay is the tidal sensitivity of the water level in well
YuZ-5 (Table 3). The given values of volumetric deformations of water-bearing rocks in
the area of well YuZ-5 during the preparation of two strong earthquakes are hypothetical
and approximate due to the evaluative nature of the quasi-elastic response of water pres-
sure in the well.

3.2.2. Coseismic Effects in Water Pressure Changes

In well YuZ-5, coseismic jumps of water pressure were recorded, caused by a change
in the static stress state of water-bearing rocks during the formation of rupture in the
earthquake sources (coseismic effects —CSEs). Examples and descriptions of coseismic ef-
fects are given in the works of the authors [5,27]. Such effects developed during the time
from the first minutes to 12 min after the arrival of seismic waves. The amplitudes of co-
seismic jumps in water pressure were 0.2-12 cm of the water column.

Previously, in the mentioned works, it was convincingly shown that the amplitudes
and direction of coseismic changes in water pressure in well YuZ-5 are in satisfactory
agreement with theoretical estimates of coseismic deformation in the well area (D) in ac-
cordance with the dislocation model [35] with the parameters of earthquake focal mecha-
nisms.

The values of coseismic deformation in the well area (D1) were also determined based
on the amplitudes of water level/pressure changes Ahcse, with use of the value of tidal
sensitivity Av (Table 3) as a coefficient normalizing the amplitudes of coseismic jumps in
water level:

D1 =-Ah/As, @)

where D1 is the volumetric coseismic deformation in units of 109, and Ah is the amplitude
of coseismic water level change in cm. The sign of deformation was assessed by the direc-
tions of water level/pressure change: volumetric compression of water-bearing rocks with
an increase and volumetric expansion with a decrease in water level/pressure. In work
([5], see Table 3; Figures 10 and 11), the values D1, calculated for 14 earthquakes, are com-
pared with the theoretical estimates of coseismic strain D2 according to the dislocation
model [35] with parameters of earthquake sources for the observation period from 1997
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t02020. It was established that coseismic pressure jumps in well YuZ-5 occur during earth-
quakes described by the equation Mw = 0.004 x de + 5.0. In fact, the parameters of such
earthquakes were Mw = 5.4-8.3, and the epicentral distances of such earthquakes to the
well were d. = 86-700 km.

3.2.3. Vibration Effects of Seismic Waves

A meaningful description of four types of vibration effects of seismic waves from
strong earthquakes with Mw = 6.9-9.1, occurring at epicentral distances of d. = 80-14,600
km, is given in [26], and also in ([5], see Section 3.4).

Table 5 provides a brief description of the identified morphological types of seismo-
hydrogeodynamic effects in water level changes with amplitudes of >0.4 cm that occur
under the influence of seismic waves, taking into account the parameters of earthquakes
My, deand the value of the specific density of seismic energy in the wave e. The e values
were estimated by the following formula [30]:

logd. =0.48 x Mw — 0.33 x loge — 1.4. 3)

The amplitudes and frequency ranges of the maximum phases of ground motions
were estimated from three-component broadband earthquake records by the STS-1 sen-
sor at the PET seismic station (Figure 1) [26].

Table 5. Vibration effects of seismic waves in water level changes in well YuZ-5 [5,26].

Type Morphology and Duration = Mw de, km e, J/m? Proposed Mechanism
Forced and free oscillations The impact of surface waves with periods of at
of water level during the 6800~ least tens of seconds during the strong distant
I  time from hours to about one 7.8-8.7 14 600 103-10+* earthquakes, accompanied by a resonant effect of
day with amplitudes 0.4-2 ’ amplification of water pressure variations in the
cm well-aquifer system [36]
Water level oscillations with L . .
. Impact of surface seismic waves with superposi-
superimposed short term, . . . .
. 810- tion of short-term (minutes) pulse of increase in
II  from minutes and hoursto ~ 8.2-9.1 101-10-° . . .
. . . 8260 water pressure and nonlinear filtration of
days, residual rises with am-
. groundwater near the wellbore
plitudes 1-7 cm
Residual water level rises . . .
Il lasting for hours to first day  7.6-83 720- 10-1-10 Shorjt—ter@ increase in water pressure and nonlin-
. . 5170 ear filtration near the wellbore
with amplitudes 1-9 cm
Water pressure drop in the aquifer at a distance
Long-term (1.5-3 months) of up to 450 m from a well due to a change in the
IV water level lowering with 6.9-7.8  86-260 1-102 permeability of water-bearing rocks under the
amplitudes 0.28-1.0 m impact of high-frequency body seismic waves

and tremors of 5-6 points MSK-64

A clear dependence of the identified four (I-IV) types of vibration effects on the in-
tensity of seismic impact in the well area (the ratio of magnitude Mw and distance of earth-
quakes de, value e, macroseismic intensity) and the amplitude—frequency composition of
seismic waves was established. Low-frequency and low-amplitude surface waves from
distant earthquakes were accompanied by water level oscillations (type I). With the in-
crease in the amplitude of the seismic signal, short-term water level increases were super-
imposed on oscillations (type II). Relatively high-frequency signals of surface waves were
accompanied by short-term water level rises (type III). In the cases of the strongest local
earthquakes accompanied by the passage of intense body waves and perceptible shaking
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with the intensity of Ivsk-64=5-6 points, the decreases in the water level occurred over 1-3
months (type IV) ([5], see Figure 13).

3.3. Seismo-Hydrogeodynamic Effects in Wells 1303 and M-1

Since 1984, the KB GS RAS has been conducting observations on the discharge rate,
temperature and chemical composition of underground water at self-flowing well M-1
with a frequency of 3-6 days [3]. In this well, abnormal changes in the chemical composi-
tion of water were recorded, including hydrogeochemical precursors to strong earth-
quakes with Mw = 6.5-7.5, which occurred at epicentral distances of 100-230 km [3,37].

