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FOREWORD

The extraction of mineral resources is the foundation of a modern economy and society.
Since the Middle Ages, mining has played an important role in the prosperity of Germany
and Europe. However, this prosperity is not without consequences as mining has altered
the natural conditions of both landscapes and environments.

Water resources have been significantly affected, for example, by acid mine drainage
and by the release of pollutants from mine leachates. It is therefore important to protect the
environment and the surrounding ground and surface waters from the effects of mining.
Furthermore, where mining takes place in regions with limited water resources, optimizing
water consumption is essential in order to reduce competition for drinking water and agri-
culture. As well as a resource, water can also represent a threat to the safety of miners and
the public, e.g. underground leaks or groundwater re-rise, which affects the geotechnical
stability of mined ground.

In contrast to the risks and problems, recent developments show that mine water mao-
nagement creates opportunities to add value. Through selective extraction by enhanced
separation technologies, valuable elements can be recovered from mine water. Especially
in times of resource efficiency and raw material shortages, this recovery becomes more
and more significant. Another promising field is using mine waters as a possible source
of geothermal energy.

The International Mine Water Association (IMWA) deals with all these topics. The aim is
to develop and investigate all issues in connection with mine waters through scientific and
technological research. For this purpose, the international exchange between universities,
research institutions and the industry is of great importance. IMWA is the most important
infernational platform for connecting institutions in the field of mine water management.
During the annual meetings, experts from around the world come together and present
their latest research results and project experiences. The meetings take place at a different
location every year, so that the hosts have the opportunity to draw attention to specific
topics in their region or their particular expertise. The annual rhythm allows a frequent
introduction and discussion of new trends and results.

This year, the annual meeting of the IMWA is held in Germany for the third time. We thank
the IMWA for the possibility to host an annual meeting in Leipzig in the heart of the central
German mining areas. Our aim was to highlight the jointly achieved successes in creating
sustainable mining and post-mining landscapes, and also to present current projects in
our mining regions of central Germany and Lusatia. For 25 years remediation has been
performed in the region, particularly by the restoration company Wismut (remediation of
legacies of uranium mining in the federal states Saxony and Thuringia) and LMBV (Lau-
sitzer und Mitteldeutsche Bergbau-Verwaltungsgesellschaft, remediation of lignite open
pits, dumps and pit lakes). This has produced many interesting and valuable insights and
experiences, but at the same time, many questions as to the further development of the
affected mining areas in future still exist. In particular, partners from research, industry and
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the German government have focused on the regional water balance of active mining and
remediation industries. The results of years of experience are of international interest and
can serve as a basis for further discussion, development and knowledge transfer.

The host of IMWA2016 is the Chair of Surface Mining at the Institute of Mining and
Special Civil Engineering at the Technical University Bergakademie Freiberg. Since the
establishment of the institute, the scientific exchange through international conferences
and colloquia has been encouraged. The TU Bergakademie Freiberg, as a mining and
resource university, is a widely recognized institution among mining experts. The co-host is
Wismut GmbH, who this year looks back on 25 years of successful remediation of uranium
mining in Saxony and Thuringia.

The importance of collaboration with other research groups is already apparent in the
organization of IMWA2016. In addition to the host and co-host, numerous institutes and
companies from the field of mine water management in central Germany are involved in
organizing the IMWA2016 Annual Conference and thus contribute to its successful outco-
me. On behalf of the hosts and organizers, we therefore warmly welcome you to Leipzig
and wish everyone an interesting and successful conference.

Best regards and Glickauf!

ute. (AP2OOY /

Carsten Drebenstedt Miéhael Paul
TU Bergakademie Freiberg Wismut GmbH
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Rehabilitation of Water Resources induced by Large Scale Mining
in Germany

Klaus Zschiedrich, Eckart Scholz, Friedrich-Carl Benthaus

Lausitzer und Mitteldeutsche Bergbau Verwaltungs-GmbH, Senftenberg, Germany LMBY,
fc.benthaus@lmbv.de

Extended Abstract

Lignite extraction by open cast mining in the Lausitz and Leipzig mining area has had a high impact on
surface and subsurface water resources. During mining in 150 years, the water withdrawal from the
groundwater layer resulted in a deficit of more than 13 bil. m®. Furthermore, the water quality
deteriorated due to oxidation of pyrites minerals in the overburden. Finally, the ground water rise causes
a lot of problems due to construction work done in the meantime not respecting the final ground water
level. The overall aim of rehabilitation is to restore a stable, mostly self-regulating water balance in the
area, as well on quantities as well on qualities.

Fast flooding of more than 50 big open mine pits with water from nearby rivers and mines allows
economic stabilisation of pit slopes as well as water quality. An integrated water management system
had been installed on technical as well as organisational basis.This water management consists of a large
number of controlled in- and outlets, weir, pipes and monitoring wells. An innovative controlling and
steering entity (Flutungszentrale Lausitz) had been installed. Surplus waters from rainfall are diverted
for flooding mining lakes in the catchment area of river Spree, Schwarze Elster and Neifle. Furthermore,
sophisticated working tools to predict short and long term effects had been developed. Modeling long
term water balance (WBalMo) is carried out to use water streams on a daily basis. This steering
committee is supervised by water authorities of the Lander in order to fulfill the EU water frame
directive.
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Pit lakes and their run-off waters mostly do not meet the water quality requirement of discharge waters
[1]. Hence, water treatment by chemical compensation as liming as well biological neutralization is
carried out. Innovative liming technologies are developed with scientific support. A mobile treatment
plant will treat the water by floating on the lake surface. Optimizing the liming process, the effectiveness
on raw materials use has been pushed up. Further development work is carried out on test
implementation with hydro carbonate buffering with CO; gas injection.

While mining on large scale ceased in this area, the ground water table rose in recent years. Water
courses again are predominated by groundwater inflow. Large scale investigations have been carried out
in order to detect the most important sources of iron contamination along the river Spree. Increased
ferrous iron concentrations have been detected for example at highly permeable aquifers and the outflow
of former bog areas. In order to remove iron from the Spree river water, various treatment units were
designed and implemented. The concept for removing the iron followed the principles of simplicity in
process, low cost design and minimal chemical additions. Water treatment plants are reused today as
sedimentation ponds. Microbial treatment of groundwater shows good result significant by reducing
iron and sulfate in the groundwater.

Key words: Water management system, iron hydroxides, sulfates, innovative treatment, removing iron techniques

References
[1] Griinewald, U. Uhlmann, W. Perspektive See, Cottbus/Dresden 2012
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Progress and prospects of mine water management in the former
East German Uranium Mining Province

Michael Paul

Wismut GmbH, Jagdschdnkenstrafse 29, 09117 Chemnitz, Germany, m.paul@wismut.de

Extended Abstract
Uranium mining operations conducted from 1945 through 1990 in the East German uranium province
had left behind mining legacies of unprecedented dimensions.

When designing holistic remediation concepts for five mine and two mill sites the mitigation of
adverse impacts to downstream water courses was of key importance. Therefore, remedial work was
focused on concentration, conditioning and encapsulation of solid mine waste to ensure the
minimization of contaminant fluxes in the long run.

By the end of 2015 all mines have been decommissioned and chiefly flooded, while physical remedial
work on mine dumps, tailings ponds and plant areas is to a large extent completed. Notwithstanding
this, the operation of water treatment systems proved indispensable at six former production sites in
the medium term to ensure compliance with protection goals for receiving streams and aquifers.
During the period 2010-2015 total annual water treatment throughput amounted to approximately 20
million m?.

Since long-term water management will continue to require the provision of considerable resources,
optimisation of respective business procedures is one of Wismut’s key management tasks. Ongoing
retrofitting of 1% generation treatment plants relies on changes in water quantity and quality, cost
optimization, tightening of treatment standards, and advances in state-of-the-art technology. Projected
adaptions in existing facilities are aimed first and foremost at improving uranium removal and
optimizing residue disposal. Process combinations of ion exchange and fixed bed adsorption are under
consideration as alternative technology to lime treatment. Smaller satellite plants are being operated by
remote control and surveillance.

Geochemical long term processes, their prerequisites, boundary conditions and modes of action need
further investigation across scales and levels in order to detect, harness and enhance potential NA-
processes. In addition to uranium and Ra-226, the relevant spectrum of contaminants to be considered
for long term mitigation primarily includes As, Fe and sulfate.
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Waste or Resource? Extraction Potential from Acid Mine Drainage
for Useful Resources

D. Kirk Nordstrom

US Geological Survey, Boulder, Colorado, USA
dkn@usgs.gov

Extended Abstract

Acid mine drainage could be a source of hydrogen, metals, and gypsum for energy and com-mercial
products. For example, discharge from the Richmond Tunnel at Iron Mountain, California and the
Reynolds adit at the Summitville mine, Colorado, each release between 30 and 200 metric tons per year
of dissolved copper. For the period of 1994-2002, an estimated $6 million in copper and $14 million in
iron was discharged from Iron Mountain. Instead of treating this drainage water with lime or limestone
to produce an uneconomic sludge, the copper and other metals could be recovered and recycled into
resources for commercial products. Currently a low-iron water near Breckenridge, Colorado, produces
about 40,000 kg/yr of zinc by precipita-tion with sulfide and the insoluble material is shipped to a smelter
to enrich the feed in zinc for better recovery. A demonstration plant removing high-purity gypsum from
contaminated groundwater at a mining site in Arizona has been operating for more than 5 years. In
China, removal of copper from an acid mine water by sulfide precipitation has also been found to be
viable. The challenge is (1) to separate the valuable components from each other in a manner that is
efficient and economically viable, (2) to stockpile components in an environmentally safe manner, and
(3) to transport the separated components to an industry that can use them as source material for
production. Every site must be assessed individually to ascertain what types of extraction, stockpiling,
and transport are most appropriate.

Extraction techniques cover a wide variety including electrochemical, microbiological, evapora-tion,
precipitation, solvent extraction, ion exchange, and reverse osmosis. Many of these techni-ques have
been tried before with variable and usually limited success either from an economic or technical
perspective. However, from the point of view of getting aqueous contaminants out of the environment
and into recycled production, these technologies may be considered effecti-ve. With considerable
emphasis on sustainable practices today, these techniques need to be evaluated and re-evaluated,
improved, and further developed both alone and in combination for inactive and active mine sites.

Electrochemical techniques offer considerable versatility but can suffer from competing electro-de
reactions and high energy demands depending on the type of cells used. Copper cementa-tion, which
takes advantage of spontaneous electrochemical replacement of scrap iron by copper, is a very old,
efficient, and inexpensive technique that could be used at Iron Mountain and Summitville and many
other mine sites without applying electrical current. At many mine sites, tailings and/or waste-rock pile
leachates could be run through a copper cementation or solvent extraction plant. With the application of
current in specially designed electrochemical cells, hydrogen gas can be obtained as well as selective
removal of metals depending on pH and composition of the solution. Fuel cells can be built based on
iron oxidation and oxygen reduction.

Microbial bioreactors have been built for sulfate reduction to produce aqueous sulfide which can be
used to precipitate metal sulfides. Recent investigations have shown that microbial sulfate reduction can
be accomplished at relatively low pH (circa 3—4). The metal sulfides can then be transported to smelters
for metal recovery. Bioreactors also oxidize dissolved ferrous iron and precipitate ferric iron. With
careful control of pH, sulfate concentration, and ratios of ferrous to ferric iron, different iron phases can
be precipitated that include schwertmannite, jarosite, goethite, and magnetite with variable recovery of
other metals. In Canada, microbial degradation of thiocyanate and of the resulting ammonia and nitrate
is working efficiently on a large scale to remove toxic components from gold extraction to meet
regulatory discharge requirements.
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New techniques combining electrochemistry and microbiology such as microbial electrolysis of water
are opening up new avenues for potential application. This process of biocatalyzed electrolysis produces
hydrogen at much lower applied voltages than normally required.

Every wastewater needs to be carefully considered with respect to the components that need to be
removed, their marketability, and the energy and storage requirements. For each waste-water there may
be an optimal sequence of extraction techniques that benefits the industry and the environmental
concerns.

For inactive mines, the capital outlay for an optimal design could be expensive and difficult to fund but
at least some return on the finances could be realized rather than the current situation of substantial
remediation costs with no return of capital. However, for active or planned mines, resource-recovery
techniques could be introduced earlier to decrease environmental contami-nation, provide an additional
source of income, and reduce future liability.

Key words: Acid mine water, resource recovery, extraction
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Extended Abstract

World’s mining each year disposes or discharges into surface water billions of cubic meters of water
derived from dewatering of mine sites. In Poland, the water inflow to both open pit and underground
mine sites amounts to around 3.5 — 3.6 mln m® per day. 90 % of these water is discharged into surface
water. In terms of quality, c.a. 75% of mine inflow water, which is around 2.5 — 2.6 mln m? daily, is of
low mineralization, allowing for its direct use in economy. KGHM Polish Copper — the biggest Polish
ore metal mining company — pumps out from the rock mass around 26 million cubic meters of water
annually, of which around 23 million cubic meters are discharged into Odra river (www.kghm.com).
Due to qualitative parameters, very often this water might be used for further application in agriculture
or for drinking water supply. However, vast amount of mine water is of low-quality, is highly
mineralized and enriched in a number of components classified as impurity.

