* water

Article

Reaction of the Underground Water to Seismic Impact from
Industrial Explosions

Ella Gorbunova *

check for
updates

Citation: Gorbunova, E.; Besedina,
A.; Petukhova, S.; Pavlov, D. Reaction
of the Underground Water to Seismic
Impact from Industrial Explosions.
Water 2023, 15, 1358. https://
doi.org/10.3390/w15071358

Academic Editors: Galina Kopylova

and Svetlana Boldina

Received: 28 February 2023
Revised: 20 March 2023
Accepted: 25 March 2023
Published: 1 April 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Alina Besedina

, Sofia Petukhova ‘©’ and Dmitry Pavlov

Deformation Processes in the Earth’s Crust, Sadovsky Institute of Geospheres Dynamics of Russian Academy of
Sciences, Moscow 119334, Russia
* Correspondence: emgorbunova@bk.ru

Abstract: A comprehensive monitoring at the territory of the Korobkovskoe and Lebedinskoe iron ore
deposits of the Kursk Magnetic Anomaly (KMA), which are developed using explosive technologies,
has been carried out since July 2019 near the town of Gubkin (Belgorod Region, Russia). A unique
database of the responses of the system “reservoir-well” to short-delay explosions in a mine and
a quarry has been formed with a sampling rate of 200 Hz on the basis of synchronous seismic,
barometric, and precision hydrogeological measurements. The research object is groundwater in
the zones of exogenous weathering and tectonic fracturing of the ore-crystalline basement of the
Archean-Proterozoic. Processing hydrogeological responses to mass explosions in the mine and
the quarry made it possible to indicate two types of water level response to seismic impact. In
addition to coseismic variations in the pore pressure in the system “reservoir—well” for the first
time postseismic hydrogeological effects were established during the exploitation of the iron ore
deposits. The observed effects may have been caused by two mechanisms. The first mechanism
is represented by the skin effect—a change in the permeability of a fluid-saturated reservoir in the
near-wellbore space. The second one is the renewal of existing fracture systems and the formation
of technogenic fractures in the zones of lithological-stratigraphic contacts and faults at the interface
between weathered and relatively monolithic rocks. The subsequent decrease of the water level in
the well is associated with the filling of the fractured zones with water.

Keywords: precision hydrogeological monitoring; hydrogeological response; mine; quarry;
short-delay explosion; coseismic and postseismic variations; fluid-saturated reservoir; confined aquifer

1. Introduction

Various types of hydrogeological responses to the passage of seismic waves from
earthquakes have been recorded over a long period of standard and precision observations
of groundwater levels in wells [1-5]. The intensity and amplitude of hydrogeological
effects depend on the parameters of the earthquake focus, epicentral distance, lithology
of water-bearing rocks, hydraulic relationship between aquifers of different ages, and
others. The response of groundwater to seismic impact is considered as an indicator of
the deformation mode of a water-saturated reservoir. Abrupt or gradual changes in the
groundwater level of various durations were noted for static (irreversible) deformation of
water-saturated reservoirs [6-9]. Coseismic and postseismic variations in the pore pressure
complicated with oscillations were detected for dynamic and quasi-reversible deformation
of water-saturated reservoirs [10-12].

Similar hydrogeological effects have been established during the seismic impact of
large-scale explosions on the rock mass in the last century [13-15] despite the differences
in the conditions of the wave field formation. For example, water gushing from wells
101-111 m deep followed by a decrease in the groundwater level by 50 m or more was
recorded over a period of six months during an underground large-scale explosion at the
Semipalatinsk Test Site, at a reduced distance (R—the ratio of the epicentral distance to
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the cube root of the maximum explosion mass) of 1.2-1.3 m/kg!/3 [16]. A postseismic
level rise of 3.1-6.5 m was detected at the reduced distances of 1.8 m/kg!/3 [17]. The pore
pressure in wells 113-2134 m deep varied from 2 to 10 bar during the Milrow and Cannikin
explosions on Amchitka Island at the reduced distance of 2-23 m/ kgl/ 3 [18-20]. Two
days after the Cannikin explosion the groundwater level decreased by 2 m at the reduced
distance of 4 m/kg!/3. Coseismic variations in the pore pressure in wells located at the
reduced distances of 13-23 m/ kgl/ 3 were recorded.