At well 1303, since the beginning of the 21st century, observations have been carried
out on changes in the water level using mechanical float recorders and digital equipment
by organizations of the Ministry of Natural Resources of the Russian Federation. The fre-
quency of water level and atmospheric pressure measurements was 1 h. According to 10
min measurements, a post-seismic rise in the water level was recorded after the Olyutor
earthquake of 20 April 2006, Mw = 7.6 in the north of Kamchatka, which occurred at a
distance of 1040 from the well. The amplitude of water level rise was 0.35 cm within 30
min.

The precision observations of pressure variations in wells M-1 and 1303 are relatively
short and amount to 3.6 and 2.8 years (Table 1).

In well M-1, according to precision observation with a frequency of 1 Hz from 2020
to 2024, water pressure fluctuations with amplitudes of 0.1-0.2 hPa for 10-20 min during
the passage of surface seismic waves from five strong distant earthquakes (Mw = 7.4-8.2,
de =2600-9800 km), occurring in Alaska, Turkey, Japan and Taiwan, were recorded.

After installing precision equipment in well 1303 for recording water pressure with
a frequency of 1 Hz, the pressure fluctuations with maximum amplitudes of 0.1-0.3 hPa
were recorded during the passage of surface seismic waves from six strong (Mw = 7.4-8.2)
distant (de = 4500-9800 km) earthquakes in Alaska, Japan, Turkey, the New Hebrides Is-
lands and Taiwan. The duration of such pressure fluctuations was 10-40 min.

The recorded vibration seismo-hydrogeodynamic effects in wells 1303 and M-1 dur-
ing strong distant earthquakes approximately correspond to type I SHGEs in well YuZ-5
(Table 5).

4. Seismo-Hydrogeodynamic Effects of the 3 April 2023 Earthquake
4.1. 3 April 2023 Earthquake, Mw = 6.6

The earthquake of 3 April 2023 (hereinafter EQ) (Figure 1a; Table 2) was one of the
strongest seismic events in the Petropavlovsk-Kamchatsky test site area during the period
of precision observations in wells. The wells are located at epicentral distance de = 67-77
km (hypocentral distance dn=116-122 km). The maximum linear size of the earthquake
source is L = 41.2 km (Table 2) and approximately corresponds to the length of the after-
shock activation area during the first day (Figure 1a). The ratio between the epicentral
distance to the observation wells and the size of the earthquake source is de/L = 1.6vuzs -
1.9e1. In the wells’ area, the macroseismic intensity of shaking was 6 points on the 12-point
MSK-64 scale [34].

At the PET seismic station, located at a distance of 23-30 km from the wells (Figure
1), the arrival of body P-wave was recorded at 03:07:12, S—wave at 03:07:24 (Figure 4).
Surface waves were not detected in the seismic record of the EQ in PET station due to the
close location of the earthquake’s source.
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Figure 4. Seismic recording on the HNZ channel in PET seismic station (53.023° N, 158.65° E), 100

Hz. P, S—seismic waves.

Figure 5 shows the distribution of coseismic volumetric strain during EQ at a depth
of 500 m, corresponding to the average depth of the open part of the wellbores of wells
YuZ-5 and 1303. In the area of the wells, the expansion calculated value of water-bearing
rocks was 2.3 x 10,
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Figure 5. Distribution of coseismic volumetric strain at depth of 500 m calculated from the disloca-
tion model [35] and data on the earthquake source mechanism (Table 2), indicating the D2 value
(volumetric expansion 2.3 x 10%) in the area of wells YuZ-5 and 1303 (the wells are shown by the

u_u

black circles). The values of compression strain correspond to the sign “~*, and expansion strain to

the sign “+”.

4.2. Seismo-Hydrogeodynamic Effects
4.2.1. SHGE in High-Frequency Records of Water Pressure Variations

Figure 6a shows the records of water pressure with a frequency of 1 Hz in wells YuZ-
5, 1303 and M-1 for five hours, including the moment of the EQ. Figure 6b shows the

pressure variations in more detail over two minutes in comparison with the seismic record
on the vertical channel of the PET seismic station.
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Figure 6. Water pressure variations with a frequency of 1 Hz in wells YuZ-5, 1303 and M-1 caused
by the 3 April 2023 earthquake. (a) Over 5 h, including the moment of the earthquake (shown by the
red arrow). (b) Within 2 min after the arrival of seismic waves at the PET station in comparison with
the record on the HNZ channel (upper panel): arrival of P-longitudinal waves in 03:07:12, arrival of
S-transverse waves in 03:07:24.

High-frequency variations in water pressure were recorded in all of these wells,
which occurred during the arrival of body P and S waves. The maximum amplitudes of
such variations were 3—4 hPa in the piezometric wells YuZ-5 and 1303. In the flowing well
M-1, the amplitude of pressure variations was 6 hPa. Such high-frequency water pressure
oscillations were caused predominantly by vertical displacements of the wellbores during
the passage of seismic body waves [36].

In the records in wells YuZ-5 and 1303, coseismic effects (CSEs) in the form of water
pressure drops with amplitudes Ahcse = =1.6 hPa and Ahcse = -1.5 hPa (Figure 6b) were
identified, which were estimated as the difference between average pressure values dur-
ing the passage of P and S waves [5].

In the records of water pressure in well M-1 (Figure 6b, lower panel), the coseismic
effect was not evident, apparently due to dissipation of the coseismic response of ground-
water pressure in the aquifer by free flow of water in the wellbore.

