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7.1 INTRODUCTION

The aim of this chapter is to provide the readers with limited technical knowledge about the field of mining
with an overview of the dimensions of water management in mining. It describes the range of water
management tasks required and provides information on how water management challenges can be
addressed.

Mining is the extraction of raw materials from the Earth’s crust by construction of surface openings (open
pits, shafts, adits, inclines), the extraction of raw materials from the host rock by means of treatment plants,
the dumping of residues in waste rock heaps or tailings ponds, the drainage and lowering of groundwater in
large areas and all related transport activities. Mining activities require the management of water resources in
the surface and underground watersheds. Commonly, mine site rehabilitation is also considered a mining
activity, which includes the revitalization of mining areas after the extraction of raw materials. Technical
measures for this are the groundwater rebound after switching off the pumps (mine flooding), the closure
and dismantling of the mining facilities, the covering of heaps and tailings facilities and the reclamation
of the land used for mining and their landscaping.

Water management plays a substantial role in all phases of mining and in all types of mining
activities (Griinewald, 2001; Tiwary, 2001; Wolkersdorfer et al., 2020). During the exploration
phase, extensive hydrogeological studies must be carried out to allow comprehensive planning for
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the subsequent mine drainage including flood protection, water supply and disposal, disposal of liquid
processing residues as well as to initiate the respective water management approval procedures within
the overall permitting procedure framework for the mining site. As a rule, a hydrological-
hydrogeological site model is created using the results of the site exploration, which provides
information on the hydraulic properties of the subsoil in order to predict future dewatering scenarios
(Rapantova et al., 2007).

In addition to the geotechnical and hydrogeological site exploration of the extraction site, the water
management activities during the exploration and site preparation include the planning and
implementation of processes for (1) lowering the groundwater level, (2) disposing of groundwater and
wastewater, and (3) planning of development of facilities for processing wastes from the site. Both liquid
and solid residues need to be addressed (Dold, 2008; Fields, 2003; Pepper et al., 2014; Younger &
Wolkersdorfer, 2004). While solid residues are deposited on waste rock dumps, processing residues are
dumped into sedimentation basins called tailings ponds. Depending on the rock composition and target
raw mineral, these tailings ponds may contain potentially toxic substances that are used to process the
rocks to extract the target minerals. For example, in the case of gold mining, cyanide is used as a
solvent; in the case of uranium mining, acid or alkaline solutions are used. The pollutant-containing
suspension is deposited into the tailings ponds, so that the sediment can settle and thus forms a sediment
layer with an excess water level. Furthermore, flood protection measures must be planned for all
mining facilities.
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Figure 7.1 Exemplified preparation of extraction by site exploration; top left: rock permeability with
consideration of tectonics, top right: map with the routes implemented in the model, bottom left: calculated
groundwater corridor distances, bottom right: groundwater balance plans as the basis for the scenario
calculation.
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Thorough water management preparation during the exploration and site preparation phases is key for
successful water management during the extraction phase (Dold, 2008). For planning the water
management of the extraction site, methodical baseline data collection is carried out, to determine the
water balance (natural and anthropogenic groundwater recharge, marginal inflows, groundwater
abstraction), geological setting (drilling data, geological maps), hydrogeological situation (hydraulic
parameters in coarse rock and bedrock) and the planned mining (mining crack, the location where the
ore will be extracted). These data are used to build the hydrogeological and hydraulic model for the mine
site (Figure 7.1).

Basic preparation steps for commissioning of a mine can be quite extensive (Figure 7.2), and the
dimension of water management in mining is illustrated by numerous photos hereafter.

7.2 WATER MANAGEMENT DURING MINE OPERATION

During the extraction of raw materials, liquid and solid waste (such as treatment residues, wastewater) is
generated for which disposal facilities must be planned. In some cases, the mining residues might be
toxic if the treatment has been carried out with chemicals. For economic reasons, these disposal facilities
are close to the mining activities and must be equipped with appropriate safeguards against potential
environmental emissions. The planning of waste disposal facilities for liquid waste concerns industrial
landfills (tailings ponds) and solid waste rock dumps (Ritcey, 1989). In addition, water treatment plants
might be necessary, in particular when mine water with elevated concentrations of potentially toxic
elements or acidity is formed during the excavation of the deposit. Usually, this occurs when geogenic
iron (di)-sulphides (pyrite, marcasite, pyrrhotite) are oxidized by water and oxygen; in this case,
sulphuric acid reacts with the host rocks, forming Acid Mine Drainage (AMD) (Blowes et al., 2014;
Evangelou & Zhang, 1995; Wolkersdorfer, 2008). Water management activities during the extraction
process include groundwater and mine water management, the operation of the water supply and
disposal, the disposal of liquid processing residues in tailings dams (Figures 7.3 and 7.4) and mine
flooding protection.

