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Abstract: This paper presents the results of precise measurements of temperature and pore pressure
in the “reservoir–well” system during the development of iron ore deposits of the Kursk Magnetic
Anomaly (KMA) via blasting. For the observation period from October 2021 to June 2024, varia-
tions in compressibility, permeability and temperature in the upper Albian-Cenomanian confined
aquifer, which is used for district water supply, were determined. The general trend in a decrease
in water temperature was traced (from 12 ◦C to 11.4 ◦C). It was accompanied by an increase in the
hydrostatic head (from 3.7 m to 7.4 m). Water temperature in the upper aquifer was measured for
9 industrial explosions in the mine and for 30 explosions in the quarry. For one explosion in the mine
and five explosions in the quarry the coseismic changes in water temperature with amplitudes of
0.06–0.09 ◦C were established, while changes in pore pressure in the “reservoir–well” system were
0.4–2.2 kPa. Local changes in the permeability of the reservoir in the vicinity of the well (the skin
effect) are considered to be the main factor that controls the coseismic response of temperature
during industrial explosions. As the reservoir permeability increases, the water temperature in
the “reservoir–well” system can decrease and vice versa. The same pattern was observed accord-
ing to regime measurements performed in 2022–2023. The recorded coseismic responses of water
temperature in the upper aquifer in the high-frequency range are similar to the effects observed
during propagation of seismic waves originated from earthquakes in the low-frequency range at
different sites all over the world for the seismic energy density of 0.05–0.45 J/m3. The observed
variations in aquifer temperature in the “reservoir–well” system under episodic dynamic impacts are
of particular interest from the point of view of activating hydrogeochemical processes that accompany
the development of iron ore deposits.

Keywords: precision hydrogeological monitoring; temperature in aquifer; industrial explosions;
“reservoir–well” system; permeability; coseismic effects

1. Introduction

Modern precision sensors allow registering not only quasistatic variations in the water
level and temperature in water-bearing layers, but fast dynamic variations under episodic
impacts as well, which facilitates noticeably current hydrogeologic investigations. The
temperature of rock and water can be considered as indicators of hydrogeologic changes,
emergence of cross-flows, and local changes in the filtration properties of the “reservoir–
well” system.

An annual cyclicity of bedrock temperature has been observed in natural conditions
inside the Chinese Platform according to the monitoring data obtained in a well 12 m deep,
which taped shales located in the damage zone of the regional fault Xianshuihe [1]. The
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amplitude of seasonal variations in rock temperature decreased from 2.3 ◦C at a depth of
5.9 m to 0.8 ◦C at a depth of 10.1 m. The annual maximum of rock temperature occurred
with a time lag of up to 3 months as the depth of observations changed by 4.2 m. Daily
variations in the temperature of water-bearing rocks with amplitudes of 0.002–0.006 ◦C
were detected in the raw data at a depth of 5.9 m. The earthquake Kangding M 6.3 22
November 2014 that occurred in the Sichuan province, China was accompanied by the
following events in the same well [1]: a coseismic stepwise rise in rock temperature by
0.01 ◦C at a depth of 9.0 m; a gradual post-seismic decrease in temperature by 0.0002 ◦C in
the depth interval of 1–7 m.

Similar differently directed water temperature variations were registered in different
observation points during propagation of waves produced by earthquakes [2]. For example,
stepwise coseismic rise in the water level, discharge and temperature increase during
14 earthquakes M 4.2–9.2 at epicentral distances of 4–3076 km were observed for the period
of 2004–2015 in the well Dazhai in south-west China. The well is 112 m deep. It taped a
confined aquifer in siltstones and sandstones [3]. Variations in amplitudes of the registered
parameters were as follows: water level—from 58 to 410 mm; discharge—from 0.01 to
0.2 L/s; temperature—from 0.005 to 0.4 ◦C.

A coseismic decrease in water temperature by 0.008 ◦C for 7 min with a following
recovery to the initial value was detected during the Sumatra M 9.1 2004 earthquake in a
well 362 m deep located in the damage zone of a regional fault Huangzhuang-Gaoliying.
The well taped watered andesite tuff [4]. Temperature effects of one and the same type were
also observed in this well during 25 earthquakes for the period of 2002–2005. A decrease in
water temperature was traced for four earthquakes after the arrival of P-wave, but before
the arrival of S-wave. For all the other earthquakes, noticeable variations in the water level
and water temperature were observed after the arrival of S-wave.

Interval measurements of water temperature in 20 m steps were performed since 2007
at a depth of 20–240 m in the well K-1 located at the Kunashir Island of the West-Pacific
seismic belt [5]. Increasing intensity of temperature oscillations with amplitudes of up to
0.2 ◦C and coseismic temperature effects, such as stepwise temperature rises were registered
during the propagation of waves produced by earthquakes M 5.0–9.0 at epicentral distances
51–698 km [6].

The most representative data on coseismic and post-seismic hydrogeological effects
were obtained in China during the Sichuan earthquake M 7.9 12 May 2008. Synchronous
measurements of the water level and temperature were performed in 221 wells, only
water temperature—in 45 wells, rock temperature—in 6 wells [7]. No unambiguous
correspondence between variations in the water level and temperature were established.