The short-term post-seismic effects were recorded in water pressure changes in wells
YuZ-5 and 1303 after the end of pressure fluctuations during the passage of seismic waves.
In well YuZ-5, the increase in water pressure with amplitude of Ak = 0.35 hPa was rec-
orded for 50 min (Figure 6a, upper panel). The most likely cause of this effect is the influx
of water into the wellbore during short-term nonlinear filtration of underground water
near the wellbore due to seismic waves. Previously, similar short-term increases in water
pressure in this well have been observed during some strong earthquakes [5,33].

In well 1303, after the end of high-frequency pressure oscillations, a decrease in water
pressure with amplitude of Al =4 hPa for forty minutes was observed (Figure 6a, middle
panel). Such a relatively short-term post-seismic effect, as well as a coseismic pressure
jump, were recorded in this well for the first time.

Also, for the first time, in 2 min records of pressure, temperature and electrical con-
ductivity of water in well E-1, a decrease in pressure with amplitude of 12 hPa and an
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increase in electrical conductivity of water with amplitude of 9 uS/cm were detected dur-
ing the time from 3 h 6 min to 3 h 10 min. An increase in water temperature of 0.01° C
within 3 h was also recorded.

4.2.2. Coseismic Effects of EQ

The values of the coseismic deformation in the wells” area (D1) were estimated on the
amplitudes of water pressure changes Ahcse (Figure 6b) with the use of the values tidal
sensitivity Av as a coefficient normalizing the amplitudes of jumps in water pressure. The
amplitudes of water pressure decreases during EQ correspond to the volumetric coseis-
mic expansion in the area of wells YuZ-5 and 1303: Di(vuz-s) = ~AhcsevuzsyAvivuzs) =1 x 108
and Diqsos) = ~Ahcseasos)/Avas) = 0.7 x 108, where Av is the tidal sensitivity, 0.161 hPa/10-
volumetric deformation in well YuZ-5 and 0.215 hPa/10- in well 1303 (Table 3).

The values Diaso3) = 0.7 x 10-% and Divuzs) =1 x 10-® agree with each other and with the
theoretical estimate of coseismic volumetric deformation in the wells” area D> =2.3 x 108
(Figure 5) in sign (expansion) and in amplitude within the same order of magnitude.

Figure 7a,b show the distribution of 14 earthquakes ([5], see Table 3), which were
accompanied by coseismic jumps in water level/pressure changes with amplitudes Ahcse
> 0.2 cm (hPa) in well YuZ-5, depending on magnitudes and epicentral distances of the
earthquakes. Here, the red star shows the above data on EQ.
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Figure 7. Distribution of 1997-2023 earthquakes, which were accompanied by coseismic jumps in
water pressure in well YuZ-5 as a function of magnitude Mw and epicentral distance de (a) and hy-
pocentral distance dn (b). (c) Correlation between coseismic volumetric deformation in the YuZ-5
well area during local earthquakes obtained from observational data in the well (D1) and from the
dislocation model (D2). 1—1997-2020 earthquakes (Table 3 in [5]), 2—3 April 2023 earthquake.
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Despite the EQ occurring at the minimum epicentral distance from well YuZ-5 (Fig-
ure 7a), its coseismic manifestation corresponds to the general pattern of coseismic jumps
in water pressure in this well depending on the earthquake parameters: Mw > 0.004 x de +
5.0 and Mw > 0.004 x dn + 5.0 (here, de is the epicentral distance; dn is the hypocentral dis-
tance in km).

The coseismic effects of EQ in well YuZ-5 approximately correspond to the parame-
ters of coseismic effects during the earthquakes of 1 June 1998, Mw = 6.4 (Ahcse = -1.0 cMm,
D1=0.6 x 108, D2=0.6 x 10-8) and 8 March 1999, Mw = 6.9 (Ahcse =-1.7 cm, D1=1.1 x 1078,
D2 =3.1 x 10-8) ([5], see Table 3)). These two earthquakes occurred relatively close to the
EQ and had similar parameters of focal mechanism.

Figure 7c shows the distribution of values D1 and D: for all 15 earthquakes accompa-
nied by coseismic jumps with amplitudes of 0.2 cm (hPa). The values of coseismic defor-
mation D1 and D2 obtained by the two methods are uniformly distributed with respect to
the direct connection line. Such a distribution of the values of coseismic deformation in-
dicates the absence of systematic errors in their determination using each of the methods.
A consideration of possible errors in the estimates of coseismic deformation D: on the
model of dislocation source and D1 on the data of water level observations is given in [27].

4.2.3. SHGE in Average Hourly Variations of Water Pressure in Well YuZ-5

Figure 8 shows the water pressure changes in well YuZ-5 with compensated baro-
metric and tidal variations in comparison with the behavior of annual seasonal function
in hydrostatic head changes in the well area (shown by the grey line). The description of
seasonal function construction is given in [5].

After the end of short-term co- and post-seismic variations in water pressure (see
Section 4.2.1; Figure 6), a decrease in water pressure with amplitude of about 30 hPa was
observed for two months (Figure 8b, upper panel). After subtracting the seasonal trend
(2) from the recorded variations of water pressure with compensated barometric varia-
tions (1), the amplitude of post-seismic lowering in water pressure was rated as 24 hPa
(Figure 8b, lower panel).
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Figure 8. Average hourly water pressure variations in well YuZ-5 and atmospheric precipitation in
May 2021-June 2023 (a): 1 —average hourly pressure variations with compensated barometric vari-
ations (black line); 2—seasonal pressure variations (gray line); 3—residuals in water pressure
changes after removal of annual seasonality; red arrow —earthquake on 3 April 2023, Mw = 6.6 (EQ).
Bold dotted line denotes a fragment of pressure variations during EQ, shown in Figure (b). (b) Man-
ifestation of the supposed hydrogeodynamic precursor and postseismic decrease in water pressure,
corresponding to type IV vibration impact of seismic waves [26]; red line shows the calculated water

level decrease according to Formula (4).
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Previously, long-term postseismic decreases in water pressure were observed after
three of the strongest seismic events: KE 5 December 1997, Mw = 7.8, de = 200 km; 28 Feb-
ruary 2013, Mw = 6.9, de = 280 km and ZhE 30 January 2016, Mw = 7.2, de = 80 km. Such
decreases in water level/pressure after earthquakes accompanied by a tremor with an in-
tensity of 4-6 points on the MSK-64 scale were identified as type IV vibration effects of
seismic waves (Table 5) [26].

