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Abstract: A particularly large accumulation of mining subsidence basins is characteristic for the
Silesian Upland in southern Poland. This region is home to one of Europe’s largest coal basins. The
objective of the study was to assess the subsidence process on the land surface in an industrialized
urban area, as well as their impact on changes in the water cycle. Detailed studies were conducted in
an area of 51.26 km?, which covers urban areas—mainly of Swietochtowice and partly Ruda Slaska
and Chorzéw, as well as Bytom and Zabrze. In the period 1883-1994 land surface depressions were
revealed in an area of 38.8 km?2, which constitutes 75.7% of the study area. In total, the endorheic areas
spread over 6.9 km?. Changes in land reliefs have resulted in distinct water-cycle disturbances at local
and regional levels. A generalised water-cycle scheme has been developed for the mining subsidence
zone. The main directions of changes in water migration within the endorheic subsidence basin have
been indicated, accounting for the situation before and after land subsidence. Consequently, this
results in an average excess of 1.7 hm3 of water per year in the water cycle in these areas.
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1. Introduction

Water in nature is in constant motion. In natural conditions, water circulation is
caused primarily by the energy of solar radiation and gravitational forces. The hydrological
cycle being a closed system involves the movement of water between different parts of
the hydrosphere. The volumes of water that participate in the circulation at different
stages of the circulation are variable, both seasonally and annually [1]. Today, human
activity plays an important role in modifying the water cycle. These effects are evident
both locally, regionally, and at a larger scale [2-4]. Human interference with water relations
is particularly evident in areas where mining activities have taken place and are still
pursued. Human impact is evident in both water quality and water quantity. Changes
in the local water cycle are, among others, an indirect result of land subsidence that
occurs over and in close proximity to mined mineral deposits [5]. Land subsidence is an
unintended consequence of underground mineral extraction. The literature is abundant
with information on the extent and magnitude of mining subsidence [6-9] but reports on
changes in the water cycle are very rare [10]. Some information in this respect has been
presented for the Bogdanka Coal Mine located in eastern Poland [11].

In the beginning, the environmental effects of underground mineral extraction were
identified solely by way of visual assessment. Subsequently, simple tools were used
to measure the magnitude and extent of land subsidence. It was only after detailed
topographic maps had been developed that it became possible to analyse changes in land
elevation caused by mining subsidence. The use of topographic maps in combination with
modern computer software (including GIS tools) has become a common methodology for
evaluating land surface changes caused by human activity. These methods make it possible
to determine the effects of many years of mining activity [5,12-16]. This type of research
is being carried out in old European coalfields where mining began as early as the 19th
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century. Contemporary changes in land surface are commonly evaluated using tools based
on remote-sensing techniques. However, in this case, only short-term assessments are
possible, usually going back to the 1990s. These limitations are related to the availability of
satellite imagery with sufficient resolution. Remote-sensing techniques have been widely
used in studying land subsidence, especially in China, but also in the U.S., India or parts of
Europe [17,18].

In addition to its impact on water relations, mining land subsidence also causes a num-
ber of changes affecting other components of the geographic environment. This includes
damage to rock mass and the subsequent escape of water deeper into the ground [19].
Changes in soil cover and vegetation can also be observed [20]. In places where subsidence
becomes apparent, this entails changes in land use. In extreme cases, degraded wastelands
are created. This is conducive to the intensification of slope processes, such as runoff, soil
creep or landslides. Similar changes to land cover are predicted to occur in the Val d’Aran
region in Spain [21].

A particularly large accumulation of subsidence basins is characteristic for the Silesian
Upland in southern Poland. This region is home to one of Europe’s largest coal basins
(Figure 1). The emergence of sedimentation basins (endorheic catchments) in drainless
basins became the rationale for determining their role in altering the water cycle in areas
affected by mining.

2. Materials and Methods
2.1. Study Area

In the Silesian Upland located in southern Poland, there are areas whose natural
environment has been largely transformed by human activity (Figure 1). Such a spectacular
range of changes in land morphology and water relations is rarely seen on a European or
even global scale. Underground mineral extraction played a decisive role in this process.
Underground mining has resulted in the formation of extensive subsidence basins and
numerous spoil tips generated during the extraction of the deposit and its subsequent
processing. In the central part of the Silesian Upland, covering urban areas—mainly of
Swietochtowice and partly Ruda Slaska and Chorzéw, as well as Bytom and Zabrze—
there is an area of 51.26 km? where anthropogenic transformation of the environment is a
common landscape element (Figure 1).
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Figure 1. Location of the study area in southern Poland.