The planning of tailings dams has to be carried out according to the recommendations of the
International Commission on Large Dams (ICOLD), which issues bulletins on dam safety management.
ICOLD is an international non-governmental organization aiming to share professional information and
knowledge of the design, construction, maintenance, and effects of large dams (any dam above 15 m in
height), and leads in setting standards and guidelines to ensure that dams are built and operated. ICOLD
presently has 30 Technical Committees, which issue bulletins with ‘state of the art’ recommendations for
engineers to ensure long-term geotechnical and environmental stability for tailings pond dams (Bowles
et al., 2007). Depending on the dimension of the mining site and extension of the processing activities,
tailings ponds can cover as much as several hectares and be several tens of meters deep. They contain
the processing sludge that is undergoing sedimentation and thus gets separated into a solid and a liquid
phase, which is called pore water or interstitial water and, usually, is contaminated with the processing
residues.

The term mine water describes all water that circulates in the mine, comes into contact with the
underground or open pit host rocks or raw material. It does not include the processing water, and it is not
necessarily polluted. Usually, mine water with the highest environmental relevance is AMD, which is
mine water with a pH below 5.6. It forms when iron (di)-sulphides in the rock are oxidized and not
enough buffering minerals exist. The acidic environment in the mine water provides optimal conditions
for the solution of metals and metalloids from the surrounding rock. As a result, acid mine water is
usually highly mineralized. If it is not treated and is not prevented from spreading, large amounts of acid
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Figure 7.2 Exemplified scheme of mine design and mining process. (Key. Black font: activities related to mine
preparation and operation; blue font: water-related flows and activities; brown font: waste-related flows or

activities)

Figure 7.3 Example of an operating mine tailings pond in South Africa (left) and Chile (right). (Photographs:
left, Petra Schneider; right, Christian Wolkersdorfer)
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Figure 7.4 Example of the dimension of an operating mine tailings pond in South Africa. (Photographs: Petra
Schneider)

mine water can flow into nearby rivers or pollute the groundwater, as can be seen in many regions of the
world like South Africa and Spain. (Olias et al., 2004; Sarmiento et al., 2009) (Figure 7.5).

AMD represents a major challenge in mining practice, because (1) it is heavily polluted and (2) there are
mining sites where it is produced in large quantities. A classic method for treating AMD is liming (i.e.
neutralization by means of calcium carbonate, calcium oxide, calcium hydroxide or sodium hydroxide).
This method of treatment results in potentially dangerous residues that must be disposed of
appropriately. Currently, there is no industrial-scale method for obtaining economic benefit from mine
water; as a result, treatment and disposal still represent the best option available for handling of mine
water. The level of toxicity of the material flushed into tailings ponds may also be affected by treatment
that has occurred in the mining process. Metal and energy minerals are often treated with chemicals; the
highly polluted wastewater resulting from this treatment process is flushed into tailings ponds as well.

Aggregate mining typically has less effects on water quality, as this type of mining is carried out without
chemicals, and the target raw materials rarely contain pyrite or marcasite. Nonetheless, aggregates mining
also requires sound water management, with a focus on water supply (such as dust control and sanitation)
and flood control. Aggregate quarries operators usually maintain a sedimentation basin for rain and flood

Figure 7.5 Examples of Acid Mine Drainage (AMD) from South Africa (left) Rio Tinto mine, Spain (right).
(Photographs: left, Christian Wolkersdorfer; right, Petra Schneider)
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Figure 7.6 Example of an aggregates mine and the respective extraction and processing installations in the
Sevilla region, Spain (left) and increased sedimentation due to aggregates mining in the Nakku Khola River,
Kathmandu Valley, Nepal. (Photographs: left, Petra Schneider; right, Christian Wolkersdorfer)

retention, but also for the provision of service and extinguishing water (Figure 7.6). Another type of
aggregates mining that has a substantial effect on watersheds is sand dredging from rivers. Shortage of
sand to support urban construction is a pressing problem in many areas, such as South East Asia;
unsustainable sand mining is often accompanied by massive geotechnical and ecological hazards
(Kondolf, 1997).