The main issue of modern mining, not only in Poland, is an inflexible and old-fashioned model of
water management. In this model, after pumping the water into the surface and its partial usage in
technological processes, the mine water is treated as sewage. After simple treatment processes it is
directed to the sewage system or to the surface water. This action very often causes a significant
change in river’s ecosystems.

An innovative approach to the mine water management relies on comprehensive analysis of
hydrogeological conditions and physico-chemical parameters of groundwater. These analyses should
be conducted during the ore exploration and mine planning stages. Furthermore, the current
monitoring of inflow water during exploitation is also indispensable. Accurate quantitative and
qualitative recognition of water coming from particular water-bearing horizons allows on precise
planning of the production as well as on proper prior planning of effective excessive mine water
management, along with maximization of useful compounds recovery, application for the purpose of
geothermal energy production or with usage in different branches of industry. It also makes
forecasting of processes connected with mine closure possible.

KGHM Polish Copper for the past 60 years has been extracting the copper ore deposit in three
underground mines: Lubin Mine, Rudna Mine and Polkowice-Sieroszowice Mine, located at Fore-
Sudetic Monocline in the South-Western Poland. The depth of extraction is diversified and it varies
from 400 meters in the South to 1200 meters in the North of the deposit. In the initial mining phase,
which covered the shallower, southern part of the deposit, the mineralization of inflow water
amounted to 350 — 500 mg/L, whereas now it amounts to 1 g/L. After the pumping out from the mine,
the water was almost entirely used in technological cycle, and its excessive amount was placed into
water pond at tailings facility. After the clarification, the water was directed into Odra river. Currently,
the inflow intensity in the southern area oscillates around 15-30 m® per minute, which constitutes to
around 90% of the total inflow to all three mine sites. Over the years, the exploitation also covered the
northern, deep parts of the deposit, where the inflow water is highly saline and mineralization amounts
to 100-150 g/L. The inflow intensity in this area does not exceed 3 m® per minute and generates
around 10% of inflow water volume. The waters derived from both areas are combined in the mine
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dewatering system, and in the form of saline water are being put into technological circulation at
processing plant, then to tailing facility and later on are re-directed to the Odra river.

The newest concepts based on detailed examinations of mine inflow water and drillhole tests of water
from the foreland of excavated area assume flexibility and optimization of mine dewatering system by,
among others, selective water discharge. Low-mineralized water are to be used in technological
processes, maximizing the cycle amount in the closed circuit. The best quality water are the potential
source for the crops watering and as fire reserve for the forestry, while during the wintertime it might
be discharged directly into the surface water without deterioration of its quality. Furthermore, the
concept assumes several other optional scenarios of brines application, that except of high
mineralization are also characterized by high temperature value (30 — 40 Celsius degrees) and are
enriched in many useful compounds (e.g. B, Li, Ba). Collected selectively underground might be a
material for cosmetic industry and for health resorts, a source of geothermal energy and a by-product
in the useful compounds recovery process and production of fertilizers for agricultural purposes.
Furthermore, the concept assumes purification of as large amounts of mine water as possible,
including technological water. After the process of mineral components recovery, placing the mine
water into absorptive parts of rock-mass will be conducted. These actions will make significant
reduction of discharge of impurities into Odra river possible. As a result, the minimization of
environmental royalties caused by the discharge will occur.

Key words: innovative mine water management, useful compounds recovery, mine water reuse, circular
economy
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Abstract

About 25 years ago the lignite industry in Eastern Germany underwent major changes in conjunction
with closing of many mines. In terms of water management rehabilitation this process has today
enormous impact, in addition to the sharp rise in current requirements of environmental, water and
mining law. In order for the various tasks can be mastered there was and still is the need for close
cooperation between the active mining and remediation mining.

The tasks that have to be done here, refer to the creation of good quality rest lakes and their integration
in the regional water balance and deal with minimization of impact from both active and abandoned
mines to ground water and surface waters.

In the following article, the measures, tools and methods are described, which play an essential role in
the water management of the East German lignite industry.

Key words: eastern German lignite industry, water management, water treatment, impact compensation

1. Introduction

Lignite mining in eastern Germany looks back on 200 years of history. It was and the extent of mining
is steadily closely linked to the political and economic interests of the state and the governments.

Due to political changes in the late 80’s of the 20th century in the former GDR the traditional lignite
mining areas in eastern Germany (around Leipzig and in Lusatia) underwent major changes. While alone
in the area around Leipzig 1989 20 mines has been operated, the number decreased to 11 until 1991 and
in 1995 has been 3 mines left. The extraction rate was lowered from around 100 Mio. t in 1989 (ca. 300
Mio. t in whole eastern Germany) to 19 Mio. t (81 Mio. t) in 2015. Because in one fell swoop around
85 % of the mines were shut down the mining industry faced enormous challenges concerning mine
reclamation and water management. As this could not be handled by the remaining mining operations,
which itself had been in economic transformation, the reclamation and water management of mines shut
down between 1989 and 1994 became state task.

Therefore today we still find the following structure in eastern German lignite industry:
- Vattenfall Europe Mining AG:
producing mines in Lusatian mining area (predominantly for power generation)
- MIBRAG mbH:
producing mines in Leipzig mining area (predominantly for power generation)
- ROMONTA GmbH:
producing mine in Leipzig mining area (predominantly for production of montan wax)
-  LMBYV mbH:

reclamation and water management of abandoned mines, shut down between 1989 and 1994,
state owned
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2. Water Management in Leipzig and Lusatian mining area

Particularly for water management of abandoned mines and with it for water management of the whole
mining areas the close cooperation of producing mining companies and mines in reclamation is essential.

The close cooperation can be illustrated focusing on Leipzig Mining area. South of Leipzig MIBRAG
operates the Vereinigtes-Schleenhain-mine and Profen-mine while LMBV is responsible for
reclamation of 7 abandoned mines (Profen-Nord/Werben, Zwenkau, Cospuden, Espenhain, Witznitz,
Bockwitz, Haselbach). The mines are located within an area of about 1.500 km?. As all mines belong to
the same catchment basin (WeiBelsterbecken), there are numerous water related dependencies and
interferences between the several mines.

Started to set up already in the 80°s, after 1990 the overall hydrological model “HGMS”, which covers
the whole mining area and includes all important mining related and other boundaries, became the basis
for all water related planning and operation. One of the most important aspects on this has been the
analysis of technological variants of flooding the abandoned mines. As there river water was not
available due to quantitative and qualitative reasons flooding the mines with water from dewatering
works in producing mines turned out to be the best available alternative. A pipeline with a length of 65
km, which connects the producing with the abandoned mines was erected and is co-operated by LMBV
and MIBRAG. From 1998 to 2015 about 500 Mio. m® mine water had been pumped from coal producing
mines to abandoned mines. Thus helped all partners, coal producer MIBRAG in water management,
mine reclaimer LMBV in realizing fast and cost-efficient mine reclamation and the region gaining
reputation from new perspectives in economy, recreation and nature protection.

Today there are widely reclaimed landscape and coal production nearby.

Both earlier and much more today minimizing the engagement of lignite mining on the water balance is
a mandatory requirement in order to be able to continue the operation of open pits in social consensus.
Water protection and water treatment have top of the agenda — in Leipzig and in Lusatian mining area.

In the Leipzig mining area the progress in water related restoration resulted in reduction of pumping
rate from operating mines to abandoned mines already in the last years and the rate will decrease further
in future. Along with worse quality in mine water and higher legal requirements it was necessary to
increase investments in water management in operated mines. These investments in Leipzig mining area
relate to water treatment and impact compensation and are based on 2 points:

- Regular forecasts on mine dewatering and its impact

- Strategic planning for a sustainable provision of mine water for compensating measures during the
complete mining period and during groundwater rise (f. €. well batteries, pipelines/pumping stations,
local solutions) considering mine water treatment (Mine water treatment plants, natural attenuation)

So already in 2010 in Vereinigtes-Schleenhain-mine a mine water treatment plant (MWTP) was brought
into operation with a deironising capacity of 60 m*/min. The iron content of the mine water of about 20-
70 mg/1 is reduced to less than 3 mg/I1.

In the year 2017 another mine water treatment plant will be put into operation in Profen-mine. This
MWTP will be able to handle mine water of about 120 m*/min, reducing iron content from 10-40 mg/I
to less than 1,5 mg/l. A substantial portion of the total amount of water treated in this plant will be used
for the most extensive compensating measures of MIBRAG (amongst a lot smaller measures) to equalize
the influence of dewatering works of the Profen mine on Weile Elster flood plain. About 25 m*/min
will be brought separately to the river Weille Elster upstream.

Facilities of the Lusatian mining area served as a model for the mine water treatment plants of MIBRAG.
Due to different boundary conditions and local requirements Vattenfall continuously operated MWTP’s
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all the time in its operating mines. But also here investments in mine water management increased for
several years — particularly with regard to compensating measures near the mines of Vattenfall.

For dewatering the Lusatian lignite mines in 2015 around 420 Mio. m*® mine water had been pumped.
Dewatering here just like in Leipzig mining area occurs preferably using vertical filter wells.

With respect to geological conditions in Lusatia mine dewatering forms a large drawdown cone.
Therefore Vattenfall tries increasingly to contain the groundwater lowering by constructing deep sealing
walls. Due to the history of mining in Lusatia and due to the duration of dewatering measures the effects
on groundwater are still significantly.

As a result of groundwater lowering a potential for conflict can arise, where is both the need for mine
dewatering and on the other hand the requirement to maintain surface water and water use. In order to
avoid the deterioration of condition of surface waters, also here compensating measures are necessary,
such as supporting the river flow by discharging purified water in it (s. c. eco-water, water purified in
MWTP which is used e. g. for waterbound ecosystmes ). Against this background the mine operator
takes measures to water treatment, water supply and impact minimization. This measures usually
focuses on the same points as in Leipzig mining area, supplemented by the following:

- Planning and construction of tie line for eco-water — impact compensation
- Planning and construction of sealing walls — impact minimization

21% of the pumped water is directly returned to bodies of surface water in order to be immediately
distributed and to contribute to a stable water balance. This water is of good quality and without elevated
ferric content. The remaining 79% is routed onwards to mine water treatment facilities (MWTP). This
water is distributed onwards as follows; 48% is discharged into the Spree River and Neisse River, with
a small share of this amount being discharged into the ecosystem; 31% is used in the lignite-fired power
plants as cooling water and service water. This pit water is required to operate the power plants. 90%
of the water used in the three power plants originates from the sump dewatering performed in the
opencast mines.

Vattenfall Europe Ming AG operates six mine water treatment facilities (MWTP), while Vattenfall
Europe Generation AG operates one such facility at the Janschwalde power plant in order to treat and
distribute the extracted pit water. Each year, these facilities retain 15.900t of iron, which is in the form
of alkaline water containing ferric hydroxide with a solids ratio of 2%. In a facility located at the interior
dump of the opencast mine Nochten (Tzschelln GWBA), the alkaline iron-hydroxide water (AEW) is
dehydrated by a third-party enterprise not belonging to the Vattenfall corporation, the solid matter is
then collected to manufacture iron granules serving water and flue gas purification purposes and put on
the market.

The hydraulic barriers/ Sealing Walls Vattenfall has constructed are already taking effect in countering
an exacerbation of the dewatering indicated problems. They are a unique differentiator of the mining
region of Lusatia as compared to other mining regions. As a consequence of the hydraulic barriers, less
water needs to be extracted, so that the region’s water balance is impacted less and, what is likewise
significant, less peripheral ferric oxide is laid dry. The hydraulic barriers are made of water-impermeable
clay; at present, they can be installed down to a maximum depth of 110 to 150m. To date, VE-M has
constructed approximately 25km of hydraulic barriers. A further 16km are in construction.

3. Conclusions

As stated previously, mine water management is one of the most important topics for eastern German
lignite mining companies. Thereby the coexistence of old mining and mines in operation plays an
important role for all water related planning, problems and problem solving. Water protection and water
treatment have top of the agenda — in Leipzig and in Lusatian mining area.
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Simulating mining-related reactive transport processes across
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Extended Abstract

Accounting simultaneously for both subsurface fluid flow and biogeochemical processes through
reactive transport modeling has become an essential tool for interpreting observed hydrochemical data
and to understand the processes controlling natural and contaminated subsurface systems.

Spatial scales of interest range from the pore scale to the regional scale and time scales of interest for
reactive transport problems may vary from minutes to 1000’s of years. Depending on data availability
to constrain model development and applications the chemical complexity addressed by the reactive
transport simulations often varies widely and typically decreases with increasing spatial scale.

This presentation will discuss several mining-related reactive transport modelling studies across scales
to illustrate current capabilities and the application of data-driven modelling approaches. The illustrative
examples will include laboratory-scale modelling underpinning the development of a novel arsenic
remediation technique, model investigations on improved uranium in situ leaching strategies, predictive
modelling for uranium mine closure scenarios and model predictions of the diffuse sulphate emissions
from a former mining district.
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Extended Abstract

The extraction of mineral resources and solid fossil fuels and the impact of the various extraction
technologies on the natural hydrogeochemical environment may result in a widespread diffuse
contamination of vast landscapes. Major symptoms of this contamination type are acidification and
extremely high mineralization of the (sub-) surface water with sulfate, iron and/or heavy metals. In
some cases, technological measures are successfully applied for an active remediation of the
environmental impact, in many other cases, however, the only appropriate way to manage such vast
diffuse contamination sources is the implementation of the natural attenuation concept.

