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Abstract: Despite ever-increasing material extraction on the global scale, very few studies have
focused on the relationship between mining activities, overburden, and landfilling. This is mainly
due to the lack of statistical data. Yet, large mining activities cause environmental strain to the
natural environment, and are often cause of irreversible alterations to the natural landscape. To
circumvent this problem, we develop a methodology that employs the digital elevation model and
land cover to detect and analyze mining and landfilling site over time. We test our methodology
with the case of Germany for the years 2000-2010. We then confront our results with statistically
available data, to verify whether this methodology can be applied to other countries. Results from
the analysis of satellite data give 15.3 Pg of extracted materials and 7.8 Pg of landfilled materials,
while statistics report 29.4 Pg and 1.8 Pg, respectively. This large difference was likely due to the
different frequency of recording, where satellite data was updated after 10 years, while statistics
were reported yearly. The analysis of the anthropogenic disturbance with spatial information can
effectively contribute to observe, analyze, and quantify mining activities, overburden, and landfills,
and can thus provide policy makers with useful and practical information regarding resource usage
and waste management.

Keywords: anthropogenic disturbance; digital elevation model (DEM); land cover; mining;
overburden; remote sensing

1. Introduction

1.1. Material Stock and Flow Analysis and Anthropogenic Disturbance

The global resource extraction, in-use stock, and waste flows are growing faster than ever, with
concerns regarding the depletion of natural resourses in the name of economic development [1-4].
Material stocks are essential to the development of societies as they support economic activities and
provide essential services, yet to continue to operate they require a continuous input of materials
for their maintenance and replacement [5,6]. Moreover, this continuous maintenance inflow is
associated to a roughly equivalent amount of resources which are removed in the form of waste [3].
Understanding the long-term global dynamics of stocks and flows of materials is essential to achieve
the decoupling of the economy and material consumption [7,8], and this topic is being investigated by
many researchers qualitatively and quantitatively tracking material flows to develop databases and
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indicators [4,9-11]. The accounting of material stock and flow also plays important roles to monitor
the decoupling of natural resource use and environmental impacts from economic growth [12]. The
material stock of nations and cities are accounted for employing different methodologies, such as
statistical reports [13,14], or material inventories [15-17]. The rapid urban development experienced
by many countries in the 20th century has been putting unprecedented pressure on the natural
environment, public health, and air quality of many large urban areas [1,18,19]. Moreover, despite
efforts in ensuring high construction standards, the overall trend of the construction lifespan is
shortening over time [20,21], hence contributing to the increase of the overall yearly throughput of
materials [22]. Research to understand the environmental impacts associated with material extraction
and waste flows is thus essential for making sustainable management plans at both the city and
national scale [23,24]. Moreover, having a clear understanding of the scale of national and local waste
flows is an important issue for regional planners and politicians [25].

However, compared to the number of studies on material stock, inflows, and outflows, only a
handful of publications have focused on the anthropogenic disturbance of upstream and downstream
material flows. Anthropogenic disturbance is defined as all the mining, soil excavation, infrastructural
and urban development, cut and fill operations, and waste landfill, which cause large-scale disturbance
to the flora, fauna, and landscape of the ecosystem, altering often irreversibly the local environment
and topography [9,18,26-28]. Any soil and mineral moved to allow the initiation of mining operations
or construction project, but not used for any economic purposes, is defined as overburden (In the past
these flows were defined as ‘hidden flows’, but more recent publications and material flow manuals
refer to them as ‘overburden’) [9,11,29]. This kind of material flow is primarily associated with open-pit
mines, but can be found, albeit to a much lesser extent, in nearly all construction activities [23,30].
Overburden and its associated anthropogenic disturbance are increasing on the global scale, yet, as
noted by Bringezu and colleagues [18], there is not yet a standard common framework to systematically
account for it. The total material requirement (TMR), defined as “the total mass of primary materials
extracted from nature to support human activities” [31] can show potential environmental impacts
associated with natural resource extraction and use, yet it cannot indicate specific environmental
pressures that cause destructive and irreversible effects on the natural environment [32]. It is thus
fundamental to develop a framework for estimating the material overburden through the monitoring
of domestic extraction.