Some authors [8–10] distinguish anomalous temperature effects in aquifers of different
ages, which can be attributed to the period of earthquake preparation. Changes in the
regime of thermal water three months before the catastrophic earthquake of Tohoku M 9.1
11 March 2011 at the distance of 155 km to the north-west from the epicenter in a well 2 km
deep drilled in a seismically active fault and located nearby the Goyo Onsen hot spring,
Japan, were detected via a retrospective analysis of in situ data [8]. The maximum water
level decreased to 10 m. Water temperature episodically decreased by 1–2 ◦C.

It was established for one of the wells Yushu, China, 105 m deep, drilled in granites,
that the intensity and duration of water temperature anomalies correlate with earthquake
amplitudes and can be used as precursors [9]. Stepwise rises of temperature before the
main shock and the main aftershock of the Sichuan earthquake M 7.9 12 May 2008 were
traced in two wells 650 m and 99 m deep at the distances of 600 km and 1400 km from the
epicenter, respectively [10]. An anomalous decrease in rock temperature by 0.002 ◦C was
registered 18 days before the Sichuan earthquake in the well Xining (no. 63001) [7].

Disturbed hydrogeodynamical and hydrogeochemical regimes have formed inside
regional and local areas subjected to anthropogenical load in the form of advanced mining
industry [11–13]. Lowering of the level of underground water that can reach 40 m in the
observation well at the distance of 100 m from the working face [14], and both gradual and
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stepwise variations in water temperature with amplitudes of up to 0.45 ◦C [15] have been
observed in the course of coal bed development.

In particular, before the mining operations started at the coal deposit Ningtiaota near
the Ordos basin, China, the water temperature remained stable. As the front of tunneling
approached the observation well J7 to the distance of 2 km on 8 January 2017, the water
level lowered by 45 m and the temperature decreased stepwise by 0.45 ◦C with a delay
of one day relative to the water level. Synchronous stepwise drops of the water level and
temperature with amplitudes of 23 m and 0.3 ◦C, respectively, were observed on 5 January
2018 in the well J6 that taped the aquifer roof 20 m higher in comparison to the well J7 at
the distance of 1 km from the face [15].

In the well J14, which is 3.3–4.1 km away from observation wells J7 and J6, and located
upstream, the general trend in a regional rise in the water level in the lower aquifer by 1.3 m
during 2016–2018 is complicated by local depression cones with maximum level lowering
by 0.6 m and temperature decrease of 0.2 ◦C, which lasted 2 days in 2017 and 1 day in 2018
when tunneling was performed beneath the observation wells. The observed peculiarities
of the water level and temperature variations confirm the supposition of hydraulic links
between the lower aquifer and the moving front of tunneling, despite the covering layers
of argillite and siltstone 35–59 m thick lying above the coal seam.

The regime of underground water remains intact in the upper aquifer formed by
sand rich sediments and separated from the lower aquifer by layers of clays, argillites
and siltstone 80–120 m thick. An annual cyclicity has been established in variations
in water temperature with the amplitude of 1.3 ◦C, which is synchronous to variations
in atmospheric pressure with the amplitude of 0.2 kPa. These variations took place at
the background of a regional rise in the groundwater level by 2 m for three years of
observations [15].

Summarizing all above, the observed temperature effects that take place in natural
and anthropogenically disturbed conditions were traced mainly in the low-frequency area
during propagation of seismic waves originated from earthquakes, during earthquake
preparation and during tunneling in deposits. The high-frequency response (15–20 Hz) of
underground water to seismic impact produced by a ripple-fired explosion in a mine had
already been instrumentally registered [16]. A question arises, whether similar temperature
variations produced by a technogenic seismic impact on an aquifer can be detected in the
high-frequency area? If “yes”, then whether such temperature effects can serve as signs of
hydrogeodynamic processes that take place in the “reservoir–well” system?

Periodic observations over temperature in wells in aquifers of different ages are
performed since 2021 within the framework of precise hydrogeological monitoring in the
zones of mining lease of the iron ore deposits of the Kursk Magnetic Anomaly (KMA) [17].
The purpose of this research is to determine variations in the temperature, water level
and filtration parameters of an aquifer produced by industrial explosions. Analyzing the
coseismic changes in these parameters of the “reservoir–well” system can promote correct
assess of the conditions of the rock massif, in which mining activities take place.

2. Brief Characteristics of Geological, Structural and Hydrogeological Conditions
at the Site

The region under investigation is located at the south-west slope of the Voronezh
crystalline massif. Two structural floors were defined in the geological section. The lower
floor is the crystalline basement, which is formed by complexly dislocated Precambrian
metamorphosed rocks. It is complicated by discontinuities and intrusive formations [18].