Liquefaction under large-scale explosions was registered at high magnitudes if com-
pared to the data obtained in earthquakes, but the dependence of seismic energy on maximal
distance from the liquefaction area to the hypocenter of threshold energy persists [21].

Seismic safety and monitoring of the geodynamic situation are the main tasks which
require special attention during the field development with explosive technologies. Ground-
water is a hindrance to mining activities. Intensive water inflows complicate the excavation
of mine workings and create a real threat of a water breakthrough. The increased watering
of the massif contributes to the activation of natural and technogenic processes and affects
the microseismic noise [22]. The results of geophysical monitoring carried out in the mines
of the Khibiny massif indicate a raise in seismicity during periods of increased watering of
the massif [23].

Various methods are used to assess the hydrogeological conditions of a mine. For
example, the usage of borehole telemetry and electromagnetic detection methods at a
coal deposit in China made it possible to identify areas of increased watering in rocks [24].
Drainage work to drain the roof of the excavation reduces the risk of roof falls. The measure-
ment data taken before and after the experimental work to reduce the hydrostatic pressure
indicated an increase in the apparent resistivity and a decrease in microseismic noise.

Many investigations deal with estimations of permeability of fractured rock in the
zones of Chinese coal deposits under development. This parameter is considered to be
the main one that controls water inflow into mine workings. Moving the front of mining
activities leads to a decrease of the inflow from the zones of high fracturing that have already
been formed. A simplified conceptual model of rock deformation is used to calculate the
water inflow into the mining field [25].

The studies of the impact of mass explosions on the state of water-saturated reservoirs
during the development of solid mineral deposits are limited. However, an analysis of
variations in the travel time of P- and S-waves, which were generated by a constantly
operating vibration source over 14 months in Toyohashi (Central Japan), showed that
long-term variations in seismic waves can be associated with changes in fluid saturation
and reservoir fracturing [26].

The amount of geological, hydrogeological, geophysical and geodetic measurements
determines reliability of forecasting the conditions of a mineral deposit being developed. A
compiled database of experimental records can be used in constructing 3D models of rock
masses and assessing the effects of anthropogenic and natural factors on stability of mine
workings [27].

The importance of quantitative and qualitative assessments of the negative conse-
quences of substantial changes of the hydrogeodynamic situation due to mass explosions
in the process of developing iron ore deposits of the KMA determines the relevance of
this study. For the first time, synchronous monitoring of seismic, barometric, and hydro-
geological data is being carried out at sites located near the town of Gubkin (Belgorod
Region, Russia) [28]. Numerous variations in the pore pressure in the “reservoir-well”
system were recorded at two observation points during mass explosions in the mine at the
Korobkovskoe deposit and in the quarry at the Lebedinskoe deposit. The processing of
experimental data detected a postseismic decrease in the level of groundwater [29]. The
purpose of this work was to identify the main regularities of the responses of a water-
saturated reservoir to mass explosions during the development of iron ore deposits of
KMA and to analyze interrelationships between the detected post-seismic effects and the
conditions of the ore-crystalline rock. The object of the research was the groundwater in



Water 2023, 15, 1358

30f15

the zones of exogenous weathering and tectonic fracturing of the ore-crystalline basement
of the Archean-Proterozoic. A complex monitoring of the activities accompanying the
development of mineral deposits will allow to detect in proper time possible changes in
filtration structure of the aquifer and elaborate recommendations on minimizing the risk of
hazards produced by a possible increase of water inflow into the mine workings.

2. Description of the Area under Investigation

The object under study is located within the KMA megablock of the Voronezh crys-
talline massif [30]. The rocks of Archean-Proterozoic basement are intensively metamor-
phosed, crumpled into folds, and intruded by intrusive formations (Figure 1). Archean
rocks include the Lower Archean Oboyanskaya suite (AR;ob) represented by the pla-
giogneisses and granite-gneisses, and the Upper Archean Mikhailovskaya suite (AR;mh)
composed of quartz porphyries and amphibolites. Two-mica slates and metasandstones of
the Stoilenskaya formation of the Kurskaya suite (PR;st) are predominantly distributed at
the base of the Lower Proterozoic.
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Figure 1. Geological map with stratigraphic classification (a) and cross section (b). (1-3a: 1—

boundaries of iron ore deposits (®—Korobkovskoe, @—Lebedinskoe); 2—observation points and
their numbers (I and II); 3—the line of cross section; 1-12b: 1-6—deposits: 1—Quaternary, 2—Upper
Cretaceous, 3—Lower Cretaceous,4—Jurassic, 5—Devonian, 6—Archean-Proterozoic; 7—the level of
the upper aquifer; 8—level of the lower aquifer; 9—zone of exogenous fracturing (top) and systems
of individual fractures (bottom); 10—technogenic fractures; 11—boundaries of iron ore deposits;
12—well) (based on [30]).