The most probable mechanism for the post-seismic water level lowering in well YuZ-
5 is a drop in head pressure in the aquifer due to a local increase in the permeability of
water-bearing rock as a result of intense seismic shaking during the passage of body seis-
mic waves [26,33].

The decrease in water level in a well can be described by Formula (4) [38], which
represents the solution of the one-dimensional diffusion equation [39] for a remote source
of head pressure drop in a homogeneous infinite aquifer:

x = x9 — Ah X erfc(R/V4 X a X t), (4)

where x is the water level in the well, xo is the initial water level in the well, Ah = Ap/pg is
the change in pressure head in the well when changing water pressure in the aquifer Ap,
p is the density of water, g is the acceleration of gravity, R is the distance from the source
of the pressure head drop to the well, a is the hydraulic diffusivity [40], ¢ is the time.

The calculation according to (4) shows satisfactory agreement between the calculated
function of water pressure decrease in the well (red line in Figure 8b, bottom panel) and
the development of post-seismic pressure decrease after EQ at values of the amplitude of
water pressure decrease Ak = 0.24 m, hydraulic diffusivity coefficient a = 0.25 m?/s and
distance to the source of head pressure drop in the aquifer R =450 m.

The results of calculations of the water level drop according to (4) after strong earth-
quakes KE, 28 February 2013, ZhE and EQ, agree in determining the distance R to the
source of head pressure drop. In all four cases, these values were the same, R =450 m, for
close values a = 0.25-0.22 m?/s. This allows us to assume that at a distance of 450 m from
well YuZ-5, there is an object whose permeability can increase sharply during seismic
tremors with an intensity of >4-5 points on the MSK-64 scale. We believe that such an
object is a zone of tectonic fracturing in the Late Cretaceous metamorphosed volcano-
genic-sedimentary rocks, which controls the structure of the Avacha river valley and is
covered by modern sedimentary deposits (Figure 1b). An increase in the permeability of
such a zone during seismic shocks may be accompanied by decrease in groundwater pres-
sure in the Late Cretaceous rocks in the well area.

Supposed Hydrogeodynamic Precursor

During the 2.5 months before the EQ, increased values of water pressure were rec-
orded in well YuZ-5, exceeding the seasonal pressure by 10.2 hPa (Figure 8b, upper panel).
During the period from November 2022 to March 2023, there were no abnormally high
precipitation amounts (Figure 8a), which could cause an excessive increase in water pres-
sure in well YuZ-5. The most noticeable increase in water pressure occurred from mid-
January to mid-February 2023 (Figure 8b, bottom panel). We assume that such an exces-
sive increase in groundwater pressure in relation to the average seasonal head pressure
could be a manifestation of the hydrogeodynamic precursor of EQ.

Based on the assumption of a quasi-elastic mechanism for this precursor, the volu-
metric deformation during the preparation of EQ can be estimated as Deg = —10.2
c¢m/0.161 cm/10 =-63.4 x 10 = -0.6 x 107 (compression).
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4.3. SHGE in Average Daily Variations in Water Pressure in Well E-1
4.3.1. Hydrogeodynamic Precursor

Synchronous changes in water level and water pressure recorded by two sets of equip-
ment during the EQ are shown in Figure 9, including the occurrence of hydrogeodynamic
precursor HGP and post-seismic level/pressure rise within two months after the EQ.

The hydrogeodynamic precursor manifested itself for the 92 days before the EQ,
starting from 1 January 2023 (Figure 9aB,aD,bB,bD). Before the EQ, the amplitude of the
level decrease was —4.2 cm with an average daily rate of 0.00 to —0.30 cm/day. The ampli-
tude of the water pressure decrease at a depth of 6 m below water level was -3.5 hPa with
an average daily rate of 0.00 to —0.23 hPa/day.

Previously, the hydrogeodynamic precursor in water level changes in well E-1 was
recorded in real time before the earthquakes of 28 February 2013, Mw = 6.9, de =280 km; 30
January 2016, Mw = 7.2, de = 80 km; 16 March 2021, Mw = 6.6, de = 350 km and before some
other seismic events [3-5,13,31,33]. According to the conclusions of KB REC, based on ob-
servations in well E-1 from 2002 to 2023, early successful forecasts were made of the loca-
tion, time and magnitude of ten earthquakes with Mw =5.6-7.2, including the 3 April 2023
earthquake.

The most probable mechanism for the occurrence of a hydrogeodynamic precursor
during the preparation of EQ is an increase in the fracture-pore capacity of water-bearing
rocks in the area of the well filter and the outflow of water from the wellbore into the rocks
around the wellbore. Such a process is possible during the development of fracture dila-
tancy in low-porosity water-bearing rocks over a time interval of a day to tens of days
before earthquakes. Previously, the determining role of fracture dilatancy in the formation
of hydrogeochemical precursors in the composition of waters from self-flowing wells in
the territory of Petropavlovsk—-Kamchatsky geodynamic test site was indicated in [3,37].
The time of manifestation of hydrogeochemical precursors was 1-9 months, while the av-
erage time of hydrogeodynamic precursor in well E-1 is somewhat shorter and amounts
to 43 days with a range of values from 8 to 70 days ([3], Explanation to Table S3 in Sup-
plementary Materials).
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Figure 9. Well E-1: (a) water level (A), water pressure (C) and their average daily rate changes (B,D)
due to the earthquake on 3 April 2023, Mw = 6.6 (EQ), compared to precipitation, September
2022-May 2023. EQ is indicated with a black arrow. In the graphs of the daily average rate of water

level and water pressure variations, red arrows with numbers show the following: 1—1 January —
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the onset of the hydrogeodynamic precursor, 2—19 January —the date of submission of a forecast
report on a potential strong earthquake to KB REC, 3—3 April —earthquake, where the dashed line
indicates the threshold of water level decrease rate. The bold dashed line outlines a fragment of
observations, shown in the figure (b): (A)—water level and (C)—water pressure variations from 1
December 2022 to 30 May 2023, including hydrogeodynamic precursor and postseismic rise; (B,D)—
average daily rate of water level and water pressure changes, respectively, in comparison with their

threshold values.

