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Hypsometric changes in urban
areas resulting from multiple years
of mining activity

Maksymilian Solarski, Robert Machowski?*?, Mariusz Rzetala? & Martyna A. Rzetala?

The impact of multiple years of underground mining of minerals on changes in the elevation of an
urban area has been evaluated using the case study of Bytom in southern Poland. Between 1883 and
2011, that city experienced changes in absolute minimum (from 250.0 to 243.0 m a.s.l.) and maximum
(from 340.0 to 348.4 m a.s.l.) elevations. During that period, the difference between minimum and
maximum elevations increased from 90.0 to 105.4 m. The consequence of underground mining has
been the formation of extensive subsidence basins with a maximum depth of 35 m. Where the terrain
became raised, its elevation rose most commonly by 1.1 m to 5.0 m, with maximum increase in
elevation caused by human activity amounting to 35 m. The rate of anthropogenic subsidence in the
city between 1883 and 2011 averaged 43 mm/year (5.5 m over the study period).

Humans have mined mineral resources for many thousands of years. Evidence of various minerals being
extracted, both in opencast and underground mines, has been found all over the world. In the past, this type of
activity was limited to small areas and usually did not cause significant environmental changes'~. It was not until
the industrial revolution of the eighteenth and nineteenth centuries, which brought technological advances, that
mining activity developed on an industrial scale’.

Underground extraction and processing of minerals usually results directly and indirectly in the degradation
of the geographical environment®. Its most common negative impact involves changes in terrain elevation. An
unpredictable consequence of this activity are subsidences which form above the mineral deposits mined and in
their close vicinity’~"°. In scientific discussions concerning mining damage, land subsidence is the most frequent
subject'é?!. On the other hand, there are almost no comprehensive studies which would simultaneously provide
information on changes in land relief which manifest themselves by an increase in the absolute elevation of the
area in question. A general overview of this subject was presented for the entire Ruhr area in Germany where
the role of humans in shaping the relief of that area was analysed***’. An attempt to assess the geomorphological
effects of mining activities was also made in relation to small study areas in southern Poland*.

Subsidence is a slow process which virtually always results in changes in the environment and has both social
and economic consequences®. On the other hand, storage of waste rock (mineral waste generated in the process
of extracting raw materials) in the form of heaps and dumps is usually planned in advance and fully controlled
by man?*-%. As it is impossible to completely eliminate subsidence, mines are located outside urban areas®*’!.
However, if the mining fields already extend to urban areas, mining is not carried out under built-up areas, which
are protected by so-called safety pillars.

The Upper Silesian Coal Basin in southern Poland, which is among the largest mining districts in Europe,
is unique in this respect. Of the dozen or so cities present in the area, Bytom has been particularly affected by
the extreme changes in terrain elevation caused by deep mining (Fig. 1). As a consequence of underground
mining activities carried out within city boundaries for several centuries, many different types of artificial land
forms have appeared in its landscape. Among them, both convex (slag and other types of heaps, embankments,
mounds, etc.) and concave (mineral workings, subsidence basins and hollows, etc.) forms can be found, which
have significantly contributed to obliterating the natural features of the terrain.

The aim of this study was to assess the influence of many years of underground extraction of minerals on
changes in elevation in an urban area. Owing to the fact that the intensity of mining activity, and thus also its
effects visible on the surface, varied over time, it was necessary to use different time periods for which detailed
studies were performed.
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Figure 1. Study area location: 1 —water courses and water reservoirs; 2—major cities.