The Korobkovskaya formation is characterized by conformity bedding on the Stoilen-
skaya formation and is divided into four subformations: lower iron ore (PR;kry), interme-
diate slate (PRykr,), upper iron ore (PR;krs), and upper slate (PR;kry).

The sedimentary cover, with a thickness of 62-165 m lies with an angular unconformity
on the basement rocks and is represented in the section of observation wells from bottom
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to top by sedimentary-terrigenous deposits of Jurassic and Cretaceous, overlain by alluvial
and alluvial-proluvial deposits of the Quaternary system (Figure 2). Devonian deposits are
limited in distribution and related to depressions in the crystalline basement [31,32].
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Figure 2. Geological cross section of well #1 in point I (a) and well #3 in point II (b).

The Albian-Cenomanian confined aquifer of the Lower-Middle Cretaceous is predom-
inantly distributed in the sedimentary strata. The Archean-Proterozoic confined aquifer is
related to the zone of exogenous weathering and tectonic fracturing of the basement rocks.
A regional aquiclude (clay deposits of Jurassic and Devonian) determines the hydraulic
separation of groundwater levels.

The structural plan of the deposit is controlled by the faults of different ranks and
folding. Interstratal movements are distinguished in the form of slip mirrors and brecciation
zones on the wings of the folds. Horizontal and gently sloping microshears with an
amplitude of 1-10 m are noted. Fracture zones of NW-strike are traced in the northern and
southwestern parts of the field. Elements of microtectonics are expressed by different forms
of cleavage and the development of thin cracks with the displacements up to 1-2 cm at an
angle to the bedding of ferruginous quartzites.

Hydrogeological conditions are complex. The watering of the ore-crystalline massif
within the mine field of the Korobkovskoe deposit is uneven, manifesting itself in the form
of moisture, dripping, and water seepage. A permanent withdrawal of groundwater, which
enters the lower horizons of the workings, is carried out during the development of the
deposit. The operation of the Lebedinskoe deposit goes on with preliminary dewatering
and drying of loose overburden rocks and ore-crystalline massif. The area is characterized
by a technogenically disturbed groundwater regime as a result of the operation of drainage
installations (Figure 3).
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Figure 3. Diagrams of atmospheric pressure (a), relative groundwater levels Ul in well #1 (b) and U3
in well #3 (c). Detailed data in February 2022 for: box A—atmospheric pressure; box B, C—relative
levels (top panel) and levels without influence of atmospheric pressure (bottom panel, blue) and
without influence of atmospheric pressure and Earth’s tides (bottom panel, red). Level Ul in well
#1—Dbox B, level U3 in well #3—box C.

The Archean-Proterozoic aquifer is confined. In the well #1 (point I) it is tapped in the
interval of 68-90 m and is related to metamorphic slates of the lower iron ore subformation.
The amplitude of seasonal level variations varies from 0.3 to 0.8 m. A regional trend of
level lowering to 2 m was traced over 3.5 years of observations. The aquifer is tapped in the
interval of 108-138 m in ferruginous quartzites of the upper iron ore subformation in the
well #3 (point II) located at the distance of 1.3 km north of point I (Figure 1). The amplitude
of annual variations in the water level reaches 2 m. The influence of the atmospheric
pressure on the regime of the Archean-Proterozoic aquifer is clearly manifested in a quasi-
stationary filtration. The groundwater level variations are asynchronous to changes in the
atmospheric pressure (Figure 3, A, B, C).

The regional trend of the water level lowering in the regime of the Archean-Proterozoic
aquifer persists after the level was cleared from the influence of the atmospheric pressure
and the earth’s tides. Under natural conditions, the main direction of groundwater move-
ment is northeast. In technogenically disturbed conditions, groundwater is discharged
along the western side of the Lebedinsky quarry, towards the drainage system of working
wells. The roof of the Archean-Proterozoic aquifer within the quarry is drained.