4.3.2. Post-Seismic Effect

The post-seismic increase in water level and water pressure with amplitudes of 7.9
cm and 9.5 hPa and their subsequent stabilization continued for about two months (Figure
9aA,aC,bA,bC).

Considering that the amplitude of the post-seismic increase in water level/pressure
in well E-1 was approximately two to three times greater than the amplitude of decrease
in water level/pressure before the EQ (Figure 9bA,C), it can be assumed that two processes
developed at the postseismic stage: (i) the inflow of underground water into the wellbore
due to the restoration of fracture-pore capacity of water-bearing rocks and (ii) a decrease
in the density of water in the wellbore and surrounding water-bearing rocks due to the
transition of dissolved methane-nitrogen gas into a free state in the form of gas bubbles
during seismic shaking.

In the case of EQ, the observed changes in water pressure in well E-1 corresponded
to similar changes during other local strong (Mw 2 6.6) earthquakes at the epicentral dis-
tances of up to 300 km.

5. Discussion
5.1. Updated Typification of Seismo-Hydrogeodynamic Effects in Wells YuZ-5 and E-1

When creating the typification of SHGE for wells YuZ-5 and E-1, we took into account
the main genetic types of SHGE [31]: (i) hydrogeodynamic precursors that appear at the
stage of earthquake preparation; (ii) coseismic pressure jumps with changes in the static
stress state of water-bearing rocks during the formation of rupture in the earthquake
source (co-seismic effects CSE); (iii) co- and post-seismic effects during and after passage
to seismic waves (PSE). The sequence of SHGE genetic types in groundwater pressure
changes HGP — CSE — PSE reflects the staging of seismic influence on the state of the
“well-aquifer” system during individual earthquakes and previously was observed in the
wells of Kamchatka during strong (Mw 2 6.6) local earthquakes, accompanied by tremors
with an intensity of at least 4-6 points on the MSK-64 scale [3,31,33].

Figure 10 shows the distribution of different types of SHGEs diagnosed over the en-
tire observation period in well YuZ-5 (Figure 10a) and well E-1 (Figure 10b), in compari-
son with the SHGE diagnosed during the EQ (highlighted in red). These diagrams were
constructed using the data presented in Sections 3 and 4.
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Figure 10. Distribution of various types of seismo-hydrogeodynamic effects in water level/pressure
changes as functions of magnitude Mw, epicentral distance of earthquakes de and seismic energy
density e. One, five and ten maximum linear sizes of earthquake sources as a function of magnitude
Muw are shown as 1L, 5L and 10L. (a) In the YuZ-5 well: 1 —supposed hydrogeodynamic precursor
(EQ highlighted with a red thick contour line), 2—coseismic jumps (CSE), 3-6— vibration effects of
seismic waves: 3—type I, 4—type II, 5—type III, 6—type IV (Table 5) [5,26]. (b) In well E-1: 1—
hydrogeodynamic precursor (HGP) detected in real time, with the issuance of a conclusion on the
possibility of an earthquake for KB REC, 2013-2023 (EQ highlighted with a red thick contour line);
2—precursor HGP before Mw > 5.0, de < 360 km earthquakes revealed retrospectively, 1987-2023; 3 —
no precursor HGP before Mw > 5.0, de < 360 km earthquakes, 1996-2023; 4 — post-seismic rise in water
level (PSE).

In the diagrams, constructed in the coordinates of magnitude Mw—epicentral dis-
tance of earthquakes to well d., the calculated values of seismic energy density in the ob-
servation area e (in J/m? according to [30]) and the maximum linear size of earthquake
source L (in km, according to [41]) are shown with inclined lines depending on the values
of Mw and de. This representation of the SHGE allows us to display in a compact form the
relationship between registered effects in water pressure changes in an individual well
and magnitude and spatial characteristics of seismic events causing such effects, and also
to estimate the distances of the well from earthquake sources on the ratio between epicen-
tral distances and linear size of the earthquake sources d./L. This approach significantly
complements the general genetic typing of SHGE and specifies the features of seismo-
hydrogeodynamic effect manifestations in individual wells.

Thus, the diagrams in Figure 10 represent the structure (model) of possible changes
in groundwater pressure in two observation wells depending on earthquake parameters.
Using the data in Figure 10, it is possible to give a meaningful description of the charac-
teristic types of SHGEs that manifest themselves in well YuZ-5 (Figure 10a) and in well E-
1 (Figure 10b) depending on the magnitude and spatial parameters of earthquakes accom-
panied by manifestations of certain types of SHGEs.

For example, according to observation data from 1997-2022, the supposed hydroge-
odynamic precursors appeared in well YuZ-5 before ZhE and KE earthquakes with Mw =
7.2 and 7.8 (Lzne = 76 km and Lke = 139 km) at epicentral distances de = 86 and de = 200 km
(de/L =1.1-1.4). The intensity of seismic impact in the well area during these earthquakes
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was Ivske4 = 5-6 points with values of e = 0.4 and 4 J/m?. These two earthquakes were
accompanied, in addition to the supposed hydrogeodynamic precursors, by the manifes-
tation of coseismic jumps in water pressure changes (CSE) and long-term postseismic de-
creases in water pressure, corresponding to type IV of vibration impact of seismic waves
[5,26].