The Korobkovskoye and Lebedinskoye iron ore deposits have complicated structures.
They both are characterized by north-western strike of structures confined by faults of
different ranks and directions. The faults manifest in the form of brecciation zones and
zones of higher rock fracturing. The paleo-relief of the bed is a peneplain with eroded
ridges of ferruginous quartzites. A line-pattern residual soil down to 100 m thick prevails
on the crystalline rock.
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The upper floor is the sedimentary cover folded mainly by terrigenous sedimentary
deposits of Mezo-Cenozoic and covers transgressively the crystalline basement. Deposits
of Paleozoic presented by the ore breccia and sandstones of the late Devonian 2–6 m thick
show irregular bedding at the eroded cover of the Archaea-Proterozoic basement (Figure 1).
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Figure 1. (a) Geological map of the basement of the region under investigation and
(b) schematic geologic cross-section along the line A–B. Legend to the map (1–10): 1–9—formations:
1–2—Archean: 1—lower, 2—upper; 3–7—Lower Proterozoic: 3–7—Kursk series: 3—Stoilenskaya suite,
4–7—Korobkovskaya suite: 4, 6—lower and upper iron ore, 5, 7—intermediate; 8–9—intrusive for-
mations of the Upper Archean; 10—faults: a—local, b—regional. (b) Legend to the cross-section
(11–20): 11–15—sediments: 11—Cenozoic, 12—Upper Cretaceous, 13—Lower Cretaceous, 14—Upper
Jurassic—Lower Cretaceous, 15—Upper-Middle Devonian, 16—Archean-Proterozoic (dashed line
is the boundary between weathered and monolithic rock, black curves show petrogenetic frac-
turing, red curves are anthropogenic fracturing; 17—level of upper (a) and of lower aquifers (b);
18—boundaries of deposits (
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Underground water of pore-seam type sedimentary deposits of Cretaceous (the upper
Albian-Cenomanian confined aquifer) and fracture-seam type confined to the zone of
exogenous erosion of rock in the crystalline bed (the lower Archaea-Proterozoic confined
aquifer) mainly prevail at the site under investigation. The water of fracture-seam type
feed the fracture-vein reservoirs widespread in the zones of high rock fracturing linked to
faults and lithological contacts.

The regime of underground water is anthropogenically disturbed by the drainage
systems that drain from the underground tunnels of the Korobkovskaya mine and the open
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Lebedinsky quarry. The upper and lower aquifers are completely worked out along the
contour of the quarry. A regional depression cone has formed [12].

Correlation between the temperature and water level in the upper aquifer taped in
the interval of 14.5–53.5 m in sand rich sediments was traced at point I in the well 2 from
October 2021 to April 2024 (Figure 2). As the regional water level rose from 10.8 m to 7.1 m,
water temperature lowered by 0.6 ◦C (from 12 to 11.4 ◦C). The detected regularity probably
testifies that the resource of underground water gradually recovers in the zone of deposits
being developed.
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Figure 2. (a) Variations in the water level (blue dots) and temperature in the upper Albian-
Cenomanian aquifer (black circles), (b) temperature versus hydrostatic pressure (triangles show
the coseismic changes in temperature during industrial explosions in the mine and in the quarry,
green color denotes increasing temperature, red color denotes decreasing temperature).

Synchronous measurements of temperature and pore pressure at point II in the well
3 (which tapes the lower confined aquifer in the interval 108.2–140.9 m) were performed
on 21–24 July 2021 lasting from 4.9 to 6.4 h. Minimal temperature was 9.64 ◦C, maximum
reached 9.70 ◦C. Temperature variations change from 0.06 ◦C to 0.15 ◦C. The trend in
decreasing temperature in the lower aquifer as the hydrostatic pressure grows has been
detected. On average during an hour, as the pressure increased by 0.1 kPa, the temperature
decreased by 0.005 ◦C.

The main observations over variations in temperature and pore pressure in the
“reservoir–well” system for the period of 2021–2024 have been performed in the well
2 at point I that tapes the upper aquifer, which is used for district water supply and is the
object of investigations.

3. Methods

Points I and II are equipped with measuring complexes that include sensors of water
level PR-36XW (Keller Pressure, Winterthur, Switzerland), with digital and analogue
outputs mounted in wells, sensor of atmospheric pressure PAA-33X (Keller Pressure,
Winterthur, Switzerland), 3-component seismometers SPV-3K (LogSys LTD, Ramenskoye,
Russia) and recorders REFTEK-130 (REF TEK Systems Inc., Dartmouth, NS, Canada) and
Centaur CTR4 (Nanometrics Inc., Kanata, ON, Canada) installed at the sites nearby the
wellheads. The sensor PR-36XW can transmit the data of level and temperature via the
digital RS-485 interface and the interface converter K-114 to a computer. The analogue
output of the sensor is used for stationary recording of the water level at the sample rate of
200 Hz. The data from the digital output of the sensor are read episodically in half an hour
during industrial explosions.

The water level sensor PR-36XW has a range of 0–10 m, while its accuracy is 0.05% FS.
The accuracy of the temperature sensor Pt1000 is ±0.03 ◦C. Atmospheric pressure sensor
registers an absolute atmospheric pressure in the range of 0.8–1.2 bar with the accuracy of
0.05% FS.



Water 2024, 16, 2682 6 of 17

In order to assess the effect of atmospheric pressure on the level of underground water,
the coefficient of barometric efficiency (BE) is used, which is calculated as the ratio of
underground water pressure (Pw) to atmospheric pressure (Pb):

BE = 1 − Pw

Pb
≈ 1 − ∆w

∆b
. (1)

The method of compensation based on the method of linear regression is used to
“clean” the level of underground water from the effect of atmospheric pressure:

w′ = w − A ·p, A =
∑ ∆w·∆p

∑ ∆p2 , (2)

where w′ is the water level with pressure compensation (m), w is the water level (m), p is
the atmospheric pressure (kgf/m2). Factor A is the ratio of the sum of the daily water level
variation multiplied by daily variation in atmospheric pressure to the sum of quadratic
daily pressure variation (m/(kgf/m2)).