The main hydrogeological parameters were determined based on the results of test
pumpings carried out in the wells #1 and #3 in July, 2019 (Table 1). The rocks of the lower
iron ore subformation are represented by metamorphic slates in the well #1 (point I). They
are characterized by increased watering compared to the deposits of the upper iron ore
subformation composed of ferruginous quartzites tapped in the well #3 (point II).
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Table 1. Well parameters.

Well 1 Point I Well 3 Point II
Variable (Lower Korobkovskaya Iron (Upper Korobkovskaya Iron
ore Formation) ore Formation)
Well bore radius (m) 0.0465 0.0465
Well casing radius (m) 0.0635 (0.0-67.3) x 0.054 (67.3-77.1) 0.0635
Well depth (m) 90.1 140.9
Penetrated aquifer thickness
(water influx interval) (m) 13.0 305
Water level in well from the surface, 414427 82.9-84.2
min-max (m)
Pressure head, min-max (m) 25.4-26.7 24.0-25.3
Transmissivity (m?/day) 3.8 0.2
Hydraulic conductivity (m/day) 0.17 0.01
Barometric efficiency —-04 —0.6
Tidal sensitivity (mm/nano) 0.42 0.9
Resonance frequency, Hz 0.07 0.08

3. Methods

Observation points I and II are located in the eastern part of the mine field of the
Korobkovskoe iron ore deposit of KMA and are equipped with up-to-date measurement
systems. The systems include a three-component seismic sensor SPV-3K, an atmospheric
pressure sensor RAA-33X, and submersible level probes PR-36XW installed in the wells
#1 and #3, which tapped the Archean-Proterozoic aquifer. The frequency range of the
SPV-3K seismometer is 0.5-65 Hz. The atmospheric pressure sensor is designed to record
an absolute atmospheric pressure in the range of 0.8-1.2 bar, the water level sensor—for
high-precision registration of the water level in the range of 0-5 m. The accuracy of the
atmospheric pressure sensor is 0.05% FS, the water level sensor —0.15% FS. Registration
of signals with a sampling rate of 200 Hz is carried out by a 6-channel REFTEK-130
datalogger in the point I and Centaur CTR4 digital recorder in the point I. Synchronization
of experimental data at two points is provided by GPS modules. The results of synchronous
registration of seismic, hydrogeological, and barometric data form a database, which is
stored at the server of Sadovsky Institute of Geospheres Dynamics of Russian Academy of
Sciences (IDG RAS) and is constantly updated.

To determine the background parameters of the water-saturated reservoirs, the data
series were decimated to times-steps of 300 s. The barometric efficiency shows the influence
of the atmospheric pressure on the water level response and can be calculated as the ratio
of the level amplitude to the barometric load. To analyze tidal waves in the groundwater
levels bandpass filtration in the ranges of 12.32-12.52 and 25.7-25.9 h was performed. The
tides in the vertical ground displacement were calculated using the ETERNA 3.0 software
in relation to the coordinates of the observation points (point [—51°16.9’ N 37°35.2" E, point
11I—51°17.6' N 37°35.2" E) [33]. The tidal factor (water level sensitivity to tidal deformation
of water-bearing rocks) is calculated as the ratio of the amplitudes of the tidal response of
the water level to the tidal changes in volumetric deformation.

The phase shift between M, tidal wave identified in the ground displacement and
level of the confined aquifer was estimated using the phase trajectory method [34]. This
technique is based on the construction of phase trajectories in the coordinates “ground
displacement—water level change” in the form of ellipses. The obtained values of the
phase shift were used to calculate the aquifer transmissivity and rock permeability [35]
within the poroelastic model [36].

Blasting operations are regularly carried out during the exploitation of iron ore de-
posits of KMA. Short-delay blasting is used. Ore extraction in the mine is conducted by a
room-and-pillar technology. In each mass explosion, from one to four rooms are detonated
with an interval of 30-50 s located at a distance of 0.5-3.1 km from the observation points.
In the quarry, groups of blocks are blasted with an interval of 10-30 s located at the epi-
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central distances of 2.1-4.5 km from the points. A time series of seismic, barometric, and
hydrogeological records with a duration of 40 s for each blast in the mine and 30 s for each
explosion in the quarry form a database.

