PRACE GEOGRAFICZNE

zeszyt 153, 2018, 105-131

doi: 10.4467/20833113P(G.18.006.8481

Instytut Geografii i Gospodarki Przestrzennej U]
Wydawnictwo Uniwersytetu Jagielloriskiego

ANTHROPOGENIC DENUDATION IN MINING
AREAS ON THE EXAMPLE OF THE WALBRZYCH
COAL MINING AREA (SUDETES, POLAND)

Jan Wajcik

Denudacja antropogeniczna na obszarze goérniczym

na przykladzie Zaglebia Walbrzyskiego (Sudety, Polska)

Abstract: In the 20" century Walbrzych and its surroundings was the most prominent area
of coal mining in the Sudetes. Nevertheless, in 1997 the mines were closed. An intensive
anthropogenic geomorphic cycle commenced there in 1865 and lasted for 130 years. The
biggest transformations in landforms occurred in two basins: Watbrzych and Kuznice, where
a complex of anthropogenic forms was created from dumps and settling ponds, as well as sub-
sidence depression. Among the dominant geomorphic processes related to anthropopressure
were anthropogenic aggradation and anthropogenic denudation. Those processes resulted
in raising and lowering of the land surface. Their intensity was diverse both in time and space.
T'he average pace of anthropogenic aggradation in the years 1865-1996 amounted to 328
mm/year and was higher in the years 1945-1996 (439 mm/year) than during the period from
1865 to 1944 (255 mm/year). In both basins: Watbrzych and KuZnice, there was an increase in
the intensity of this process in the years 1945-1996 when compared to the period of 1865-1944.
T'he pace of anthropogenic denudation in the Watbrzych coal mining area was considerably
lower than the intensity of anthropogenic aggradation. During the research period, the land
surface lowered, on average, by 66 mm/year, whereas the pace of the process decreased from
75 mm/year in the years 1865-1944 to 57 mm/year in the period 1945-1996. A considerably
higher intensity of anthropogenic denudation was noted the Watbrzych Basin (96 mm/year)
than in the KuZnice Basin (36 mm/year). It was determined that the anthropogenic denu-
dation balance in the in the Watbrzych coal mining area in the years 1865-1996 was positive
(+262 mm/year). When comparing the scale of anthropogenic aggradation and denudation
in several coal mining areas (Walbrzych, Upper Silesia, Ostrava-Karvina and Ruhr), it needs
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to be emphasized that in the research area the intensity of those processes in the period
1865-1996 was similar and, at times, higher than in the other areas, which results from the
preference of cumulating of gangue on spoil tips as the cheapest way of its disposal, as well
as from the dominance of caving coal extraction.

Keywords: Walbrzych coal mining area, coal mining, anthropogenic forms, anthropogenic
denudation, anthropogenic aggradation

Zarys tresci: W XX w. Zaglgbie Walbrzyskie byto najwigkszym obszarem wydobycia wegla
kamiennego w Sudetach. W 1997 r. kopalnie zamknig¢to. Intensywny antropogeniczny
cykl rzezbotwérezy rozpoczat si¢ tu w 1865 r. i trwat 130 lat. Najwigksze przeobrazenia
w uksztattowaniu powierzchni terenu wystapity w dwéch kotlinach: Waltbrzyskiej i Kuznickiej.
Powstat kompleks rzezby antropogenicznej utworzony z hatd i osadnikéw kopalnianych oraz
niecek z osiadania. Dominujgcymi procesami rzezbotwdérezymi w zwigzku z antropopresija
byty agradacja antropogeniczna i denudacja antropogeniczna. Procesy te przyczynity si¢ do
podwyzszenia i obnizenia powierzchni terenu. Ich nat¢zenie byto zréznicowane w czasie
i w przestrzeni. Srednie tempo agradacji antropogenicznej w latach 1865-1996 wynosito
328 mm/r. i byto wigksze w latach 1945-1996 (439 mm/r.) niz w okresie 1865-1944 (255 mm/r.).
W obu kotlinach: Watbrzyskiej i KuZnickiej wystapit wyrazny wzrost nat¢zenia tego procesu
w latach 1945-1996 w poréwnaniu z okresem 1865-1944. Tempo denudacji antropogenicznej
w Zaglebiu Walbrzyskim bylo znacznie mniejsze od nat¢zenia agradacji antropogenicznej.
W rozpatrywanym okresie powierzchnia terenéw gérniczych obnizala si¢ srednio 66 mm/r.,
przy czym tempo tego procesu spadto z 75 mm/r. w latach 1865-1944 do 57 mm/r. w okresie
1945-1996. Znacznie wigksze nat¢zenie denudacji antropogenicznej wystapito w Kotlinie
Walbrzyskiej (96 mm/r.) niz w Kotlinie Kuznickiej (36 mm/r.). Ustalono, ze bilans denudacji
antropogenicznej w Zaglebiu Walbrzyskim w latach 1865-1996 byt dodatni (+262 mm/r.).
Poréwnujgc rozmiary agradacji antropogenicznej i denudacji antropogenicznej w Zaglebiu
Walbrzyskim i innych zagt¢biach wegla kamiennego (Gérnoslgskim, Ostrawsko-Karwiriskim
i Ruhry) nalezy podkreslié, ze w badanym obszarze nat¢zenie tych proceséw w latach
1865-1996 byto podobne, a czasem wigksze niz w innych zagt¢biach. Wigze si¢ to z preferowa-
niem gromadzenia skat ptonnych na hatdach, jako najtariszego sposobu ich unieszkodliwiania
oraz z przewagg wydobycia wegla metodg na zawat.

Stowa kluczowe: Zaglebie Walbrzyskie, gérnictwo weglowe, formy antropogeniczne (hatdy,
osadniki, niecki z osiadania, denudacja antropogeniczna, agradacja antropogeniczna)

Introduction

Coal extraction in the Sudetes commenced as early as in the 15th century (Pflug
1908; Jaros 1975). However, the intensive development of coal mining did not take
place until the second half of 19th century. The biggest area of coal mining at that
time was the Watbrzych coal mining area, which is also the place of the biggest relief
transformations resulting from coal mining in the Sudetes (Jorica, Kacperkiewicz
1986; Wajcik 1993, 2011, 2013). The Walbrzych coal mines were closed in 1997.
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In the years 1865-1996 the exploitation of coal in the Watbrzych coal mining
area resulted in transferring of considerable amount of rocks located in the surface
layer of lithosphere and on the surface of the ground. This substantially influenced
the denudation balance of the area. The loss of rock mass resulting from mining
exploitation is a part of anthropogenic denudation, while its increase on the surface
of the ground should be considered as anthropogenic aggradation (Zapletal 1968;
Mannion 1997; Dulias 2016). The comparison of the pace of anthropogenic denu-
dation with natural denudation in numerous mining regions in the World indicates
the dominance of the first of the processes, which was noticed by the precursors
of anthropogenic geomorphology, among others: Marsch (1864), Fischer (1915) and
Sherlock (1923). Anthropogenic denudation is considered as one of the essential
contemporary geomorphological processes and its research is among the most crucial
problems of geomorphology (Douglas, LLawson 2001; Wilkinson, Mc Elroy 2007).