1.2. Digital Elevation Model Applications in Industrial Ecology

Digital elevation models (DEMs) have been used for the analysis and modeling of
environmental, ecological, and hydrological phenomenon, and to monitor the evolution of the natural
environment [27,33-41]. Researchers have employed DEMs, which are digitalized models of the earth’s
surface, to investigate a wide array of spatial problems. DEMs have been used in a variety of research
fields such as geography, geology, and geomorphology to estimate the soil and earth movements,
which are caused by natural phenomena such as landslides, slope failures, and mountain stream debris
outflows [42—44]. Despite DEMs being valuable and useful for many research fields, the accuracy of
DEMs cannot be neglected and there is research on qualifying the DEMs error [45-49].

In the field of material flow analysis (MFA), DEMs have been applied to calculate the total material
requirement of residential buildings in a suburban area, with the inclusion of the overburden which
was excavated in the construction site [28]. They have also been used in time-series to generate the total
material requirement for a variety of mining areas [27,30]. Moreover, DEMs have found application in
estimating the demolition waste from non-residential buildings at a city scale [50]. One of the most
useful applications of DEMs is in the estimation of material overburden and land change of open mines,
which is possible through the comparison of different timeframes and statistics of mining activities [51].
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1.3. Objective

This study aims to clarify the dynamics of anthropogenic disturbance and quantify the overburden
of mining activities by presenting a novel methodology which relies on remote sensing techniques. This
methodology can quantify used and unused material extraction, as well as land restoration activities
(i.e., pit filling) and distribute this information spatially. To test our methodology, we applied it to the
German mining sector, and crossed our results with both top-down and bottom-up accounts to check
for their validity. Furthermore, we evaluated our results against the Japanese mining sector, to identify
commonalities and differences between the two countries which have very different geographical,
economic, and historical characteristics.

This novel methodology can be especially useful in countries with poor statistics, as it does not
rely on national reporting, but on satellite images. As it is difficult to have an accurate and reliable
database regarding mining in developing countries, our methodology permits a rapid quantification of
metal ores, overburden, and landfill activities regardless of their geographic location. This is a first step
in creating a standardized methodology to systematically account for material overburden, as raised
by Bringezu and colleagues [18]. This study contributes to the sustainable management of mining
activities, as well as to the quantification of one of the most underreported data of the mining sector.

2. Method and Data

Germany is a highly industrialized country and has been the subject of much research related to
material consumption, material efficiency, and material stock and flow analysis [3,9,16,18,52-54].

We employed a top-down and bottom-up method as originally applied by Yoshida and
colleagues [51] to qualitatively understand the overburden of German mining activities. In the
top-down method, the Global Material Flows Database [55], the Environmental Waste Management
Record [56], and the Waste and Recycling Management Record [57] were used for accounting used
materials, unused materials, waste materials, and landfill materials between 2000 and 2010. In
the bottom-up method, we employed satellite data from the SRTM (Shuttle Radar Topography
Mission), ASTER GDEM (advanced space-borne thermal emission and reflection radiometer, global
digital elevation model) [58], ALOS (Global 25 m resolutions PALSAR-2/PALSAR/JERS-1 Mosaic and
forest/non-forest map) [59], and CORINE (coordination of information on the environment) [60] to
calculate the mass of materials moved in currently operating mining in Germany. We then compared the
results of total material extraction and final landfill disposals calculated through the two methodologies.

2.1. Top-Down Methodology: Global Material Flows Database and Federal Statistics

The Global Material Flows Database and the Federal Statistics of Germany were used for accounting
the mass of used, unused, waste, and landfill materials (Table 1).

Table 1. Statistical data of used, unused, waste, and landfill materials.

Type Data Source Agency Target Period Target Material
Used material  Global Material Flows  UN Environment International Industrial minerals, ores,
Database Resource Panel Global construction minerals, coal
Unuse?d Material Flows Database 2000-2010
material
Waste material Environmental Waste Federal Statistics Office of Municipal waste, mining material,
Management Record Germany (DSTATIS) waste from production and trade,
Landfilled Waste and Recycling German Environmental construction and demolition waste,
material Management Agency waste from treatment plants

The Global Material Flows Database [55] was compiled as a collaborative project amongst the
Vienna University of Economics and Business (WU), the Commonwealth Scientific and Industrial
Research Organization (CSIRO), the Institute of Social Ecology Vienna (SEC), Austria, Nagoya
University, and University of Sydney’s Integrated Sustainability Analysis (ISA), and can be used for a
variety of policy-oriented analyses of the economy and their environmental interactions. The database
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covers more than 300 different materials aggregated into 13 categories of material flows from 1970 to
2017 in more than 150 countries. In order to account for the mining activities of the entire country, we
selected used and unused material of industrial minerals, ores, construction minerals, and coal from
2000 to 2010.

