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Study of the relationship of tidal changes in gravity
with the time of mining tremors in the area of the
mining longwall in a coal mine e Case study in
USCB, Poland

Sławomir Siwek

Central Mining Institute (GIG), Plac Gwark�ow 1, 40-166, Katowice, Poland

Abstract

Deep mining of coal deposits in Upper Silesia Coal Basin in Poland over several hundred years has led to disturbances
in the natural state of equilibrium. As a result of changes in stress distribution, mass distribution (changes in gravity
forces) and deformation of the rock mass, seismic tremors with energy reaching up to 10Eþ09J are generated. In this
paper, the time of mining tremors occurrence is linked with changes in the gravitational load of the rock mass caused by
lithosphere tides, which are considered to be one of the factors leading to occurrence of natural seismic tremors. The
analysis used data on tremors in the immediate vicinity of the longwall VIII E-E1 in seam 703/1 located in the north-
eastern part of the Rydułtowy I mining area, whose mining user is ROW Mine - Mining Plant Rydułtowy. These data
was compared with data recorded by gPhoneX-155 tidal gravimeter which measures changes in gravity acceleration.
Gravimeter gPhoneX-155 is installed on the stand in the Industrial Cultural Center of Ignacy Mine in Rybnik-Nie-
wiadom, within a few hundred meters of the longwall VIII E-E1. The results obtained in the paper indicate a rela-
tionship between changes in gravitational load known as lithosphere tides and the time of longwall mining-induced
tremors. At the same time, no periodicity was found in the tremors catalog allowing to link them directly to lithosphere
tides.

Keywords: earth tides, mining tremors, gravity measurements, tidal gravity meter

1. Introduction

U nderground hard coal mining with longwall
systems in the Upper Silesian Coal Basin in

Poland generates a system of forces in Carbonif-
erous rocks that exceed their mechanical strength.
When the state of equilibrium is exceeded in the
direct vicinity of the exploited longwall, mining
tremors are generated [1,2]. Their sources include:
cracking of the rock mass connected with
compression or tension of the roof rocks, their
stratification connected with deflection of the over-
burden rocks over the selected space, cracks in the
rock mass or rockfall [3]. In general, tremors related
to relaxation of stresses concentrated in front of the
longwall face have a much higher energy than those
observed due to deformation of overburden rocks in

the process of caving. As a result of the development
of seismological observation techniques, computer-
based seismic signal processing systems, higher
measuring accuracy of the seismometers used and
the adjustment of the geometry of their placement
around the exploited longwall, catalogs of mining
tremors are maintained by mines with increasingly
better location of tremor sources and lower thresh-
olds of recorded energies. The basic data contained
in each catalog includes the time, place and energy
of the source of mining tremors. However, in spite
of good surveying of the geological structure and
tectonics of the mining area, mechanical properties
of rocks and modelling of stress distributions, which
makes it possible to determine the area at risk of a
tremor, it is still very difficult to determine when
such a tremor may occur.
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One of the elements that act as a catalyst for the
occurrence of a seismic tremor is considered to be the
slow-periodic changes in the gravitational loading of
the rock mass resulting from the interaction between
the Earth and the surrounding celestial bodies. These
interactions are commonly referred to as lithospheric
tides. In theworld literature ithasbeenproved [4e16],
that for appropriately defined catalogs of natural
seismic tremors, a relationship between the time
function of the tide and the time of occurrence of the
seismic tremor is observed. The time function of the
tide is usually described by the stress tensor, the ver-
tical tidal acceleration and the rate of change of these
factors (derivatives). The catalogs containing seismic
tremors of relatively low magnitude in the range
2.0e3.0 are considered as themost likely to be related
to tidal influence. Under the conditions of the USCB,
this corresponds to mining tremors with energies of
the order of 4Eþ05Je4Eþ07J. At the same time, such
tremors occurred at small depths which, for natural
seismic tremors originating in contact zones of litho-
spheric plates or volcanic regions, range from a few to
several kilometres. For tremors induced by mining
exploitation, these depths range from 0.5 to 3 km [17].
The aim of this paper is to verify whether it is