Sediments from the Holocene and Pleistocene age are deposited on the land surface
within the study area. Much older rocks, classified as Triassic and Carboniferous, are also
exposed (Figure 2). Geological formations from the Holocene age are generally represented
by sands and gravels that fill the river valleys. The study area is dominated by extensive
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land covers composed of sands, gravels, and clays that formed during the Pleistocene age.
Triassic limestones, dolomites, marls, and claystones are deposited in a small section in the
north-eastern part of the area. Throughout the study area, coal-bearing carboniferous rocks
appear as scattered pockets, which, under cover of younger sediments, form the geological
core of the study area [22].

Thick coal seams are deposited between the layers made up essentially of mudstones,
claystones, sandstones and conglomerates. These deposits have been the subject of intensive
underground mining activity in the past. Several mining operations were active in the
study area. As early as 1853, hard coal started to be produced from deposits located in
Swietochtowice. Subsequent mines were started at 10-year intervals: 1863, 1873, 1883. Most
of them have been in operation for over 100 years and the last of the mines operating
in the area is currently in liquidation. Coal was produced in these mines from 5 to even
19 seams, the thickness of which varied from 0.5 m to 9 m. Underground mining was
carried out at depths varying from 40 to 800 m below sea level. In a small section of the
northern part of the study area, zinc and lead ores were also extracted [12,22]. Nowadays,
the hydrotechnical works conducted in the mine workings include drainage of the rock
mass. These operations are conducted to protect coal seams that are being mined in mines
located adjacent to the study area from flooding [13].

1] 2] 3[ ] 4[] 5[0 e[ ] 7IH s ol 10 11l 12[H

Figure 2. Geological structure exposed on the surface of the study area (after [22] simplified): 1—river
sands and gravels of floodplain terraces, 2—river diluvial sands, gravels and silts, 3—residual clays
and sands 4—fluvioglacial sands and gravels, 5—tills, 6—limestones, 7—dolomites, marls, limestones

and claystones, 8—sands, sandstones, clays, claystones and mudstones, 9—mudstones and claystones
with interbeddings of sandstones and tuffites as well as hard coal—mudstone series, 10—sandstones
and conglomerates with interbeddings of clays and mudstones as well as hard coal—Upper Silesian
sandstone series, 11—spoil tips and embankments, 12—watercourses and reservoirs.
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2.2. Research Methods

Land relief changes were determined from cartographic materials. As part of the
geomorphological mapping according to the guidelines proposed by the [23] distinctive
land relief features (e.g., subsidence basins, spoil tips) were identified and mapped. The
study made use of Prussian topographic maps (Messtischbldtter) made at the end of the
19th century at a scale of 1:25,000 [24,25] and Polish topographic maps at a scale of 1:10,000
from the last decade of the 20th century [26]. To make both maps comparable, the 19th
century maps were calibrated to the current system of coordinates. This was done by
overlaying the current layout on the Messtischblédtter maps. This allows for a comparative
spatial analysis of the state of the environment as depicted on the archival map with the
current situation. An excellent resource for this purpose is provided by GIS tools that allow
fitting maps based on specific topographic landmarks such as churches, road junctions, etc.
Geographic coordinates read from contemporary maps are determined for such structures.
The Messtischbldtter maps were then fitted based on a first-order affine transformation.
Multiple landmarks located in the study area were used for this purpose. Calibration was
performed using the ArcMap 10 software. To capture the extent of change in land surface
relief, two digital terrain models were prepared for the years 1883 and 1994. The models
were produced in the Map Info Professional 10.0 software using the Vertical Mapper tool.
The models were used to obtain data on changes in relative and absolute elevation as
well as gradients. These studies were complemented by an identification of the geological
structure of the study area.

Changes in the water cycle in the zone of mining subsidence within the area were
determined on the basis of field, laboratory and desktop studies. Detailed hydrological
mapping was performed as part of the field study, consisting of identifying objects related
to surface waters [27].