Compressibility of the matrix is calculated according to [19]:

CM =
θECW(1 − BE)

BE
(3)

where θE is the rock effective porosity, which is 0.15 for sand rocks according to
the literature [20], CW is the fluid compressibility (compressibility of fresh water is
CW = 4.6 × 10−10 Pa).

The theoretical ground displacement, vertical and cubic strains produced by Earth
tides have been calculated for the point I using the ETERNA program [21]. In order to detect
tidal waves in in situ (hydrogeological and barometric) and calculation data, filtration with
a narrow band filter has been performed in the ranges 12.32–12.52 h and 25.7–25.9 h. The
data were preliminarily decimated, and the sample rate reduced to 30 min.

In order to assess the phase shift η (◦) between the tidal component in the water
level and ground displacement, a method was used basing on calculation of delay of the
sinusoid of tidal wave in the water level with respect to the sinusoid of tidal wave in
ground displacement (using phase portraits) in coordinates “ground displacement—water
level” [22]. The phase shift can be written as η = 2πtp/τ, where tp is time delay of the peak
of the water level with respect to the peak of the head, τ is the wave period.

The semidiurnal wave of moon type M2 was chosen to determine filtration properties
of fluid reservoir. The wave was detected in amplitude spectra of tides in the records of the
water level in confined aquifer and in theoretical ground displacement. In quasi-stationary
conditions, the horizon head traces ground displacement in the range of tidal waves in
antiphase. Transmissivity T (m2/day) was calculated using the analytical solution [23]:

η = −arctg

(
ωr2

c
2T Ker(αw)

1− ωr2
c

2T Kei(αw)

)
, (4)

where ω = 2π/τ is the frequency of oscillations (s−1), τ is the period of oscillations (s), rc is
the radius of casing (m), rw is the radius of the well (m), Ker(αw) and Kei(αw) are the Kelvin
functions of zero order, αw = (ωS/T)1/2·rw, and S is the elastic capacity of the formation.

The permeability of fluid reservoir k was estimated as follows:

k =
µ

ρgd
T , (5)

where µ is the coefficient of dynamic viscosity of formation, ρ is the water density (kg/m3),
g is the acceleration of gravity (m/s2), d is the interval of watered segment of the well (m).
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Iron ore deposits of the Kursk Magnetic Anomaly are being developed using blast-
ing technologies. From 1 to 4 chambers are blasted during an industrial explosion in
the mine at the Korobkovskoe deposit, from 1 to 7 groups—in the Lebedinsky quarry
(each group consists of 1 to 4 blocks). They all are distributed in the depth interval from
−315 m to 15 m. In order to compare the experimental data, the maximum value of ground
velocity Vm (hereinafter—mass velocity) is calculated in the observation point using three
velocity components (one vertical VZ and two horizontal ones VN and VE) recorded during
industrial explosions:

Vm =

∣∣∣∣√V2
Z + V2

N + V2
E

∣∣∣∣. (6)

The reduced distance is estimated as follows:

R =
R

3
√

Q
, (7)

where R is the epicentral distance from the center of the explosion to the observation point
(m), Q is the maximum mass (kg) of explosive in one slowdown blasting set (or in one
slowdown blasted block in the quarry).

The seismic energy density (ε) is calculated to compare the hydrogeological effects
registered during industrial explosions [24]:

M = 2.7 + 0.69logε + 2.1logr, (8)

where r is the epicentral distance (km), M is the magnitude estimated according to [25]

M(Y)max = 2.45 + 0.73 log Q, (9)

where Q is the maximum mass (tons).
The seismic energy density is a universal parameter, because it combines two

characteristics—the magnitude and the epicentral distance. The empirical relationship for
earthquakes (8) was used to compare the results of seismic impacts on water reservoir,
because there are no such relationships for industrial explosions so far.

4. Results of Investigations

The results of hydrogeological monitoring being performed since 2019, are divided
into two sections. The first section deals with the reaction of the “reservoir–well” system to
quasi-static impacts (atmospheric pressure and Earth tides). This reaction may be treated as
the background one. The second paragraph presents the results of registering the reaction
to high-frequency impacts (industrial explosions in the neighboring mine and quarry).

4.1. Monitoring the Permeability of Water-Saturated Reservoir

Seasonal variations in the water level in the upper aquifer (Figure 2) have been traced
in the initial hydrogeological data for the period of observations of 2022–2023. Variations in
the water level in the upper aquifer are asynchronous to variations in atmospheric pressure
at low water (Figure 3a).

In the periods of spring–summer flood in 2022–2023, the correlation between the
underground water level and atmospheric pressure is disturbed because of the changing
feed conditions of aquifer and the rate of underground flow (Figure 3b). The coefficient of
barometric efficiency was −0.50 in 2022, and approximately −0.45 in 2023 (Figure 3).