Research goals

The aim of the paper is to determine the scale of anthropogenic aggradation and
anthropogenic denudation as significant geomorphological factors in the Watbrzych
coal mining area , as well as the spatial diversification of intensity of those proces-
ses in relation to the distinctive mountainous character of the relief. It needs to be
emphasized that no research concerning anthropogenic denudation was conducted
in the aforementioned area beforehand. What is more, the author compared the
intensity of those processes with the size of aggradation and natural denudation
in the research area. The research results presented in the article concern the last
130 years of development of Watbrzych coal mining, as for such a period it was
possible to determine the scale of coal extraction, as well as gangue accumulated
annually and vertical sizes of rock mass subsiding resulting from coal exploitation in
the Walbrzych coal mining area. That data was key to determine the scale of anthro-
pogenic aggradation and anthropogenic denudation. Another important goal of the
paper was to conduct comparison studies of the pace of aforementioned processes in
the Watbrzych coal mining area and other mining areas both in Poland and Europe.

Sources and methods

The article includes various published sources, i.a. department statistics of coal
industry in Poland and statistical yearbooks of coal mines, as well as unpublished
materials from numerous institutions (mines, offices, archives), including more
of less detailed information and statistical data concerning coal extraction and gangue
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management, as well as the extent and results of anthropogenic transformations
of relief. It needs to be emphasized that part of those materials was cither lost
or destroyed during the shutdown of coal mines in Watbrzych. The author also
used the archival and contemporary cartographical materials at the scale of 1:10000
and 1:25000 and schemes of former mining sites of Watbrzych mines at the scales
of 1:1000 and 1:5000. Another valuable source of information concerning the relief
transformation in the years 1884-1939 are topographic maps from the Messtisch-
blitter series at the scale of 1:25000 (sheets: Waldenburg [In Schlesien] [1886] and
Waldenburg [In Niederschlesien] [1930, 1939]). The aforementioned maps are
currently considered as fully cartometric sources of information concerning, among
others, the relief (Graf et al. 2008; Dulias 2013).

The scale of anthropogenic denudation was calculated using three methods. The
first was the method introduced by Zmuda (1973) and modified by Dulias (2013)
and it assumed the calculation of anthropogenic denudation based on the amount
of extracted coal and gangue. Assuming, after Dulias (2013), that 1 ton of coal has
a volume of 0.74 m® and 1 ton of gangue 0.38 m?, and, after Jorica, Kacperkiewicz
(1986) and the author (Wéjcik 2013), that for every ton of coal extracted in the Wat-
brzych coal mining area there was 1.6 ton of gangue (0.61 m?®), the volume of rock
mass extracted in the years 1865-1996 was calculated (the volume of underground
mining excavations). It was estimated that 60% of coal was excavated using caving,
while 40% using backfill method. The obtained values were multiplied by subsi-
dence ratios; in case of caving 0.7, while in case of backfill 0.15 (as in Borecki 1980).
Next, the values were divided by the size of the mining area and the years of mining
activity. The value of anthropogenic denudation calculated in this way determined
the pace of lowering of the level of terrain in mm/year. Another way to determine
the intensity of anthropogenic denudation was using of results of geodetic measure-
ments of ground subsiding carried out in the years 1912—-1996 in 31 locations within
the research area. That data constitutes the most reliable information concerning the
subsiding of terrain in the studied area.

The scale of anthropogenic denudation was also calculated based on the mor-
phometric analysis of topographic maps presenting the research area at the scale
of 1:25000 mapped out in 1884, 1930 and 1939, and at the scale of 1:10000 from 1976
and 1996. Next, digital models of the relief were created. Cartometric analyses ena-
bled to obtain new data concerning the subsiding of the terrain in particular periods.
The results of measurements were compared with data concerning the terrain sub-
siding which were obtained using different methods.

The intensity of anthropogenic aggradation was calculated based on the prior
establishments of the author concerning the amount of gangue and other mining
waste stored on dumps and settling ponds in the years 1865-1996, referring to the
sizes of mining areas and periods of mining activity (Wéjcik 1993, 1996, 2011).
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The research period was divided into two sub periods: 1865—-1944 and 1945-1996,
which results from a bigger number and better access to source materials for the
second of the aforementioned periods, as well as the changing political and econo-
mical situation of the Walbrzych coal mining area Basin during those years.

The location of the research area

T'he Walbrzych coal mining area is located in the Sudetes and covers the area
of 95 km? (Fig. 1). Coal was mined there in the Watbrzych and KuZnice basins with
the area of 38 km? In 1997 the mines were closed. Currently the Walbrzych coal
mining area is the area with the most substantial anthropogenic transformations
of the relief in the Lower Silesia Coal Mining Area (Wéjcik 2011, 2013).
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Fig. 1. Investigated area
Ryc. 1. Teren badar
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Selected publications

The term denudation was introduced to the Earth science in 1847 by Lyell (after
Gregory 1911). Since that time, the term was variously defined ('Tricart 1953; Spencer
1983; England, Molnar 1990; Dulias 2013). The definitions mostly referred to the
character of the processes distinguishing mechanical and chemical denudation (Cor-
bel 1959, 1968; Tricart 1960; Pulina 1974; Goudie 1995; Sheen 2000; Walling 2006).

The first attempts of assessment and systematization of the results of anthropo-
pression in the relief in the geographical literature were made by, among others:
Marsch (1864), Fischer (1915) and Sherlock (1923). What is more, the attempts of
quantitative analysis of results of anthropopressure were made as early as at the
beginning of the 20th century. The comparative analyses of dynamics of natural
processes and anthropopressure indicated a distinct domination of the latter. It was
assumed that humans became an important gcomorphological factor and the results
of their activity often surpassed the results of natural gcomorphological processes
(Goudie, Viles 1997; Hooke 1999; Price et al. 2011; Dulias 2013). In order to distin-
guish natural and human induced denudation the term anthropogenic denudation
was introduced (Dylik 1958; Tricart 1960; Zapletal 1969; Demek 1973; Wilkinson,
Mc Erloy 2007).