7.3 WATER MANAGEMENT DURING MINE CLOSURE AND
REHABILITATION

When the economically viable potential of the raw material is exhausted, mining rehabilitation should begin.
Most mining sites that require landscape rehabilitation are large (Figure 7.7). Usually, the use of the area for
mining has had a substantial effect on the regional water balance system, as water regulating vegetation may
have been removed and natural watersheds drained. The stage of mine closure and rehabilitation provides an

Figure 7.7 Dimensions of mining: active lignite mining site Janschwalde (Germany, left); former iron mining
area Rio Tinto (Spain, right). (Photographs: Petra Schneider)
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Figure 7.8 Example of a flooded open cast mine in the Lusatian area of Germany. The embankments are
equipped with stabilising materials. (Photographs: Petra Schneider)

opportunity to restore ecosystems and aquifers (Heikkinen et al., 2008; McHaina, 2001; McKenna, 2002;
Sheoran et al., 2010; Slingerland & Wilson, 2015), though rehabilitation of most mining sites requires
decades of restoration work (Sheoran et al., 2010; Slingerland & Wilson, 2015).

In order to insure that funding will be available for the rehabilitation of mining sites, financial reserves
must be built up during the operational phase. In addition to mine closure and dismantling of the facilities,
backfilling and flooding of the mines may be required. In this case, groundwater recovery management is
necessary, probably including water treatment. In most instances, the first step in the reclamation of the
mining affected environment is to drain the pore water from the tailings and to cover the waste and
tailings storage facilities. Polluted pore water is treated in a wastewater treatment plant.

Open pits, particularly those resulting from lignite mining, will often be flooded. In the frame of mine site
rehabilitation, flooding refers to the cut-off of the drainage systems in order to allow the natural surface and
groundwater to enter the mine through shafts and adits or to fill an open cast excavation (Melchers et al.,
2019). Mine flooding is a rehabilitation activity that can take several years or even decades.
Large volumes of water are necessary that would then be unavailable for other purposes during the
flooding period (Figure 7.8). Flooding measures are closely connected to other geotechnical measures
that are necessary (e.g. the stabilisation of the embankments of the future lakes). In addition, a chemical
stabilisation might be required in case AMD is generated during the flooding process (Johnson &
Hallberg, 2005).

Water management during closure and rehabilitation work in the extractive industry typically requires
groundwater retention (Figure 7.9, left) as well as the construction of water diversion channels
(Figure 7.9, right). This is especially true, when several mines on a mining site are undergoing
rehabilitation at the same time, as in the case of the ‘Lusatian Lakeland’ in Germany (Figure 7.10). In
this area, water was diverted to flood open cast mines, developing these lakes into a tourist area. The
diversion channels used to flood the mines were also used to support recreational use of small boats by
tourists (Lintz et al., 2012).

Tailings pond rehabilitation is a challenge during the whole mine closure process, as the fine sediments
are not always settled after mining ceases due to strong pore water pressures. To ensure long term safety of
tailings ponds, a methodology using verticals drains has been developed (Wismut GmbH, 2019). Usually,
the supernatant water is pumped off to take off free pore water from the surface. Pore water from the
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Figure 7.9 Rehabilitation of lignite mines: the case of Lusatia (Germany). Left: groundwater management,
right: flooding water channel to fill an open cast mine chain. (Photographs: Petra Schneider)

remaining sedimentation layers is drained off through vertical drains. Holes are drilled into the processing
sludge (typically 3 m deep) to introduce vertical drains. Stabilisation of the complete system is performed
through a geogrid, underlain by geofabric and drain mats (Figure 7.11). In general, the layered system is
covered with 1 to 2 m of mineral soil or waste rock material to force tailings consolidation.

Both the extracted pore water and the supernatant water usually need treatment (Wismut GmbH, 2019).
In principle, the approaches used entail mechanical, chemical or biological methods or a combination of
these (Wolkersdorfer, 2008). Due to the size of the sites and the lengthy time required for the mine water
treatment, the extractive industry often employs passive water treatment methods which are based on a
combination of aeration and biological treatment e.g. with microorganisms (Baker & Banfield, 2003;
Espana et al., 2005; Gazea et al., 1996; Kleinmann et al., 1981; Martinez et al., 2019; Neculita et al.,
2007). These mine water treatment methods are designed to occur in open basins (e.g. constructed

Figure 7.10 Flooding water channels for transport of water during the rehabilitation process. After
rehabilitation, these channels serve as waterway for small touristic boats. (Photographs: Petra Schneider)

Downloaded from http://iwaponline.com/ebooks/book/chapter-pdf/852841/9781789060676_0073.pdf

bv auest



Dimensions of water management in the extractive industries 81
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Figure 7.11 Stabilisation technology for tailings ponds: vertical drains in combination with a stabilisation
package made of geofabric, drain mats, and geogrid. The system is covered with 1 to 2 m thick mineral soil
or waste rock material to force consolidation. (Modified from Wismut GmbH, 2019)

wetlands) and are located at the bottom of the mine water outlet (Figure 7.12). Further chemical treatment
options for metals include the use of reactive materials (Schneider ef al., 2001).