Independently of the applied concept, successful remediation always depends (i) on a precise
determination of hydrogeological boundary conditions, (ii) on a suitable monitoring approach for
controlling the effectiveness of the measures and (iii) on a reliable prediction of future scenarios for
sustainability. In that context, stable isotope signatures are a very powerful tool for assessing the
dynamics that control the flow of water through the contaminated system and its hydrological
interaction with the surroundings. Also, stable isotopes are successfully applied for the identification
and quantification of biogeochemical transformation processes leading to a degradation of the
contaminants.

Besides basic concepts of stable isotope applications, two examples are presented that give insight into
the successful application of isotope tools for scientific governance of remediation measures. The first
example refers to an isotope based decision support related to the covering of a heavy-metal emitting
slag heap in a former copper mining region with an impermeable barrier. The second example shows
how isotope signatures can be used to predict the natural attenuation potential in a lignite mining
dump.

Key words: stable isotope signatures, flow dynamics, biogeochemical processes, natural attenuation
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Abstract

Mining activities are commonly associated with impacts on water resources. Water protection,
management and treatment is considered to be one of the most complex and costly issues of mining
activities. Water classification in general has become an important tool for assessment and management
of surface water bodies and several recognised systems exist for characterisation and classification of
water quality. A prominent example is the EU Water Framework Directive (2000/60/EC), which was
designed to classify surface waters according to ecological and chemical status. However, most water
classification systems are impractical for mine water assessment.

A review of specific mine water classification systems showed that the number is limited, frameworks
are predominantly geared towards Acid- and Metalliferous Mine Drainage (AMD/MMD) and
classification is mostly based on geochemical parameters. This approach could be called historical as
sulphide mineral oxidation has been the dominating water contamination process in mining for decades.
Consequently, other types of mining induced water contamination, such as salinity, are neglected in both
mine water classification and regulation. Non-metalliferous types of mine discharge/effluent are often
handled and regulated on a case-by-case basis or not at all, leading to uncertainty for key stakeholders
and in some cases to unnecessary deterioration of water quality.

A new mine water classification framework linked with water treatment is necessary if mine water issues
are to be addressed at a more comprehensive and consistent basis for multiple issues around the globe.
Successful application of interdisciplinary or impact-based systems has been demonstrated on a
regulatory level and the lessons-learned could be used for broader implementation. Based on a review
of existing frameworks the most important aspects and advantages as well as suitable classification
parameters were compiled. We then lay the foundation of a revised mine water classification framework
that would contribute to the improvement of mine water management.

Key words: Mine water, classification, Acid Mine Drainage, salinity, framework

Introduction

In the years to come the mining industry will face the challenge of adopting more integral and
sustainable practices all over the life-cycle of resource projects. Mine effluent in particular is a common
community and environmental concern, as it can have serious impacts on water quality, aquatic life,
ecosystems and drinking water resources. Because of decreasing ore grades and increasing scale of
mining activities, rock exposure to atmospheric conditions due to excavation, blasting, drilling and
subsidence as well as the sheer mass of waste rock, tailings and overburden is increasing over time. As
a result, water contamination, especially Acid Mine/Rock Drainage (AMD/ARD), has become the
number one problem associated with modern mining activities (Franks et al. 2014, Pokhrel & Dubey
2013). In this context, mine water management on a local, regional and national scale is one of the key
aspects of mining operation and regulation (IIED 2002). Differing international practices in assessment,
classification and regulation of mine water can be a limiting factor for the mining industry, impeding
transnational investment and at times denying downstream water resource users adequate pollution
protection.
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Classification of mine water can help avoid uncertainty amongst stakeholders and consequential adverse
effects on water resources by categorising mine effluent and providing information on typical
contamination processes, hazards, risks and suitable mitigation or treatment options (Wildeman &
Schmiermund 2004). Over time a number of classification systems have developed and been proposed,
reported or discussed in the literature (e.g. Younger 1995). The objective of this paper is to provide a
literature based review of the current status of mine effluent classifications and to make
recommendations with regard to future improvements and the development of a suitable framework for
more widespread application. It is noted that the terms mine discharge, effluent and drainage are used
interchangeably throughout the paper.

Mine Water Contamination

Contamination of mine water is usually the result of a number of different interrelated factors, including
but not limited to geological background, climate, geochemistry, biochemistry, commodity, mine type
and processing method. However, a number of prevalent processes are commonly associated with
mining activities. For decades attention of regulators, industry, research and communities has
predominantly been focused on AMD as archetypal mine water pollution. AMD is commonly associated
with low pH (1 — 5), low dissolved oxygen and high concentrations of toxic metals, metalloids and
sulphate (Morin & Hutt 1997). Beyond that, non-acidic Metalliferous Mine Drainage (MMD), also
known as Neutral Mine Drainage (NMD), has been distinguished and acknowledged as an independent
type of mine effluent in recent decades. MMD is commonly associated with circum-neutral pH (6 — 8),
low dissolved oxygen and medium to high concentrations of sulphate and metals that are soluble (e.g.
Cu, Zn, Cd) or insoluble (Fe, Al, Mn) under aerobic conditions. Even slightly enhanced iron content in
surface waters, not yet considered metalliferous, can lead to distinctive staining of creek-, stream- or
riverbeds due to ochre formation (Belmer et al. 2014, Gray 1996a).

Mine effluent or process water from non-sulphidic lithologies or low-sulphur coal and lignite mines can
be highly saline due to major cations and anions without containing elevated metal concentrations.
Because of the substantial change in water chemistry, this type of mine water must be considered as
contaminated, albeit being neither AMD nor MMD (Lincoln-Smith 2010, Palmer et al. 2010, Wildeman
& Schmiermund 2004, Wright 2011). In the literature this type of mine water is sometimes referred to
as Saline (Mine) Drainage (SD). SD is generally considered to be non-toxic to humans and ecosystems
(at least short-term), however, it can have serious long-term impacts on water quality, aquatic life and
the aesthetics of surface waters (Bernhardt & Palmer 2011, Canedo-Argiielles et al. 2013, Hall &
Anderson 1995, Lincoln-Smith 2010, van Dam et al. 2014). In general, water salinity is deemed
insignificant compared to AMD, as both perceived threat and visible effects are by far less prominent.
For this reason, it is much less frequently dealt with or described in studies and often no consistent
regulations exist, mandating mitigation or treatment (Wildeman & Schmiermund 2004, Wright 2011).
This grey area needs to be addressed by regulators to provide consistent protection of water resources
on the one hand and facilitate straightforward water management for mine operators on the other hand.

Mine Water Classification Schemes

Mine water classification approaches are usually tailored for a specific type of drainage, commonest
AMD/ARD as it is the worst and most prominent type of mine water pollution. The most important
classification frameworks and some minor ones specifically designed for mine water assessment are
described below.

Physico-chemical Classification

Classification of mine water is predominantly focused on water chemistry. Consequently, most
classification systems use physico-chemical parameters to distinguish between different types of mine
water. The most prominent example of such a system can be found in the Global Acid Rock Drainage
(GARD) Guide, an online-based open-source compilation of methods and technologies for the
prediction, prevention, mitigation, management and monitoring of mine water contamination with a
focus on AMD generation as a result of sulphide mineral oxidation (INAP 2009). The GARD Guide
classification framework is kept very simple and it should be noted, that the terms and characterisations
have been present in literature long before the GARD Guide. Mine water is categorised in three classes
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that are roughly outlined and defined by max. four parameters only (cp. Table 1). The lack of more
quantitative definitions is acknowledged by the authors.

Table 1 The GARD Guide mine water classification (INAP 2009)

GARD Guide classification Class description Thresholds
. . . e Acidic pH
Acid Rock Drainage / Acid and e Moderate to elevated metals e pH<6

Metallif Mine Drai
etalliferous Mine Drainage « Elevated sulphate

e pH>6
e Sulphate < 1,000 mg/L
e TDS < 1,000 mg/L

e Near-neutral to alkaline pH
e Low to moderate metals
e Low to moderate sulphate

Neutral Mine Drainage (NMD)

e pH>6
e Sulphate > 1,000 mg/L
e TDS > 1,000 mg/L

. . ¢ Neutral to alkaline pH
Saline Drainage (SD) ¢ Low metals (only moderate Fe)
e Moderate sulphate, Mg and Ca

Other mine effluents not deriving from sulphide mineral oxidation can be assessed as well, but as the
system is focused on dissolving and leaching of acid generating or neutralising minerals and salts, other
waters are categorised almost exclusively according to their sulphate content. In most cases this would
lead to SD or NMD classification, however, if little sulphate is present, saline mine water containing
vast amounts of major cations and anions could even be classified as freshwater.

The two to four-pronged GARD Guide classification approach (usually AMD/ARD — MMD/NMD —
SD — Freshwater) can be found in several other systems and definitions, such as the Canadian Mine
Environment Neutral Drainage program (e.g. MEND reports 1.16.1b, 1.20.1 and 10.1) and a number of
mine water classifications in international literature (e.g. AUS DITR 2007, Glover 1975, Hedin et al.
1994, Hill 1968, Morin & Hutt 1997, Wildeman & Schmiermund 2004). These physico-chemical
classifications are predominantly defined by pH, metal and sulphate content, which limits the framework
to AMD-related water pollution. Morin & Hutt (1997) tried to solve the problem by adding a fourth
class labelled “Other” to account for mine drainage from non-metal mines that is not primarily
characterised by pH or metal concentrations. A different, more itemised rating is provided by the Irish
Acid Mine Drainage Index (ARDI) and subsequent modifications (Gray 1996b, Kuma et al. 2011).
Another framework primarily concerned with pyrite oxidation and AMD formation was developed to
compare mine water of various origins by using a diagram with sulphate concentration on the abscissa
and neutralisation potential, as a cumulative parameter for acidic or buffering species, on the ordinate
(Schoepke & Preuss 2012). This system was developed with regard to groundwater seepage and pit
lakes from lignite mining and the applicability to other commodities is limited.

A more holistic approach was prepared by the Minerals Council of Australia (MCA) as part of the Water
Accounting Framework (WAF) for the minerals industry. The framework features three categories
according to water quality and treatment requirements for classification of water input and output of
mining operations and facilities (cp. Table 2). Assessment is primarily based on chemical parameters
such as pH, TDS and harmful or toxic constituents, and secondarily on biochemical constituents such
as coliforms or pesticides/herbicides. A level of treatment is assigned that would be necessary to achieve
human consumption standards as described in recognised drinking water standards (MCA 2014, Timms
& Holley 2016).

Table 2 The WAF mine water classification (MCA 2014)

WAF classification Class description Thresholds
e pH=6-8.5 TDS < 1,000 mg/L

Category 1 Minimal effort necessary to achieve e No turbidity after sedimentation, no/traces of

High water quality drinking water quality pesticides/herbicides or harmful constituents
e Coliforms < 100 cfu/100ml

Cate_gory 2 . Moderate treatment necessary for e pH=4-10, TDS = 1,000 — 5,000

Medium water quality individual constituents e Coliforms > 100 cfu/100ml

Category 3 Significant treatment necessary to

Low water quality aciieve satisfactory water qua{ity * pH<4or>10, TDS> 5,000 mg/L
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Both the GARD Guide and WAF classifications use pH and TDS as a primary water quality indicator.
However, whereas the GARD Guide is focused on sulphate concentration as the system is adapted for
sulphide mineral oxidation and AMD, the WAF classification uses a number of parameters that are
harmful to human health and provides a decision tree for simple categorisation. The WAF system
provides wide-ranging applicability, but as it was designed specifically for the minerals industry, the
decision tree lacks a component to account for AMD (e.g. sulphate). The WAF classification could form
the basis for mining related discharges to be accounted for in the Global Sustainability Reporting
Initiative (GRI). As discussed by Leong et al. (2015) and Mudd (2008), the EN22 indicator of the GRI
is to report the total volume of discharge by destination and water quality, so to understand the potential
for environmental impacts. However, there are no specific guidelines provided beyond these principles,
for which the WAF could provide a way forward.

Table 3 Mine drainage pollution classes (Hill 1968)
Hill (1968) Class description  Thresholds (Ac=Acidity [mg/L CaCO3])

Class | Acid drainage e pH=2.0-4.5 e Fe?*=500-10,000 mg/L e SO4= 1,000 — 20,000 mg/L
g o Ac=1,000—- 15,000 e Fe* =0mg/L o Al=0-2,000 mg/L
Class |y Partially oxidised o pH=3.5-6.6 * Fe?” =0-500 mg/L : /Sx?i:o o ogo—nio/,goo mg/L
and/or neutralised e Ac=0- 1,000 e Fe’"=0-1,000 mg/L g
Oxidised and o pH=6585 e Fe’ =0 mg/L * 504=500 10,000 mg/L
Class 11l neutralised/alkaline e Acidity =0 o Fe’"=0mg/L * Al=0mg/L
Neutral and not e pH=6.5-8.5 o Fe?"=0-500 mg/L : i(l)iz 5();) N 10700/0ng/L
Class IV oxidised . Ac=0 o Fe¥ =0 mg/L e Al=0-2,000 mg

An older framework can be found in Hill (1968), where classification is based on mine water chemistry
related to distance from pollutant formation (cp. Table 3). The categorisation proposed by Hill (1968)
is primarily focused on (natural) thermodynamic processes taking place with increasing distance from
the pollution source. Class Il mine water could be considered as the natural equilibrium after
incremental oxidation and neutralisation, comparable to actively or passively treated mine water. Apart
from the outdated focus on point sources the system is very similar to current classification schemes and
therefore displays the same limitations. This clearly shows, that approaching mine water classification
with a rather one-dimensional focus on sulphide mineral oxidation has not changed significantly in the
past 50 years.