The modulus of the ground velocity Vzng (hereinafter—the ground velocity) was
used to quantify the seismic impact from each blast in mass explosion:

VzNE = ‘\/V%-FVZ%-FVEZ

where Vz, Vi, VE—the amplitudes of the ground velocity along Z, N, E components.
To compare the response of the “reservoir-well” system to the detonation of different
groups of blocks the reduced distance (R) was used:

max, (1)

R = R/Y/Q @

where R is the epicentral distance from the room in the mine (the nearest edge of the blasted
block in the quarry) to the observation point, m; Q is a maximum mass of explosives in one
groups of drillholes in the mine (an average mass of explosives within the explosive block
in the quarry).

The probabilistic approach [37] was used to analyze the background characteristics of
seismic, barometric, and hydrogeological data. The data used for analysis were divided
into intervals of 2-h duration each with a 1-h overlap. The linear trend was removed
preliminarily. The power spectral density (PSD) was calculated for each 2-h interval with
the Welch method in a running window of the length of 2/13 h with a 75% overlap. The
obtained data of PSD were used to calculate the probability density for each frequency. For
this purpose, the PSD was averaged in a running window of the length of 1 octave with an
overlap of 1/16 octave. This allowed us to reduce frequencies and obtain an even sampling
over frequency in the logarithmic scale. Then the spectrogram of probability density
function (PDF) of the occurrence of a certain value of PSD at each frequency was plotted.
The statistical mode, 10th and 90th percentiles are used for further analysis. Calculated
PSDs of seismic signals and hydrogeological responses to blasts in the mine and quarry
from the database are compared to background PDF values of PSD.

The main focus of the analysis was the postseismic effects identified in the monthly
data series of the water level in the Archean-Proterozoic aquifer during the first day after
the mass explosions. Data series of the water level were preliminarily cleaned from the
influence of the atmospheric pressure and the earth’s tides. Removal of fluctuations in
the range of periods of 8-36 h was carried out by applying a bandstop Butterworth filter
of a second-order in the period range of 8-36 h. Based on the results of processing the
experimental data, the duration and amplitude of the level lowering were determined.

4. Results
4.1. Establishing Background Parameters of Archaean-Proterozoic Aquifer

Seismic, hydrogeological, and barometric monitoring of activities within Korobkovskoe
and Lebedinskoe iron ore deposits is being performed in two points. According to the
simultaneously processes data on variations of the atmospheric pressure and the water
level in the Archaean-Proterozoic aquifer for the period January 2022-February 2022, the
barometric efficiency is —0.4 in the well #1 (point I), and it is —0.6 in the well #3 (point II).
The aquifer of the upper iron ore subformation is characterized by a higher barometric
efficiency if compared to water-bearing sediments of the lower iron ore subformation in
the well #1. Diurnal and semi-diurnal tidal waves can be persistently detected via spectral
analysis in the aquifer of the upper iron ore subformation, which is characterized by a
deeper occurrence of the top of water-bearing sediments. The tidal factor reaches the value
of 0.9 mm/nano. But its value is less than 0.42 mm/nano in the water-bearing sediments
of the lower iron-ore subformation. The semi-diurnal tidal wave M, of the lunar type
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is persistently detected in the water-bearing sediments of the upper and lower iron ore
subformations. It is used to monitor the filtration properties of the aquifer.

The estimation of permeability (k) of the upper and lower iron ore subformations is
performed via the analysis of phase shift (1) in the tidal wave M, detected in variations
of the water level and the ground displacement under a quasi-stationary filtration regime
(Figure 4).
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Figure 4. Diagrams (from top to bottom) of relative water level, phase shift (1), transmissivity (T),
and permeability (k) according to the data obtained in the well #1 (a) and well #3 (b) for the period
from January, 2022 to February, 2022. Dotted lines show error bars.

Permeability (T) of the upper iron-ore subformation (well #3) consisting mainly of
ferruginous quartzite change in the range of (3.4-4.4) x 10~* m?, while permeability of the
lower iron-ore subformation (well #1) vary in the range from 9.9 x 1074 10 5.9 x 10713 m?.

4.2. Reaction of the System “Reservoir—Well” to Short-Delay Blasting

Series of pulses in the form of repeated, gradually decaying wavetrains are regularly
recorded in synchronous seismic, hydrogeological, and barometric measurements. They
correspond to short-delay explosions in the mine and in the quarry. Duration of blasting
groups of wells in the rooms of the mine and in the blocks at the quarry alter from 0.04-0.06
to10s.