In the Polish geographical literature the issue of anthropogenic denudation
is related mainly to the influence of agriculture on the slopes and their development
(Dylik 1954, 1958; Jahn 1968; Lach 1984; Sinkiewicz 1998; Smolska 2005). Among
the results of those processes one can mention the accumulation of sediments
in river valleys, also known as anthropogenic aggradation. Certain researchers give
this term a wider meaning, indicating that it also encompasses overbuilding of terrain
related to various human activities (Zapletal 1968; Demek 1973; Klimaszewski 1978).

The term anthropogenic denudation was used for the first time in reference to
mining areas in Poland by Jania (1983). The aforementioned researcher, as well as
Podgérski (2001), claims that anthropogenic forms are closely related to the geolo-
gical structure of the area of mineral resources excavation. Therefore, the spatial
distribution of anthropogenic denudation refers to geological composition. Among
the researchers who studied the scale of that process in Polish mining areas we can
list: Zmuda (1973), Szczypek, Trembaczowski (1987), Dulias (2011, 2013), Kupka
et al. (2005,), as well as Solarski, Pradela (2010).

When referring to the Waltbrzych coal mining area it needs to be emphasized that,
until now, no research concerning the influence of anthropogenic denudation on
relief has been conducted, and the present article is the first attempt of assessment
of transformations in the terrain caused by that process.
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Characteristic features and extents of mining transformations
in the Walbrzych Basin relief

The time from 1853 to 1880 was a breakthrough period in the development of coal
mining in the Walbrzych coal mining area. In 1863 railway was built in Watbrzych
connecting it with other centres, what is more, that year also marks the beginning
of use of new technologies in coal exploitation which led to a sixfold increase
in extraction of this raw material during the aforementioned period (Ohle 1927;
Luksa 1959; Wéjcik 1993). That time was also the beginning of a period of inten-
sive transformation of the terrain by mining, which lasted until closing of the mines
in 1997 (Wéjcik 2011, 2013). That period, referred to by the author as anthropoge-
nic geomorphological cycle, is the time of emerging of complex of anthropogenic
relief with numerous dumps, settling ponds and subsidence depressions. The relief
is a result of simultaneous destructive and developing human activity on the ground
surface. Dumps and settling ponds transformed in total 379 ha of ground, while
their volume amounted to 92 million m?®. Subsidence depressions are the biggest
anthropogenic forms in the research area, as they are up to 2 km long and 1 km wide,
however they are considerably shallow (up to 17.9 m) (Czocher et al. 1978; Rejman
1982; Piniriska 1993; Wajcik 2011, 2013). The forms altogether occupy the area of
36 km?, from which 29 km? is located in the Walbrzych Basin and 7 km?in the Kuz-
nice Basin. In the first of the aforementioned areas emerged two broad depressions
with a depth of 17.9 and 10.9 m separated by a zone of lesser relief deformations.
The distorted relief is 6 km long (N-S) and 5 km wide (W-E). In the KuZnice Basin
subsidence depressions cover a smaller area (NW-SE: 4 km, NE-SW: 1 km) and are
shallower (3.3 m) (Wéjcik 2011, 2013).

Anthropogenic aggradation in the Walbrzych Basin

One of characteristic processes of anthropopressure in mining areas are movements
of substantial amounts of rock body both within the rock mass and on the ground
surface. With reference to the studied area, the precise data concerning anthropogenic
movements of rock body could be determined only for the period 1865-1996, as prior
to that period, either the measurements had not been conducted, or the data had
been lost (Wéjcik 1993, 2011). Therefore, the quantitative analysis of the scale and
pace of anthropogenic aggradation and anthropogenic denudation in the Watbrzych
coal mining area , in the light of mechanical relocation of rock body, was possible
only for the last 130 years of mining development. It needs to be emphasized that
those processes were changing both in time and space in relation to the changes
in the areas of coal excavation.
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It was determined that the beginning of the anthropogenic aggradation process in
the research area, whose results are visible until today in the relief, commenced
in 1865; it was the time when the oldest dump in the Waltbrzych coal mining area was
created (Wéjcik 2011). In the years 1865-1996, 39 dumps of various sizes covered
the area of 3.05 km? where 217.6 million tons of various rock waste was accumula-
ted with the total volume of 82.7 million m*. Moreover, coal mining contributed to
the elimination of depressions on the area amounting to 1.21 km?. It is estimated
that as much as 10.8 million m® of mining waste was accumulated there. During
the research period dumps and anthropogenic surfaces covered the area
of 4.26 km? of grounds and the total volume of waste assembled there amounted
to0 93.5 million m?®. It was calculated that the average pace of growth of dumps and
levelled land, in the years 1865-1996, at the scale of the entire Walbrzych coal
mining area, amounted to 32.5 thousand m* During the period of 1865-1944,
the increase in the size of the area was slower (17.6 thousand m?/year) than in the
period from 1945 to 1996 (55.2 thousand m?/year). Considering two areas of coal
mining: Watbrzych and KuZnice basins, it was determined that in the first of the
aforementioned basins the average annual pace of increase in the area of dumps
and levelled land was sixfold faster than in the other area (28.2 thousand m? and
4.4 thousand m?). Also in the years 1945-1996, the increase in the size of the
area of the analyzed basins progressed faster than during the period 1865-1944
(48.3 thousand m?/year and 6.9 thousand m?/year and 14.9 thousand m?/year and
2.7 thousand m?/year). To sum up, it was determined that the dynamics of deve-
lopment of anthropogenic areas in the Walbrzych coal mining area was diverse
both in time and space. Their development progressed more dynamically in the
years 1945-1996 than during the period 1865-1944. What is more, the dynamics
of those changes in the aforementioned periods was higher in the Watbrzych Basin
than in the KuZnice Basin.