The obtained values of barometric efficiency were used to estimate the compressibility
of the reservoir according to Equation (3). The compressibility of water-saturated rock
manifests in pronounced season variations from 3.5 × 10−11 to 2 × 10−10 (Figure 4).



Water 2024, 16, 2682 8 of 17Water 2024, 16, x FOR PEER REVIEW 8 of 18 
 

 

 
Figure 3. (a) Barometric efficiency and (b,c) variations in the underground water level (U2, blue line) 
and atmospheric pressure (Patm, black line): (b)—asynchronous and (c)—disturbed. 

In the periods of spring–summer flood in 2022–2023, the correlation between the un-
derground water level and atmospheric pressure is disturbed because of the changing 
feed conditions of aquifer and the rate of underground flow (Figure 3b). The coefficient of 
barometric efficiency was −0.50 in 2022, and approximately −0.45 in 2023 (Figure 3). 

The obtained values of barometric efficiency were used to estimate the compressibil-
ity of the reservoir according to Equation (3). The compressibility of water-saturated rock 
manifests in pronounced season variations from 3.5 × 10−11 to 2 × 10−10 (Figure 4). 

 
Figure 4. Compressibility of the water-saturated reservoir. 

After the initial data were filtered from the effects of atmospheric pressure (Figure 
5a), a decrease in piezometric surface was traced in the water level of the upper aquifer at 
the summer low water beginning from July 2022 and July 2023 (Figure 5b).  

Figure 3. (a) Barometric efficiency and (b,c) variations in the underground water level (U2, blue line)
and atmospheric pressure (Patm, black line): (b)—asynchronous and (c)—disturbed.

Water 2024, 16, x FOR PEER REVIEW 8 of 18 
 

 

 
Figure 3. (a) Barometric efficiency and (b,c) variations in the underground water level (U2, blue line) 
and atmospheric pressure (Patm, black line): (b)—asynchronous and (c)—disturbed. 

In the periods of spring–summer flood in 2022–2023, the correlation between the un-
derground water level and atmospheric pressure is disturbed because of the changing 
feed conditions of aquifer and the rate of underground flow (Figure 3b). The coefficient of 
barometric efficiency was −0.50 in 2022, and approximately −0.45 in 2023 (Figure 3). 

The obtained values of barometric efficiency were used to estimate the compressibil-
ity of the reservoir according to Equation (3). The compressibility of water-saturated rock 
manifests in pronounced season variations from 3.5 × 10−11 to 2 × 10−10 (Figure 4). 

 
Figure 4. Compressibility of the water-saturated reservoir. 

After the initial data were filtered from the effects of atmospheric pressure (Figure 
5a), a decrease in piezometric surface was traced in the water level of the upper aquifer at 
the summer low water beginning from July 2022 and July 2023 (Figure 5b).  

Figure 4. Compressibility of the water-saturated reservoir. Grey filling shows the intervals of the
quasi-stationary filtration regime here and in Figures 5 and 6.

After the initial data were filtered from the effects of atmospheric pressure (Figure 5a),
a decrease in piezometric surface was traced in the water level of the upper aquifer at the
summer low water beginning from July 2022 and July 2023 (Figure 5b).
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Annual variations in the head in the upper aquifer do not exceed 0.4–0.9 m. The
periods of July–November 2022 and June–September 2023 show a quasi-stationary filtration
regime, because the slopes of underground flow do not exceed 0.001–0.002. So, the data of
these periods can be used to analyze the tidal sensitivity of water-saturated reservoir of the
pore-seam type.

Three types of tidal waves were detected in the selected intervals: two semidiurnal
waves (the sun S2 and the moon M2 types) and a diurnal wave of the sun-moon type (K1).
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An estimation of filtration parameters of the water-saturated reservoir (transmissivity and
permeability) has been performed basing on determination of the phase shift between the
tidal wave M2 detected in theoretically calculated ground displacement and reaction of the
water level in the upper aquifer according to Equations (4) and (5) (Figure 6). The 7-day
intervals before and after the gaps in records, caused by technical reasons, were excluded
from consideration, because the signal can be distorted at the “boundaries”.
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According to the data recorded in 2022–2023, the transmissivity of the upper aquifer in
the quasi-stationary filtration conditions vary from 0.015 to 0.035 m2/day. The permeability
of the reservoir lies in the range of 1.5 × 10−15–2.7 × 10−15 m2. The water-saturated
reservoir composed of uncemented sand sediments show weak permeability.

4.2. Variations in Temperature and Level of Underground Water under Seismic Impacts

For the 2.5 years of observations synchronous records of temperature and pressure in
the upper aquifer were performed during 9 industrial explosions in chambers of the mine
and during 30 explosions in the quarry.

No changes in temperature were fixed during seven explosions in the mine at reduced
distances of 113–351 m/kg1/3 and variations in pressure of 25–60 Pa, and during 11 ex-
plosions in the quarry. During 1 explosion in the mine and 14 explosions in the quarry,
the reaction of the “reservoir–well” system did not exceed the accuracy of measurements,
which is in the range of ±0.03 ◦C. Coseismic temperature changes were fixed during six
industrial explosions (Table 1).

Table 1. Variations in water temperature and pressure in the “reservoir–well” system registered
synchronously during industrial explosions.