Quantitative changes in the water cycle were determined from collected hydro-
meteorological data. Total monthly precipitation values from 1961 to 2020 were used
in the calculations. Precipitation was measured at the “Lipiny” precipitation measurement
station located in the central part of the study area. The data are from the website of the In-
stitute of Meteorology and Water Management—National Research Institute. Precipitation
numbers for each of the subsidence basins were calculated as average annual precipitation
from 1961-2020, which was then multiplied by the surface area of each of the endorheic
catchments. The calculation uses the following formula [28]:

V [m?] =P [m] * A [m?] (1)

where V is average annual precipitation volume, P is average annual precipitation and A is
area of individual endorheic catchments.

Evapotranspiration is a complex process and one of the most difficult water balance
items to estimate. Multiple approaches have been used to assess evapotranspiration,
from direct field surveys to a variety of mathematical formulas that take into account
one or more meteorological factors [29-31]. To this end, experimental models have been
developed to estimate evapotranspiration using limited data. Models based exclusively on
temperature are the most commonly used methods for estimating evapotranspiration, as
direct measurement of evaporation over such a diverse area is virtually impossible [32-34].
The inability to conduct evaporation measurements for different areas within the catchment
studied and the amount of meteorological data available resulted in the decision to use
in the calculations the formula developed by Kuzin. In Poland, this is a frequently used
method for calculating field evaporation [13,28,35,36]. This method is used to calculate
evapotranspiration under official government programmes aimed at preventing water
shortages in Poland [37].

The amount of evaporation from the water bodies that are located within endorheic
subsidence basins was also included in the calculations. Ivanov’s formula [38], which relates
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the amount of evaporation from the water surface to the average monthly temperature and
average monthly relative humidity of atmospheric air, was used in the calculations:

E = 0,0018(25 + £)2 * (100 — f) @)

where E—total monthly evaporation water [mm], t—average monthly air temperature [°C],
f—average monthly relative atmospheric air humidity [%].

Calculations performed for the 1961-2020 multiyear period were used in determining
the amount of average annual evaporation. Measurement data were also obtained from
the website of the Institute of Meteorology and Water Management—National Research
Institute. A formula was used to calculate the amount of evaporation from endorheic
areas [28]:

E [m®] = H [m] % A [m?] (3)

where E is average annual evaporation volume, H is average annual evaporation as the
sum of evapotranspiration and free-surface evaporation from water bodies and A is area of
individual endorheic catchments.

Directly in the field, the factors that affect changes in the water cycle in the study area
were identified and then analysed.

3. Results

In the late 19th century, the process of consolidating individual small mining fields
into larger mines began in the study area. During this time, the impact of underground
mining on land reliefs and water relations was relatively minor. The landscape was already
semi-urbanized and industrial in nature. The areas with the lowest absolute elevation
values (238 m above sea level (a.s.l.)) were characteristic of the river valley bottom, which
is located in the north-western sector of the study area (Figure 3). The maximum elevation
of 315 m a.s.l. was reached by elevated areas located in the southwestern part of the study
area. Elevation differences at that time reached the value of 77 m. The dominant areas were
located at elevations between 280.1-300.0 m a.s.l., which accounted for nearly 58% of the
described area. Slightly more than 20% included areas with elevations between 300.1 m and
320.0 m a.s.l. The smallest share of just over 3% included areas with the lowest elevations
(Table 1). The land relief was dominated by sloped areas with a low gradient (1.1°-3.0°),
which accounted for 36.6% of the study area. Areas with slightly larger gradients up to 5°
covered another 25.5%. The smallest proportion was the land with the steepest gradients,
above 9°, which amounted to 7.3% (Table 2). By the end of the 19th century, the total
length of the river network in the study area was 37.47 km. There were 192 anthropogenic
reservoirs with a total surface area of 31.4 ha. The average reservoir surface area was less
than 0.18 ha.

Table 1. Changes in absolute elevations of the study area from 1883 to 1994.