Considering the combined volume of mining waste accumulated on the surface
of the researched area in the years 1865-1996, and during the periods: 1865-1944
and 1945-1996, as well as the changing surface of mining areas, it was possible to
determine the average pace of anthropogenic aggradation per year. During the
research period the intensity of anthropogenic aggradation in the Watbrzych coal
mining area amounted to 328 mm/year. In the years 1865-1944 the pace of the
process was considerably slower (255 mm/year) than after 1945 (439 mm) ('Tab. 1).
This phenomenon was closely related to the varying amount of waste accumulated
on dumps. During the period from 1865 to 1944 the amount of mining waste trans-
ported to dumps was considerably lower than in the years 1945-1996 (0.35 million
m?® and 1.26 million m?), which was conditioned by the access to deep coal beds
after 1945 and drilling of “Copernicus” shaft in order to concentrate coal extraction
in the Walbrzych coal mining area . What is more, storage of waste on dumps was
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preferred as the cheapest way of their disposal. Shrinking of available waste storage
areas led to a quick development of dumps. The pace of growth of volume of those
forms was quicker than that of their area, which resulted in a considerable increase
of height difference (up to 150 m) and relief dynamics (Wé6jcik 2011). There also
was a significant differentiation in the intensity of anthropogenic aggradation. In
the KuzZnice Basin the increase in the number of anthropogenic forms progressed
quicker than in the Walbrzych Basin (455 mm/year and 307 mm/year). What is more,
during the analyzed periods (1865-1944 and 1945-1996) the average annual pace of
anthropogenic aggradation was faster in the KuZnice Basin than in the Watbrzych
Basin (361 mm and 568 mm as well as 416 mm and 236 mm). In both basins the
average annual intensity of this process was considerably higher in the second than
in the first of the aforementioned periods (Tab. 1).

While analyzing selected dumps and periods of their use, it was determined that
the differentiation of intensity of anthropogenic aggradation was considerable (Fig. 2).
It was determined that in the KuZnice Basin the scale of this process varied from
315 mm/year to 914 mm/year, while in the Watbrzych Basin the differentiation
was higher, as it amounted to 217-1818 mm/year. One of the results of permanent
anthropogenic aggradation in the years 1865-1996 is the occurrence of significant
changes in the relief of the studied basins (Fig. 3 and 4). Dumps ranging to 105 m,

"Table 1. The development of area and volume of dumps and areas levelled by mining and
intensity of anthropogenic aggradation in the Watbrzych Basin in between 1865-1996

"Tab. 1. Rozw6j powierzchni i objetosci hald wraz z powierzchniami antropogenicznymi oraz
nat¢zenie agradacji antropogenicznej w Zaglebiu Waltbrzyskim w latach 1865-1996

Watbrzych Basin KuZnicka Basin Watbrzychcoal mining area
Kotlina Watbrzyska Kotlina KuZnicka Zagtebie Watbrzyskie
Specification Increase / Przyrost Increase / Przyrost Increase / Przyrost
Wyszczegdlnienie
intotal | A (m%year) | intotal | A (m?%year) in total A (m%year)
ogdtem | A (mm/year) | ogotem | A (mm/year) | ogdtem | A (mm/year)
1865-1996 A (km?) 3.69 28168 0.57 4,351 4,26 32,519
(131 years/lat) | vminms) | 76.3 158 17.2 230 935 168
1865-1944 A (km?) 1.18 14,937 0.21 2,658 1,39 17,595
(79years/lat) | v(minme) | 22.0 236 6.0 361 28,0 255
1945-1996 A (km?) 2.51 48,269 0.36 6,923 2,87 55,192
(52years/lata) | v (minmd) | 54.3 416 11.2 598 65,5 439

Explanations: A: area (in km?); V: volume (in million m?); A : anthropogenic aggradation (in mm/year).

Objasnienia: A: powierzchnia (w km?); V: objgtosé (w mIn m?); A : agradacja antropogeniczna (w mm/r.).
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Fig. 3. Changes in the Walbrzych Basin relief in between 1865-1996 caused by anthropogenic
aggradation related to mining development
Ryc. 3. Zmiany w rzezbie terenu Kotliny Waltbrzyskiej w latach 1865-1996 spowodowane

agradacjg antropogeniczng w zwigzku z rozwojem gérnictwa

~

Fig. 2. Spatial differentiation of anthropogenic aggradation intensity for selected dumps and
areas levelled by mining activity in the Walbrzych Basin in between 1865-1996

Ryc. 2. Przestrzenne zr6znicowanie nat¢zenia agradacji antropogenicznej dla wybranych hatd
i powierzchni antropogenicznych zwigzanych z dziatalnoscig gérniczg Zaglebia Waltbrzyskiego
w latach 1865-1996
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covering the space up to 50 ha and with volume amounting to 23.1 million m’
were created in numerous places, such as formerly flat surfaces and depressions
of the basin bottom. The last 130 years of mining development in the research
area was a period of considerable changes in relief dynamics, unprecedented
in other parts of the Sudetes, as an example of which can serve the biggest dump
in Watbrzych, which has been transforming the flat bottom of the Walbrzych Basin
since 1873 (Photo 1).
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Fig. 4. Changes in the KuZnicka Basin relief in between 1865-1996 caused by anthropogenic
aggradation related to mining development
Ryc. 4. Zmiany w rzezbie terenu Kotliny Kuznickiej w latach 1865-1996 spowodowane

agradacja antropogeniczng w zwigzku z rozwojem gérnictwa
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Photo 1. Anthropogenic inversion of relief in the Watbrzych coal mining area. L.andscape of

the largest dump of the Walbrzych coal mining area (50.0 hectares, 23.077 mln m?, 105 m),
(photo by J. Wéjcik)

Fot. 1. Antropogeniczna inwersja rzezby w Zaglebiu Walbrzyskim. Krajobraz najwigkszej
hatdy Zaglt¢bia Watbrzyskiego (50,0 hektaréw, 23,077 mln m?, 105 m), (fot. J. Wéjcik)

Anthropogenic denudation in the area of the Watbrzych Basin

In the years 1865-1996, in the Walbrzych coal mining area 388.7 million tons of coal
was excavated from the rock mass, while in the period 1865-1944 272 million tons,
and during the latter period 1945-1996 — 116.7 million tons (Tab. 2). Opening and
exploitation of coal beds resulted in creation of 639.9 million tons of gangue, inc-
luding 435.2 million tons until 1944 and 204.7 million tons in the years 1945-1996.
Assuming, after Zmuda (1973), that one ton of coal has a volume of 0.74 m? and
one tone of gangue 0.38 m?, and presupposing that in the Watbrzych coal mining
area for each tone of excavated coal there was 1.6 tone of gangue (Czocher et al.
1978; Wéjcik 2011), the volume of voids created in the rock mass was calculated.
During the research period, the excavations had the volume of 530.9 million m?;
366.7 million m* was excavated until 1944 and during the period of 1945-1996 the
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"Table 2. Hard coal and gangue extraction in the Walbrzych Basin in the years 1865-1996
Tab. 2. Wydobycie wegla kamiennego i skal ptonnych w Zaglebiu Walbrzyskim w latach
1865-1996