Location of
Industrial
Explosions

№ Date
Water Temperature (◦C)

Pressure in the
“Reservoir–Well”

System (kPa)
Reduced
Distance

1 
 

𝑹 (m/kg1/3)

Mass
Velocity Vm

(mm/s)
min max ∆ min max ∆

Coseismic responses:
mine 1 30 October 2021 11.985 11.92 −0.065 −1.6 0.5 2.1 99 1.85

quarry

2 14 September 2022 11.79 11.72 −0.07 20.89 22.52 1.63 114 7.79
3 17 August 2022 11.79 11.73 −0.06 26.19 27.22 1.03 130.7 2.33
4 8 June 2022 11.84 11.93 0.09 25.52 27.67 2.15 131.4 5.79
5 28 February 2024 11.44 11.50 0.065 39.14 39.54 0.40 204.0 1.47
6 22 May 2024 11.52 11.58 0.06 44.36 45.97 1.61 118.1 4.91

Weak responses (in the range of sensor accuracy):
mine 7 22 January 2022 11.981 12.025 0.044 14.3 14.8 0.5 127 1.62

quarry
8 8 February 2023 11.76 11.71 −0.05 18.95 19.24 0.29 170.8 3.84
9 27 October 2021 11.96 11.92 −0.043 −1.0 0.9 1.90 185.6 3.61
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Table 1. Cont.

Location of
Industrial
Explosions

№ Date
Water Temperature (◦C)

Pressure in the
“Reservoir–Well”

System (kPa)
Reduced
Distance

1 
 

𝑹 (m/kg1/3)

Mass
Velocity Vm

(mm/s)
min max ∆ min max ∆

quarry

10 13 September 2023 11.51 11.47 −0.04 38.81 39.58 0.77 175 2.76
11 22 November 2023 11.39 11.35 −0.04 42.07 42.62 0.55 123 2.48
12 7 December 2022 11.69 11.74 0.05 21.72 23.05 1.33 114.3 8.42
13 28 December 2022 11.7 11.75 0.05 21.73 22.77 1.04 136.3 6.07
14 12 July 2023 11.68 11.73 0.05 38.54 40.14 1.60 142 3.82
15 19 June 2024 11.50 11.55 0.05 46.18 46.73 0.55 138.1 3.19
16 10 April 2024 11.49 11.54 0.05 41.32 41.96 0.64 175 2.48
17 8 December 2021 11.94 11.98 0.04 21.65 22.25 0.6 156.2 3.03
18 8 May 2024 11.53 11.57 0.04 44.16 44.72 0.56 154 1.61
19 16 February 2022 12.00 12.04 0.04 11.97 12.32 0.35 147.7 3.90
20 29 June 2022 11.81 11.85 0.04 27.29 28.22 0.93 150.2 2.72
21 18 January 2023 11.72 11.76 0.04 21.77 22.59 0.82 183.8 3.99

The effect of temperature decrease by 0.065 ◦C was fixed during the propagation of
seismic waves produced by the explosion in the mine in a chamber located to the north-
east from the observation point I down the underground flow at the reduced distance of
99 m/kg1/3 (Figure 7) and during the propagation of seismic waves of two explosions
in the western side of the quarry in the depth interval from −165 m to −45 m (Figure 8).
Variations in pressure in the “reservoir–well” system were 1.0 kPa and 1.6 kPa, respectively.
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Water temperature increased in the aquifer by 0.06–0.09 ◦C during three industrial
explosions in the western quarry side in the depth interval of −150 m to 15 m. The pressure
in the “reservoir–well” system changed by 0.4–2.2 kPa (Figure 9).
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Figure 9. Variations in pore pressure and water temperature in the “reservoir–well” system during
the explosion 28 February 2024 in the quarry.

Thus, two types of coseismic effects were observed in processing the experimental
data—water temperature increase and decrease, synchronous to the changes in pore pres-
sure in the “reservoir–well” system. They all were observed during industrial explosions
in the chambers of the mine and in the quarry. The relations between the reaction of the
“reservoir–well” system and the parameters of industrial explosions show low coefficients
of determination (Figure 10). The dependence of ground velocity on reduced distance is
rather weak (Figure 10a). Values of ground velocity exceed the theoretical estimates made
for explosions in the quarries of KMA [26]:

Vm = 2400

(
Q1/3

R

)1.48

. (10)
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dashed line is calculated by Equation (11).
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The empirical dependence of ground velocity on distance constructed via the data on
industrial explosions in the quarry, for which simultaneously the water temperature in the
upper aquifer was recorded, looks as follows:

Vm = 9618

(
Q1/3

R

)1.59

. (11)

An empirical dependence of variations in pore pressure in the “reservoir–well” system
on ground velocity during industrial explosions has been traced (Figure 10a). Though
the amplitudes of ground velocity are close, variations in pore pressure may differ by
1.5–3 times and even more, since the hydrogeological response of a water-saturated reser-
voir to seismic action depends not only on the parameters of explosion, but also on the
local properties of the “reservoir–well” system.