The EQ, with comparable values of parameters Mw = 6.6, de =67 km, as well as values
of the intensity of seismic impact in well area e = 0.6 J/m?, Imsk-s1 = 5-6 points, was accom-
panied by a similar set of seismo-hydrogeodynamic effects (Figures 6 and 8). The EQ is
characterized by the ratio of epicentral distance to the size of earthquake source de/L =1.6,
which shows the location of well YuZ-5 in the near-intermediate zone of the earthquake
source as well as in the cases of the Kronotsky and Zhupanovsky earthquakes.

Thus, these three earthquakes (EQ together with KE and ZhE) can be considered as
a special class of earthquakes, in which a full set of genetic types of seismo-hydrogeody-
namic effects can be manifested in well YuZ-5 and for which, with more reliable confir-
mation of the supposed hydrogeodynamic precursor, there is the potential for their early
prediction.

From the diagram in Figure 10a, one can also obtain the parameters of earthquakes
accompanied by coseismic pressure jumps (CSE) and various types of vibration effects
(PSE) in well YuZ-5.

Figure 10b presents for the first time a refined typification of seismo-hydrogeody-
namic effects for well E-1, including the SHGEs recorded during the EQ (see Section 4.3).
In well E-1, the main types of SHGEs are the hydrogeodynamic precursor HGP and post-
seismic increase in water level/pressure followed by stabilization. From this diagram, it
follows that the HGP appears before earthquakes with magnitudes Mw > 5.0 at epicentral
distances de = 70-360 km. Before earthquakes with magnitudes Mw = 5.0-6.5, HGP was
observed in approximately 50% of cases. Before earthquakes with magnitudes Mw = 6.6—
8.3, HGP was observed in 100% of cases. The presented estimates of the relationship be-
tween the HGP and subsequent earthquakes, depending on their parameters, correspond
to the case of the 3 April 2023 earthquake and the results of previous studies of this type
of hydrogeodynamic precursor [3,31]. A gradual increase in water pressure with an am-
plitude of =8 cm over two months after the EQ (Figure 9) is a typical post-seismic effect in
this well, observed in connection with local strong earthquakes, most of which had Mw >
6.6 and occurred at distances of no more than 200 km from the well.

The diagrams for two Kamchatka wells presented in Figure 10 are important evi-
dence of significant differences between individual observation wells in sensitivity to
earthquakes with different parameters. As can be seen from the comparison of the SHGE
typification diagrams, well YuZ-5 is more “sensitive” to remote earthquakes. This well
recorded the vibration effects of seismic waves from strong earthquakes at distances of up
to 14 thousand km. On the other hand, the “sensitivity” of well E-1 is limited to distances
of about 200 km in relation to the impact of seismic waves from strong local earthquakes.
For well E-1, according to the manifestation of HGP, the zone of sensitivity to the prepa-
ration of local earthquakes with Mw > 5.0 is limited to epicentral distances of no more than
360 km.

The creation of such diagrams for individual observation wells, similar to Figure 10,
together with the description of registered seismo-hydrogeodynamic effects depending
on earthquake parameters, is a necessary element when using well observations in earth-
quake prediction and studying the influence of seismicity on groundwater. Such reliably
confirmed SHGE typifications for individual wells characterize the expected variations in
water pressure, as well as other groundwater parameters, during corresponding observa-
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tions. A compact description of the seismo-hydrogeodynamic effects in the form of typi-
fication diagrams allows for an advanced forecast of expected seismo-hydrogeodynamic
effects during individual earthquakes depending on their parameters.

At the same time, to obtain quality data for creating such typifications, especially in rela-
tion to local strong earthquakes, precision observations over a long time, not less than decades,
are necessary. For example, in the case of well YuZ-5, a complete set of SHGEs was obtained
during the Kronotsky earthquake on 5 December 1997, Mw =7.8, which occurred three months
after the start of precision observations in September 1997. However, confirmation of precisely
this set of SHGEs—the supposed precursor—coseismic pressure jump—post-seismic pressure
drop as a manifestation of type IV vibration impact of seismic waves—became possible only
18 years later during the Zhupanovsky earthquake on 30 January 2016 Mw = 7.2, and also 8
years later during the 3 April 2023 earthquake under consideration.

In order to significantly reduce the time required to create SHGE typifications for
individual wells, it is possible to use both direct data on registered seismo-hydrogeody-
namic effects and the analogy method using data on local geological and hydrogeological
conditions, the technical structure of the well, barometric and tidal responses of water
pressure in the well under study and a comparison of these data with other wells that
have been better studied in relation to the influence of seismicity. We consider the devel-
opment of criteria for comparing different wells for the creation of the SHGE typifications
as a promising direction for further research.

For wells 1303 and M-1, the duration of precision observations is relatively short (Ta-
ble 1). We have only begun to collect information on seismo-hydrogeodynamic effects for
the subsequent creation of the SHGE typification diagrams for these wells. The registra-
tion of SHGES in these wells from the strongest remote earthquakes (Section 3.3) shows
their high sensitivity to the impact of surface seismic waves, similar to the sensitivity of
well YuZ-5. The detection of a coseismic pressure jump in well 1303 during EQ allows us
to hope for diagnostics of such co-seismic effects in this well during other local earth-
quakes. In terms of assessing coseismic deformations during strong local earthquakes,
well 1303 can be considered a certain analogue of well YuZ-5.