possible to determine extent slow-variable tidal
gravity loads are the direct catalyst for tremors
induced by mining longwall exploitation. It can be
assumed that such situation occurs when a mining
tremor occurs at the moment of maximum or mini-
mum loading of the rock mass caused by tidal
changes of gravitational field. In order to achieve the
objective of this paper, a set of mining tremors
registered at ROW Mine - Mining Plant Rydułtowy
during exploitation of the longwall VIII E-E1 in the
seam 703/1 has been analysed on the basis of records
of tidal gravitational changes registered with the
gPhoneX e 155 tidal gravimeter, located at the dis-
tance from 1.2 km to about 200e300 m from the
longwall front. The existence of a periodicity in the
sub-catalog of the most energetically strong tremors
(Eþ05JeEþ06J) for periods corresponding to the
main lithospheric tidal waves was also investigated.

2. Observations of tidal changes of gravity

At the end of 2018, as part of the implementation
of the European Plate Observing System e Poland
project (acronym EPOS-PL), gPhoneX spring gravi-
meters with serial numbers 155 and 157 from Micro-
g LaCoste Ltd (USA) were purchased at the Central
Mining Institute (GIG) in Katowice, Poland. These
gravimeters are called tidal gravimeters due to their
characteristics allowing continuous observation of
changes in the gravity field. This is due to the fact

that tidal gravity loads have the greatest influence
on the observed daily changes in gravitational field.
These changes amount to 300mGal per day
(1mGal¼ 10�8m/s2¼ 10 nm/s2). The main purpose of
installing tidal gravimeters at the USCB is to study
geodynamic phenomena related to tremors induced
in coal mines [18,19]. At the same time, precise
observation of tidal gravity effects is carried out
(Fig. 1), which after a longer period of observation,
stabilisation of instrument drift, will allow verifica-
tion of gravity coefficients determined theoretically
for lithospheric tidal waves [20].
The devices were installed at two stands: at the

Upper Silesian Geophysical Observatory (GIG
Katowice) e gPhoneX-157 e as a post-mining area
where regional seismic tremors are observed and at
the Industrial Culture Centre of the Ignacy Mine in
Rybnik-Niewiadom e gPhoneX-155 e located in the
active mining area of the Rydułtowy Mine where
mining tremors are observed in the close vicinity of
longwalls. So far, there has been no continuous
monitoring of changes in the gravity field in relation
to the mining exploitation carried out. The installa-
tion of gravimeters at such sites should allow for the
capture of any differences. Their technical parame-
ters, and site specifications were presented in detail
in the publication by [18]. It also presents the
observed ability of gravimeters to record mining
tremors. The possibility of recording a given mine
tremor is strictly dependent on its magnitude (en-
ergy) and the distance from the system component
(one of the gPhoneX gravimeters). The data ob-
tained indicate that mining tremors of magnitude
from about 2.5 to 2.6 have been recorded and have
occurred at a distance of up to 20e22 km from the
site.
Determination of the relationship between the

Earth's tides and the occurrence of seismic tremors,
and in the case of the present paper tremors induced
by mining exploitation in the longwall area, can be
measured statistically by applying the Schuster test
[21]. For this purpose, thefirst element of theSchuster
test was applied, consisting in determining the phase
angle of each tremor from the studied catalog with
respect to the measured changes in gravity accelera-
tionwith thegPhoneX-155 tidal gravimeter.Thevalue
of the phase angle is determined in accordance with
the work of [4,9], where it was based on the course of
the determined tidal stress and the synthetic gravita-
tional effect of the lithosphere tide, respectively. The
determination of the phase angles of induced tremors
on the summed observed tidal gravitational effect
provides fundamental informationon theexistenceof
a relationship between the timing of the induced
tremor and the change in gravitational loading of the
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rock mass. Since the course of the curve being a total
gravitational effect of tidal waves acting on the litho-
sphere is characterised by large variability (irregular
curve), when determining the phase angle of a given
tremor each time it was assumed that the maximum
andminimumof thecurveclosest to the tremorare the
maximum or minimum loads related to the moment
of time when the given tremor occurred (Fig. 2).
The determined phase angle is in the range ±180�,