Deposit Based Classification
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Figure 1 Ficklin diagram of natural waters (open circles) and mine waters (closed circles) draining diverse
mineral-deposit types (modified, cp. Plumlee et al. 1992, 1999)

The USGS developed an empirical system postulating that similar mineral deposit geologies produce
similar drainage water (Plumlee et al. 1999, Seal & Foley 2002). Databases were used to create the
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necessary geoenvironmental models of mineral deposits and results can be plotted in a classification
diagram. In these so-called “Ficklin diagrams” drainage pH is plotted against the sum of six dissolved
heavy metals (Cd, Co, Cu, Ni, Pb, Zn) typical for acid generating environments (cp. Figure 1).
Classification is based on these two indicators and combines one out of four pH-dependent attributes
(near-neutral to ultra-acid) with one out of four metal-content-dependent attributes (low to ultra-metal)
to form the respective category (Ficklin et al. 1992, Plumlee et al. 1992, 1999).

The diagrams are based on the assumption that effluent quality is largely dependent on geology and
climate, which is why the plots and diagrams can be used for AMD and MMD as well as for naturally
occurring ARD. As the system is based on deposit geology, the most important metals of sulphide
mineral oxidation (Fe, Al, Mn) are excluded, as their omnipresence would obliterate the connection
between background geology and effluent composition (Kuma et al. 2011, Plumlee et al. 1999).
Obviously, the system is unsuitable for saline mine effluent, as major cations and anions are disregarded
except for sulphate. The system is, however, highly applicable and meaningful for metal mines and can
be used to link deposit paragenesis and mine water pollution (Kauppila & Réisénen 2015, Seal & Foley
2002).

Chemical-ecological Classification

An environmental impact assessment (EIA) derived by the UK National Rivers Authority (now:
Environment Agency) estimates the impact of mine discharge on surface waters by assessing six
different chemical, ecological and visual impact categories (cp. Table 4). For each category four
subcategories (A = high; B = medium; C = low; D = none) are outlined with physicochemical impacts
specifications (Davies et al. 1997, Jarvis & Younger 2000, UK Environmental Agency 1996):

Table 4 UK classification of mine water impacts on surface waters (Jarvis & younger 2000)

Physicochemical parameter (in Impact on receiving waters

decreasing order of importance) A — High B — Medium C-Low D — None

Area affected [m?] Al:>10,000 B1: 1,000 -2,500 <10 0
A2:2,500-10,000 B2:10- 1,000

Length affected [km] >0.50 0.01-0.50 <0.01 0

Substrate quality for salmonid Rocks / stones / Bedrock / boulders artificial channel / B

reproduction gravel / rocks sand / silt

Iron deposition (visual) High Medium Low None

Total iron [mg/L] >3.0 2.0-3.0 <2.0 0

pH, DO [%], total Al [mg/L] 3 failures* 2 failures 1 failure No failures

*Failures: pH < 7; DO (dissolved oxygen saturation) < 70%; total Al> 1.0 mg/L

The classification system was successfully used to rank mine effluents and surface waters in the UK
according to severity of impact (Davies et al. 1997). In a second phase additional impact assessments
on benthic macroinvertebrates and fisheries’ potential of the respective surface waters were used to
determine an environmental quality index (EQI), which indicated sites with the most urgent need for
action (Banks & Banks 2001, Jarvis & Younger 2000). The system proved to be effective and
highlighted the benefits of a good classification system. Moreover, chemical and ecological aspects were
innovatively combined in a more holistic approach (Jarvis & Younger 2000). Although especially visual
and biological components make the application more difficult in terms of everyday use, the system is
nonetheless very useful from a rehabilitators and regulators point of view.

A simple, descriptive index for the assessment of biological impacts of mine effluent was developed by
Gray (1996a) with a focus on river bed substrate as the most important habitat for macroinvertebrates,
fish and macrophytes in lotic systems. The index is based on visual assessment of AMD precipitates
(ochre or yellowboy) in receiving watercourses and a qualitative indication of the severity is provided.
The system is very simple and inexpensive, but at the same time very limited, as only seeable iron
flocculation and precipitation and the consequential impact on substrate and biota are taken into account.
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Environmental Pressure Based Classification

A different approach for assessment and classification of mine water was developed and published by
Puura & D’ Alessandro (2005) by relating environmental pressures to mine water discharge. The system
uses water flow and quality to classify mine water discharge and to subsequently develop a ranking of
polluted mine sites. Effluent characterisation is based on “the number of times any environmental
standard (maximum permissible concentration, MPC) is exceeded” (Puura & D’ Alessandro 2005). The
system comprises five categories, incrementally representing the number of MPC exceedances (A =
>1,000; B=100-1,000; C=10-100; D=1 —10; E = 0). Results can be plotted in a graph with metal
emissions on the ordinate and MPC exceedance on the abscissa (cp. Figure 2). Ultimately, a pressure
factor (PF) is calculated (PF = log(MPC-exceedance) + log(flow rate)), which can be directly related to
the potentially polluted volume of clean water per day (Vpoitutea = 10°F).
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Figure 2 Metal emissions plotted against MPC exceedance (cp. Puura & D’Alessandro 2005)

The system is very versatile and can be adapted for different situations and purposes, including
individual and multiple contaminants as well as different mine sites, as long as respective environmental
standards are in place. Nevertheless, it did not receive much attention in literature.

A somewhat similar approach is described by Mullinger (2004), where the impact of mine discharge on
surface waters was ranked by incrementally scoring transgression of water quality standards for metal
loads (Cd, Cu, Pb, Zn) and ecological impacts. On this basis an environmental quality standard (EQS)
failure score can be determined for classification and ranking of different mine sites (Mullinger 2004).

Mine water classification and regulation in practice

As of yet, none of the mine water classification schemes described above is being used or referenced as
a standard classification system on a regular basis and transregional scale. The reason for this is that the
vast majority of studies related to mine water deal with AMD or MMD, where the category is obvious
and classification efforts would be redundant. Whilst strict regulations are in place for AMD and MMD,
most regulations fail to identify or classify other contaminants including turbidity and salinity. In cases
where limitations or trigger values are in place (e.g. for sulphate, sodium, EC, TDS etc.), these are often
ignored or discounted with reference to dilution (Belmer et al. 2014, Cafedo-Argiielles et al. 2013,
Palmer et al. 2010, Wildeman & Schmiermund 2004, Wright 2011). A current guideline for mine water
discharge quality in Western Australia allows for variations of +/~10% on natural seasonal background
water quality indicators (e.g. EC, TSS, DO, radionuclides) (WA 2000). These guidelines may be difficult
to practically achieve with limited baseline data for projects in environments with substantial seasonal
variation. At some mine sites in Australia (e.g. NSW OEH 2012), site specific triggers are developed
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based on eco-toxicity studies of local invertebrates, a more expensive but more effective approach than
adopting default national water quality limits for freshwaters as outlined in the ANZECC 2000.

Discharge limits are mostly determined on a case-by-case basis during the licensing procedure, varying
significantly from country to country (Puura & D’ Alessandro 2005). Although this makes sense in terms
of site specific background (especially catchment geology and climate), the environment and
downstream users of water resources (communities, agriculture, drinking water production etc.) are
usually the ones to live with the consequences of degraded water quality (Canedo-Argiielles et al. 2013,
Wright 2011). A large number of methods, tools and systems for characterisation and classification of
mine wastes can be found in the literature. However, mine water classification is lacking comprehensive
frameworks that are widely adopted in practice. This is surprising, as classification systems such as the
Richter scale, Kdppen climate classification, USDA soil taxonomy etc. are used in most natural sciences
to simplify the scientific dialogue and numerous studies exist for AMD/ARD prediction. A limiting
factor might have been the complexity of water pollution by mining activities. Classification systems in
general need to be straightforward, coherent and as comprehensible and simple in application as possible
(Horton 1965). A suitable classification framework specially tailored for mine effluent could be
beneficial in many different ways to the key stakeholders of mining activities (cp. Figure 3).
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typical types of mine water to provide a direct link between classification scheme and effective treatment options

Figure 3 Benefits and beneficiaries of a suitable classification framework

Another shortcoming of current mine water quality classification schemes is the lack of consideration
of water quality mitigation or treatment options. There are few independent guides available for first-
pass consideration of the suitability and limitations of treatment options (e.g. PIRAMID Guidelines or
US EPA Reference Guide 542-R-14-001). It is possible that classification schemes could be adjusted to
reflect options for treatment technologies (e.g. threshold TSS that reduces AMD treatment). However,
separate studies are therefore often required for consideration of technically feasible and cost effective
solutions to water quality issues through mitigation, active and/or passive treatment. Technologies for
water quality treatment are developing in part as a response to the rapidly growing market for mine
water treatment (Bluefield Research 2014).

Summary

This review of mine water classification systems reveals a long established focus on AMD and MMD.
For both mining regulators and operators acidity and metal toxicity are the major concerns, as the worst
impacts on water quality can be expected and strict regulations apply. For this reason it is not surprising
that almost all classification systems use pH and metal concentration as key characteristics for the
segregation of categories. However, this does not address emerging awareness of broader water quality
issues. Current systems are very vague in terms of mine water salinity, and sulphate is the only major
ion that can be found in multiple schemes as it correlates strongly with sulphide oxidation (Plumlee et
al. 1999).The importance of salinity and other characteristics (e.g. turbidity, toxicity) with regard to
water quality and impact on aquatic ecosystems is increasing worldwide and should find entrance into
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existing mine water classification systems to attract the attention of regulators and industry (Belmer et
al. 2014; Canedo-Argiielles et al. 2013). As of yet, none of the mine water classification schemes
described above is being used or referenced as a standard classification system on a regular basis.

It is challenging for one water classification framework to incorporate a broader range of relevant factors
and processes, yet remain practical for application (Horton 1965). However, assessment and subsequent
ranking of mine sites in the UK and Ireland using straightforward mine water classification has proven
effective and demonstrated the benefits and utility of such a system (Jarvis & Younger 2000). The same
can be said about application of the WAF framework by 90 % of mine sites in the Australian Hunter
Valley coalfield (Timms & Holley 2016). An improved and extended mine water classification
framework could be a valuable tool to help regulators close the remaining gap in water and mining
policies.

Conclusions / Recommendations

A revised mine water classification framework could play a major role in addressing mine water issues
on a larger scale and on a catchment, national and international basis. As water impacts are investigated
by numerous (local) experts from different disciplines and countries, it is recommended that the revised
framework be straightforward and based upon unambiguous, standard characteristics. A combination of
chemical, ecological and other key parameters (cp. Figure 4) is advisable as well as depending on the
water resource in question (mine discharge, surface water, groundwater). In addition, the classification
system should be applicable to any mining activity regardless of mine-type or commodity and describe
typical formation, occurrence, properties, hazards, management, mitigation, treatment and monitoring
options for defined types of mine water, as well as providing appropriate references.

Reduce grey areas between Provide a basis for revison of
Metalliferous Mine Drainage regulations, policies and
and Saline Drainage frameworks

Flow rate

Volume

Mine water
classification
software

Hydrological

TSS/TDS
Acidity/alkalinity

Important
aspects of a new
Turbidity fra mewo I"k Classification

Major cations/anions diagram/chart based
on a small number of
key parameters

Toxic elements

Physico-chemical

Heavy metals

Ecological

Macroinvertebrates
Biodiversity

Passive
treatment

Active
treatment

Figure 4 Recommendations for a new classification framework

Acknowledgements

The paper was prepared with support by UNSW Australia and BASE TECHNOLOGIES GmbH. We are especially
grateful for personal contributions made by fellow scientists.

References

AUS DITR (Australian Department of Industry, Tourism and Resources) (2007) Managing acid and metalliferous
drainage. Leading practice sustainable development program for the mining industry, ISBN0642725128, 96
pp.

Banks SB, Banks D (2001) Abandoned mines drainage: Impact assessment and mitigation of discharges from coal
mines in the UK. Engineering Geology 60(1-4), 31-37

Belmer N, Tippler C, Davies PJ, Wright IA (2014) Impact of a coal mine waste discharge on water quality and
aquatic ecosystems in the Blue Mountains World Heritage area. In: Proceedings of the 7th Australian Stream
Management (ASM) Conference, 27.-30. July 2014, Townsville (Australia), 285-291

24



Proceedings IMWA 2016, Leipzig/Germany | Drebenstedt, Carsten, Paul, Michael (Eds.) | Mining Meets Water - Conflicts and Solutions

Bernhardt ES, Palmer MA (2011) The environmental costs of mountaintop mining valley fill operations for aquatic
ecosystems of the Central Appalachians. Annals of the New York Academy of Sciences 1223(1), 39-57

Bluefield Research (2014) Water Solutions for Global Mining: Competition, costs & demand outlook, Market
Insight 2014-2019 . Bluefield Research, LLC., Boston, 72 pp.