The Federal Statistical Office of Germany (DSTATIS) is the leading provider of high-quality
statistical information of Germany, and we used its environmental waste record for accounting for the
total waste generation. Data on landfilling activities was retrieved through the German Environmental
Agency. For both datasets, we selected municipal waste, mining material, waste from production and
trade, construction and demolition waste, and waste from treatment plants.

2.2. Bottom-Up Method: Digital Elevation Model and Land Cover

In the bottom-up method we used DEMs, specifically ASTER GDEM and SRTM, for quantifying
the mass of transferred materials, while CORINE and non-forest map were used for detecting mining
and filling sites (Table 2 and Figure 1) [61]. We investigated the dynamics of anthropogenic activities by
measuring the area, depth, and volume of mining sites and landfills through the comparison of DEMs
for different time frames. DEMs also enabled the distribution of mining activities in space, thereby
allowing the observation of the environmental pressure and its evolution over time [27,30].

Table 2. Dataset of bottom-up method; DEMs and land cover.

Acquisition  Resolution DEMs Vertical

Type Dataset Agency Date (m) Accuracy (m) Feature
11 days STS-99 mission in
SRTM NASA 2000 90 10m 2000 produced by NASA
DEMs ASTER NASA Joint operation of NASA and
! 2010 30 7-14m Japan which covers 80% of
GDEM JAXA the earth

World’s first 10 m resolution
ALOS JAXA 2009 10 - map of the global forest and
non-forest area

Landcover Combination of several

CORINE EEA 2006 100 - satellite’s data that covers
most areas of Europe

DEMs for the entire world are now available online, created from stereo pairs or triplets of optical
images or data from synthetic aperture radar. ASTER GDEM and SRTM are raster datasets: Digitized
grids of cells of a fixed spatial resolution, with each cell having a value that represents the elevation
from sea level of the terrain in that cell. We calculated the elevation change due to material extraction
and fill by using the Minus Tool of the ArcGIS computer application, which can subtract the value of
the SRTM from the value of the ASTER GDEM on a cell-by-cell basis [62]. The SRTM represents the
bare ground elevation, while the ASTER GDEM includes all objects that lie on the ground surface (e.g.,
trees). Therefore, the elevation changes by the Minus Tool include not only material extraction and fill,
but also trees of forested area.

In order to eliminate the calculation error caused by the trees on the ground surface, we used
CORINE and non-forest map to exclude the forested area from the ASTER GDEM. Non-forest
map is produced through the classification of the intensity of backscattering in a 25 m? resolution
PALSAR-2/PALSAR mosaic, and the determination of forest is done according to the Food and
Agriculture Organization of the United Nations (FAO)’s definition (i.e., a natural forest which has an
area larger than 5000 m? (0.5 ha) with at least 84% occupation in the mesh) [63].

CORINE covers most of Europe in 44 classes with high spatial resolution, and it is based on
satellite data such as Landsat-5 (MSS/TM), Landsat-7 (ETM), Spot-4/5, IRS P6 LISS (IlI) and RapidEye,
and high spatial resolution satellite imagery data [60]. This data was already used by some countries
to semi-automatically determine the land cover by using GIS integration and generalization.
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Figure 1. Flow-chart of the bottom-up methodology.

Mineral extraction sites (open-pit extraction of construction material or other minerals), dump
sites (public, industrial or mine dump sites) and construction sites (construction development, soil or
bedrock excavation, earthworks) were selected according to the CORINE land cover to specifically
identify mining and filling sites. Note that the CORINE data cannot distinguish between landfill and
backfill sites (i.e., sites which accommodate generic materials coming from a variety of waste streams,
and sites which are refilled with the material dug out of it, respectively).

The following Equations (1) and (2) are used in the bottom-up method.

DE = WxBx Z(Vt,i ~Ve,) 1)

where DE denotes the total domestic extraction, V;; is the volume in 2010 at place i (ASTER GDEM),
and V. ; is the volume in 2000 at place i (SRTM), W is the mass-to-volume conversion factor (1.9 t/m3),
and B is the bulking factor (1.65).

F= Wx Z(Vt’i - Vtz,i) (2)

where F denotes the total filled materials, V}; is the volume in 2010 at place i (ASTER GDEM), and Vp ;
is the volume in 2010 at place i (SRTM), W is the mass-to-volume conversion factor (1.6 t/m?).