For the period of observations 20192022, amplitudes of hydrogeological responses of
the lower iron ore subformation at the point I to short-delay explosions in the mine altered
from 0.4 to 65 hPa, the corresponding ground velocity being 0.2-4.3 mm/s (Figure 5a).
Variations of the pore pressure in the system “reservoir-well” of the upper iron ore sub-
formation are registered in a wide range from 0.2 to 134.6 hPa, the corresponding ground
velocity being 0.6-17 mm/s. The diagram of the pore pressure variations versus reduced
distance shows that maximum amplitudes of hydrogeological responses were registered
at the point II, when it was located in the near field of explosions at reduced distances of
22-80 m/kg!/3 (Figure 6a).
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of water level was traced).

During short-delay explosions in the quarry, maximum amplitudes of hydrogeological
responses up to 61.6 hPa were registered at the point I in the lower iron-ore subformation,
the ground velocity being the maximum (Figure 5b), with the reduced distance being the
minimum (Figure 6b). Diagrams of the pressure variations in the system “reservoir-well”
versus peak ground velocity are best fitted by power functions, which have different factors
of determination.

Waveforms of hydrogeological responses of the upper and lower Proterozoic subfor-
mations to short-delay explosions differ. They depend on local structural and geological
conditions, frequency responses of wells, and parameters of explosions [31,32]. For exam-
ple, the explosion in the mine on 4 September 2021. Higher ground velocities and amplitude
of hydrogeological response were registered at the point II, which is located within the
same block with the ore field being excavated, unlike the point I (Figure 7, to the left).
An opposite pattern was registered during the explosion in the quarry on 22 September
2021. Peak ground velocity and pore pressure variations in the system “reservoir-well”
were registered at the point L. It was located at a closer reduced distance to the group of
blocks being blasted than the point II (Figure 7, to the right). Explosions in the quarry are
accompanied by a propagating low-frequency air wave, which can manifest in seismic
records and records of water level too. So, in processing the “quarry” records the lengths of
data series were limited by the arrivals of the air waves at the points.
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Figure 7. Seismograms (upper row) and pore pressure variations in the system reservoir well (lower
row) corresponding to the explosions in the mine on 4 September 2021 (to the left) and in the quarry
on 22 September 2021 (to the right) recorded in point I and point II.

The increasing intensity of power spectral density (PSD) of the ground velocity calcu-
lated for the period of measurements in September, 2021 manifests in the range of 2-8 Hz at
the background of the mode at the points I and II. Such effect may be caused by technogenic
disturbance associated with the injection of technological waste. The value of the mode at
the point I is higher by ~25 dB in comparison to the point II (Figure 8a,c).
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Figure 8. Probability density function of power spectral density: of the ground velocity in point I
(a) and point II (c); pore pressure in the well #1 (b); and well #3 (d) in comparison to PSD for explosions
in mine on 4 September 2021 and in quarry on 22 September 2021. Black lines in (a,c)—new low noise
model (NLNM) and new high noise model (NHNM) according to Peterson model [38].
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The extremum of PSD of the ground velocity during the explosions in the mine and
the quarry manifests itself in the frequency range of 10-30 Hz. During the explosion in
the quarry on 22 September 2021 the intensity of PSD of the ground velocity is by ~20 dB
higher than the values during the explosion in the mine on 4 September 2021 at the point I.
The PSD values of ground velocities at the point II mainly coincide for blasts in the mine
and the quarry.

The extremum of PSD of the pore pressure variations in the system “reservoir-well”
corresponding to seismic impact were traced in the range of higher frequencies of 30—40 Hz
(Figure 8b,d). During the explosions in the mine and the quarry at the point II, located at the
reduced distance of 64 and 96 m/kg!/? respectively, two extrema appear in the frequency
ranges of 0.8-0.9 and 3040 Hz (Figure 8d). Intensity of the pore pressure variations at
the point I during the explosion in the quarry at the reduced distance of 139 m/kg!/3 is
by ~12 dB higher than the hydrogeological response recorded during the explosion in the
mine at the reduced distance of 153 m/kg!/3 (Figure 8b). Localization of hydrogelogical
responses in a narrower frequency range under seismic action can be due to peculiarities of
frequency responses of the system reservoir well [32].