5.2. Lessons from the 3 April 2023 Earthquake

The description of seismo-hydrogeodynamic effects in Kamchatka observation wells
in connection with the EQ confirms, in general, the previously created typifications of the
SHGEs for wells YuZ-5 and E-1. Using the example of the EQ, a certain repeatability of
the sequence of the genetic types of the SHGEs during the strongest local earthquakes in
well YuZ-5 (the supposed hydrogeodynamic precursor — CSE — PSE) and in the well E-
1 (HGP — PSE) was also traced.

On the other hand, the EQ was the first strong seismic event after upgrading the
equipment [4] and obtaining precision high-frequency records of water pressure with a
frequency of 1 Hz in wells YuZ-5, 1303, M-1, as well as records of pressure, temperature
and electrical conductivity of water with a frequency of 2 min in well E-1. As a result,
observation data were obtained on new short-term manifestations of hydrogeodynamic
effects (Figure 6) and effects on changes in pressure, temperature and electrical conduc-
tivity of water in well E-1 (see Section 4.2.1) arising during the passage of intense body
seismic waves and tremors with an intensity of Imskes = 5-6 points. Such data, if they are
reliably verified in the future, can form a factual basis for the development of the typifi-
cation of the SHGESs in terms of identifying the new vibration effects of seismic waves.



Water 2025, 17, 634

26 of 31

5.3. About Hydrogeodynamic Precursors and Forecast of the 3 April 2023 Earthquake

We have described two types of hydrogeodynamic precursors that appeared in wells
YuZ-5 and E-1 before the 3 April 2023 earthquake. Therefore, it is necessary to make clar-
ifications regarding their practical significance for earthquake forecasting.

In well YuZ-5 during the 2.5 months before the EQ, increased values of water pres-
sure, with the most noticeable increase from mid-January to mid-February 2023, exceed-
ing the seasonal pressure by 10.2 hPa, were identified retrospectively (Figure 8b). We as-
sume that such an excessive increase in groundwater pressure in relation to the average
seasonal head pressure could be a manifestation of the EQ hydrogeodynamic precursor
by analogy with the manifestations of the supposed precursors before the KZ and ZhE.

Despite the repeated manifestation of this type of the supposed precursor during the
period from 20 days to 3 months before earthquakes with amplitudes of deviation of cur-
rent data from the average seasonal pressure function of 10.2-30 cm of the water column,
we are somewhat cautious about its use in real-time earthquake forecasting for the fol-
lowing reasons:

(i) All manifestations of the supposed precursor approximately corresponded to or
slightly exceeded the average error in determining the average seasonal pressure function
(10 cm), i.e., the statistical significance of the retrospective diagnosis of this precursor is
relatively small.

(ii) All three manifestations of the precursor fall on the transition period from the
autumn hydrological maximum to the winter minimum, the individual characteristics of
which can vary greatly in different years depending on the total autumn precipitation [5].

The above circumstances, as well as the complex relationship of hydrostatic pressure
change with the intensity of atmospheric precipitation, leave reasonable doubts about the
possibility of reliably identifying this type of precursor based on the current observation
data in well YuZ-5.

We presented data on the supposed precursor in the water pressure change in well
YuZ-5 and the corresponding estimates of the quasi-elastic deformation of water-bearing
rocks at the preparation stages of all three strong seismic events, amounting to 0.7-1.9 x
107 (see Sections 3.2.1 and 4.2.3), taking into account the data on various seismic and hy-
drogeochemical precursors, as well as the manifestation of the precursor HGP in well E-1
before these large seismic events [3,31,33,37]. We believe that the descriptions of the sup-
posed hydrogeodynamic precursors in well YuZ-5 may be useful for further study of
earthquake precursors in Kamchatka.

Another situation occurs with the hydrogeodynamic precursor HGP in the water
level/pressure changes in well E-1. The empirically determined recurrence of HGP before
earthquakes with Mw > 5.0 at epicentral distances de < 360 km (more than 70% of such
earthquake cases), as well as the improvement of the statistical relationship of the HGP
with subsequent earthquakes with an increase in their magnitude (see Section 3.1.1), made
it possible to use HGP for medium-term (first tens of days to weeks) assessment of the
time of local strong earthquake occurrences [3,13,31].

Since 2002, based on current observations at well E-1, conclusions have been drawn
up weekly on the presence/absence of HGP. Such conclusions are transferred to the KB
REC. When HGP is detected in water level/pressure changes, the conclusion provides
rough estimates of the time (from several days to 1-2 months), location (<360 km from the
well) and magnitude (Mw > 5.0) of the expected earthquake based on the retrospective
analysis of the relationship between HGP and earthquakes (Figure 10b) ([3], Supplemen-
tary Material, Table S3). If no precursor is detected in the water level changes, the report
states “there is no precursor”. Thus, the conclusions submitted to the Expert Council can
be divided into two categories:
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(i) conclusions containing a certain concern regarding the increase in the danger of a
strong earthquake;
(ii) conclusions that do not increase the concern regarding a strong earthquake.

Therefore, such conclusions are useful in the expert method of analyzing a set of seis-
mic forecast data available to the Council on a certain date.

According to the KB REC conclusions, for the period from 2002 to 2023, based on the
HGP identified in real time in the water level changes in well E-1, successful forecasts of
ten earthquakes with Mw =5.6-7.2 (Figure 10b) were made, including four forecasts of the
earthquakes with magnitudes Mw = 6.4-7.2 occurring at epicentral distances of 80-350 km
[9,42].

Using the HGP identified in real time (Figure 9), on 19 January 2023, a forecast con-
clusion was prepared on the increased probability of a strong earthquake, which was
transmitted to the KB REC. The conclusion of January 19, 2023 stated: “Over the course of
14 days, an alarming sign of HGP has been manifested in the water pressure changes in
well E-1. This indicates that within 1-2 months an earthquake with Mw 2> 5.0 is possible at
a distance of up to a few hundred kilometers from the well.”.