Materials and methods

Study area. Bytom is located within the Upper Silesian Coal Basin. Within its current administrative bor-
ders, the area of the city is 69.74 km?. Geological formations rich in silver, lead and zinc ores, but primarily in
hard coal, are present in the study area. On the land surface, Quaternary sediments dominate. In the southern
part of the city, these include sands, loams and weathered silts formed on glacial tills. The middle sector is mainly
covered by sands and gravels of fluvioglacial origin. In the northern part of Bytom, glacial tills have generally
formed, and there are also deposits of terminal moraine sands, gravels, boulders and glacial tills in places. Out-
crops of older geological formations are present directly on the surface throughout the city, mostly in the form
of small lenses. These types of rock are represented by Triassic dolomites and limestones, limestones and marls,
ore-bearing dolomites as well as limestones. In the southern part of the city, directly under the layer of Quater-
nary sediments with a thickness ranging from 40 to 80 m, Carboniferous rock formations appear, which contain
coal deposits. In general, Carboniferous sediments in the Bytom area are covered by Middle and Lower Triassic
rocks. Owing to the presence of numerous tectonic faults, the position of the topmost Carboniferous layer is
variable and ranges from approximately 80 m a.s.l. to approximately 210 m a.s.l. The hard coal deposits mined
contain rocks originating from the Upper Carboniferous. The Mudstone Series includes mudstones, claystones,
sandstones and hard coal (Lower Westphalian). The Upper Silesian Sandstone Series consists of sandstones,
conglomerates, claystones, mudstones and shales as well as hard coal (Upper Namur). The Paralic Series includes
claystones, mudstones, sandstones and also hard coal (Lower Namur)*2.

Research methods. Historical maps may serve as a valuable source of information on the changes in the
natural environment that have occurred in the last few hundred years. Terrain relief started to be presented on
topographic maps using contour intervals at the end of the nineteenth century. To study the transformations of
this element of the natural environment, 1:25,000 Prussian Messtischblitter maps from the end of the nineteenth
century®® and 1:10,000 Polish topographic maps from the end of the twentieth century were used**. The archival
Prussian maps were drawn up using the plane-table survey method by qualified military cartographers. They
use a polyhedral projection based on the Bessel ellipsoid. The main contour interval on these maps is 20 m, with
auxiliary isolines added every 1.25 m, 2.50 m and 3.75 m in the plains. According to W. Jankowski**, the average
error of point location on these maps, calculated on the basis of geographical coordinates, is (plus or minus)
20.1 m compared to contemporary maps. On the basis of his studies of selected Messtischblitter map sheets®,
Konias*® found that the average distance error on these maps is (plus or minus) 41.0 m compared to contempo-
rary maps, which corresponds to 1.2 mm given the map’s scale. Thus, these maps are fairly good in cartometric
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terms in relation to those produced at the end of the twentieth century. The contemporary Polish maps were
produced using the 92 coordinate system and the Gauss-Kriiger projection. The main contour interval on these
maps is 10 m, with a secondary interval every 1.25 m.

The analysis of hypsometric changes was preceded by the calibration of archival topographic materials to fit
the modern coordinate system (imposing a modern coordinate system on historical maps). Calibration enables
the map in question to be located spatially and minimises the distortions resulting from material deformations,
thus enabling various spatial analyses to be performed on the basis of the map and comparisons to be made
between the state of affairs presented on the map and the contemporary one. GIS tools make it possible to rectify
maps using contemporary topographic elements; in this case, by analogy, topographic points on an archival map
(e.g. road junctions and churches) are given the coordinates read from contemporary maps. The archival maps
were fitted using first-degree affine transformation using several dozen chaotically distributed characteristic
points (per map sheet). Calibration was performed using the ArcMap 10 software.

In order to determine the changes in land relief in Bytom, two digital terrain models were produced on the
basis of archival maps (1883—contour lines from the Messtischblitter maps from the end of the nineteenth cen-
tury) and contemporary maps*>**. The terrain models were produced in the Map Info Professional 10.0 software
using the Vertical Mapper device. The models were based on the linear vectorisation of contour lines, which were
subsequently converted into points situated at certain heights above sea level. The points created in this man-
ner were interpolated using the natural neighbour method. On the basis of the resulting terrain models, terrain
profiles, cartograms of relief intensity and of changes in relief intensity were produced, and changes in height
relationships, differences in height and slopes within the city area were determined in quantitative terms. The
final stage of the analysis was to produce a map of changes in land relief. For this purpose, a simple raster map
algebra was applied using the Vertical Mapper overlay: A (1883) - B (1994) = C (the magnitude of subsidence or
“growth” in land relief in the period between 1883 and 1994).