An increase in the range of variations in the permeability of water-saturated reservoir
for the entire period of observations and for the period of quasi-stationary conditions was
traced in anthropogenically disturbed conditions as the head rose by 3.7 m in 2023 in
comparison to 2022 (Figure 11a). The value of the median permeability of the reservoir in
2022 was 1.5 × 10−15 m2. It increased to 2.7 × 10−15 m2 in 2023.

An inverse dependence was traced between the general trend in the decreasing water
temperature and permeability of the reservoir (Figure 11b), which agrees with the change
in temperature as the hydrostatic head increases (Figure 2b). In some cases, high values of
coseismic response of temperature were observed as the permeability increased. A decrease
in water temperature with increase in permeability probably occurs at the expense of inflow
of colder water from the horizon to the “reservoir–well” system. The detected regularities
testify changes in filtration properties of water-saturated rock.

Taking into account the scheme that shows the location of observation point I with
respect to the sites where explosions in the quarry were performed it should be noted that
coseismic changes in temperature took place in blasting the blocks that are located mainly
along the western side of the quarry (Figure 12). Judging by the cross-section presented in
Figure 1b, it is this zone that the drained series of the fracture-seam type and fracture-vein
type are located in.

The reaction of the “reservoir–well” system to industrial explosions on the boarder of
accuracy of measurements was observed mainly during industrial explosions in the center
of the quarry and along its eastern side in the depth interval of −315 m to −45 m.
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Figure 11. (a) Permeability of water-saturated reservoir versus hydrostatic pressure. (b) Water
temperature (WT) and coseismic response of water temperature (CWT) in the upper aquifer versus
permeability (legend for water temperature is given in accordance with Table 1. Index “st” denotes
the periods of quasi-stationary filtration).
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5. Discussion

Different mechanisms are considered in analyzing factors that impact on coseismic
and post-seismic changes in water temperature produced by passing seismic waves of
earthquakes and tunneling. One of the main mechanisms that determines the coseismic
temperature effects is the change in the permeability of a water-saturated reservoir under
seismic impact.

Let us give examples. Two earthquakes Lijiang M 7.0 3 February 1996 and Sumatra M
9.1 26 December 2004 produced stepwise decreases in water discharge by
0.001–0.003 L/s and in temperature by 2.5–4 ◦C in the thermal spring Banglazhang #1
(China), which is fed through the Xiangbaihe fault zone. These coseismic changes were
observed at the background of the decreasing permeability of the fault zone. The disturbed
parameters recovered to the initial values in half a year [27].

On the contrary, at the expense of increasing the permeability of water-saturated rock
under seismic impact and increasing the discharge of underground water, a decrease in
water temperature can take place together with a lowering water level in the observation
well. This case was observed in the wells located along the Chelungpu fault according to
the data of episodic measurements performed before and after the intraplate earthquake
Chi-Chi M 7.3 21 September 1999 [28]. On the other hand, coseismic temperature effects
can be linked to convection processes on account of oscillations in the water level during
the propagation of seismic waves of earthquakes [4].

The mechanism that underlies such effects can be as follows. A synchronous rise in the
water level, an increase in discharge and in temperature can be accounted for by an increase
in the permeability of the aquifer caused by an earthquake and by the mechanism of mixing
water with adjacent aquifers with higher heads [3] and different water temperatures (higher
or lower than the one in the aquifer under investigation) [7]. Presence of a thermal spring
(as in the abovementioned case) can reverse the effect.

In a seismically active region, manifestation of temperature anomalies probably tes-
tifies a tectonic activization of the region. In particular, the registered variation in water
temperature in the well Yushu, China before earthquakes may be caused by regional
tectonics, as the Indian plate obducts over the Tibetan block [10].

For anthropogenically disturbed conditions, the maximum drop in the water level
and temperature was observed during tunneling under the wells J7 and J6 with a one-
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year gap. The effect was probably caused by emerging vertical and horizontal fractures.
The following recovery of level and temperature was probably promoted by clogging
of the hydrologically active fractures as the face of tunneling moved forward and the
hydrostatic pressure rose. The results of processing in situ data presented in [15] show
that the elastic capacity of watered rock lowers from 3 × 10−5 to 0.5 × 10−7 as the front
of tunneling approaches the wells J7 and J6 to the distance of 400 m and 230 m, respec-
tively, and probably the inflow of fresh underground water determines the stepwise drop
of temperature.

Comparing variations in water temperatures registered during earthquakes world-
wide and industrial explosions at KMA, it should be noted that the coseismic response
of temperature occurs mainly when the seismic energy densities of earthquakes and ex-
plosions are of close values and lie in the range of 0.005–0.96 J/m3 (Figure 13). Hence, if
the intensities of seismic impacts of an earthquake and an explosion are comparable, the
mechanisms that determine the deformation regime of water-saturated reservoirs may
be similar.

1 
 

 
 
Figure 13. Distance–magnitude dependence for earthquakes (EQ) and industrial explosions at KMA.
The diagonal grid shows variations in seismic energy density. The legend gives corresponding data
on water temperature measurements in aquifers (coseismic and post-seismic changes) (1—Yang et al.,
2007 [4]; 2—Zhang et al., 2023 [3]; 3—He, Singh, 2020 [7]; 4—mine; 5—quarry).