Typically, the remaining waste rock dumps must be rehabilitated as well. In practice, the remediation
approach depends on the pollution potential. While sites with lower pollutant potential are often not
surface sealed (Ludwig et al., 2003) and, as a preferred solution, are often left to be remediated by
natural plant succession (Sweigard et al., 2017), waste rock dumps with higher pollutant potential or in
close proximity to protected areas usually need to be covered (Ludwig et al., 2003). A further after-use
for biomass production might also be taken into consideration for sites with a small pollution potential
that are left to natural plant succession (Bungart et al., 2000). For sites that require a mineral sealing, this
sealing may involve a hydraulic barrier (mineral sealing layer with a permeability coefficient of <1 x
107? m/s and a thickness of about 50 cm), or pure mineral layers, which form a gas and dust barrier and
serve as root space for plants. A special mitigation solution for waste rock dumps with a very high
pollutant potential can be reactive horizontal barriers (Schneider et al., 2002).

Aggregates mining quarries are usually reused (Oswald et al., 2018) with different approaches, including
industrial heritage tourism (Edwards ez al., 1996). After appropriate geotechnical safeguarding, potential uses
for reuse of quarries include swimming, fishing, as semi-natural habitat; or as a soil deposit or waste landfill.
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Figure 7.12 Example of a passive mine water treatment system in South Africa (left), and the Rio Tinto area,
Spain (right). (Photographs: Petra Schneider)

7.4 ENVIRONMENTAL IMPACTS OF MINING ACTIVITIES

By nature, mining usually causes substantial environmental damage; sometimes this damage is irreversible.
In addition to damaging nature and the landscape, mining often affects both the quantity and quality of the
water in the catchment area. Water resources are subject to competing usage claims as a result of mining
activities. Strict control on the amount of water withdrawn for mining should be enforced by a water
management authority. The municipal community is also often faced with major challenges from mining
in its environment, as mining unleashes emissions such as dust and noise, in addition to the damage to
nature and landscape. The licensing procedure for mining should require environmental impact
assessment in the preparation phase, as well as an environmental management plan in the operation
phase. In some countries, legislation requires an environmental and social impact assessment.

Assessment of the effects of past mining and treatment activities on the environment is critical for
defining the precise requirements of the rehabilitation work that will be needed at the conclusion of the
project, in order to justify the spending of funds for this purpose and to monitor the success of the
rehabilitation measures. As a result of the long-term nature of the monitoring programs, an optimized
approach is required for monitoring equipment and procedures, as well as for the frequency, dimension
and accuracy of the monitoring network installed during or after the rehabilitation work. A financial plan
and an institutional framework are also required for implementing the monitoring plan.

7.5 SOCIAL IMPACTS OF MINING ACTIVITIES

In many regions of the world, extraction of resources through mining is a way to greatly enhance the
economic performance of a region. Plans to mine often create a polarizing effect on the local population.
On the one hand, the economic benefits that the region can derive from active mining are seen when the
mining operator takes its social responsibility. However, this also presupposes that its corresponding
benefit sharing takes place with the municipalities concerned and their inhabitants. Implemented in this
way, mining activities can bring about a societal upswing associated with job creation and increasing
prosperity. There are numerous examples on a global scale for this. On the other hand, resistance to
mining activities is increasing in many regions, as has been the case in recent years, for example in
Romania and Ecuador. At the forefront of resistance to mining activities is an awareness of the need to
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protect natural resources and biodiversity, coupled with a recognition that mining has not always been done
in a manner that protects either nature or communities. For these reasons, mining activities should reflect a
consensus decision between all protected goods and stakeholders, and should only advance when a social
license to operate has been secured.

The Lusatian mining area in East Germany provides a well-defined example of the social effects of
mining and its closure in a region. While 30 opencast mines in Lusatia were used for lignite mining
during the socialist German Democratic Republic (GDR) era and employed 75,000 people, there are
currently four active open pits left where people find work (Welzow-Siid, Jinschwalde, Nochten,
Reichwalde). However, many workers are engaged in mining rehabilitation to give the region a new face
and a future. Twelve open pits have been flooded in the Federal States of Brandenburg and Saxony since
the political change in East Germany, forming a total water surface of about 8,000 ha. However, it
should not be forgotten that since 1924, 80 villages were dismantled because of lignite mining (Forster,
1995); local memorials remind future generations of these modifications (Figure 7.13, left). In order to
keep the mines dry, it was necessary to drain the groundwater down to depths of up to 150 m. As a
result, streams and wetlands dried out, which now are partially irrigated. In addition, the soil structure
changed, resulting in extensive land settlements (sometimes up to distances of 15 to 20 km in the
Lusatian region). The use of land in the Lusatian lignite mining areas resulted in a total deficit of around
13 km? of groundwater in 1990. Today, the deficit amounts to around 6 km?.