where for an angle of þ180� and �180�, therefore it
is about tidal gravitational load with maximum

amplitude, while for an angle of 0� it is about
maximum relief. Values of þ180� and �180� refer to
the same effect of maximum load. The 'minus' sign
means that gravitational relief and the 'plus' sign
means that the loading. The determination of phase
angles is limited to radii of width 30�. Additionally,
based on the occurrence times of mining tremors, it
is possible to investigate the existence of periodicity
in the occurrence of induced tremors using knowl-
edge of the periods of lithospheric tidal waves which
causes the highest changes in gravity amplitude [4].
In the Shuster test, each seismic tremor is a unit
vector in the direction defined by the phase angle
Qi. Then the vector sum D can be described by the
relation:

D2¼
 Xn

i¼1

cosqi

!2

þ
 Xn

i¼1

sinqi

!2

where n is the number of seismic tremors in the
studied set. When the value Qi is determined
randomly, then the probability that the length of the
vector sum is equal to or greater than D is defined as
follows:

p¼ e

�
�D2

n

�

The probability value determined in the equa-
tion is referred to as the p-value of the Schuster test.
The lower the p-value, the higher the probability that
the time distribution of tremors depends on the
examined period T. The value of the p-value varies

Fig. 1. Observation of changes in gravity acceleration in May 2019 using the gPhoneX-155 tidal gravimeter at the site at ICK ZKI in Rybnik (raw data
after subtracting instrumental drift).

Fig. 2. Definition of the tidal phase angle for variations in gravity ac-
celeration. The maximum and minimum of the tidal gravity change
nearest to the seismic tremor are described by ±180� and 0� respectively.
The phase angle is determined by linearly dividing the time interval
between them.
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from 0 to 1. When it approaches to 0, there is
a dependence between the tested set of tremors
and the tested period. Generally, a threshold of 0.05
(5%) is assumed, i.e. probabilities p< 0.05 (5%) are
considered as not random and the correlation is
consideredsignificant,whilep-valuesgreater than5%
correspond to a random event distribution. The so-
called Shuster test spectrum [22], in the form of the
Schuster spectrum computer script in the MatLab
environment [23] was used to investigate the period-
icity in the studied catalog of mining tremors. In
simple terms, the data of the catalog of seismic
tremors (times of tremors) are entered into the script
and the boundaries of the examined period are
defined, on the basis of which the spectrum of the
Schuster test is calculated, i.e. the distribution of the
number p with respect to a number of periods con-
tained within the determined boundaries. The script
calculates the subsets of periods for which the rela-
tionship in the set of tremors will be sought. Detailed
elementsofhowtheprogramworksandhowtodefine
the settings are included in thepaperby [24]. Then, for
each of the determined periods, the Shuster test is
carried out using an additional script Shuster_test_log
on the examined catalog; the natural logarithm of the
number p is determined. The results are presented in
the form of a logarithmic plot of the p-value of the
Schuster test for the examined periods, taking into
account the threshold for detecting the existence of a
dependence (95%).

3. Mining tremors in the area of longwall VIII
E-E1

The Rydułtowy I mining area is formed by
Carboniferous formations of the Paralic Series
comprising the Poręba Beds (coal beds of the group
600) and the Jaklowice Beds (group 700). In the
Carboniferous roof, deposits of Upper Silesian
sandstone series are also found locally, such as in
the case of the hill on which the gPhoneX-155 tidal
gravimeter stand is situated in ICK Rybnik (the
Głowacki Shaft). Pleistocene sediments of low
thickness are deposited directly on Carboniferous
formations. In many cases these formations are
completely eroded within the elevations of the
terrain and their thickness reaches up to 25m in the
proglacial valleys of water courses (the proglacial
valley of the Nacyna River). In the discussed part of
the mining area, mining exploitation has been car-
ried out since the end of the 19th century, when coal
from the seam 602 was mined at the depth of about
90e100m below ground level. At present, mining is
carried out at a depth of about 1000e1100m below
ground level.