The mining volume through the bottom-up method is reported in the natural condition, which is
compressed by its own weight (i.e., bank volume), while the fill volume is reported after the excavation
(i.e., loose volume). In order to compare these results with the Global Material Flows Database,
Environmental Waste Management Record, and Waste and Recycling Management, which are reported
in mass units (i.e., tonnes), we applied a mass-to-volume conversion factor (1.9 t/m3) and a bulking
factor (1.65) to mining volume, and mass-to-volume conversion factor (1.6 t/m?) to the filling volume.

3. Results

3.1. Top-Down Method: Domestic Used and Unused Material Extraction

Results from the top-down methodology show that over time extraction had a slight decrease,
going from about 1.2 Pg in 2000 to 1.0 Pg in 2010 (Figure 2A) (note: 1 Pg = 1015 g =1 Gt). From 2000 to
2010, the total cumulative mass of used material extraction of Germany was 12.1 Pg, while the total
cumulative mass of industrial minerals, ores, construction minerals, and coal reached 9.32 Pg. The first
largest extracted material, namely construction minerals, occupied a constant share, approximately



Resources 2019, 8, 126

60%, for the whole duration of our period of study. After construction minerals, the second largest
extracted material was coal, which accounted for about 200 Tg in each year. The remainder of the DE
consists of industrial minerals, ores, other fossil fuels, oil, gas, other biomass, biomass forestry, biomass

food, biomass feed, and biomass animals.
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Figure 2. Results of top-down accounting for mining activities in German for years 2000-2010. (A) The
trend of used material extraction. (B) The trend of unused material extraction, i.e., overburden.
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With regard to unused extraction, over the 10 years studied the trend remained fairly constant at
about 1.9 Pg (Figure 2B). The total cumulative domestic unused extraction was 21.5 Pg, while industrial
minerals, ores, construction minerals, and coal tallied to 20.1 Pg. It is notable that 92.7% of the total
material overburden consisted of coal, which achieved 16.6 Pg in a decade. The average ratio of
German domestic extraction against overburden was 1:1.8, which means that to obtain 1 t of useful
materials it has been necessary to remove 1.8 t of overburden.

3.2. Top-Down Methodology: Waste Disposal and Fill

From 2000 to 2010, the yearly value of generated waste materials was 375 Tg (Figure 3A),
cumulatively totaling 4.1 Pg over a period of 10 years. Of this a total of 1.8 Pg was landfilled, albeit
with a decreasing trend (Figure 3B). Waste coming from buildings and infrastructures was disposed in
landfills as construction and demolition waste (C&DW), while waste coming from consumers was
collected and landfilled as municipal waste. Waste flows were dominated by construction minerals,
which had a share of over 50% of the total waste materials throughout the whole study period. However,
waste of construction minerals decreased from 254 Tg in 2000 to 193 Tg in 2010. These were composed
of soil and stone, rubble, road breaking, construction site waste, construction gypsum plasters. The
majority of soil and sand was used to backfill the void made by mining activities, which on average
was 73.6 Tg per year.

3.3. Bottom-Up Method: Material Extraction and Fill

The results of the bottom-up method show that, over a period of 10 years, the total mass of used
and unused material extraction accounted for 15.3 Pg, while the total mass of filled material was 7.76 Pg
(Table 3). The mining and filling area achieved 570 million m? and 390 million m?. The used material
include coal, ores, construction minerals, and industrial minerals.

Table 3. Total mass of material extraction and fill for Germany for years 2000-2010
(bottom-up methodology).

Type Mass (Pg) Area (Mm?)
Extraction 15.3 570
Fill 7.76 390

Figure 4 displays the change of ground elevation in Lusatia lignite mining district, where
yellow-red colors represent an elevation decrease (—104 m to 0 m), while azure to blue indicate an
elevation increase (0 m to +196 m) due to landfill. The elevation change by mining is measured in
natural condition (bank yard), i.e., compressed by own weight, since the elevation raise generated by
landfill is measured in loose condition (loose yard).
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Figure 3. Results of top-down accounting for waste generation and landfill activities in Germany for
the years 2000-2010. (A) Waste material generation. (B) Landfilled material.
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Figure 4. Ground image with elevation change by extraction and fill, Lusatia lignite mining district,
Brandenburg and Northeastern Saxony.