Flevation 1883 1994 1883-1994
[m a.s.L] [km?2] [%] [km?] [%] A%
240.0-260.0 1.59 3.1 3.23 6.3 3.2
260.1-280.0 9.53 18.6 14.86 29.0 10.4
280.1-300.0 29.63 57.8 25.94 50.6 -7.2
300.1-320.0 10.51 20.5 7.13 13.9 —6.6
320.1-340.0 0.00 0.0 0.10 0.2 0.2

) 51.26 100.0 51.26 100.0 0.0
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Table 2. Land gradients in the study area from 1883 to 1994.
1883 1994 1883-1994
Gradient [°]
[km?] [%] [km?] [%] A%
0.0°-1.0° 6.05 11.8 11.89 23.2 11.4
1.1°-3.0° 18.76 36.6 21.99 429 6.3
3.1°-5.0° 13.07 25.5 9.02 17.6 -79
5.1°-9.0° 9.64 18.8 4.72 9.2 -9.6
9.1°-20.0° 3.43 6.7 2.72 5.3 -14
>20.0° 0.31 0.6 0.92 1.8 1.2
Y 51.26 100.0 51.26 100.0 0.0

By the end of the 20th century, the study area had been developed into a traditional
industrial landscape and, locally, had taken on a post-industrial character. The growth of
the areas with the lowest elevations was clearly visible during this time. In the range of
240.0-260.0 m a.s.l.,, the actual surface area increased from 1.59 km? at the end of the 19th
century to 3.23 km? (6.3%) at the end of the 20th century. At elevations between 260.1 and
280.0 m a.s.l,, there was an increase of just over 10% from 9.53 km? to 14.86 km?. There
has been a marked decrease in the proportion of land above 280 m a.s.1. In 1994, the actual
area of this land decreased by a total of 7.07 km?. At that time, areas of anthropogenic
genesis located at elevations above 320 m a.s.l. were identified that did not occur under
natural conditions (Table 1). These were artificially created slag tips for waste generated
in metal smelting processes. They were located in the central part of the surveyed area,
within the boundaries of the Huta Pokdj steelworks. The culminations of these elevations
reached 322 m a.s.l. The lowest-lying areas (232 m a.s.l.) included the southern part of the
aforementioned river valley in the north-western part of the study area, within which an
elongated subsidence basin was formed (Table 3, Figure 4).

After 111 years, the elevation differences within the area increased to 90 m. The
patterns described above influenced similar changes observed in the gradients. By the end
of the 20th century, there was a 17.7% increase in the areas with the lowest gradients (to 3°).
Thus, there was an apparent 18.9% decrease in the proportion of areas with gradients up to
20°. In terms of areas with the steepest gradients, above 20°, a 1.2% increase was observed
(Table 2).

Changes in the relief caused by underground mining operations, which has lasted
for over 100 years in the study area, have directly affected the transformation of water
relations. This is especially true for mining subsidence zones. The subsidence of the area as
a result of deep mining of hard coal and, in the northern part, zinc and lead ores, covered a
surface area of 38.8 km?, a proportion as high as 75.7% of the study area. The most frequent
subsidence was up to 10 m (61.8%). However, in some places the maximum subsidence
reached nearly 30 m (Table 3, Figure 4). The areas with the greatest risk of subsidence are
those where underground mining was carried out in the past at shallow depths (to 100 m
below the ground). This type of mining involved sites scattered throughout the study area.
Many years of mining and smelting activities in the area have simultaneously contributed
to the increase in absolute elevations. The higher-lying areas covered a total surface area
of 6.46 square kilometers, representing a share of 12.6% (Table 3, Figure 4). Small changes
within +1 m affected 6 km? (11.7%).
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Figure 3. Land relief and surface water network in 1883 and 1994.
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Table 3. Anthropogenic changes in relative elevations in the study area from 1883 to 1994.

Changes in Elevation [km?] [%]
20.1 m-30.0 m 0.21 0.4
10.1 m-20.0 m 0.77 15
5.1 m-10.0 m 1.38 2.7
1.1 m-5.0m 4.10 8.0
~1.0m-1.0m 6.00 117
~11m-—50m 14.46 28.2
—51m-—10.0m 17.22 33.6
~10.1 m-—20.0 m 6.61 12.9
—20.1 m-—30.0 m 0.51 1.0
. v k) E? | Altitude changes [m
\ v’v’ < ‘ o o ' | 1 g [ ]
r‘ (o I 20 to 25
I 15t0 20
[ 10to 15
[ 15t010
L] 0to5
[ ] 0to-5
[ ] -5to-10
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B -15to -20
Bl -20to -25
Bl -25to -30

Figure 4. Spatial distribution of anthropogenic changes in elevations from 1883 to 1994.