Over time, from the third decade of January to March 2023, this forecast was con-
firmed weekly by the authors.

The 3 April 2023 EQ with Mw = 6.6 roughly corresponded to the wording of the fore-
cast from January 19 in terms of magnitude (Mw > 5.0), time (waiting time from 19 January
to 3 April is 75 days or 2.5 months = 2 months) and location (epicentral distance to well E-
1 de="77 km). Therefore, this forecast, according to the authors” opinion, as well as accord-
ing to the conclusion of the KB REC, is successful.

We believe that such predictive estimates of the development in local seismicity on
the well observation data are particularly useful in forecasts of the timing of strong earth-
quakes accompanied by noticeable tremors, as in the case of the 3 April 2023 earthquake.
The presented long-term experience in forecasting individual strong earthquakes based
on the hydrogeodynamic precursor identified in real time by the changes in water pres-
sure in well E-1 is unique. This example shows the need for experimental forecasting of
earthquakes using different retrospectively identified alarm signals in current well obser-
vation data in other seismically active regions.

6. Conclusions

This paper summarizes the results of long-term (1996-2023) precision well observa-
tions on the Kamchatka Peninsula, which were conducted by the authors to search for
hydrogeodynamic precursors of strong earthquakes, develop seismic forecasting methods
and study the impact of seismicity on groundwater. The main methods of our research
were:

(i) ensuring high quality of experimental data on water level/pressure recording;

(ii) systematization of data on seismo-hydrogeodynamic effects in individual wells de-
pending on earthquake parameters;

(iii) experimental forecasting of individual strong earthquakes based on the hydrogeody-
namic precursor in water level changes in well E-1 for which retrospective estimates
of prognostic effectiveness were obtained for the entire observation period (Table 4);

(iv) conducting an experiment since 2002 on the use of the hydrogeodynamic precursor
(HGP) to predict earthquakes in real time by submitting forecasts to the Kamchatka
branch of the Russian Expert Council for Earthquake Forecasting and Seismic Hazard
and Risk Assessment (KB REC).

The paper demonstrates that one of the tasks of long-term well observations carried
out for seismic forecasting is to verify the relationships between the various types of
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seismo-hydrogeodynamic effects in observation wells with earthquake parameters. Such
verification of knowledge about the SHGEs manifested in individual wells during the
most dangerous local earthquakes can be carried out when strong local earthquakes occur
and the recorded effects in water pressure changes are compared with the previously rec-
orded effects for earthquakes with similar parameters.

Using the example of the 3 April 2023 earthquake, Mw = 6.6, which occurred at the
epicentral distance of about 70-80 km from the observation wells, the following is shown:

(i) The well observation system in the east of Kamchatka Peninsula makes it possible to
diagnose in near real time various types of seismo-hydrogeodynamic effects mani-
fested in groundwater pressure changes in the range of periods from seconds to
minutes to tens of days, including hydrogeodynamic precursors.

(if) The registered SHGESs in observation wells, in general, corresponded to the expected
sequence of the main genetic types of SHGEs: hydrogeodynamic precursors, co- and
postseismic effects of static changes in the stress state of water-bearing rocks and the
dynamic impact of seismic waves.

(iii) Individual observation wells are characterized by a unique set and specific forms of
SHGE manifestations, which are repeated during earthquakes with similar parame-
ters.

A compact representation of various types of SHGEs in individual wells depending
on earthquake parameters in the form of SHGE typification diagrams using the example
of wells YuZ-5 and E-1 is proposed and demonstrated (Figure 10). Presentation of the
SHGE data in the form of diagrams (Figure 10) allows the use of such diagrams to assess
changes in water pressure in individual observation wells during various earthquakes
depending on their parameters. Such diagrams are also useful for earthquake prediction
based on hydrogeodynamic precursors and for general assessment of the impact of seis-
micity on groundwater based on well observation.

Using a hydrogeodynamic precursor identified in real time in water level/pressure
changes in well E-1, the 3 April 2023 earthquake was predicted 75 days in advance and
was confirmed by the authors” weekly reports during the period from January 19 until the
EQ in accordance with the development of the hydrogeodynamic precursor (Figure 9).
The successful earthquake prediction was confirmed by the Specialized Expert Council
for Earthquake Forecasting (KB REC).

For well YuZ-5, it is possible to assume a sequence of manifestation of seismo-hydro-
geodynamic effects HGP — CSE — PSE during the three strongest and closest local earth-
quakes, including the EQ. Parameters of such earthquakes Mw = 6.6-7.8, de = 70-200 km and
their impact in the well area e = 4.0-0.4 J/m?, Imskss > 5-6 points are estimated. For all three
earthquakes, the observation well was located in the near-intermediate zone of the earth-
quake sources (de/L = 1.1-1.6) (Figure 10a). However, confirmation of the correctness of the
proposed SHGE typification for this well in relation to supposed hydrodynamic precursors
requires further research and more convincing examples of their manifestation.

The presented experience of observing a set of seismo-hydrogeodynamic effects in
connection with the EQ confirmed substantially the correctness of the SHGE typifications
depending on the parameters of earthquakes for wells YuZ-5 and E-1.

The recording of coseismic pressure jumps (coseismic effect—CSE) in wells YuZ-5
and 1303 during the EQ and the obtained estimates of the volumetric coseismic defor-
mation of water-bearing rocks (expansion with amplitude of D1 = (0.7-1.0) x 108), con-
sistent with theoretical estimates based on the dislocation model [35], demonstrate the
possibility of using data from these wells to obtain quantitative estimates of the quasi-
elastic deformation of water-bearing rocks in the study of both modern geodynamic pro-
cesses and hydrogeodynamic earthquake precursors in the Kamchatka region.
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