Mining and landfill sites are distributed throughout Germany (Figure 5). More than 70% of the
domestic extraction is occupied by construction minerals such as gravel, soil, and sand, which are
characterized by low commercial value and are widely available throughout the country (cf. Figure 2A).
Construction minerals are abundantly extracted throughout Germany in order to meet the demand for
construction activities in each urbanized area [51].

. Extraction

@

0 50 100 200 km
I R T I |

Figure 5. Distribution of extraction and fill sites.

In addition to mining sites, landfilling sites are also widely distributed throughout Germany
(Figure 5). Construction and demolition waste accounted for more than 60% of landfilled material
and, due to its low commercial value, it results unsuitable for long distance transportation, and results
hence filled at the closest disposal site (cf., Figure 3B).
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3.4. Top-Down and Bottom-Up Result Comparison

In this study, we employed two different and complementing methodologies, namely bottom-up
and top-down accounting, to analyze material flows relative to mining activities, overburden, and
landfill between 2000 and 2010 in Germany.

The cumulative result of the bottom-up method, which is based on a DEM, accounted for 15.3 Pg
of extracted minerals and 7.8 Pg of landfilled materials. Conversely, the top-down method, which is
based on statistical reports, reported an extraction of 29.4 Pg and landfill activities for 1.8 Pg (Figure 6).

(Pg)
40
M extraction
m fill
30
20
10

0 .

Bottom-up accounting Top-down acounting

Figure 6. Comparison of results of bottom-up accounting and top-down accounting.

4. Discussion

4.1. Estimation of Overburden by Comparing Results of Top-Down and Bottom-Up Methods

The gap between the bottom-up and top-down accounting for extraction, 15.3 Pg and 29.4 Pg
respectively, is 14.1 Pg (cf., Figure 6). To estimate the amount of unused extraction for the bottom-up
method, we can subtract from 15.3 Pg the amount of reported used extraction from the top-down
method (9.3 Pg), which results in 6.0 Pg (Figure 7A).

This method of estimation of unused materials has been already been tested for the case of
Japan [51]. As proved by the mining and landfilling activity distribution displayed in Figure 5, there
are many instances where these two kinds of sites are adjacent to each other. This is done, in most
cases, to have a convenient place to treat and dispose mining overburden. Therefore, the difference of
6.0 Pg in landfilling activities could be assumed being the material overburden coming from mines.
This assumption is confirmed by being practically equivalent to the difference between extracted and
used materials as discussed earlier.

Conversely, according to the top-down accounting, 20.1 Pg of unused material were extracted
between 2000 and 2010, while our estimation of overburden from the bottom-up method is 6.0 Pg.
Which number represent the German domestic overburden correctly?
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Figure 7. Comparison of bottom-up accounting and top-down accounting. (A) Estimation of overburden
by comparing extraction and used materials. (B) Estimation of backfilled overburden by comparing
extraction and used and unused material.
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This difference between the two methodologies has three possible explanations but, as we will
see later, one is the predominant (Figure 7B). Firstly, the use of the land cover dataset, CORINE
and non-forest map. The thematic accuracy of the CORINE dataset is approximately 85%, which
could potentially be missing several mining and landfill sites. Since the ASTER GDEM includes
the elevation of trees on the ground surface, we used non-forest map to exclude the forest area.
This could underestimate the material extraction and fill in case a landfilled area was covered with
trees. Secondly, the vertical accuracy of the DEMs can easily influence the results of the bottom-up
accounting. The overall vertical accuracy shows RMS (route mean square) error of 9.34 m and 4.01 m
for ASTER GDEM and SRTM, estimated by using GPS benchmarks [49]. The error bars of the results
of bottom-up accounting show their estimates of volumetric change, 3.9 Pg and 2.7 Pg for material
extraction and fill (Figure 7). However, despite these two limitations, it is difficult to justify the absence
of 14.1 Pg. This is especially true as two different studies, conducted by Sugimoto et al. [64] and
Yoshida et al. [51], confirmed that the methodological accuracy of the volume calculated through DEMs
does not exceed 17%.

The third, and most likely cause for this difference, is to be ascribed to the temporal gap between
the DEMs. SRTM and ASTER GDEM are recorded only in 2000 and 2010. Mining and landfilling
activities happening within this temporal gap are thus not recorded and missing from our estimation.
Moreover, the official German statistics does not consider unused extraction as part of the landfilling
activities. This is a technical problem caused by the recording lag rather than an intrinsic limitation of
the methodology, as if the frequency of the records would be much higher (e.g., 6 months), it would be
possible to achieve much more robust results.