Caiedo-Argiielles M, Kefford BJ, Piscart C, Prat N, Schifer RB, Schulz CJ (2013) Salinisation of rivers: An
urgent ecological issue. Environmental Pollution 173(1), 157-167

Davies G, Butler D, Mills M, Williams D (1997) A survey of ferruginous minewater impacts in the Welsh
coalfields. Journal of the Chartered Institution of Water and Environmental Management 11(2), 140-146

Ficklin WH, Plumlee GS, Smith KS, McHugh JB (1992) Geochemical classification of mine drainages and natural
drainages in mineralized areas. In: Proceedings of the 7th International Water-Rock Interaction Conference,
Park City (Utah), July 1992, 381-384

Franks DM, Davis R, Bebbington AJ, Ali SH, Kemp D, Scurrah M (2014) Conflict translates environmental and
social risk into business costs. Proceedings of the National Academy of Sciences, 111(21), 7576-7581

Glover HG (1975) Acidic and ferruginous mine drainages. In: The ecology of resource degradation and renewal.
Proceedings of the 15th Symposium of the British Ecological Society, 10.-12. July 1973, Oxford, 173-195

Gray NF (1996a) A substrate classification index for the visual assessment of the impact of Acid Mine Drainage
in lotic systems. Water Research 30(6), 1551-1554

Gray NF (1996b) The use of an objective index for the assessment of the contamination of surface water and
groundwater by Acid Mine Drainage. Water and Environment Journal 10(5), 332-340

Hall LW, Anderson RD (1995) The influence of salinity on the toxicity of various classes of chemicals to aquatic
biota. Critical Reviews in Toxicology 25(4), 281-346

Hedin RS, Nairn RW, Kleinmann RLP (1994) Passive treatment of coal mine drainage. US Bureau of Mines
Information Circular 9389. US Department of the Interior, Bureau of Mines, Pittsburgh (Pennsylvania)

Hill RD (1968) Mine drainage treatment: State of the art and research needs. Mine Drainage Control Activities,
Federal Water Pollution Control Administration, U.S. Department of the Interior, Cincinnati (Ohio), 99 pp.

Horton RK (1965) An index number system for rating water quality. Journal of the Water Pollution Control
Federation Volume 37, No. 3, Part I (March 1965), 292-315

IIED (International Institute for Environment and Development) (2002) Breaking new ground — Mining, minerals,
and sustainable development. IIED and World Business Council for Sustainable Development (WBCSD)
publication. Earthscan Publications Ltd, London and Sterling (Virginia), 441 pp.

INAP (International Network for Acid Prevention) (2009) Global Acid Rock Drainage Guide (GARD Guide).
http://www.gardguide.com

Jarvis AP, Younger PL (2000) Broadening the scope of mine water environmental impact assessment: A UK
perspective. Environmental Impact Assessment Review 20(1), 85-96

Kauppila P, Rdisdnen M (2015) Effluent chemistry of closed sulfide mine tailings: Influence of ore type. In:
Proceedings of the 10th ICARD & IMWA Annual Conference, Santiago, Chile (GECAMIN)

Kuma JS, Younger PL, Buah WK (2011) Numerical indices of the severity of Acidic Mine Drainage: Broadening
the applicability of the Gray Acid Mine Drainage Index. Mine Water and the Environment 30(1), 67-74

Leong S, Hazelton J, Taplin R, Timms W, Laurence D (2014) Mine site-level water reporting in the Macquarie
and Lachlan catchments: A study of voluntary and mandatory disclosures and their value for community
decision-making. Journal of Cleaner Production 84(1), 94-106

Lincoln-Smith M (2010) Effects of mine water salinity on freshwater biota. Investigations of coal mine water
discharge in NSW. ACARP-Project C15016, Job Number EL0506038A, 231 pp.

MCA (2014) Water Accounting Framework for the minerals industry — User Guide Version 1.3 (January 2014)

Morin KA, Hutt NM (1997) Environmental geochemistry of minesite drainage: Practical theory and case studies.
Minesite Drainage Assessment Group (MDAG) Publishing. Vancouver (Canada)

Mudd GM (2008): Sustainability reporting and water resources: a preliminary assessment of embodied water and
sustainable mining. Mine Water and the Environment 27(3), 136-144

25



Proceedings IMWA 2016, Leipzig/Germany | Drebenstedt, Carsten, Paul, Michael (Eds.) | Mining Meets Water - Conflicts and Solutions

Mullinger N (2004) Assessing the impacts of metal mines in Wales. In: Proceedings of the International Mine
Water Association (IMWA) Symposium 2004, Newcastle upon Tyne (UK), 209-217

NSW OEH (New South Wales Office of Environment & Heritage) (2012) Chemical and Ecotoxicology
Assessment of Discharge Waters from West Cliff Mine. Report OEH 2012/0770 to NSW EPA, 22 pp.

Palmer MA, Bernhardt ES, Schlesinger WH, Eshleman KN, Foufoula-Georgiou E, Hendryx MS, Lemly AD,
Likens GE, Loucks OL et al. (2010) Mountaintop mining consequences. Science 327(5962), 148-149

Plumlee GS, Smith KS, Ficklin WH, Briggs PH (1992) Geological and geochemical controls on the composition
of mine drainages and natural drainages in mineralized areas. In: Proceedings of the 7th International Water-
Rock Interaction Conference, Park City (Utah), July 1992, 419-422

Plumlee GS, Smith KS, Montour MR, Ficklin WH, Mosier EL (1999) Geologic Controls on the Composition of
Natural Waters and Mine Waters Draining Diverse Mineral-Deposit Types. In: The Environmental
Geochemistry of Mineral Deposits, Reviews in Economic Geology Volume 6B, 373-432

Pokhrel LR, Dubey B (2013) Global Scenarios of Metal Mining, Environmental Repercussions, Public Policies,
and Sustainability: A Review. Critical Reviews in Env. Science and Technology 43(21), 2352-2388

Puura E, D’Alessandro M (2005) A classification system for environmental pressures related to mine water
discharges. Mine Water and the Environment 24(1), pp. 43-52

Schoepke R, Preuss V (2012) Bewertung der Aciditét von bergbauversauerten Wassern und Anwendung auf die
Sanierung. Grundwasser 17(3), 147-156

Seal II RR, Foley NK (2002) Progress on geoenvironmental models for selected mineral deposit types.
Publications of the USGS, Paper 83, 213 pp.

Timms W, Holley C (2016) Mine site water-reporting practices, groundwater take and governance frameworks in
the Hunter Valley coalfield, Australia. Water International 41(3), 351-370

UK Environment Agency (1996) Environmental assessment of selected abandoned minewaters in the North East
Region. Summary of the National Rivers Authority Report No. WEP 100/138/11, 54 pp.

van Dam RA, Harford AJ, Lunn SA, Gagnon MM (2014) Identifying the Cause of Toxicity of a Saline Mine
Water. PLoS ONE 9(9) e106857

WA (Western Australia) (2000) Water Quality Protection Guidelines No. 11. Mining and Mineral Processing.
Mine dewatering. Department of Minerals and Energy, Waters and River Commission, Western Australia

Wildeman TR, Schmiermund R. (2004): Mining influenced waters: Their chemistry and methods of treatment. In:
Proceedings of the 2004 National Meeting of the American Society of Mining and Reclamation (ASMR) and
The 25th West Virginia Surface Mine Drainage Task Force, 18.-24. April 2004, 2001-2013

Wright IA (2011) Coal mine ‘dewatering’ of saline wastewater into NSW streams and rivers: A growing headache
for water pollution regulators. In: Proceedings of the 6th Australian Stream Management Conference, 6.-8.
February 2012, Canberra, 6-8

Younger PL (1995) Hydrogeochemistry of minewaters flowing from abandoned coal workings in County Durham.
Quarterly Journal of Engineering Geology & Hydrogeology 28, 101-113

26



Proceedings IMWA 2016, Leipzig/Germany | Drebenstedt, Carsten, Paul, Michael (Eds.) | Mining Meets Water - Conflicts and Solutions

Pulling together mine water management across site & business for
performance: principles, business role & inclusive governance,
strategic & practice framework

Tania L. Kennedy
SeeBuiltEarth Pty Ltd, Brisbane Australia, taniakennedy@seebuiltearth.com

Abstract

A new, benchmark approach for mine water management across a site & business is presented.
Developed as a framework style to incorporate governance, strategy & operational guidance, the system
identifies key components required for water performance linked across business functions & project
stages as an inclusive & encompassing map for effective & influential water management.

The framework is presented as a series of schematics & guidelines, covering:
e Business role of water & activity styles across a project pipeline & mine life cycle;
e Principles of approach for definition, design & outcomes of water in mining;
e Milestone requirements by project stages for water;
e Water management strategy map, where each component outlines core plans, critical
information & skills across three key areas, including:
= Governance: Risk, standards, criteria & metrics;
= System knowledge & dynamics: Key tools & knowledge;
=  Monitoring & response: Capacity to detect & act.

Implementation of this new style of water management approach for an international resource group
achieved impact & success beyond expectations, delivering significant step change water reliability &
risk management, cost effectiveness, performance & culture across each business with integration across
all sites & studies.

As an innovation potentially significant to an industry working in highly complex environments &
settings, the approach is open & transferable to any mine site, commodity or mining method and is
shared to promote discussion & action in evolving mine water management across the global extraction
industry.

Key words: Mine water management, water performance, water framework, water innovation, water futures

Introduction

Water performance is a growing requirement for the mining industry. Increased expectations for
production reliability & safety, environment & social alignment, legacy value & risk management is
shifting regulation & operational requirements towards greater controls & more stringent constraints,
often in parallel with increased project complexity and resource competition. Water management
features as a key risk across the industry currently (BMI 2013; Deloitte 2016; EYGM 2015), and looking
to the future, it is likely as trends continue that deep transformation to current practices will be required
to enable successful development and operation of mining projects.

Responding to increased pressure, risk & requirements faces challenges at both a structural & functional
level with common current practices for water. Water management in mining could be described as
often the product of the sum of many parts, where water capacity & responsibility is nested across
business functions such as environment, sustainability, mining, technical services, assets and processing,
with gaps generally supported with external expertise where detected or required. And whilst water
flows between or across multiple domains on a site by nature, management of water across those
domains is separated by departments, creating gaps & inconsistencies. There are often mismatches in
responsibilities and in-house knowledge, with varying levels of coordination and collaboration between
groups across a site or business. And whilst the immediate suggestion may be to hire water specialty in
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house for resolution, the challenge is hampered both by the structural differences in various types of
water expertise from training (such as surface water, groundwater or infrastructure), and the business
model being able to support additional roles.

In recognition and response to changing business needs & operating environment, a new to industry
system & service innovation for water management was designed, developed & implemented across an
international mining group. Designed as a framework-style for use & adaptation, the approach
essentially looks to manage water as an overall system, and provides a roadmap with operating guide
for mine water management across the mining cycle from exploration to legacy.

An initial prototype of a holistic approach with an international mining group delivered significant value
outcomes in performance, production & risk management — linking across all operations, sustainability,
studies (SEIA, Concept/PFS/FS) & infrastructure. A culture of holistic water management was
established, with common language & understandings across multi-disciplinary groups, in-house
ownership & capacity to deliver against objectives for water performance. Technical & strategic advice
integrated groundwater, surface water, dewatering & water diversions, risk, water supply,
hydropower/geothermal, regulation & compliance, storm water, drainage, sediment control & AMD,
containment & discharge, tailings, water chemistry, closure & community, & water handling
infrastructure like dams or river diversions.

Given the originality & benchmark significance of the water management framework for industry &
working success (with learnings), an overview of the approach is shared with the mine water community
to generate discussion & provide a viable mechanism to assist in strategic water management elsewhere
as a broader application. An overview of the design approach, strategy development & prototype mine
water management strategy frameworks are presented in the interest of contributing to the evolving
practice of mine water & to meet the challenge of change to come.

Strategy development
Design approach

A series of key questions opens up the strategy and critical thinking space for how water management
might be configured for greater impact as a core business role. Questions such as:
e  What or who defines “good” water management & performance for a site or business?
What is the direct business role of water management for mining throughout a project life?
How might we integrate water into a mining business?
What aspects of mine water are important to have managed & to what level?
How might mine water management play a greater role in driving resilience & performance
across the life of projects?
e How might water play a role in shaping greater outcomes/relationships for communities &
environment from exploration through to legacy?

Defining the frame of designing for water performance is the multiple views of how people see water.
From a birds’ eye view as shown in Figure 1, for any given site or business there are at least four key
perspectives across a water system for a mine with different senses of water value, expectations, power
& stakes. Host communities, international markets & investors, regulators & governments & mine
operators each hold different perspectives & influence on water performance either as a contributor, or
from the external view in judgement. Notably, each group is significant to project & operation viability,
and for all except the mine operators, site water management is held to overall performance as a measure
of fit and responsibility. The design requirements of incorporating each key perspective extends the
frame of who the system is being designed for, and inures the fundamental need for holistic water
management to deliver successful mine water performance.

Setting direction

In starting out a reformed water management, the intention was to deliver to four key directives:
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e Provide a holistic, system approach to managing water across a site or business;

e Integrate & position water into business processes, & match guidance/service required by stage
to support outcomes;

e Link science to application to pragmatic problem solving & decision making;

e Bring leadership & guidance across the water arena (all water/hydro disciplines) to suit business
need, increase decision rigour for investment strength & build in-house capacity.

Host mmmunimﬂ
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Market &

international
audience

Operation

] Regulators &
govemment

Figure 1 4 representation of the different views of water.