The analysed set of induced tremors originated
from the exploitation of the longwall VIII E-E1 in the
seam 703/1, located in the eastern part of the deposit
in the mining are Rydułtowy I (Fig. 3). The mining
user of this mining are is ROW Mine - Mining Plant
Rydułtowy. Longwall VIII E-E1 is adjacent to the
boundary pillar of ROW Mine - Mining Plant
Marcel, about 100m wide, from the west. From the
north, it is adjacent to the protective zone of a rail-
way fault, shedding Carboniferous rocks by about
180m to the north. To the west of the longwall there
are the gobs of the exploited longwall VII E-E1.
The exploitation of longwall VIII-E E1 in seam

703/1, which is the shallowest among coal seams
belonging to the Jaklowice Beds, was carried out in
varying geological conditions at the depth of about
1000e1100 below ground level. Clay shales (in the
roof) and siltstones, and less commonly sandstones
(in the floor) are the formations surrounding the
deposit. The closest overlying coal seam 630/2, is
situated at the depth of about 900m (about
100e200m shallower). The analysed seam dips to
the north-west at angle from 3� to 10�. The ordinates
of the floor in the gallery 8-E-E1 running on the
eastern side of the longwall varies from �741m
above ground level in the south to �781m above
ground level in the north. Running parallel on the
western side of the longwall, the 7-E-E1 gallery is
located approx. 30 m lower (from �770 to 810m
above ground level). The maximum height of the
extracted layer was 2.8m. The average thickness of
coal in the excavated layer varied from 1.8 to 2.2m.
In the initial part of the longwall, the coal was
separated by a layer of clay shale with a thickness of
up to 0.5m. In the seam, on the side of the 7-E-E1
gallery (western gallery), two small faults were
found with a throw ranging from h¼ 0.7m to
h¼ 1.2m, which did not continue in the longwall.
The longwall advance was from north to south.
The catalog contains basic data on seismic tremors

related to the exploitation of longwall VIII E-E1,
which occurred in the period from the commis-
sioning of the longwall on Feb 26th, 2019 to Jan 29th,
2020 (and thus about a month after the termination
of its operation on Dec 31st, 2019). The spatial dis-
tribution of tremors in relation to the exploited
longwall and the measuring stand of the gPhoneX-
155 gravimeter is illustrated in Fig. 3. In general,
tremors are concentrated along the western edge of
the exploited longwall, especially in the south-
western corner located at the end of the longwall
run in contact with the gobs of the previously
exploited longwall VII E-E1. Some tremors also
occurred in the pillar from the Marcel hard coal
mine. This mainly concerns tremors which occurred
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before the front of the exploited longwall. Tremors
before the front of the exploited longwall make up
85.5% of the whole catalog. 1033 tremors (14.5%)
occurred in the rock mass behind the exploitation
front of the longwall. At the same time, 98.9% of
tremors from the whole catalog occurred in the
seam roof, 94% of which occurred in sandstones of
Poręba Beds lying at the depth of e500 to e600m
below sea level. Five tremors occurred at depths
corresponding to the position of seam VIII E-1E, and
they were the result of de-stress blasting. 75 tremors
occurred in the bottom of the seam. The spatial
distribution of tremors in the longwall vicinity is
illustrated in Fig. 4.
The catalog contains tremors with energies from

4.23J to 6.4Eþ06J, which corresponds to local mag-
nitudes from about 0.05 to about 2.65. The total en-
ergy of these tremors was 6.61Eþ07J. In the catalog
containing 7101 tremors registered in the longwall
area, only 27 tremors had an energy higher than
3Eþ05J (ML ¼ 2.0). Thus, only the tremors have the

energy corresponding to natural tremors analysed
in the literature. The set is dominated by the
weakest tremors with energy Eþ01JeEþ02J, which
constitute almost 62% of tremors (table on Fig. 5).
The analysed set covers a period of 337 days, and

the number of registered tremors is related to the
progress of mining and the location of the longwall
face (Fig. 5). With the increase in time, the number
of tremors recorded on a monthly basis increases.
The highest number of them was registered in
November 2019, when the location of the mining
front corresponded to approximately 80% of the
longwall run, at the same time with a high daily
progress of the front of approximately 3.3 mb per
day (the average progress for the whole longwall
was approximately 2.2 mb/day). The increase in the
number of all registered tremors is accompanied by
the increase in the number of the strongest tremors,
i.e. tremors with the energy of Eþ05J and Eþ06J,
which constitute the greatest potential threat of rock
burst.