The model that explains dynamic deformation of a water-saturated reservoir is based
on the theory of poroelasticity. The deformation can occur either via changes in the stress–
strain conditions of the “matrix” (deformation of the rock skeleton of the massif), or via
changes in pore pressure in the reservoir propagating through water. In most cases, both
mechanisms compete and can lead to oscillations in the water level and temperature [2,29].
No unambiguous correspondence was observed between hydrogeological and temperature
effects under seismic impacts. Hence, a more complicated model can be considered, which,
for example, should take into account the presence of colloidal micro-particles in water and
the processes of the pores clogging/unclogging under varying pore pressure [30].

The regime of the upper aquifer in the anthropogenically disturbed conditions of KMA
depends on different factors: regional trend in the hydrostatic head, seasonal variations in
the compressibility and permeability of a water-saturated reservoir and intensity of seismic
impact on the “reservoir–well” system. The coseismic changes in water temperature of
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±0.06–0.09 ◦C have mainly been registered during propagation of seismic waves performed
in the western side of the quarry, conjugate to the filtration structure of the rock massif
being developed.

The poroelastic response of a water-saturated reservoir of sand sediments to seismic
impact is clearly manifested in pore pressure oscillations with an amplitude of up to
1.9 kPa and can lead to the “activation” of colloidal microparticles. Diverse changes in
temperature in the “reservoir–well” system during propagation of seismic waves from
industrial explosions during the development of iron ore deposits of KMA are probably
caused by the skin effect—local change in permeability in the near-well zone.

A short-term increase in water temperature under seismic impact can originate from an
episodic pore clogging and manifests mainly during the quasi-stationary filtration regime.

On the contrary, a decrease in water temperature may be caused by declogging and an
increase in permeability that determines the intensity of water inflow into the “reservoir–
well” system from the aquifer. The considered mechanism is consistent with the model
of changing permeability caused by clogging/unclogging of micro-cracks in rocks which
manifests in coseismic and post-seismic variations in the underground water level during
earthquakes [31]. Clogging of micro-cracks may lead to a decrease in permeability, an
increase in pore pressure and in temperature in the “reservoir–well” system. The opposite
effect of declogging facilitates an increase in permeability and additional inflow of “colder”
water from the aquifer. The results of laboratory experiments, performed under seismic
impacts of different intensities, confirm the possibility of emerging micro-barriers and their
destruction [32].

Thus, the temperature of underground water is also one of the main indicators of
changes in the permeability of water reservoirs. Of great importance is obtaining represen-
tative series of synchronously registered temperature and pore pressure in the “reservoir–
well” system in the course of developing mineral deposits. The data of water temperature
monitoring can be used to control the dynamics of a water-saturated reservoir deformation
under quasi-stationary and episodic effects.

6. Conclusions

For the period of observations 2021–2024, the following results were obtained:

• Variations in water temperature and level have been determined in the upper aquifer
taped in the interval of 14.5–53.5 m (this interval is confined to sand sediments of
early Cretaceous).

• The trend in lowering water temperature has been traced from 12 ◦C to 11.4 ◦C as the
underground water level showed a regional rise from 10.8 m to 7.6 m. The gradient of
temperature decrease in the upper aquifer is 0.19 ◦C/m.

• The detected pattern indicates that natural resources of underground water gradually
recover in the area of the iron ore deposits of KMA.

A synchronous recording of water temperature and pore pressure in the “reservoir–
well” system was performed during 9 industrial explosions in the mine chambers and
during 30 quarry explosions. In three cases, the effect of increasing water tempera-
ture during the propagation of seismic waves of industrial explosions in the quarry by
0.06–0.09 ◦C was observed. A decrease in water temperature by 0.06–0.07 ◦C was observed
during an explosion in the mine chamber at reduced distance of 99 m/kg1/3 and two
explosions in the quarry. Coseismic changes in water temperature were detected, but did
not exceed sensor accuracy for 14 explosions in the quarry (they were performed mainly in
its center and at its eastern side, in the depth interval of −315 m to 15 m) and for 1 explo-
sion in the mine. During the rest of the 18 explosions, no changes in water temperature
were registered.

The coseismic responses of water temperature in the upper aquifer were observed
mainly when the blocks at the western side of the quarry were blasted, closest to the
observation point I, with a relatively shallow position of the blocks in the depth interval of
−165 m to −45 m. Short-term changes in water temperature in the “reservoir–well” system
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can be accounted for by the skin effect—local changes in permeability in the near-well
zone. An increase in water temperature is probably produced by a short-term clogging
of the pores by the colloidal micro-particles during the propagation of seismic waves of
industrial explosions. And on the contrary, declogging of the pores due to water inflow
into the “reservoir–well” system facilitates water temperature decrease.

Coseismic (and more rarely—post-seismic) variations in temperature in aquifers were
observed during earthquakes in seismically active regions. Similar effects produced by
seismic waves were observed during industrial explosions at KMA. It is essential that for
both sources (earthquakes and explosions), the temperature variations were recorded only
when the seismic energy density was in the range of 0.005–0.96 J/m3.

A continuation of studies of the observed regularities of variations in the temperature
of aquifers located close to the front of tunneling provides perspective because it promotes
understanding the hydrogeodynamical and hydrogeomechanical processes that take place
in mining activities.
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