Area influenced Coal production Amount of gangu Gangue transported
by mining activity Wydobycie wegla llo$¢ powstatych skat to dumps
(km?) Period ptonnych Skaty ptonne wywiezione
Powierzchnia pod Okres na hatdy

wptywem dziatalno$ci

ol He in million t | in million m® | in million t { in million m?| in million t | in million m3
gorniczej (km?)

wmint w min mé wmint w min mé wmint w min m3

1865-1944 | 272.0 201.3 435.2 165.4 48.7 18.5
38 1945-1996 | 116.7 86.4 204.7 77.8 168.9 64.2
1865-1996 | 388.7 287.7 639.9 243.2 217.6 82.7

volume of voids increased by another 162.2 million m® ('Tab. 2). Based on various
sources it was determined that 60% of coal excavation in the Watbrzych Basin pro-
ceeded with using the caving method, while 40% using backfill method (Wéjcik
1993, 2011). Referring to the research of Borecki (1980) and Dulias (2013) the land
subsidence ratio with the use of caving method amounted to 0.7, while with the
backfill method to 0.15. The volume of subsidence depressions was calculated
while taking into consideration the volume of excavated coal and gangue, as well
as the total area of terrain in the Watbrzych coal mining area under which the coal
was excavated and where land subsidence was determined using geodetic measure-
ments. [t was determined that in 1996 those forms had a volume of 215.8 million m®.
In the Walbrzych Basin subsidence depressions have a more considerable volume
(192.1 million m?) than in the KuZnice Basin (23.7 million m?) (Tab. 3). A significant
dispersion of coal excavation in the Watbrzych coal mining area in the second half
of the 19th and at the beginning of the 20th century (Czocher et al. 1978; Wéjcik
1993; Pigtek 1995) led to the emergence of wide subsidence depressions. In 1944
in the Walbrzych Basin those forms reached a volume of 133 million m®, while
in the years 1945-1996 they gradually increased by 59 million m?, as a result of the
emergence of new basins. During the aforementioned periods, the KuZnice Basin
experienced reverse proportions between the volume of subsidence depressions.
Until 1944 their volume reached 10 million m® and during the period 1945-1996
itincreased by 13 million m?, which was a result of opening and exploitation of new
coal seams in the Kuznice Swidnickie region.

Considering the size of the area where rock mass subsidence was observed,
as well as the allocated periods of coal exploitation and the volume of subsidence
depressions it was possible to calculate the average size of terrain depression.
In the years 1865-1996 the ground surface dipped by 6 m, however, in the Watbrzych
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Table 3. Anthropogenic denudation in the Watbrzych Basin based on the coal and gangue
extraction in the years 1865-1996

Tab. 3. Denudacja antropogeniczna w Zaglebiu Walbrzyskim w swietle wydobycia wegla
i skal ptonnych w latach 1865-1996

Specification Watbrzych Basin KuzZnicka Basin | Watbrzych coal mining area

Wyszczegdlnienie Kotlina Watbrzyska | Kotlina KuZnicka Zagtebie Watbrzyskie
Mining area until 1996 (in km?)
Powierzchnia terenu gérniczego 25-29 8-9 33-38
do 1996 r. (w km?)
1865-1944 25 8 33
1945-1996 29 9 38
Subsidence area until 1996 (in km?) 29 7 36
Osiadanie powierzchni do 1996 r. (w km?)
1865-1944 16 5 21
1945-1996 13 2 15
Volume of subsidence until 1996
(in million m?3) 192.1 23.7 215.8
Objetos¢ osiadania do 1996 r. (w min m?)
1865-1944 133 10,0 143
1945-1996 59.1 13.7 72.8
Average depression of an area
until 1996 (in m)
Srednie obnizenie powierzchni terenu 128 44 6.0
do 1996 r.
1865-1944 8.3 2.0 6.8
1945-1996 45 2,4 39
Anthropogenic denudation until 1996
(in mm/year)
Denudacja antropogeniczna % 36 66
do 1996 r. (w mm/r.)
1865-1944 115 35 75
1945-1996 77 36 57

Basin the size of the depression was almost three times bigger than in the KuZnice
Basin (12.8 m and 4.4 m). During the period 1865-1944 the surface of the terrain
was lowered, on average by 6.8 m, while in the years 1945-1996 additionally
by 3.9 m. In the years 1865-1944 the average value of ground depression in the
Walbrzych Basin was higher than in the later period — 1945-1996 (8.3 m and 4.5 m),
while in the KuZnice Basin there were similar values of subsidence (2.0 m and 2.4 m).
The scale of anthropogenic denudation, determined based on the amount
of excavated coal and gangue, was diverse in the research area. The average pace
of that process for the Watbrzych coal mining area during the analyzed period
amounted to 66 mm/year; in the years 1865-1944 it was faster than in the following
period —=1945-1996 (75 mm/year and 57 mm/year). The intensity of anthropogenic
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denudation in the aforementioned processes in the Walbrzych Basin decreased
from 115 mm/year to 77 mm/year, while in the KuZnice Basin it increased from
35 mm/year to 36 mm/year.

The spatial diversity of the scale of anthropogenic denudation in the Watbrzych
coal mining area was also determined based on the results of precise geodetic
measurements conducted there since 1912. [t needs to be emphasized that there
was a considerably higher number of precise leveling benchmarks in the Walbrzych
Basin (28) than in the KuZnice Basin (3). As a result, we currently possess more
data concerning anthropogenic denudation in the Watbrzych areca. It was also
determined that the size of anthropogenic denudation was diverse in the Watbrzych
Basin: 5-341 mm/year. A considerable intensity of the process (over 100 mm/year)
was connected with areas where the industrial coal excavation started as early
as in the second half of the 19th century; those areas include the north-western
and western part of the Walbrzych Basin — Bialty Kamienn (Walbrzych) (224 mm/
year) Sobi¢cin (314 mm/year) and the downtown of Watbrzych (322 mm/year).
In the southern part of the Watbrzych Basin considerable sizes of anthropogenic
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Fig. 5. Average annual intensity of anthropogenic denudation in the Watbrzych Basin calculated
basing on the results of geodetic measurements of land subsidence in between 1912-1996
Ryc. 5. Srednie roczne natezenie denudacji antropogenicznej w Zaglebiu Watbrzyskim obli-
czone na podstawie wynik6w pomiaréw geodezyjnych z lat 1912-1996
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denudation (112-341 mm/year) are connected with coal exploitation after 1960 in
Watbrzych Podgérze. The mining areas where anthropogenic denudation exceeded
100 mm/year were those arcas where coal exploitation was carried out mainly
using the caving method. In the eastern and south-eastern parts of Watbrzych
the dynamics of this process was much lower and did not exceed 100 mm/year.