Fig. 3. Location of seismic tremors induced by exploitation of longwall VIIIE-E1 in deposit 703/1 in ROW Mine - Mining Plant Rydułtowy in the
period from Feb 26th, 2019 (commissioning of the longwall) to Jan 29th, 2020 (approx. 30 days after completion of the longwall).
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4. Data analysis

Times of occurrence of induced seismic tremors
were superimposed on obtained real changes of
acceleration of gravity (tidal effect) which are visible
in raw gravity data obtained from recordings made
with the gPhoneX-155 tidal gravimeter at the site in
the Industrial Cultural Centre of the Ignacy Mine in
Rybnik Niewiadom. The only numerical operation

on the data from the tidal gravimeter was the
removal of instrumental drift. For the purposes of
correct data calibration, the times of occurrence of
tremors, given in the catalog of the ROW Mine -
Mining Plant Rydułtowy, in local time, were con-
verted into UTC time. The effect of the performed
juxtaposition for the whole set from Feb 26th, 2019
to Jan 29th, 2020 is presented in Fig. 6. Weaker

Fig. 4. 3D visualisation of tremors induced by exploitation of longwall VIII E-1E in deposit 703/1 in coal mine ROWMine - Mining Plant Rydułtowy.
View from the western side. The plane depicts location of exploited seam.

Fig. 5. Distribution of the number of tremors by month for the period Feb 26th,2019eJan 29th,2020. Blue asterisks indicate tremors with energy Eþ05J
and red asterisks indicate tremors with energy Eþ06J.
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tremors with energies from Eþ01J to Eþ04J are
marked in grey colour, stronger ones with energies
Eþ05J and Eþ06J in red colour.
For all 7101 tremors their phase angles Q have

been determined according to the scheme presented
in Fig. 2. A combination of 6997 out of 7101 tremors
that occurred during the exploitation of the longwall
VIII E-E1 has been interpreted (Table 1). No phase
angle has been determined for 104 tremors due to
the fact that during their occurrence the gravimeter
gPhoneX-155 did not register changes in gravity ac-
celeration (breaks in work).
The data in Table 1 are graphically presented in

Fig. 7. The whole set (Fig. 7a) is characterized by the
fact that almost 27% of tremors occurred at the time
of maximum loading or unloading of the rock mass.
Tremors at the time of maximum loading (±180�)
accounted for 14.06% of all tremors, while tremors at
the time of maximum unloading (0�) e 12.78%. The
strongest tremors, with energies Eþ05J and Eþ06J
(Fig. 7b), occurred especially at maximum loading
and gradual unloading of rock mass (phase angle
values 180� > Q > �60�), which constitutes 62% of
tremors in this subset. The most numerous subset of
tremors are those with energy Eþ01JeEþ02Je4331
tremors e which constitutes almost 62% of the
whole catalog and thus significantly influences the
overall distribution of the catalog.
The obtained correlation between the time of

occurrence of mining tremors produced during the

exploitation of longwalls and the change of gravi-
tational load of the rock mass indicates that for
about 27% of tremors such a correlation exists. The
study of periodicity was carried out with the use of
the Schuster test spectrum. As a result of the test,
one obtains the graph of logarithm of the number p
against the periods for which the test was carried
out (Fig. 8).
The values obtained for the sub-catalog covering

tremors with energies Eþ05J and Eþ06J (i.e.
tremors that energetically correspond to natural
tremors analysed in the world literature), the value
of logarithm of the Schuster p-number for periods
corresponding to the main 20 lithospheric tidal
waves (vertical dashed blue lines) show no rela-
tionship between the tidal wave periods studied
and the time of occurrence of these strongest
tremors.
Similarly, the other groups of tremors