4.3. Postseismic Hydrogeological Effects

A series of postseismic hydrogeological effects were detected in data processing. When
explosions were conducted in the mine in rooms located down the direction of underground
stream at the reduced distance of 64-75 m/kg!/3, the amplitude of postseismic lowering
of underground water level at the point II varied from 26 to 146 mm (in one case it was
only 21 mm at the point I) during 2.1-6.1 days (Figure 5). When explosions were conducted
in rooms at closer reduced distances of 22-40 m/kg!/3 up the direction of underground
stream, the amplitude of level lowering was less than 2-5 mm during 0.1-0.5 days.

Figure 9a shows a fragment of postseismic water level lowering in the well #3,
“cleaned” from the effects of the atmospheric pressure and the earth’s tides. It was regis-
tered at ~0.5 h after the explosion in the mine on 4 September 2021. A gradual and long
water level lowering is the result of low water transmissivity and permeability of the upper
iron ore subformation composed of ferruginous quartzites.
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Figure 9. Diagrams of variations of postseismic lowering of water level and atmospheric pressure
after the explosion in the mine on 4 September 2021 (a) and in the quarry on 22 September 2021
(b): blue line—initial level, red line—cleaned from the effects of atmospheric pressure and Earth’s
tides. Arrows correspond to explosions.

When groups of block were blasted mainly at the western side of the quarry in the
range of depths of 200-300 m from the surface at reduced distances of 116-182 m/kg!/3
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from the point I, the postseismic lowering of the water level in the Archaean-Proterozoic
aquifer was established accompanied by maximum amplitudes of coseismic variations of
the pore pressure in the well #1 (Figure 6). A step-wise drop of underground water level
was registered during the passage of seismic waves produced by the explosion (Figure 9b).
The peak drop of level in the sediments of the lower iron ore subformation composed of
metamorphic slate (which shows a rather high water transmissivity and permeability) is
less than 7—41 mm during the first hour after the explosion.

The obtained value of maximum drop of underground water level after the explosion
in the mine can be used to assess of the overall water production to the zones of induced
fracturing. The plot of lowering water level after the explosion in the mine testifies that a
quasi-stationary regime of filtration has formed. In these conditions the hydraulic diffu-
sivity (a), that specifies the rate of depression development, is estimated according to the
formula [39]:

N 2.5R?

®)

a
to

where R; is the radius of the zone of quasi-stationary regime, meters; f; is the time of
emergence of the quasi-stationary regime, days. The storativity (1*) can be estimated
as follows:

pe=— )

where T is the transmissivity of the layer, m?/day.

Under a constant water inflow along the contour of the depression crater, that formed
during the explosion, the volume of incoming water (V) will be proportional to the maxi-
mum lowering of the level (S), the area of formation of the disturbed regime of underground
water (F) and the storativity (u*):

V=S-F-u". (5)

For the epicentral distance of 663 m in the alignment “room—well #3” the hydraulic
diffusivity (a) will be 1.8-10° m?/day, the storativity (1*) (with account for the data on probe
pumping performed in the well #3, see Table 1) will be 1.1 x 10~%. Hence, the volume of
water that came to fill the zone of induced fracturing (or the volume of the fractures that
emerged during the explosion) will be 0.22 m3.

5. Discussion

It has been established that in recovering Korobkovskoe and Lebedinskoe iron ore
deposits, coseismic and postseismic hydrogeological effects manifest, which differ in their
mechanisms of emergence. Coseismic variations are caused by poroelastic deformations of
the aquifer under seismic action of explosion waves on the system “reservoir-well”. This is
supported by a comparison of the PSD diagrams of the ground velocity and of the pore
pressure variations in the system “reservoir-well” during explosions in the mine and in
the quarry.

Postseismic effects in the form of a fluent or step-wise decrease of water level in the
Archaean-Proterozoic confined aquifer after a short-delay explosion may be caused by two
mechanisms: the skin effect (a change in the permeability of a fluid-saturated reservoir
in the near-wellbore space) and the irreversible static deformations of the zones of ore
crystalline rock disturbed by anthropogenic activities. Conducting explosions in the mine
or in the quarry determines the conditions of emerging induced fracturing. In the case
of a complex filtering structure, zones of water conductive fractures emerge, which can
be attached not only to the well environment, but to boundaries separating eroded and
monolithe rocks, lithologic-stratigraphical contacts and discontinuities as well.