The intensity of anthropogenic denudation in the KuZnice Basin, calculated based
on the results of geodetic measurements of land subsidence, was considerably smaller
than in the Watbrzych Basin (34-101 mm/year). The process proceeded slightly faster
in the south-east than in the north-west part of the aforementioned basin, which
results from the intensive coal exploitation in Kuznice Swidnickie. Among the vital
factors influencing the small degree of subsidence and anthropogenic denudation
in the KuZnice Basin we can distinguish: concentration of coal excavation in the sides
of Gore6w coal basin, beginning of intensive coal exploitation only after the year 1950,
as well as a sixfold smaller excavation of this raw material than in Watbrzych (Fig. 5).

Based on the morphometric analysis, it was determined that in the years 1884-1996
the area of the Watbrzych coal mining area influenced by mining was lowered by
1-14 m. In the Walbrzych Basin the subsidence amounted to 3—14 m, while in the
Kuznice Basin to 1-3 m ('Tab. 4). Those findings are similar to data obtained based on
geodetic measurements. However, it was impossible to obtain more precise data due
to different scales of the maps, generalizations of contour maps and interpolation of
estimation of the height of certain locations. The pace of anthropogenic denudation
was diversified (9—125 mm/year); in the Watbrzych Basin the intensity of this process
amounted to 27-125 mm/year, while in the KuZnice Basin it was 9-27 mm/year.
The average pace of anthropogenic denudation in the Watbrzych coal mining area
determined based on the morphometric analysis is slower than that calculated while
taking into consideration the excavation of coal and gangue. Those discrepancies
result from different periods for which the scale of anthropogenic denudation was
determined (1865-1996 and 1884-1996), as well as different data obtained using
various methods used to calculate the intensity of this process.

Considering the scale of area subsidence and dynamics of anthropogenic denuda-
tion in the Watbrzych coal mining area it needs to be emphasized that its territory
is located in the zone of neotectonic movements of the Sudetes block. The rock mass
upthrust in the analyzed region is minor, as it amounts to 1-4 mm/year (Kowalczyk
1969; Rejman 1982; Piniriska 1993; Krzyszkowski et al. 1995, 1998). It is difficult
to differentiate the results of subsidence caused by anthropopressure and upthrust
related to neotectonics. It was assumed that the slow pace of neotectnotic move-
ments did not considerably influence the scale of subsidence and anthropogenic
denudation in the research area.

Big dumps located in Walbrzych cover the area from 20 ha to 50 ha, have a height
of from 60 m to 105 m and the volume of between 9 million m?® to 23 million m?.
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"Table 4. Land subsidence and anthropogenic denudation intensity in the Walbrzych Basin
basing on the morphometric analysis of topographic maps from 1884, 1925, 1939, 1976 and 1996
"Tab. 4. Osiadanie powierzchni terenu oraz nat¢zenie denudacji antropogenicznej na podstawie
analizy morfometrycznej map topograficznych z lat: 1884, 1925, 1939, 1976 i 1996

Anthropogenic denudation (in mm/year)

Specification Rock mass subsiding (in m) Denudacja antropogeniczna (w mm/r.)
Wyszczegdlnienie Osiadanie gérotworu (w m) diversification average
zréznicowanie Srednia
Watbrzych coal mining area _ .
Zaglebie Waibrzyskie =14 9125 67
Watbrzych Basin . _
Kotlina Watbrzyska 3-14 27-125 76
Kuznicka Basin 1-3 9-97 18

Kotlina KuZnicka

It is estimated that they store from 24 million to 61 million tons of accumulated
mining waste. Consequently, those forms significantly influence the substrate cau-
sing deformation of the ground. In the foreground of one of Walbrzych dump it was
observed that there are noticeable deformations of the ground (undulations) with
a height of 1 mand length of 20 m. Similar forms are located in the coal mining areas
of Upper Silesa in Poland and Ostrava-Karvina in the Czech Republic (Klgczar 1952;
Dulias 2013). In the Walbrzych coal mining area no research concerning substrate
deformation caused by dumps has been conducted.

The scant information concerning the influence of vibrations caused by rail traffic
on the subsidence of terrain in Walbrzych is included in the report entitled Mining
Areas Conservation Programme (1985). However, the information is not supported
by any research.

Certain discrepancies were noticed when comparing the intensity of anthropogenic
denudation determined based on coal and gangue excavation with the pace of that
process calculated using the results of geodetic measurements. Based on the results
of geodetic measurements it was determined that the average rate of anthropoge-
nic denudation in the Walbrzych Basin amounted to 115 mm/year, while for the
KuzZnice Basin to 73 mm/year. Assuming that the basis of calculation is the amount
of excavated coal and gangue, it was determined that anthropogenic denudation
in the Watbrzych Basin amounted 96 mm/year and in the KuZnice Basin 36 mm/year.
Small differences between obtained values concerned the Watbrzych Basin rather
than the KuZnice Basin, which is connected with a more developed subsidence
measuring network and a longer period of regular measurements conducted in the
Walbrzych Basin in comparison with the Kuznice Basin. In the first of the aforemen-
tioned areas there were 28, while in the second only 3 precise levelling points. What
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is more, in the Watbrzych Basin regular measurements of subsidence were conducted
since 1912, while in the Kuznice Basin only since 1955 (Program ochrony... 1985;
Piniriska 1993; Wéjcik 2011). The KuZnice Basin is also an area where an intensive
coal exploitation began later (after 1950), and the excavation of this raw material was
considerably smaller than in the Walbrzych Basin. The abovementioned facts serve
as an explanation of differences between the values of intensity of anthropogenic
denudation in both basins obtained using different methods.