By the end of the 20th century, the total length of the river network in the described
area had decreased by 8.31 km, to 29.16 km. There were 322 anthropogenic water bodies
functioning in the geographic environment during this period—an increase by 130 artificial
lakes. Limnic waters covered a total surface area of 129.4 ha. The average reservoir surface
area was 0.40 ha. The study area is dominated by small and very small water bodies.
The largest include artificial lakes such as: “Edward”—9.69 ha, “Marcin”—6.4 ha and
“Kokotek”—?5.31 ha (Figure 5).
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Figure 5. Water relations of the study area in the late 20th and early 21st centuries (after [39] modified
and simplified): 1—watershed of the 1st. order, 2—watershed of the 3rd. order, 3—uncertain watershed,
4—watershed of closed drainage basin of the evapotranspiration type, 5—water courses, 6—water
courses covered, 7—water reservoirs, 8—wetlands and intermittent wetlands, 9—transfers of water
polluted by industrial wastewater, 10—transfers of clean water, 11—closed drainage basin hollows of
the absorbing (infiltration) type, 12—closed drainage basin hollows of the evapotranspiration type,
13—extend of intensive anthropogenic landform change, 14—sedimentation tank, 15—directions of
surface flow and local shallow undergrounds flows, 16—areas waterlogged by water flows diverted due
to economic activities, 17—sewage treatment plant, 18—water treatment plant, 19—pumping-station,
20—sewage coverage.

The observed changes in water relations that affect surface waters in particular are
also expressed in the form of quantitative changes in the water cycle. In the period prior
to underground mineral extraction, a distinct first-order watershed ran through the study
area, delineating the boundaries of two adjacent river drainage basins. In such conditions,
the eastern part was drained through the Rawa River to the Brynica, which flows into the
Black Przemsza River. The river then joins the White Przemsza and as the Przemsza River
it is a tributary of the Vistula, which later flows into the Baltic Sea. The northern part of
the area is drained by the Bytomka River and its tributaries. The river flows west, where it
joins the Klodnica River. From the western part of the study area the water flows through
the Czarniawka River, which also flows into the Klodnica River. The outflow from the
southern part of the river flowed through small streams feeding the Kochtéwka River, also
a tributary of the Ktodnica River. The Klodnica River is a tributary of the Oder, which
flows into the Baltic Sea. Changes in land reliefs related with mining activities have locally
altered the course of the first order watershed. Nowadays, its course is uncertain along a
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considerable length, and in some places—practically impossible to delineate. In addition,
six drainless depressions were identified in the study area as a result of mining subsidence
(Figure 5).

In the Rawa basin there are four basins, the largest in terms of area, and two smaller
ones—one in the Bytomka basin and one in the Czarniawka basin. In total, the endorheic
areas spread over 6.9 km? (Table 4). No such formations were found in areas draining to
the Kochtéwka River. The formation of these depressions caused visible disturbances in
the course of natural processes related to water circulation, which are expressed, among
others, in quantitative changes of the water balance for particular drainage basins. The
resulting basins are endorheic evapotranspiration sites. They have been “taken out” from
the water cycle of the catchment areas within which they previously functioned (Figure 5).

Table 4. Water balance of endorheic basins from subsidence.

Area [m?] Average Annual Average Annual Evaporation [m®] Difference
Endorheic Area Precipitati 3
Subsidence Basin Water Reservoirs recipitation [m’] Subsidence Basin Water Reservoirs [m®]
1 3107 500 10 000 2280451 1496 744 6083 777 624
T 2035 750 6750 1494 089 980 530 4106 509 453
s 803 750 8750 594 344 387130 5323 201 891
v 527 500 7 500 391 353 254 073 4562 132718
\% 199 000 1000 146 300 95 849 608 49 843
VI 192 500 0 140 814 92719 0 48 095
6 866 000 34 000 3307 045 20 682
r 5047 351 1719 624
6900 000 3327727