Analogous effects of lowering the level of underground water to a value of 8.9 cm were
registered in the well Liuja in Taiwan during the passage of seismic waves produced by the
Wenchuan earthquake on 12 May 2008 Myy 7.9 in the far field [40]. Authors suggest such
probable mechanisms as fracture unclogging and a breach in the hydraulic links between
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water-bearing horizons. A step-wise drop of the pore pressure by 12.8-22 kPa was observed
at the Kamioka mine in central Japan at the distance of 528 km from the epicenter of the
Tohoku earthquake on 11 March 2011 My 9.1 in self-streaming horizontal wells #1 and #2
drilled in gneiss 6 m apart [2]. The authors think that a step-wise drop in pore pressure
during the Tohoku is probably caused by the change in the static stress. The authors made
calculations according to the model [41] for volume strain of 340-10~?, which showed
that the change of theoretic pore pressure should had been 6 kPa, which is 2-3 times less
than the measured one. Consequently, the decreasing pore pressure during several days
after the Tohoku can’t be explained by the change in the poroelastic response only, but
probably is supported by the change in permeability of the aquifer and redistribution of
the underground stream to the zones of induced fracturing.

Mechanisms of explosions and earthquakes differ: wavefield of an explosion corre-
sponds to a source presenting a center of expansion and vice versa, an earthquake source
is characterized by a couple of forces with a quadratic distribution of compression and
tension. However, in the zone of static deformation of the aquifer, which corresponds to the
near field of the seismic effect, irreversible processes of similar type in the form of dilatancy
(fracturing) can probably take place. They manifest both in explosions and in earthquakes.
Besides that, alongside with main fractures, local zones of induced fracturing can form
both in explosions and in earthquakes. These zones localize along the interfaces of media
with different physical and mechanical properties.

The observed postseismic effects probably testify presence of static, irreversible
changes in the structure of the water-bearing reservoir. Conducting short-delay explosions
in recovering iron ore deposits of KMA leads to an activation of anthropogenic fractur-
ing. In their turn, the emerged areas of induced fracturing can be hydraulically linked to
watered zones of exogenous and tectonic fracturing in the ore-crystalline rock.

The Archaean-Proterozoic aquifer under consideration is located in the zone of an-
thropogenic effect and exhibits a regional trend to lowering the underground water level.
Conducting explosions leads to a change in the conditions of underground water transit in
the direction to the areas of man-caused discharge due to drainage activities. The slope of
underground water stream changes in lateral direction along the contour of Lebedinsky
quarry due to increasing area and depth of iron ore excavation. Developing the mine field
of the Korobkovskoe deposit promotes the vertical filtration of underground water in the
zones of exogenous and tectonic fracturing. The duration of underground water level
lowering probably corresponds to the time of infilling the zones of induced fracturing,
which probably coincide with potentially unstable zones.

6. Conclusions

As a result of a complex monitoring in two points located within the zones of Ko-
robkovskoe and Lebedinskoe iron ore deposits, that being developed using blasting tech-
niques, the following facts are established:

- Coseismic variations of pore pressure manifest in the system reservoir-well during
the passage of seismic waves from mass explosions. Amplitudes of hydrogeological
responses to blasts in the mine at reduced distances of 22-424 m/kg!/? at ground
velocities of 0.2-17 mm /s change from 0.2 to 14 hPa, and to blasts in the quarry the
responses are less than 62 hPa at reduced distances beginning from 139 m/kg!/3 at
ground velocity from 13 mm/s.

- Waveforms of hydrogeological responses depend on local geological and structural
conditions, frequency responses of wells, and parameters of explosions.

- Postseismic hydrogeological effects are present. When explosions are conducted in
the mine in rooms located down the direction of underground water stream at the
reduced distances of 64-75 m/kg!/3, a gradual level lowering was traced during
1-5 days by 2-15 cm. When groups of blocks were blasted at the western side of the
Lebedinsky quarry at the reduced distances of 103 and 116-182 m/kg!/? from the
point I, a step-wise drop of the water level by 6-22 mm during the first hour was
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observed. Registered values of water level lowering after explosions were used to
assess the volume of induced fracturing.

A preliminary processing of the obtained data indirectly verifies the irreversible
changes in filtration structure of the ore-crystalline rock in the course of developing iron
ore deposits of KMA. During developing iron ore deposits it is necessary to provide for
high-precision hydrogeological measurements not only in wells on the surface, but also in
mines to control changes in the hydrogeodynamic situation. The importance of studying
the filtration structure of a mine field lies in the necessity of a predictive assessment of the
geoecological safety of mining operations using explosive technologies.
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