(Eþ01JeEþ02J, Eþ03J, Eþ04J) are characterized by
lower energy but high number of tremors. In the
world literature, in the analysis of tidal linkages,
groups of low-energy tremors are usually treated as
the so-called 'swarms of tremors' or tremors
accompanying strong earthquakes and in the
analysis they are treated as a single event with
averaged energy and time of occurrence. The per-
formed analysis and obtained spectra of the
Schuster test for groups of tremors Eþ01JeEþ04J
are burdened with a large error. This indicates that

Fig. 6. Distribution of mining tremors recorded during the exploitation of longwall VIII E-E1 in the period Feb 26th, 2019eJan 28th, 2020 on the
actual changes of gravity acceleration (gPhoneX-155).

Table 1. Comparison of determined phase angles of time of occurrence of a mining tremor during exploitation of the longwall VIII E-E1 in relation to
the actual changes in acceleration of gravity caused by tides in the lithosphere.

Q ±180 �150 �120 �90 �60 �30 0 30 60 90 120 150

NEþ01eEþ06 984 418 479 460 559 552 894 504 616 542 585 434
NEþ01eEþ02 591 263 306 277 346 302 557 301 369 314 372 273
NEþ03 259 102 119 120 147 155 213 131 160 142 152 106
NEþ04 129 49 51 59 62 65 122 70 84 85 58 53
NEþ05eEþ06 5 4 3 5 4 0 2 2 3 1 3 2
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weaker tremors registered during the exploitation
of the longwall VIII E-E1 in the seam 703/1 result
directly from the deformation of rocks due to the
mining exploitation.

5. Conclusions

Following the launch of the European Plate
Observing System e Poland project (acronym
EPOS-PL) in the Upper Silesian region, continuous

Fig. 7. Distribution of tremors induced by the exploitation of the longwall VIII E-E1 on the basis of the determined phase angle in relation to the total
real changes of acceleration of gravity caused by the lithosphere tide. a) for the whole set of tremors Eþ01eEþ06J; b) for the summed tremors
Eþ05eEþ06J.

Fig. 8. Shuster spectrum for the catalog of tremors with Eþ05J and Eþ06J that occurred between Feb 26th, 2019 to Jan 29th, 2020.
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measurements of changes in gravity acceleration
via tidal gravimeters have become possible. These
refers to changes in the short term, caused by
nearby mining tremors or distant strong earth-
quakes, and in the long term, caused by the grav-
itational interaction of the celestial bodies of the
solar system with the Earth, commonly referred to
as tides. In this paper, changes in gravity acceler-
ation registered continuously by the gPhoneX-155
tidal gravimeter have been related to the time of
occurrence of seismic tremors induced by exploi-
tation of the longwall VIII E-E1 in the seam 703/1 in
the ROW Mine - Mining Plant Rydułtowy. As a
result of applying an element of one of the most
common tools of harmonic analysis e the Schuster
test, results were obtained indicating that for about
27% of mine tremors induced by longwall exploi-
tation, the time of their occurrence took place at the
moment of maximum stress or gravitational relief
of the rock mass. This may indicate that small
changes of stress in the rock mass in the near-
equilibrium state, caused by gravitational forces,
may be a catalyst for the occurrence of a mining
tremor. The analysis of the existence of periodicity
in the catalog of mining tremors and its connection
with the periods of the most important lithospheric
tidal waves, carried out in accordance with the
catalogs of natural tremors, did not show the exis-
tence of such connection.
The conducted study indicates that gravitational

influence in the form of Earth's tide in the rock mass
where underground hard coal mining in the USCB
area is carried out, can be a catalyst for the occur-
rence of mining tremors. The universality of the
applied research method allows for the determina-
tion of similar relationships for other mineral de-
posits whose exploitation is accompanied by
induced seismicity.
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