Archival maps are a reliable source of knowledge about landform changes in historical times*’~*°). The Prus-
sian Mefitischbldtter maps used in this study are characterised by very high detail and accurate topography and
are among the best sources of information on the spatial transformations (e.g. land use, changes in water rela-
tions and in land relief) that have taken place within the last 120 years**?**"#2, According to Harnischmacher
and Zepp® who studied relief changes in the Ruhr, almost 99% of data from this area had an elevation difference
error of less than 2 m, and only slightly more than 1% had an error greater than 2 m. The study by Dulias*}, which
covers the entire area of the Upper Silesian Coal Basin, demonstrates that the maximum error was +0.45 m. The
comparison between the two terrain models developed for that study shows that the maximum differences in
terrain elevation in the area where no changes in relief occurred due to human activity during the studied period
(wooded areas in the northern part of the city) do not exceed £ 1.5 m.

The most recent terrain model was compiled using data from aerial laser scanning (LIDAR), which was car-
ried out on 18 April 2011. Elevation data acquired by way of laser scanning exhibit very high spatial resolution,
as there are eight measurement points per square metre and the average absolute elevation measurement error
does not exceed 0.15 m*.

Results

At the beginning of the study period, the entire city was essentially on a slope that descended from the north
towards the south (Fig. 2). In the north of Bytom, there were areas with a maximum elevation of 340 m a.s.l.,
while in the southern part of the city (which included the river valley) the absolute elevation reached 250 m a.s.l.
At the end of the nineteenth century, differences in elevation within town limits amounted to 90 m. The average
elevation of the city was 292.6 m a.s.l; land ranging in elevation from 280.1 m to 310.0 m a.s.l. accounted for
almost 80% of the area studied (Table 1). At the end of the twentieth century, there was a noticeable increase in
the proportion of the lowest areas, i.e. those situated below 280.1 m a.s.1. (Fig. 3). At that time, areas located at
elevations above 340 m a.s.l., which until then had not been present in the city area as a result of natural geo-
morphological conditions, were identified as well. Those changes were at the expense of the areas ranging from
280.1 m to 310.0 m a.s.l. in elevation whose share in the total area analysed decreased by as much as 19%. In
1994, the elevation difference between the two points with extreme elevations increased to 102.8 m. At that time,
the average absolute elevation was 287.8 m. At the beginning of the second decade of the twenty-first century,
there were slight changes in the distribution of individual elevation ranges. Again, the proportion of land situ-
ated at the lowest elevation increased (by 5.3% compared to 1994), while a slight decrease in the other ranges
was recorded. By 2011, the average absolute elevation had decreased by a further 0.7 m to 287.1 m a.s.l. and the
difference between maximum and minimum elevation had increased to 105.4 m.

At the end of the nineteenth century, Bytom was mostly flat: land with a gradient of up to 3° accounted for
slightly more than 85% of city area. Areas with gradients ranging from 3.1° to 9.0° occupied approximately 14%.
Areas with gradients above 20° were virtually absent, and those with gradients between 9.1° and 20° represented
less than a percent of the total area of the city (Table 2). The average gradient of the area analysed at that time
was 1.7°. At the end of the twentieth century, areas with gradients of up to 3° still prevailed in Bytom, occupying
5454 km?, i.e. 78.2% of the total area analysed. Within that range, the proportion of flat land (< 1.0°) decreased
significantly (by 13.7%). In 1994, an increase in the share of land with steeper gradients in each of the ranges
was noted, and areas with gradients greater than 20° could be identified as well. In the early 2010s, there was a
significant decrease in the share of areas with gradients of up to 3°, which accounted for a total of 43.1%. The
share of flat areas (< 1.0°) decreased by nearly 20% in just 17 years. During that time, the city saw a significant
increase in the share of areas with gradients greater than 3°. There was also a marked increase in areas with the
greatest gradients—to 9.5% in the (9.1°-20.0°) range and to 6.3% above 20°. The average gradient in Bytom at
that time was 5.8°.
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Figure 2. Land relief within the city of Bytom at the end of the nineteenth century (within present-day city
limits): 1—city boundary; 2—absolute elevation [m a.s.L.].