4.2. Geographical Changes of the German Landscape

Comparing the anthropogenic disturbance caused by mining activities in two industrialized
countries, namely Germany and Japan, we find some similarities and differences. Based on the
bottom-up accounting, in Japan between 1987 and 2005 the total area and volume of mining is
170 x 10° m? and 5.8 x 10° m> from 1987 to 2005 [51], while the German total area and volume of
mining is 570 X 10° m? and 4.8 x 10° m? from 2000 to 2010. The volume per area (m3/m?) of Japanese
and German mining is thus 34 m3/m? and 8.5 m3/m?, respectively. More than 70% of the Japanese
land is covered by mountain and hillocks, and 60% of all mining sites are located in mountainous
areas [30]. If Japan were to rely on large open pit mines, it would be necessary to fell forests and
move large amount of overburden in steep areas. For this reason, in Japan it is much more common
than in Germany to encounter underground mines. In the case of the large-scale mining activities of
non-metallic minerals used for construction, the typical ratio encountered in Japan for mined volume
per unit of area is 57-61 m3/m? [64,65].

The German mining sector has always played a major role in the German economy, and the
gross electricity generation in Germany in 2016 accounted for 40% by coal-fired power plants [66].
Coal is extracted in open pit mines that are wide and shallow, as confirmed by the mining volume
per unit of area (8.45 m3/m?), and many environmental and social impacts are related to the huge
demand of coal in Germany, while mining and landfilling activities find fierce opposition in local
communities [67-69]. The consistent amount of materials transferred to and from mining and landfilling
sites causes large-scale anthropogenic disturbance to the natural ecosystem, local communities, and
alter the natural topography. It should also be considered that environmental impacts are not limited to
the amount of materials which enter the economy, but also to the large amount of overburden caused
by mines [18,24,27].

Larger overburden has typically been accused of negatively influencing the natural environment,
on the other hand the impact of lakes in former open-pit mines and backfilled mines on the landscape
is unique to the Anthropocene [70]. Backfilled materials have been contributing to land reclamation,
redevelopment for economic purposes, and restoration of the natural environment [71]. Additionally,
some exhausted open pit mines located in flat land became semi-artificial lakes which are now
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supporting the local aquatic ecosystem and environment [72]. The analysis of geographical changes
can contribute to reduce land use conflict by landfilling of waste materials, tailing, and waste rock that
generate environmental impact [67], assesses the stress on the local ecosystem, and not only makes a
comparison of different countries in a common framework, but also gives us insightful information
that contributes to the sustainable management of mining and landfilling sites.

5. Conclusions

The transfer of materials between the ecosphere and the socio-economic sphere is increasing more
rapidly than ever, and the dynamics of material flows and stocks in the anthroposphere have been
explored by many researchers. Nonetheless, the MFA research regarding the environmental impacts of
upstream and downstream flows with spatially explicit information is limited, especially in countries
with poor statistics.

We employed a methodology that uses DEMs and land cover data to geographically analyze the
extraction and landfill materials in mining and landfill sites, using Germany as a case study.

A special feature of this methodology is that it permits tracing material flows from cradle to grave.
That allows for the estimation of the overburden, a flow that goes mostly unrecorded but is on the same
order of magnitude, or even greater, than the amount of materials that are recorded as mined. Research
on the anthropogenic disturbance with geographical analysis can be divided into two parts, locating the
target areas and measuring geographical changes. In this study, we utilized four types of independent
data, CORINE and non-forest map for locating mining and landfilling sites, SRTM and ASTER GDEM
for estimating the mass and volume of materials which have been excavated and landfilled. This
allowed for the discovery of the dynamics of anthropogenic disturbance and its relevance to material
flows of Germany between 2000 and 2010. The total area and mass of mining activities is 570 km? and
15.3 Pg, while the total area and mass of landfilling activities is 390 km? and 7.8 Pg. We also discussed
overburden, which is typically disregarded from mining reports because of its lack of economic value.
Overburden can cause serious adverse effects on the environment, however, if properly managed, it
can be actually useful for land restoration. The mass of backfilled overburden accounted between
6.0 Pg and 20.1 Pg, depending on the methodology that was adopted. Understanding the dynamics of
anthropogenic disturbance and its relevance to the upstream and downstream of material flows can
provide useful information for delivering sustainable mining policies as well as for the management of
resource extraction and waste.
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