Considering the average annual precipitation from 1961 to 2020 of 731.5 mm in the
water balance equation, it was calculated that an average of 140,814 m3 to 2,280,451 m> of
water entered each endorheic area per year as a result of precipitation. Average annual
precipitation values slightly exceed 5 hm? (Table 4). In the study area during the period
1961-2020, the average annual field evaporation amounted to 481.7 mm, which translates
into a loss of water from endorheic areas ranging from 92,719 m? to 1,502,827 m3. In total,
this results in a loss of 3.3 hm? of water per year (Table 4). The calculations allow the
conclusion that the excess of water in amount of 48 095 m3 in basin no. 6 to 777,624 m? in
basin no. 1 contributes to the first aquifer only to a small extent, due to the poor permeability
of the substrate. Rainwater feeds numerous artificial reservoirs. Under natural conditions
(prior to mining operations), rainwater from endorheic catchments would feed the surface
river network. The greatest losses in this regard are in the Rawa catchment, where total
precipitation in the area of the four basins averages 4.76 hm? per year. In the Bytomka and
Czarniawka catchments these losses are estimated at 0.14 hm3. From the wetlands, some of
the water is directed through a pumping system into the sewer system and then discharged
into the river network.

Mining land subsidence initiates the formation of endorheic depressions. In the areas
in question, rock mass dewatering continues to protect mines from flooding. Their specific
geological structure is reflected by the presence of layers of impermeable sediments at shallow
depths in the subsiding rock mass. These types of rock formations effectively retain the water
infiltrating into the ground from precipitation. The flow of groundwater is limited to the zone
of the basin formed and is local in nature. The emerging subsidence basin forces the water
to flow towards its lowest part, which results in the elevation of the water table relative to
ground surface (Figure 6). In the five endorheic depressions studied, water appears on the
land surface, forming anthropogenic water bodies. These waters do not flow to adjacent areas,
and thus the depressions formed are subject exclusively to evapotranspiration. In some areas,
excess water is pumped out to the municipal sewage system.
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Figure 6. The schematic water cycle in these areas before (A) and after (B) the emergence of land sub-
sidence: 1—water reservoir, 2—permeable rocks, 3—groundwater level, 4—impermeable sediments,
5—dense and scattered housing, 6—forest and planting, 7—humid and dry meadows, 8—elements
of water exchange P—atmospheric precipitations, Ej —evapotranspiration, Eyy—free-surface evapo-
ration from water bodies, Up—groundwater flow, Sg—surface runoff.

4. Discussion

Many years of underground exploitation of mineral resources in the Silesian Upland
caused multidirectional changes in the natural geographical environment [40-44]. The
negative effects associated with deep underground mining are commonly associated with
the appearance of subsidence basins on the land surface, which should be considered as
so-called mining damage. It is estimated that land surface depressions as unintended
consequences of deep mining of mineral deposits will occur in approx. 1500 km? of these
areas [45]. Observed hypsometric changes directly affect changes in water relations. En-
dorheic depressions that modify the water cycle play an important role in this regard. There
is usually an increase in surface water resources. A characteristic feature of precipitation is
its high seasonal variability (Figure 7). In the past, precipitation most often clearly exceeded
water losses associated with field evaporation. Since 2010, the study area has increasingly
experienced years when water from precipitation is used entirely for evaporation (Figure 7).



Land 2022, 11,1710

12 of 16

9,0 4

1974

8,0 ]

2010

7,0 ]

1966
1985

1970
1977
1986
1987
1997
2000

196!

6,0 ] .

1961
963
1968
1971
1972
1973
1975
1976
1980
196
1983
1988
2002
2004
2012
014
16
2017
2019

50 1

1964
1969
9
1982
1984
1990
1991
9
94
1995
1998
999
1
[

4,0 ] 2

2011
15

3,0
2,0
1,0
0,0

1,0 ]

evaporation and precipitation [ hm?]

2,0

3,0 §

4,0

1 2l 3|l

5,0

Figure 7. Elements of vertical water exchange in the endorheic basins in the study area from 1961 to
2020: 1—precipitation, 2—free-surface evaporation from water bodies, 3—evaporation.

Changes in the volumes of water involved in the water cycle at its various stages are
often cited as an example of the manifestations of global warming [46—48]. These changes
are particularly acute in arid and semi-arid climate zones, where a rapid shrinkage of
surface water resources is observed [49,50].

When determining changes in the water balance, estimating the amount of evapo-
transpiration proves to be a difficult issue [51-53]. There are examples of studies in which
none of the methods used gave good results [54]. This is especially true for many arid
and semi-arid regions where evapotranspiration accounts for significant water loss [55]. A
similar situation obtains for the isolated evapotranspiration basins studied. Within these
basins, water circulation basically involves two components: precipitation and evaporation.
Due to the morphology of the basin and the presence of impermeable sediments in its
substrate, there is no groundwater flow between the mining subsidence zone and the
adjacent areas (Figure 6). Shallow groundwaters are recharged only by precipitation in the
basin zone. The main purpose of the study was to demonstrate some general relationships
and patterns related to the impact of mining subsidence basins on local changes in the
hydrological cycle.