Mapping the territory

To capture the extents, nature & basis of water as a whole for an overarching view, a generalised global
schema map of water in mining was developed as presented in Figure 2. The map lists technical and
project development components of water to represent the structure by which project level water
knowledge & tools is built (such as a feasibility study), along with interactions and touchpoints with
other key disciplines such as closure, community, tailings & geohazards, Linkages between the wide
ranging components of water in mining reveal the critical network of overall water performance.

Finding the role

Often it is difficult to place where all of water fits in the traditional structure of organisations —
somewhere in & between operations, studies, innovation, environmental & assets. As a means to focus
to the role of water without markers & allow a new way of seeing, a map of the practical role of water
throughout the life cycle of projects was created as shown in Figure 3. Activity types & level of
knowledge are mapped from exploration through studies to operations to legacy, with leadership &
strategic management needs across all stages. The business role of mine water is mapped in business
function, without department — the role exists as an entity and also between groups.

Establish definition logic & tangible objectives

A working definition of water performance is then adopted as:

1. Suitability of design, investment & operations to surrounding environment & setting across
foreseeable life of assets, scales & legacy;

2. Safe operation & water control — inrush/dewatering, drainage, wall stability & potable to

sanitary systems;

Water security - access to water share/rights as an initial & ongoing enabler of operation;

4. Effective water balance management — particularly rainfall variability & water availability,
directly influencing mine production & water supply reliability at wet and dry extremes;

5. Containment of impact sources & any waters contacted — including managed releases or
discharge to external environments to agreed targets;

6. Stewardship of water resources & landscapes- respect to existing & future water uses & value
to host communities & environments, particularly vulnerability to scarcity or change;

7. Efficiency in the water-power nexus — power demand for water supply, pumping (movement)
& treatment technology, dependent to method of power generation for cost & sustainability.

W
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Figure 2 Schema of water and components across mining activities during feasibility

30



Proceedings IMWA 2016, Leipzig/Germany | Drebenstedt, Carsten, Paul, Michael (Eds.) | Mining Meets Water - Conflicts and Solutions

Water management — business role & key stages of influence
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Figure 3 Map of business role of water and key stages of influence
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Guiding principles of approach

Principles of approach provide strategic guidance of ‘how to’ mine water management, applicable to
feasibility programs, operations and any style of change for water. Developed as a tool for review of
options and decision making, the developed key list of principles is as follows:

Manage as a system: water, landforms & changes;

Design with natural landscape & climate framework;

Design with foresight: deploying adaptable or scoped solutions where possible to future needs;
Water control: dewatering & mine water for reliability, water movement & handling, safety;
Water containment: tailings, impacted water (sediment, metals), discharge program;

Water supply resilience: portfolio of sources, including reuse;

Stewardship & legacy: landscape design-landform stability, social & environmental outcomes.

NoUnAE L=

Mine water management frameworks
Milestone guidelines by project stage

As a key part of rolling out water management, a series of project guidelines for water were generated
for each project stage across the life. Figure 4 shows a guideline template for water at pre-feasibility
stage, separating each performance area across the water landscape & listing key information required.

Pre-feasibility is presented as out of analysis of each of the strategy development stages emerges a
powerful insight: the most influential, strategic stage underpinning water performance across a mine life
is the original design phases, or concept to pre-feasibility. At these stages, economic assumptions and
expectations are flagged to Executive and Board level & largely set, major infrastructure such as tailings
and pre-feasibility location and design are decided, and mining shapes are determined. Closure fates are
also largely governed by major infrastructure decisions. Key work completed at concept to pre-
feasibility is fundamental to the success of water performance of the operation.

Mine water management strategy framework

Pulling together mine water management as a cohesive system for operational management is based on
forming the strategy & structure of how water functions within a business, how water planning & design
is brought together, & what key tools, knowledge/skills & systems are required to deliver strength &
adaptability to water performance. As the crux stage, a benchmark framework for holistic mine water
management was formed and built as a new way of implementing water for mining and is presented in
Figure 5. As a practical and inclusive framework, it works by linking the many together across a shared
map of what is required, networking information & planning, and incorporating the diversity of water
activity and performance in a common format.

The framework operates under an umbrella of considering acceptable risk, design approaches &
potential for change over time. A catchall for overall water performance is reliability, social and
environmental outcomes and legacy. As the mechanisms and pragmatics of how, the framework operates
across three styles of working:

1. Governance: standards, criteria and metrics - permits & limits, sustainability, risk matrix

2. Core tools and knowledge - mapping technical information needed, plans, core approaches;

3. Capacity to detect and respond - monitoring, training and action response.

Conclusions

In response to an emerging need for improved water management and performance, an innovative and
reformed approach for mine water management to deliver water performance across a site or business
is presented as discussion & review for the international mine water community. Built by design to bolt
into any mine site or business, the philosophy and application is developed and demonstrated through a
series of maps, guidelines, and practice frameworks. Implementation with an international mining group
has achieved substantial success, realising step change in water performance & long term change and it
is shared as a useful resource for the industry moving forward.
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Figure 4 Pre-feasibility water management milestone guideline
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Figure 5 Mine water management strategy framework
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Abstract

The two largest disturbances mining presents which requiring addressing are disturbances to the water
balance and energy balance; both of which will be influenced by climate change.

This paper presents a framework to incorporate climate change into mine closure planning from a risk
perspective, as risk management will be a key component in decision making for mine closure designs.
The newest Representative Concentration Pathway (RCP) emission scenarios allow for ranking climate
change outcomes from “very likely” to “less likely” to occur. By combining the likelihood of occurrence
for various climate outcomes with the magnitude of the potential failures, a risk based design criteria
can be developed for each closure component. This paper will focus on cover systems as closure
technology to illustrate application of the framework presented in this paper.

The creation of realistic and attainable design criteria begins on a conceptual framework, allowing non-
technical persons to better understand complexities of detailed design. The framework presented utilizes
the Koppen-Geiger climate classification system to differentiate climates, largely because of its ability
to reflect seasonal differences. Boundaries are determined by a global dataset of long-term monthly
precipitation and temperature records, which can been adapted to future climate change predictions.
Understanding how climate is expected to change at a seasonal level is more valuable from a planning
perspective than from an annual basis. Koppen-Geiger’s strong ties to landscape signals such as
vegetation and water availability make it ideal for closure planning.

Implications for understanding the required equilibrium between the closure landscape and the existing
landscape provide an indication of timescales involved. For example, it is not realistic to believe
engineered structures will provide the expected performance following a glaciation event. Closure
timeframes are typically 100 years, if not longer, therefore an appropriate framework to address the
challenge of designing structures with defensible controls on identified risk is required.

Key words: Climate Change, conceptual design, cover systems.

Introduction

As with all engineering, in particular mine waste management, elements of a closure design are subject
to failure and consequently have associated lifespans. To maximize longevity of designs, engineered
systems have to be incorporated into landscapes to reach a long- term equilibrium. The two largest
disturbances mining presents which require addressing are disturbances to water and energy balances.
A mine typically features multiple mine closure domains, each with water and energy balances for
creating design criteria. Climate change will act to change components of the water and energy balances
and only through novel and innovative designs can one manipulate remaining water balance components
to achieve the design criteria. Of fundamental importance, and the subject of this paper, is the
overarching influence of site-specific climate conditions, more specifically a methodology for
incorporating climate change on site-specific climate conditions for mine closure planning. To
effectively plan for the next century and beyond, mine closure planning must incorporate climate change
throughout its development.

Climate acts as stressor to designs when water balance components deviate beyond initial conditions
towards a new equilibrium; one not anticipated and/or accounted for in the design. Generally, the more
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closely a design, such as cover system design, is able to maintain equilibrium within the environment
and climate, the greater the longevity. Suitably robust designs are therefore required to minimize
imbalances through time, such as those imposed by climate change. Designs can be implemented to
exploit or enhance attributes of the environment to make cover system designs more robust and resilient.
For the purposes of this paper, a robust design refers to a system which can continue functioning in the
presence of internal and external stressors without fundamental changes to the original system. In
contrast, a resilient design is a system that can adapt to internal and external challenges by changing its
method of operations while continuing to function. While components of the original system are present
through time, there is a fundamental shift in mechanisms reflecting an adaptation to the new
environment.

Therefore, to increase resilience and robustness in design, identification of dominant mechanisms of the
cover system is required; then, climate change applied. In the context of climate change and the
evolution of cover systems, designs will require a recognition that processes and mechanisms intrinsic
to cover system function will evolve. Failure modes will be the result water balance components
manifesting themselves in a way not supported by the cover systems design (i.e. runoff, evaporation,
interflow, etc.).

Early recognition of risks climate change poses to designs will improve confidence in designs and allow
refinement. Therefore, by introducing conceptual analysis of climate on conceptual designs, more front
end loading is possible (Thomke and Fujimoto 2000). Here, the view is that design is an iterative process,
driven by trial-and-error experiments that are guided by knowledge of underlying relationships between
cause and effect. The more refined the starting scope of knowledge is, the more efficient a solution can
be determined. To complete this task for mining landscapes, a framework must be used which
communicates design risk under the influence of current and future climate.

Methods

The framework for incorporating climate change into mine closure planning as risk management tool
will be a key component in decision making for closure designs. To evaluate risk, a formula such as
Equation 1 must be considered.

Risk = Likelihood of Occurrence X Consequence , (D)
Likelihood:

Given that this tool will be used as a preliminary identification of risk, at a conceptual level, likelihood
of occurrence can be qualitative measures based on the Representative Concentration Pathways (RCP)
outlined by the IPCC (IPCC 2013). The IPCC attach no probability or likelihood of occurrence to the
four different RCPs. The four scenarios are named after the radiative target forcing level for 2100, based
on the forcing of greenhouse gases and other agents (Van Vuuren et al. 2011). These values are relative
to pre-industrial levels with the lowest scenario, RCP2.6, requiring stringent global climate policies to
limit emissions (Van Vuuren et al. 2011). Both RCP 4.5 and RCP6 represent forcing equating to several
climate policies and most non climate policy respectively. The final scenario, RCP8.5, continues the
current trend of increasing annual GHG emissions, representing the high range of non-action climate
policy scenarios.

The RCPs can be qualified according to each designers/ stakeholders risk profile, however for the
examples outlined in this paper, Figure 1 defines these likelihood qualifiers from “very likely” to “very
unlikely” (Figure 1).
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Figure 1 Proposed qualitative probabilities for using IPCC Representative Concentration Pathways (RCP) to
evaluate risk at a conceptual evaluation stage.

Consequence:

Consequence of a specific failure is required to evaluate the risk of potential cover system designs. In
terms of a consequence, it is defined as the qualitative performance metric assigned to the cover system.
Typically for cover system design, control of net percolation (NP), oxygen ingress (O;), and/or
stability/erosion will be a design criteria. A continuum of performance for NP, O, and erosion rates for
a cover system exists for different climate regimes. Within a single climatic regime, the same continuum
may be a result of the influence of differing abilities of a cover system to evaporate water and to promote
runoff from the landform. These mechanisms combined with attributes of the engineered design (i.e.
landform and cover system) yield a performance metric based on climate.

Climate change stressors act on components of the water balance, which will differ for each mine
location, between landforms and even across landforms. Conceptually understanding how changes in
water balance components will influence design criteria is important because it will be these components
that will be manipulated by designers to ensure design criteria for present and future climate are satisfied.

The continuum of cover system performance is presented conceptually in terms of “very low,” “low,”
“moderate” and “high” NP, O, and erosion rates. The qualitative descriptors are common across sites
and climates, although their nominal performance values will differ. For example, ‘very low’ NP for a
cover system in a tropical climate will still exceed those for a cover providing very low rates in an arid
environment.

By defining performance expectations in this qualitative way, designers will begin conceptually
understanding early on, what realistic performance expectations are for a design based on climate. Once
a conceptual basis for performance is understood, the consequences of not meeting the design criteria
can then be assessed.

Therefore, a tool is required to assess the effects of climate on cover system hydrology at scales relevant
to landform and cover system design. The Koppen-Geiger climate classification system (K&ppen
system) is such tool; capable of resolving differences in seasonal climate (Peel et al. 2007). It has been
shown that utility of average annual conditions is limiting to cover system design, therefore
incorporating seasonality provides a perspective landform hydrology (INAP 2016). Additionally, the
Koppen system came into broad use largely through its strong connection to landscape vegetation
signals, an important component for many cover system designs. Most sites have access to historical
monthly precipitation and temperature data, or through a nearby meteorological organization.

Since the Koppen system system is defined by precipitation and temperature thresholds, it can be easily
applied to global climate model output data to re-classify a site for future conditions. Climate change
alters hydrology by changing the dominance or expression of certain mechanisms (i.e. runoff,
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evaporation, etc.). Since the Koppen system can aid designers in understanding conceptually, dominant
hydrological mechanisms required by the cover system, that same conceptualization can be applied to
future conditions to investigate any differences required for cover system function. This early
conceptualization refines design alternatives much earlier in the design process without the need for
complex computer simulation. For example, if currently a cover system design is in the ‘very low’ range
for NP performance, an increase to a ‘low’ or ‘moderate’ NP increases the consequence of that potential
failure. With the likelihood and consequence determined, a conceptual form of risk can qualified for a
particular design into the future.

Risk:

By combining the likelihood of occurrence for various climate outcomes (RCPs) with the magnitude of
the potential failures (i.e. ‘very low, ‘moderate’), a risk based design criteria can be developed for
closure components (Figure 3).
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Figure 3 Qualitative risk assessment based on conceptual climate change understanding.