240.0-250.0 7.0 0.1 349 0.5 10.5 0.1
250.1-260.0 69.7 1.0 174.4 2.5 32.8 0.5
260.1-270.0 174.4 2.5 502.1 7.2 606.7 8.7
270.1-280.0 606.7 8.7 | 1464.5 21.0 | 1896.5 27.2
280.1-290.0 2350.2 33.7 | 2001.5 28.7 | 2020.4 29.0
290.1-300.0 1855.1 26.6 | 1332.0 19.1 | 1129.8 16.2
300.1-310.0 1276.2 18.3 822.9 11.8 730.9 10.5
310.1-320.0 495.2 7.1 474.2 6.8 438.0 6.3
320.1-330.0 90.7 1.3 132.5 1.9 87.9 12
330.1-340.0 48.8 0.7 27.9 0.4 209 0.3
340.1-350.0 0.0 0.0 7.0 0.1 0.0 0.0
z 6974.0 | 100.0 | 6974.0 | 100.0 | 6974.0 | 100.0

Table 1. Differences in elevation within the Bytom city area in the years 1883-2011.

Discussion

The study area is located within one of the oldest and largest mining districts in Europe—the Upper Silesian Coal
Basin in southern Poland. The intensive economic development of this area was connected with the discovery
and extraction of mineral resources such as iron, silver, lead and zinc ores, but especially rich deposits of hard
coal. In the eastern part of the Basin, one of the thickest hard coal seams in the world (Reden 510) is present
with a thickness of up to 24 m*. Those rich deposits allowed the mining industry to flourish, followed by the
processing industry. A number of changes have taken place in the geographical environment of the area as a result
of many centuries of economic activity. The most spectacular effects are visible in land forms and as differences
in elevation, in the form of continuous deformations: subsidence basins, which are an unintended consequence
of underground mining of the aforementioned mineral resources using the so-called caving method***. This
phenomenon is not limited to the mining area itself, but also affects areas in its immediate vicinity*’. It is
estimated that the subsidence caused by deep mining will eventually affect around 1000-1500 km? within the
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Figure 3. Land relief within the city of Bytom at the end of the twentieth century (within present-day city
limits): 1—city boundary; 2—absolute elevation [m a.s.l.].

<1.0° 42.0 |283 8.4 33.6
1.0°-3.0° 431 | 499 347 8.4
3.1°-5.0° 10.0 145 | 243 - 143
5.1°-9.0° 4.1 52 16.8 -12.7
9.1°-20.0° 0.8 1.5 9.5 -87
>20.0° 0.0 0.6 6.3 -6.3

Table 2. Land gradients in the Bytom area from 1883 to 2011.

Upper Silesian Coal Basin*®. However, already in the early 1990s, the extent of this type of deformation reached
1185 km?**. Although depressions of 0.5-1.0 m prevailed, in some places the maximum depth observed in
the centres of individual subsidence basins reached several dozen metres***. This concerned several cities and
towns situated within the Basin. In the northern part of Ruda Slaska, a maximum subsidence of 24-28 m was
found. Subsidence basins exceeding 20 m which had formed as a result of mining activities were also found in
the southern suburbs of Rybnik, within the area from which hard coal was extracted by the “Jankowice” and
“Chwalowice” mines*’. Man-made depressions appeared in large numbers in several other cities and towns
within the Basin. The deepest subsidence basin identified in Zabrze reached the depth of 12 m at the turn of the
twenty-first century®'. The magnitude of subsidence has been much smaller in Sosnowiec, where in the early
2000s it remained at a level of a few metres®.

Within Bytom, there are numerous and extensive depressions which reflect the deep mining of mineral
resources. Such negative landforms have for many years been accompanied by waste dumps generated during
the extraction and enrichment of such minerals. By 2011, as a result of mining subsidence, the elevation of the
entire city of Bytom decreased by 5.5 m on average. As a result, it can be concluded that the anthropogenic
subsidence rate in the period in question averaged 43 mm per year. It should be noted that mining subsidence
has not affected the northern part of the city at all, which indicates that the magnitude of subsidence has been
much greater in the areas which were affected by mining. Changes in relative elevation have generally affected the
central and southern districts of the city (Fig. 4). In total, man-made land subsidence affected 64.5% of Bytom’s
area. Most often, man-made depressions in the city reached a depth of 1.1 m to 5.0 m; those were found in just
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Figure 4. Changes in relative elevation within Bytom between 1883 and 1994: 1—city boundary; 2—elevation
changes at selected height control points; 3—elevation changes within city limits.