Endorheic basins created by deep underground extraction of minerals are extremely
rarely studied in terms of changes to the water cycle. Much more frequently, such depres-
sions are considered in terms of the course of the geomorphological processes. Research in
this field has been conducted in Poland, in the Silesian Upland, as well as in many regions
of the world where underground mining of mineral resources takes place [56-58]. Remote
sensing related to identifying the extent, magnitude and rate of rock mass subsidence are a
very popular research field [17,18,59-62].

The few works that have highlighted the role of anthropogenic depressions in relation
to environmental water circulation include reports from China. The impact of land subsi-
dence on changes in water relations was evaluated using the example of seven subsidence
basins formed in the Huainan mining area in China. Modelling studies for this area have
shown that surface water resources can amount to approximately 905 hm? per year in
the mining subsidence zone. Only three of these basins are closed areas, whereas the
others were created in river valleys and are flow-through [10]. For the same area, a rather
interesting study was conducted regarding the possibility of using the basins created by
subsidence to intercept flood waves occurring on rivers [63].
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In the northern part of the Silesian Upland, a pilot study was conducted in 2018 within
one of the most extensive subsidence basins. This study found that on average, 3.1 hm? of
excess water occurs each year from precipitation [28].

Wetlands and bodies of water that have been created by unplanned mining subsidence
quite often become research sites. Many such water reservoirs have been identified in the
Silesian Upland, where even the so-called Upper Silesian Anthropogenic Lake District has
been distinguished [64]. It is much less common to find information from other regions
of the world. The formation of a few wetlands and water reservoirs of such origin has
been confirmed, among others, in the area of the Czech Republic [15], Germany [16] or
China [65-67].

The results obtained in this study are also of a broader nature and have applications.
The results of the study can be used in developing predictions of land subsidence and
changes in the water cycle in connection with nurturing biodiversity, and remodelling
plant species composition and animal habitats [68]. Where mining subsidence emerges,
this results in the modification of the local water cycle, which should be taken into account
in the small retention programmes developed. Subsidence and water-cycle data should
be taken into account when designing or modifying rainwater and snowmelt drainage
systems. The results obtained can be leveraged in the development of similar analyses in
other countries where land subsidence due to deep mineral extraction is observed [15,59].
Nowadays, this is especially the case of coalfields in China, where coal mining is growing
rapidly [10].

5. Conclusions

Surface subsidence due to deep underground extraction of minerals was revealed
within a surface area of 38.8 km?, which is 75.7% of the study area. At the end of the 19th
century, absolute elevations ranged from 238 to 315 m a.s.l., and the elevation difference at
that time was 77 m. At the end of the 20th century, absolute elevations ranged from 232 to
322 m a.s.l. After 111 years, the difference in elevations increased to 90 m. In some places,
the maximum depressions reached a depth of almost 30 m.

By the end of the 19th century, the total length of the river network in the study area was
37.47 km. There were 192 anthropogenic reservoirs with a total surface area of 31.4 ha. The
average reservoir surface area was less than 0.18 ha. By the end of the 20th century, the total
length of the river network in the described area had decreased by 8.31 km, to 29.16 km. There
were 322 anthropogenic water bodies functioning in the geographic environment during
this period—an increase by 130 artificial lakes. Limnic waters covered a total surface area of
129.4 ha and the average reservoir surface area was 0.4 ha.

Changes in land reliefs have resulted in distinct water cycle disturbances at local and
regional levels. Land subsidence disrupted the first-order watershed. Over a significant
length it is uncertain, and in places—virtually impossible to delineate. Six basins have
emerged that are isolated from their original catchments. In total, the endorheic areas
spread over 6.9 km?. Using average annual precipitation for 1961 to 2020—of 731.5 mm,
it was calculated that just over 5 hm? of water enters the endorheic areas annually. The
average annual field evaporation was 481.7 mm for this multi-year period, for a total
average annual loss of 3.3 hm? of water. Consequently, this results in an average excess of
1.7 hm?3 of water per year in the water cycle in these areas.
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