Although this approach can be applied to other mine closure activities, this paper focuses on cover
systems. Once design risks have been identified, they may be deemed satisfactory by stakeholders,
mitigated by additional design elements, or reduced through increased understanding. Activities such as
field characterization programs may seek to reduce uncertainty in design elements, reducing risk. In this
way, early conceptualization using a risk based approach helps focus future studies on only what is
necessary.

This framework is able to incorporate climate change into mine closure planning from a risk perspective,
as risk management will be a key component in decision making for mine closure designs.

Case Study- Temperate/Tropical Shift:

To demonstrate the framework’s utility for incorporating climate change in mine closure planning from
a risk perspective, examples of its application, interpretation and result are presented. An example was
selected based on prevalence throughout the mining industry in regards to climate, closure objectives
and configuration. Generally, cover system design criteria focus on NP, O, and/or landform stability
(erosion) and will be the focus the examples below.

Mining in South- Central Africa has long been a productive economy for resources such as copper,
cobalt, gold zinc, lead, nickel , and iron to name a few. Countries such as Zimbabwe, Malawi and Zambia
belong to geographies rich in these resources as well as mine waste. Zambia for example, contains ~77
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million tonnes (388 ha) of waste rock and ~791 million tonnes of tailings (9125ha) (Environmental
Council of Zambia 2004).

Likelihood (‘Very Likely’):

These countries are located currently in what is classified as a humid subtropical climate (Cwa Képpen
classification). Temperatures are considered intermediate with hottest months exceeding 10°C and the
coldest months between 18 C and freezing. Summers are hot and coincide with the driest months which
receive 10 % or less precipitation compared to wettest winter months. Figure 4 presents the range of
climate scenarios possible for the region by 2075-2100. All future scenarios identify a shift to a tropical
savannah climate. Therefore, a tropical savannah can be considered ‘very likely’ to be expected if again
we consider the RCP4.5 scenario.

Figure 4 Koppen-Geiger climate classification for present and future climate change scenarios in Central
Africa.

Consequence (‘High’):

This early conceptualization for potential cover systems identifies that for parts of the year (winter),
oxygen will be difficult to control due to the absence of water in the soil. Therefore, control of NP will
be more appropriate as a design criteria of this cover system. Seasonal conceptualization is not possible
when using annual averages, thus re-confirming the utility of the climate classification framework to be
used in risk management. To further explore the predicted shifts in seasonal precipitation (PPT) and
temperature regimes, Table 1 identifies key attributes of the climate expected to change most.
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Table 1 Comparison of present and future climate for Zamia, Africa region.

Scenario Koéppen Temperature PPT Distribution
Current Cwa % 20

RCP4.5 Aw % 20

N W
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A tropical savanna (Aw) climate has monthly mean temperatures above 18°C for every month with a
pronounced dry season. In the tropical savanna climate there is a distinct dry winter season, and a wet
summer season. In the future with an Aw climate, warmer temperatures prevail throughout the year,
with loosely defined seasons. Consequently, potential evaporation can be expected to increase generally;
not coinciding with a specific season. The most profound change in climate comes with large increases
in precipitation (Table 1). Even though annual total PPT in this region is expected to increase by 50%,
more applicable to mine closure planning is its distribution of the PPT throughout the year. An
amplification of the bimodal distribution of monthly PPT signifies delivery of more water over shorter
time periods to cover systems in the future.

To understand the consequence of this shift on future cover systems, a conceptualization of water
balance components present and future is required. At present, a large range of cover system design
alternatives exist to manage NP to a ‘very low’ or ‘low’ range for a temperate climate. Precipitation is
relatively low compared to PE, thus store-and-release type cover systems are most practical to manage
NP. However, without revision to the cover system design that accounts for future climate, the water
balance components change. With PE increasing slightly over time in response to warming, precipitation
increases though, un-proportionally. This discrepancy in PE and PPT has large implications for water
the management involving cover systems.

With a surplus of water on the landform, it is diverted to runoff and/or transmitted as NP into underlying
waste material. Conceptually, erosion and NP consequences have been identified. If only NP is
considered, the difference in PPT and PE translates to a proportional increase in NP.

The original cover system design criteria under current climate may stipulate achieving very low to low
NP was necessary. However, it is clear that by conceptually applying climate change to the same cover
system, achieving a NP control in that range will no longer be possible without revisions to the design.
More likely is that NP consequence will be ‘moderate’ to ‘high’

Risk:

When risk is re assessed for the climate change scenario by taking the ‘very likely’ from the likelihood
and agreement across all RCP scenarios and combining this with consequence of ‘high’ we end up in a
zone of Very High Risk for this design in the future even though the design in the present climate
represents a low risk (Figure 5).
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Figure 5 Qualitative risk assessment for case study example.

Given the risk ranking has materially increased in the climate change scenario, mechanisms of “failure
modes” can be explored to determine what this increase in risk means for design, as well as assessment
of design alternatives. By investigating this risk through potential failure modes, we are thus able to
identify the mechanisms of the cover system contributing to a large amount of the risk. Those two
mechanisms identified in this case are runoff and NP and the consequences for closure risk management
are erosion and increased seepage. The realization of these risks will therefore depend on elements of
landform design and thus landform design alternatives can then assessed based on the identified
mechanisms that require management of risk:

e The exploitation of vegetation to help mitigate both erosion and NP can be explored given the
potentially favorable climate that is considered as part of the climate change scenario.
Vegetation changes over time need to be balanced with looking at performance over the short
to medium term (or even current conditions) to determine if reliance on vegetation is appropriate
as a risk management toll over both medium and long time scale as vegetation evolves and
begins to take hold.

e The use of an engineered barrier technology can be considered to reduce NP can be explored,
in this case the increased drying and wetting cycles inferred in the climate change scenario
would reduce the likely performance of compacted clay layer technology and the associated
effectiveness into the future. Geomembranes may be more appropriate than compacted clay
technology, however, the use of this technology would then necessitate the use of surface and
sub surface engineered drainage to transmit the higher precipitation event storms laterally off
the landform that would otherwise cause erosion.

e Consideration of a variation on the existing design can also be explored, in this case thicker
enhanced store and release cover systems with the aim to maximize the evaporative potential
by keeping water accessible by increasing field capacity, and therefore reducing NP. This
thickening would offer a larger potential for vegetation support which will be a necessary
component to manage runoff induced erosion with the future precipitation regime.

As is evident, by combining conceptual components of future climate change effects and cover system
performance, the framework presented allows for more detailed work such as modelling, to begin from
a more informed perspective, yielding a more robust design informed by risk.
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Conclusions

The creation of realistic and attainable design criteria first begins on a conceptual framework, allowing
non-technical persons involved in closure planning to better understand complexities of detailed design.
The framework presented within this paper utilizes the Képpen-Geiger climate classification system to
differentiate climates, largely because of its ability to reflect seasonal differences. The framework is
determined by a global dataset of long-term monthly precipitation and temperature records, which have
incorporated the potential effects of future climate change predictions. Understanding how climate is
expected to change at a seasonal level is more valuable from a planning perspective than from a strictly
annual basis.

Implications for understanding the required equilibrium between the closure landscape and the existing
landscape provide an indication of timescales involved. For example, it is not realistic to believe
engineered structures will provide the expected performance following a glaciation event. However,
given that closure timeframes are typically 100 years, if not longer, an appropriate framework to address
the challenge of designing structures with defensible controls on identified risk is required.

Climate change is taken into account in a variety of mining projects. Approaches to incorporate climate
change into closure design differ from site to site and are often limited in temporal length. There are
currently no clear guidelines as to how to take into account climate change for the long term prediction
of closure systems performance. What is presented in this paper is a conceptual tool that provides a
greater awareness of climate change and its effects as it pertains to the management of water resources
in the context of mine closure design and cover system technologies.

As is evident, by combining conceptual components of future climate change effects and cover system
performance, the framework presented allows for more detailed work such as modelling, to begin from
a more informed perspective, yielding a more robust design informed by risk. This mechanism allows a
return full circle to ensure resilient design
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Extended Abstract

During the last few years the mining sector in the Kalahari Manganese Field in the Northern Cape
Province of South Africa has increased significantly. Groundwater in the semi-arid Kalahari is a scarce
commodity. Therefore water supply for mines, impacts due to mine dewatering and river diversion plans
have increased pressure on limited water resources. Groundwater quality and quantity impacts of
existing and developing mining projects are investigated individually. This paper presents predictions
and results from individual hydrogeological investigations and elaborates how a strategic regional
environmental assessment approach can summarise the cumulative impacts to fundamentally understand
the regional footprint of mining in the area.

The Kalahari Manganese Field (KMF) is estimated to contain approximately 1,000 Mt of potentially
exploitable manganese resources, while its geological simplicity makes the KMF one of the most
important manganese resources in the world. The manganese deposits represent structurally preserved
erosional relics of the Paleoproterozoic Hotazel Formation of the Voelwater Subgroup (Transvaal
Supergroup). It consists of a Superior type iron-formation interbedded with manganese ore in three
sedimentary cycles of which the lowermost unit is the most economically viable. Several abandoned
mines and a number of active mining operations are located in an area of approximately 550 km?.
Besides, a number of emerging manganese prospects are in the process of obtaining mining licenses.
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Figure 1: Overview of Mining Activities in the Kalahari Manganese Field (KMF)
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Hydrogeological investigations including numerical groundwater models have been
implemented to predict the impacts of the proposed individual mining sites on groundwater
quantity and quality in the closer proximity of the development. The groundwater models were
developed to predict mine dewatering, contamination plumes, river diversions but also mine
water supply. All of them are focused on the closer mining area or relevant concession areas
only. Neither regional flow patterns in porous media and fractured aquifers nor cumulative
groundwater impacts have been investigated so far. Hydrochemical and water level monitoring
results as well as results from groundwater flow models have been taken as basis for risk
assessments. Taking these results into consideration it has becomes clear that a broader look at
cumulative impacts from numerous smaller mine concessions is needed.

Two different aquifer systems dominate the hydrogeology of the KMF. First the unconsolidated
Kalahari sediments as primary, porous aquifer and the secondly the underlying fractured
bedrock (secondary aquifer). Ephemeral rivers, mainly the Gamogara River and its tributaries,
contribute to the groundwater resources and act as important indirect groundwater recharge
sources. However, mine dewatering or more important the artificial diversion of smaller river
sections might have significant impacts on the aquifer systems or downstream water users and
mine sites. Additional impacts may result from different operational life of mines. With the
existing monitoring tools and model predictions at small scales, a reasonable and reliable
assessment is impossible.

Environmental Impact Assessments and model predictions will become more significant and
reliable when cumulative effects on a regional scale are considered. In order to achieve the
above goals the following objectives are proposed:

e Development of a decision support system,

e Collaboration between mining industries, government agencies, experts and specialists
to improve data sharing and knowledge etc.,

e Development of a strategic environmental (and socio-economic) management plan to
guide mining and third party interests and ensure long-term monitoring,

e Implementation of a regional ground- and surface water monitoring network.

Like other water management plans for mining areas in Namibia and Canada have shown (see
[1] and [2]), monitoring networks and regional numerical modelling can be reliable tools for
both estimating cumulative impacts and mitigating requirements for mining concessions,
avoiding duplication of work and conflict of interests

Key words: Mine Water, Numerical Modeling, Strategic Assessment, Kalahari Manganese Field
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Abstract

Scope of the present study was a holistic approach to investigate the geochemically striking
characteristics of the Harz Mountains in order to obtain reliable information about the respective metal
concentrations in the overall Harz area. After World War I, the Iron Curtain split the Harz Mountains
and since that time neither a common mine water management for the whole Harz Mountains nor a
common assessment of the hydrological and hydrochemical data of the surface water monitoring
systems of the neighbouring Federal States Saxony-Anhalt and Lower Saxony anymore existed. The
present study is the first common assessment of the geogenic background since the Iron Curtain was
established. The applied methodology makes use of defined percentiles of a statistically reliable
database. The data base comprises a total of approximately 210 sampling locations with recent data after
the year 1999, out of which remained after preselection 177 sampling locations. The key geochemically
striking elements due to naturally increased metal concentrations in the metallogenic riverine landscape
are Al, As, Be, Cd, Co, Fe, Mn, Ni, Pb and Zn in the East Harz as well as Ag, Hg and Pb in the West
Harz. Due to the results, the Harz Mountains will be subject to WFD exemptions.

Key words: Natural background level of mining or metallogenic landscapes, Harz Mountains

1. Introduction

With the implementation of the EC Water Framework Directive 2000/60/EC (WFD) [1] and its key
objective of a holistic water management at the level of river basins also mining areas are in the focus
due to certain geochemically striking characteristics. The objective of the WFD to reach a high level of
protection of the aquatic environment, reflected by a good chemical and ecological status by 2015, may
not be reached in riverine landscapes with metallogenic origin. However, the WFD provides a number
of exemptions that allow for less stringent objectives, including the extension of the implementation
deadline maximum by 2027. Such criteria are

1. the technical feasibility is not given within the timeline
2. disproportional increase of costs when completing the measures within the timescale
3. natural conditions do not allow to achieve an improvement of the water body status timely.