In Lusatia, an ambitious project has been developed with the Lusatian Lake District to give the region a
new future after the remediation has been completed. One example is Lake Geierswald (Figure 7.13 right), a
former lignite open pit that has been flooded since 1973, which now has a size of 653 ha and a depth of up to
34 m (Lausitzer Seenland, GmbH, 2019). However, the ability to link such visions for the future with plans
for new mining ventures presuppose that during the active mining period, the mining operator will provide
financial reserves to finance the refurbishment costs and to ensure that these are not transferred to the
taxpayer. Most countries with active mining have such regulations in their mining laws to ensure this
funding. In practice, however, these regulations are not always enforced.

The need to assess and mitigate the economic and social consequences of mine closure results in the
conclusion that the involvement of the local service and material suppliers may be critical in terms of

Figure 7.13 Period after mining: memorial for a village that was removed for lignite mining in Lusatia,
Germany (left), floating houses on a flooded open cast lignite mine for touristic purposes at Lake
Geierswald, Germany. (Photographs: Petra Schneider)
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obtaining the approval of the community and other local and national related authorities for carrying out the
rehabilitation works. Consequently, the remediation concept from each site needs to be correlated as much
as possible with these issues. The remediation strategy for a site also needs to consider feasible post-mining
use scenarios that could be supported by remediation investments.

7.6 ROLE OF FINANCIAL GUARANTEES

Financial guarantee is defined as the obligation and responsibility of the natural or legal entities carrying
out mining operations under an exploration license or permit, to supply the financial funds required for
the environment rehabilitation. For the European member states, Directive 2006/21/EC of the European
Commission (EC) on the management of waste from the extractive industries (EWD) (EU Parliament,
2006) provides ‘measures, procedures and guidance to prevent or reduce as far as possible any adverse
effects on the environment and any resultant risks on human health’ from the management of extractive
waste. This Directive obliges the competent authority to ‘require a financial guarantee, prior to the
commencement of any operations involving the accumulation or deposit of extractive waste in a
waste facility’. The EWD requires the Member States to ensure that the operator draws up an
extractive waste management plan (EWMP). This EWMP includes a ‘proposed plan for closure,
including rehabilitation, after-closure procedures and monitoring’. Beside the Directive 2006/21/EC,
a main regulatory frame is given through the Directive 2004/35/EC of the European Parliament and
of the Council of 21 April 2004 ‘on environmental liability with regard to the prevention and
remedying of environmental damage’ (EU Parliament, 2004). In general, ‘a financial guarantee is a
promise to assume responsibility for another entity’s financial obligation if that entity is unable to
meet its obligation’ (Chaudhari, 2017). Directive 2006/21/EC recognises the ‘importance of
guaranteeing that the taxpayer is not left with the financial burden of environmental clean-up and
rehabilitation of mining liabilities, as has often been the case in the past and thus, requires a
financial guarantee to be lodged by the mine operator prior to the commencement of deposition
operations in the waste facility’ (MonTec, 2008).

7.7 CONCLUSIONS AND OUTLOOK

Mining activities cause large-scale and often irreversible interventions in nature and landscape, but are also
required to ensure the provision of mineral resources. Water management plays a substantial role during
exploration, development, mining and mining rehabilitation.

While the active mining phase involves hydrogeological site exploration, as well as planning and
implementation of groundwater lowering, water supply and disposal, the construction of waste disposal
facilities and flood protection in the rehabilitation phase with demolition of the mining facilities is in the
focus of the activities. This involves the backfilling of cavities and flooding of the mines, the
management of the groundwater recharge with the associated water drainage and treatment, as well as
the sealing of waste rock dumps and tailings ponds including their rehabilitation.

Regardless of whether mining is in the active or decommissioning phase, the dimension and
challenges of these tasks are usually enormous. Large quantities of rock and water have to be
moved, and existing land uses have to be abandoned. This results in competing usage claims, and
often, a high cost to residents when mining is officially approved. Often the water demands of other
water users are subordinated to those of the mining industry. The priorities of residents and the
long-term health of the local ecosystem should play a substantial role when mining projects are
considered, licensed, and monitored.
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