No. Changes in elevation | Share [%] in the city area
1 >20.0 m 0.1
2 10.1 m-20.0 m 1.4
3 5.1 m-10.0 m 2.1
4 1.1 m-5.0m 10.6
5 -1.0mto+1.0m 21.3
6 -1l1lmto-50m 282
7 -51mto-10.0 m 17.1
8 —10.1 mto-20.0m 14.6
9 —20.1 mto-30.0m 4.3
10 <-30.0 m 0.3

Table 3. Land elevation changes in the Bytom area between 1883 and 1994.

over 28% of the city area (Table 3). Depressions with a depth of up to 10 m make up a smaller share of over 17%.
Land subsidence exceeding 10 m covered in total 19.2% of Bytom’s area. The greatest land subsidence could be
found in three parts of the city*. The deepest subsidence basin emerged in the part of the study area located to
the east of the centre, where depressions reached 35 m by the end of the twentieth century. In the central part of
the study area, they were up to 30 m. On the other hand, in the south-eastern part of the city, a subsidence basin
up to 34 m deep appeared. Numerous subsidence basins with maximum depths often exceeding 20 m appeared
within the city limits in places where mineral resources had been extracted for many years. Such large-scale
subsidence spreading into inhabited areas is virtually unheard of in other cities and towns in the region.

Scientific reports from different parts of the world concerning mining subsidence have been quite numerous,
but in no case have such large changes in elevation in urban areas been identified. Phenomena of this type are
most often found in agricultural or undeveloped areas. Much of information of this type comes from China where
coal mining is carried out in numerous large-scale mines. As reported by Quanyuan et al.?%, mining subsidence
in the built-up areas of Longkou city after 20 years of coal mining was only identified in an area of 5.7 hectares.
The maximum depth of subsidence basins inventoried throughout the Longkou region only exceeds 5 m.
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Figure 5. Land subsidence in the Bytom area in the years 1883-2011: 1—contemporary city limits; 2—built-up
areas where mining damage and demolitions occurred; 3—built-up areas (as at 1883); 4—built-up areas (as at
1934); 5—built-up areas (as at 1994); 6—Dbuilt-up areas (as at 2011); 7—range of land subsidence in the period
1883-2011; 8—city districts.

Among the many factors that influenced the changes in elevation in the city in the period from 1880 to 2010,
undoubtedly the most significant were the continuous and discontinuous processes (the subsidence and caving
in induced by mining activities) as well as the formation of waste rock dumps. Changes in elevation resulting
from the emergence of various concave (e.g. pits, funnels, levelled surfaces) and convex forms (e.g. embank-
ments, piles, dykes, mounds) are also related to mining activities. Similar forms are caused by the activity of other
industries or services, or even agriculture, although their impact on elevation changes is much smaller in terms
of the vertical range. The impact of these factors on the elevation is often compensated (e.g. when subsidence
basins are backfilled with waste rock), but in some places they become particularly evident due to the absence
of activities that would offset the progressing changes. Negative changes in elevation caused by other factors,
e.g. progressing groundwater extraction (mining drainage, water supply), cannot be ruled out as well, although
this problem has not been reported in the literature to date. As a result of the peculiar geological structure of the
area, with the substrate made of solid rocks (e.g. dolomites, shales, quartzites) and the scant presence of loose
surface formations, the problem of land subsidence induced by water extraction does not occur in practice. It
is also impossible to compare the administrative unit examined with other agglomerations around the world
which struggle with land subsidence caused by intensive groundwater extraction from loose formations. The land
subsidence caused by this factor affects, for instance, Mexico City>***, some urban areas in the United States®,
some cities in China®*->” and many other cities worldwide, e.g. Jakarta or Tokyo®**’.

The mining subsidence that occurred in the Bytom area resulted in considerable damage to residential build-
ings. This occurred in the Karb district in particular: 28 residential buildings were damaged by subsidence and
demolished as a result®.