When comparing the pace of anthropogenic aggradation and anthropogenic
denudation and their geomorphic consequences it needs to be emphasized that the
first of the aforementioned processes was more dynamic. In the years 1865-1996
the average annual pace of anthropogenic aggradation in the Watbrzych coal mining
area amounted to 328 mm, while the intensity of anthropogenic denudation was
five times lower (66 mm/year). The disproportions in the dynamics of the analy-
zed processes were notably smaller in the Walbrzych Basin than in the KuZnice
Basin (307 mm/year and 96 mm/year; 455 mm/year and 36 mm/year). The pace
of the anthropogenic aggradation in both basins in the years 1945-1996 increased
in comparison to the earlier period — 1865-1944. During the aforementioned
periods, the intensity of anthropogenic denudation increased slightly only in the
KuzZnice Basin, while in the Walbrzych Basin a decline of the pace this process was
noticed. Additionally, a more considerable spatial differentiation of intensity of the
analyzed processes was noted in the Watbrzych than Kuznice Basin. In the first
of the aforementioned areas anthropogenic aggradation and denudation ranged from
217-1818 mm/year and 5-341 mm/year, while in the second from 315-914 mm/year
and 34-101 mm/year.

A characteristic feature of anthropogenic denudation in the Watbrzych coal mining
area in the period 1865-1996 was a positive denudation balance ("Tab. 5), which
was significantly diverse both in time and space: for the KuZnice Basin it amounted
to +419 mm/year, while for the Walbrzych Basin +211 mm/year. The rate of denuda-
tion balance in the years 1945-1996, when compared with the period of 1865-1944,
increased considerably from 180 mm/year to 382 mm/year. This trend was characteristic
for both basins ('Tab. 5).

The intensity of anthropogenic aggradation and denudation during the last
130 years of mining in the Watbrzych coal mining area notably exceeded the
dynamics of natural aggradation and denudation. According to Jorica (1979, 1985)
the vertical growth of sediments in the Pelcznica Valley (Walbrzych Basin) since
the beginning of the 20th century amounted to, on average, 10 mm/year. A layer of
sediments with a thickness of 1 m consists of coal duff from settling ponds. Nume-
rous places in the Pelcznica Valley are places of “coal trail” (Jorica 1960; Wéjcik
2011). In the Lesk Valley (KuZnice Basin ) the pace of natural aggradation amounted
to 7 mm/year (Program ochrony... 1985). In the Kuznice Basin anthropogenic aggra-
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"Table 5. Denudation balance of the Waltbrzych Basin area for the period of 1865-1996 based

on coal and gangue extraction

Tab. 5. Bilans denudacyjny Zaglebia Watbrzyskiego dla okresu 1865-1996 na podstawic

wydobycia wegla i skal ptonnych

Anthropogenic denudation | Anthropogenic aggradation | Denudation balance
Specification (in mm/year) (in mm/year) (in mm/year)
Wyszczegdlnienie Denudacja antropogeniczna | Agradacja antropogeniczna | Bilans denudacyjny
(w mm/r.) (wmm/r.) (wmm/r.)
Watbrzych coal mining area
(until 1996)
Zagtebie Watbrzyskie 66 328 +262
(do 1996 1.)
1865-1944 75 255 +180
1945-1996 57 439 +382
Watbrzych Basin
(until 1996)
Kotlina Watbrzyska % 307 21
(do 1996 1.)
1865-1944 115 236 +121
1945-1996 77 416 +339
KuZnicka Basin (until 1996)
Kotlina KuZnicka 36 455 +419
(do 1996 .)
1865-1944 35 361 +326
1945-1996 36 598 +562

dation proceeded 65 times faster and in the Walbrzych Basin and 34 times faster
than natural aggradation.

The relief of the analyzed area is a group of natural and anthropogenic forms.
Natural terrain elevations located in the basins are mostly bigger than the neigh-
boring dumps. In the result of rock mass subsidence related to anthropopressure,
the natural surface of terrain was lowered by at least 18 m. The last 130 years
of development of mining was the time of the height difference increase by
150 m in the Watbrzych Basin and by 65 m in the KuZnice Basin. The differences
in height within the anthropogenic relief of the Watbrzych Basin are almost twice
as big as within the natural relief in this subsidence (150 m and 80 m) and similar
in the KuzZnice Basin (72 m and 65 m).

As a result of mining, flat surfaces and terrain elevations located in the bottoms
of basins underwent the process of undulation and subsidence; certain depressions
were filled with mining waste used to create dumps. Formerly flat surfaces were
transformed into depressions or elevations. In numerous locations the natural
relief disappeared and was replaced by anthropogenic forms. Intensive anth-
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ropopression lasting for 130 years led to the emergence of anthropogenic relief
inversion, a process defined by the author as such a terrain transformation which
led to creation of elevations in natural dips, and dips in flat and slightly convex
areas (Wajcik 1993, 2011).

When assessing the visual aspect of the anthropogenic relief, as opposed
to the natural relief of the Watbrzych coal mining area , it needs to be emphasi-
zed that visible results of anthropogenic aggradation are more distinct than those
of anthropogenic denudation. Dumps are the dominant elements of landscape
as they constitute the dynamics of the relief. Subsidence depressions cover conside-
rable areas, nevertheless they are not very deep. That is why those forms are difficult
to be noticed, even in the subtly diverse relief of the bottom of the basin. What
is more, they easily interconnect without a clearly marked border between natural
depressions. Subsidence depressions did not vitally influence the physiognomy
of the analyzed area relief.

Discussion

When compared to the coal mining areas of Upper Silesia, Ostrava-Karvina and Ruhr,
the Walbrzych coal mining area covers a small area (95 km2). What is more, it is located
in the mountains (Sudetes). The average intensity of anthropogenic aggradation in
the Watbrzych coal mining area in the years 1865-1996 amounted to 328 mm/year.
T'here was a considerable regional differentiation in the dynamics of that process: from
315-914 mm/year in the Kuznice Basin, up to 333-1818 mm/year in the Watbrzych
Basin. In the Upper Silesian coal mining area, the pace of anthropogenic aggrada-
tion, established based on the morphometric analysis, amounted to 1-9 mm/year.
The anthropogenic aggradation rate for selected dumps in the aforementioned basin
was considerably higher, as it amounted to 80-1258 mm/year (Wojciechowski 2007;
Dulias 2013). It also needs to be emphasized that the pace of the analyzed process
was faster in the Watbrzych coal mining area in comparison with other mining areas.
This phenomenon can be a result of the small area of the Watbrzych coal mining
area (95 km?) in comparison with the size of the Upper Silesia coal mining arca
(5,600 km?), mountainous terrain limiting the development of dumps, a high rate of
coal mining generated waste (1.6 ton of gangue for 1 ton of coal), as well as the storage
of large amount of waste on the ground surface (Czocher etal. 1978; Wéjcik 1993, 2011).