Land subsidence in Bytom is particularly pronounced in urbanised areas whose share in the total area exam-
ined has been steadily increasing (1883-270.5 ha, 1934-567.7 ha, 1994-1217.0 ha, 2011-1387.0 ha). Land surface
deformation and the related structural damage result in concrete economic losses (Figs. 5, 6), e.g. damage and
destruction of buildings, structural and operational damage to various types of transport routes, flooding of
land including city squares and human settlements, water reservoirs falling into disuse, and the need to verti-
cally extend and frequently renovate watercourse embankments and hydraulic structures. This damage to the
urban fabric is demonstrated by the fact that mining damage affects 940.6 ha of land within the city’s built-up
area. This means that 68% of the total built-up area in Bytom (as at 2011) has been subject to land subsidence to
a greater or lesser extent. It is for this reason, among others, that Bytom is one of the most rapidly depopulating
cities in Poland and Europe, which in turn is a consequence of the closure of most industrial plants in the city
after 198962, An additional factor contributing to the decline in the city’s population has been the deteriorating
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Figure 6. Examples of damage to Bytom’s urban fabric as a consequence of land subsidence (photo: M.
Solarski).

technical condition of its buildings (especially old ones from the late 19th and early twentieth centuries). As
a result of the damage to buildings, inhabitants of the Karb and Miechowice districts and of some areas in the
city centre have been displaced. The districts affected by land subsidence have experienced the most rapid
depopulation®.

The resulting subsidence basins within the city testify to the huge quantities of mineral resources that have
been extracted (Fig. 7). Their extraction produced much greater quantities of waste (so-called waste rock), which
was stored in heaps. Within the borders of Bytom, the increase in absolute elevation affected slightly more than
14% of the city area. Where the terrain became raised, its elevation rose most commonly by 1.1 m to 5.0 m. The
largest heaps in terms of occupied area were located close to the eastern boundary of the city. Large waste rock
dumps were also found in districts in the south-eastern part of the city. The highest absolute elevation of 35 m
was reached by the heap situated in the south-western part of Bytom. Smaller heaps and dumps of waste rock
and slag, which is a waste product generated in metal smelting processes, were also found in other districts of
the city. A common phenomenon in recent years has been the backfilling of subsidence basins with waste rock,
thus increasing land elevation in relation to sea level.

Conclusions

As a result of human activity in the urban areas of Bytom, in the years 1883-2011 changes in minimum and maxi-
mum absolute elevations were found—from 250.0 to 243.0 m a.s.l. and from 340.0 to 348.4 m a.s.1, respectively.
The difference between maximum and minimum elevation increased from 90.0 m to 105.4 m during that period.

A consequence of underground mining are extensive subsidence basins reaching 35 m in depth, which
emerged within the city limits. In the period examined, the anthropogenic subsidence rate averaged 43 mm
per year.

During the study period, differences in land elevations within the city became much more pronounced, which
was reflected among others by a decrease in the share of land with gradients of up to 3° from 85.1 to 42.0% and an
increase in the share of land with gradients above 9.1° from 0.8 to 15.8%. Changes in land gradients were caused
by the appearance of the aforementioned subsidence basins, but also numerous heaps and dumps. Within the
borders of Bytom, the increase in absolute elevation affected slightly more than 14% of the city area. Where the
terrain became raised, its elevation rose most commonly by 1.1 m to 5.0 m, with maximum increase in elevation
caused by human activity amounting to 35 m.
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Figure 7. Changes in Bytoms relief intensity in the nineteenth and twentieth centuries: A—changes in relative
elevation from the late nineteenth century to the late twentieth century; B—variation in relative elevation in
the late nineteenth century; C—variation in relative elevation in the late twentieth century; 1—city boundary;
2—magnitude of change in relative elevation from the late nineteenth century to the late twentieth century; 3—
variation in relative elevation from the late nineteenth century to the late twentieth century.

The presented method of assessing changes in elevation can be successfully applied to areas well documented
on accurate and detailed topographic maps. The spectrum of its application may be considered in cognitive terms,
e.g. the data obtained can be used in further local and regional studies on all components of the environment
and also in order to create a global database on land relief changes in mining areas (which would in practice be
representative of the Anthropocene, since it would reflect changes in relief in the period with the greatest human
impact on the environment to date). The typical application of the method is related to its use by spatial planners
in order to illustrate a possible impact of land relief changes on the destruction of the urban fabric.
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