The intensity of anthropogenic aggradation in the Ostrava—Karvina region
(the Czech Republic) in the 20th century on average amounted to 440 mm/year
(Dulias 2013). The analyzed process underwent there faster than in the Watbrzych
coal mining area , because of, among others, a sixfold bigger amount of extracted
coal and, related to it, considerable amounts of gangue (1.1-1.8 ton of waste for
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1 ton of coal), as well as the fact that 35% of waste was stored on dumps (Scheibalova
2003; Dulias 2013).

One of the biggest areas of coal mining in Europe is the Ruhr (Ruhrgebiet),
where, as early as in 1939 and in the middle of 1950s, approximately 130 million
tons of coal was extracted per year. Later the extraction systematically decreased
and, in 1997, it reached the value of 35 million tons (Petsch 1982; Sroka 1999).
In the years 1960-1980, the amount of gangue per 1 ton of coal increased from
057 ton to 0.9 ton (Petsch 1982). According to Bell et al. (2000), 2-2.5 billion m?
of gangue was extracted in the Ruhr, of which 70% was transported to dumps. Those
forms cover an area of 26.6 km? According to Harnischmacher (after Dulias 2013,
2016), in one of the areas in the Ruhr , covering an area of 28.8 km?, the volume
of stored mining waste amounts to 80 million m®. The ground level elevated there
on average by 2.8 m, in a pace of 29 mm/year. In comparison with the Watbrzych
coal mining area (328 mm/year), the pace of anthropogenic aggradation there
is 11 times slower.

The average intensity of anthropogenic denudation in the Watbrzych coal mining
area Basin in the years 1865-1996 amounted to 66 mm/year and was higher than
in the Ostrava-Karvina mining area (47 mm/year). Nevertheless, the diversification
of the pace of this process in various places located in the aforementioned mining
areas was more substantial in the Ostrava-Karvina region than in the Watbrzych coal
mining area (28-136 mm/year and 36-96 mm/year).

In the years 1883-1993, the average rate of anthropogenic denudation in the Upper
Silesia mining area (21 mm/year) was considerably slower than in the Watbrzych
coal mining area (66 mm/year). However, the diversification of the analyzed value
for the selected mining areas in the Upper Silesia (4—156 mm/year) was higher than
in the Watbrzych coal mining area (25-115 mm/year) (Dulias 2013).

In the Ruhr the average value of anthropogenic denudation in the previous
century amounted to 15 mm/year (Dulias 2013) and was four times lower than
in the Watbrzych coal mining area . Also, the spatial diversification of that process was
lower in the first of the aforementioned basins (5-40 mm/year and 25-115 mm/year).

A characteristic trait of anthropogenic denudation in the Watbrzych coal mining
area during the last 130 years of coal extraction is a positive denudation balance
(on average +262 mm/year); as a comparison, the denudation balance in the Upper
Silesia in the aspect of mining anthropopressure was negative in the years 1883—-1993
(=13 mm/year) (Dulias 2013).

The author’s research, as well as data included in the cited publications indicate
that the average intensity of anthropogenic denudation in coal mining areas was
diverse and ranged from a dozen or so to several dozen of mm/year and, locally,
even to a hundred and several dozen mm/year. The pace of natural denudation
in the mountain areas is by far slower than the intensity of anthropogenic denudation
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(Dulias 2013). That is why, the claims of the precursors of the research in this field,
Marsh (1864), Fischer (1915) and Scherlock (1923), that, even as early as in the 19
century, human activity was the main factor of relief change in mining areas, i.a. in
Great Britain and Germany, are fully justified.

Conclusion

T'he Watbrzych coal mining area is located in two minor Sudetes basins: Watbrzych
and Kuznice. During the last 130 years of coal mining activity, a complex of anth-
ropogenic relief consisting of dumps, settling ponds and subsidence depressions
emerged in this area. Among the crucial geomorphological processes related to coal
mining taking place in the analyzed area there were: anthropogenic aggradation
and anthropogenic denudation. The result of the first of the aforementioned pro-
cesses was the terrain elevation, while the other resulted in lowering of the ground
surface. The elevation of the terrain took place in the area of 4.26 km?, where the
anthropogenic strata with a volume of 93.5 million m?® was stored. Rock mass subsi-
dence occurred on the area of 36 km? and the total volume of the decline amounted
to 215.8 million m®. The average pace of anthropogenic aggradation amounted
to 328 mm/year and was considerably diverse in time (1865-1944: 255 mm/year,
1945-1996: 439 mm/year) and space (the Watbrzych Basin: 236-416 mm/year, the
KuzZnice Basin: 361-598 mmy/year). The average intensity of anthropogenic denu-
dation amounted to 66 mm/year, and it also varied in time (1865-1944: 75 mm/year,
1945-1996: 57 mm/year) and space (the Watbrzych Basin: 77-115 mm/year, the
KuZnice Basin: 35-36 mm/year). In comparison with other mining areas in Poland
and Europe, the average pace of anthropogenic aggradation in the Walbrzych coal
mining area was significantly faster than in the big mining areas of the Upper Silesia
and the Ruhr, while slower than in the Ostrava-Karvina region, which resulted from,
among others, the substantial amount of gangue for each ton of extracted coal and
the considerable amount of waste stored on dumps. The intensity of anthropoge-
nic denudation in the aforementioned areas was also diverse, as the average pace
of this process in the past century was highest in the Walbrzych coal mining area
(66 mm/year), while in the Upper Silesia it was three times lower (21 mm/year),
in the Ruhr four times lower (16 mm/year) and in the Ostrava-Karvina region lower
by approximately 30% (47 mm/year). It needs to be emphasized that the intensity
of anthropogenic denudation at a local scale was more diverse than it is suggested
by the averaged above data. In numerous parts of the Walbrzych coal mining area
the intensity of anthropogenic denudation was considerable (341 mm/year) and
mostly higher than in other coal mining areas. In the years 1865-1996 the intensity
of anthropogenic aggradation significantly exceeded the pace of anthropogenic
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denudation. What is specific about the anthropogenic denudation process in the rese-
arch area is a positive denudation balance (on average +262 mm/year); as a comparison,
in the Upper Silesia in the years 1883-1993 the denudation balance was negative
(on average —13 mm/year). A result of the influence of aforementioned processes
is the emergence in the Walbrzych coal mining area of the anthropogenic relief with
bigger height differences (150 m) than those occurring within the natural relief (80 m).
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