Regarding to the last point, natural conditions may include elevated geogenic metal concentrations
caused by natural specific local conditions leading to concentrations in surface water, which are not in
conformity with the Environmental Quality Standards (EQS) of Directive 2008/105/EC [2]. To
determine less stringent objectives for the implementation of the WFD due to naturally elevated
geogenic metal concentration, an assessment about the geogenic background concentration in surface
waters is necessary. Geogenic background concentrations are defined as concentrations, which naturally
occur in surface water without any anthropogenic influences.
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The objective of the present study was a holistic approach to investigate the geochemically striking
characteristics of the Harz Mountains in order to obtain reliable information about the respective metal
concentrations in the surface water of the overall Harz area. The data will be used as a justified and
reliable basis for the application of exemptions according to WFD article 4 and the respective EQS
according to Directive 2008/105/EC.

2. Geological Setting and Mining Activities in the Harz Area
2.1 Geology of the Harz Mountains

The Harz Mountains were formed during the Variscan orogeny 300 Mio. years ago by folding, uplifting
and erosion. The Harz Mountains consist of Paleozoic rocks, mainly Devonian and Carboniferous rock
formations. A smaller stripe of the western and southern Harz Mountains consists of Rotliegend and
Zechstein as well as Silurian in the Lower Harz. Especially in the Central Harz, around the Brocken
area, but also spread over the whole Harz Mountains, there is volcanic rock. Due to a strong diagenetic
hardening at metamorphose conditions the rocks are solid without a mentionable permeability.

Geologically and morphologically the Harz Mountains can be separated in three areas (the Upper Harz,
Central Harz and Lower Harz), which differ in their geological settings and the magmatic, tectonic,
sedimentary and erosional genesis. The Upper Harz is geologically dominated by the Clausthal Culm
Fold Belt, the Upper Harz Devonian Saddle and the Acker Bruchberg Zone. The Upper Harz comprises
the Oker Granite, the Ecker Gneiss Complex, the Harzburg Gabbronorit Massive, as well as Diabas in
the western part of the Brocken Granite. The north western part of the Central Harz is formed by the
Blankenburg Fold Belt, including the Elbingerdde Complex, the Tanner Greywacke and the Sieber
Depression. The Central Harz consists of Carboniferous intrusions, Devonian schists, Diabas,
greywacke and granite (eastern part of the Brocken, Ramberg). The Lower Harz includes the Harzgerode
Fold Belt with the Selke und South Harz Depression as well as the Wippra. It is formed by Ordovician
and Devonian greywacke formations and molasses basins of the lower Permian ([3], [4], [S]).

All three geological units of the Harz Mountains show the occurrence of vein deposits with different
mineralogical characteristics (see figure 2). The ore veins have been formed during the younger tectonic
expansion. As a result of multiphase fault tectonic events there exists a system, which typically have an
arch shaped course, leads to a crosslinking of all important veins [6]. In the Upper Harz (mining areas
amongst others Clausthal-Zellerfeld, Grund-Silbernaal, Lautenthal) Middle and Upper Devonian layer
bound lead-zinc-barytes and iron ore deposits have a great significance as well as Mesozoic lead-zinc-
mineralisations. In the Central Harz silver-antimony-sulphosalts are of importance. In the south and
southwest there are quartz-magnetite-chalcopyrite veins, quartz-hematite veins baryte-hematite veins
and baryte-veins. In the Lower Harz there are imports deposits of pyrite, siderite and flourite. Lead-zinc-
ores are not as significant as in the Upper Harz [5].

2.2 Mining Activities

The origins of mining in the Harz Mountains date back nearly 1000 years. In the middle age the mining
in the Harz Mountains reached a prospering period. Main products of the mining activities were silver,
copper, lead and iron and since the 19™ century also zinc. From the 16" to the 19" century about 40 to
50 % of the silver produced in Germany had been mined in the Harz Mountains. In the 20" century the
mining activities in the Harz Mountains decreased. In 2007 the last mine closed in Bad Lauterberg.

From the middle age until the early 20" century the miners created a huge network of facilities for the
production of waterpower and the water management, the so-called “Oberharzer Wasserregal”. It
consists of at least 143 water-retention basins, more than 500 km ditches and 30 km underground
watercourses. The facilities are spread over 200 km? in the western part of the Harz Mountains. Also in
the Lower Harz exists a system of ponds and ditches for the water management in the mining areas.
However, it does not have the extensions as the system in the western Harz.

2.3 Hydrology

The Harz Mountains form a watershed between the Elbe catchment area in the east and the Weser
catchment area in the west. The rivers which drain in the west are the Oker, Oder, Sieber, S6se, Innerste
and Weser itself. The rivers which drain in the east are the Wipper, Selke, Helme and Bode with
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Rappbode. The subordinated catchments areas and their numbers of water bodies are listed in table 1.
Figure 1 shows the spatial location of the catchment areas.

Table 1 Catchment areas and number of water bodies (in brackets: number of investigated water bodies when
different from total number)

Elbe Basin 'Weser Basin

River ’waterbodies River ’waterbodies ‘River |waterbodies
Wipper 4(2) Oker 11 Sose 7
Selke 4(3) Oder 9 Innerste 12
Helme 4(2) Sieber 7 Weser 2
Bode + Rappbode 16 (14)
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Figure 1: Overview map of the river basin communities (FGG), the catchment areas in the Harz Mountains and
the anthropgenic uninfluenced measuring locations.

After the classification according to Briem [7] the riverine landscapes of the Harz Mountains are
dominated by the metallogenic typ. Smaller parts especially around the Brocken are described as
siliceous. Carbonatic-dolomitic landscapes are of minor importance.

3. Methods and Materials

In the EU there is not yet a generally accepted and standardized methodology to assess the geogenic
background concentration in surface water. The total concentration of heavy metals in a river is the sum
of a complex combination of natural and anthropogenic factors. The applied approach was developed
by Schneider et. al. (2003 [8], 2014 [9], and 2016 [10]), the authors adapted and upgraded a general
methodology for natural background concentration in groundwater developed by Schleyer & Kerndorff
(1992) [11]. The methodology makes use of defined percentiles of a statistically reliable database, which
includes metal concentrations of the total phase and the dissolved phase. The data were obtained from
the monitoring network of the competent authorities of Saxony-Anhalt (State Authority for Flood
Protection and Water Management Saxony-Anhalt) and Lower Saxony (Lower Saxony Water
Management, Coastal Defence and Nature Conservation Agency) complemented by additional
measurements to close gaps in the existing data base. The procedure was validated through the data of
Birke et. al. (2006) [12] and comprises following steps:
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e Elimination of all sampling locations from the database which have anthropogenic influence
due to point sources (preselection of sampling locations). This applies to sampling locations, in
whose catchment areas mining activities, like mines, mining piles, smelters or the Oberharzer
Wasserregal are identified (based on date of fig. 2) and also contaminated sites, settlements and
industry.

e (GIS-based allocation of the sampling points with respect to the catchments areas, being the
evaluation units,

¢ Elimination of the diffuse anthropogenic inputs which were defined as the concentrations larger
than the calculated 90% percentile (P(90)).

e Assessment of the geogenic background by statistical calculation of the 90% percentile (P(90))
of the preselected data to find out the anthropogenic uninfluenced concentrations per surface
water body.

For the measured data for the eastern Harz the first step was omitted, since already preselected data
without anthropogenic influences were provided by the State authority for flood protection and water
management Saxony-Anhalt (LHW).

600.000

650000
1
g

20

Kilometers
Legend
5_ River Basin Community Elbe (FGG Elbe) mining activities @ cobalt paragenesis -§
g b
5 || Wipper ® mines i 15|
Selke 4 mine dump @ tungsten
Helme ®  smelters @ antimony
Bode and Rappbode ® adils
River Basin Community Weser (FGG Weser) ore deposits @) fluonde mineralisaton -
Weser (Oker - Eastern Harz) leadizinc paragenesis @ baryte mineralisat
Oker - Western Harz
" Soese @ silver, enrichec, in paragenesis with Sb, As, Ni, Co @ manganese
[ Sieber . <
copper
[0 ocer @ & oo
Innerste @ nickel paragenesis
500000 850000

Figure 2: Overview map with ore metal ore deposits and mining activities in the Harz Mountains.

4. Results

Figure 1 shows the remaining sampling locations in the Harz Mountains after the method from chapter
3 was applied. Based on these sampling locations and their data, the results were calculated in the
following tables.

The calculated geogenic background concentrations for the total phase are presented in table 2 and for
the dissolved phase in table 3. For the total phase, only for three elements an EQS is defined. For silver,
in all catchments areas of the western Harz the background concentrations exceeds the EQS, but for no
catchment area in the eastern Harz. This is accordance with the western Harz as a significant mining
area for silver. The other two elements, for which an EQS for the total phase is defined are selenium and
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thallium, however both are of minor importance in the Harz region, and there is no exceeding of the
EQS for both.

Table 2: Selected geogenic background concentrations of the total phase in the catchment areas of the Harz
Mountains, calculated as the arithmetic mean of the 90%-percentile of the single water bodies, and EQS-values
(bold: concentrations > EQS).

. Oker Oder Sieber Sdse Innerste  Wipper  Selke Helme Bode Weser
unit S0 P90 P90 P90 P90 P90 P90 P90 P90 P90 P90
Aot ng/l 0,02 0,92 0,25 0,24 0,27 0,32 <0,1 <0,1 <0,1 <0,1 <0,1
Al ng/l 782 693 323 607 651 n.a. n.a. <10 445 290
ASior ng/l 1,16 0,75 0,25 0,63 0,25 4,54 1,69 2,10 4,96 0,67
Bot  pg/l <30 30 30 48 <30 <30 <30 60 100 36
Baw  pg/l 41 81 122 89 55 12 51 62 110 13
Cdiot ng/l 0,45 0,14 0,12 0,12 0,38 1,00 <0,10 <0,10 0,22 0,59
Cowt  mg/l 0,36 0,23 <02 025 031 0,50 3,60 0,5 0,5 0,48
Cre  ng/l 12 <10 <1,0 1,5 1,5 1,5 1,0 1,0 1,0 1,0
CUyot ng/l 7,2 4,2 4,7 7,2 7,0 3,6 5,6 1,9 2,0 1,1
Fetot ng/l 603 451 611 474 429 352 800 118 310 170
Hot ng/l <0,01 <0,01 < 0,01 < 0,01 < 0,01 0,25 0,03 0,03 0,05 0,05
Mnge  pg/l 28 32 10 22 30 226 642 63 95 62
Mog:  pg/l <03 <03 <03 <03 <0,3 0,5 0,5 6,5 1,8 0,5
Nitot ng/l 4,0 2,0 2,3 2,8 2,9 5,2 11 2,0 2,3 1,2
Pbyot ng/l 13,3 3,2 1,2 6,2 29,7 5,0 1,0 1,1 2,0 3,7
Sbiot ng/l 4,5 1,6 2,5 2,9 6,8 6,2 0,8 2,1 1,0 0,4
Serot ng/l 3 <0,80 <0,80 <0,80 0,98 0,98 <0,80 <0,80 2,90 <0,80 1,00
Sitot ng/l 4.436 4.407 4.903 5218 n.a. n.a. n.a. n.a. n.a.
Theot ng/l 0,2 <0,05 <0,05 <0,05 < 0,05 < 0,05 0,10 0,10 0,10 0,10 <0,05
Utot ng/l 0,05 0,07 <0,05 < 0,05 0,74 0,25 1,26 4,69 0,83 0,25
Vot ng/l <03 <03 <03 <03 <0,3 0,46 1,00 2,76 5,00 0,50
ZNiot ng/l 53 15 20 29 37 36 18 53 18 33

For the dissolved phase two different kinds of EQS are defined: The AA-EQS (annual average), which
is defined as the arithmetic mean of the concentrations measured on different times during the year and
on the other hand the MAC-EQS, which is defined as the maximal allowable concentration. For the
dissolved phase EQS are determined for cadmium, nickel, lead and mercury. However, the latter is of
minor importance for the Harz region. For cadmium, in all catchment areas the calculated background
concentrations exceeds the AA-EQS, in the Weser catchment area even the MAC-EQS. For nickel the
background concentrations exceed the MAC-EQS in the Selke catchment area and for lead in the
western catchment areas of the Oker, Oder and Sieber.

Table 3: Selected geogenic background concentrations of the dissolved phase in the catchment areas of the Harz
mountains, calculated as the arithmetic mean of the 90%-percentile of the single water bodies, and EQS-values
(italics: concentrations > AA; bold and italics: concentrations > AA and MAC).

. Oker  Oder  Sieber  Sdse Innerste Wipper Selke Helme Bode  Weser
onit =0 P90 P90 P90 P90 P90 P90 P90 P90 P90 P90
Adldis ng/l 0,24 0,08 0,10 0,12 0,13 <0,02 0,07 0,05 0,05 0,06
Algis ng/l 358 354 308 86 108 31,4 23,8 <10 110 546
ASqis ng/l 0,8 1,1 1,1 <0,5 <0,5 3,1 3,7 1,5 0,9 2,1
Buais ng/l 15 29 21 44 15 15 20 83 148 30
Bauis ng/l 49 67 91 82 45 16 20 51 110 75

49



Proceedings IMWA 2016, Leipzig/Germany | Drebenstedt, Carsten, Paul, Michael (Eds.) | Mining Meets Water - Conflicts and Solutions

Oker Oder  Sieber Sose Innerste  Wipper Selke Helme Bode  Weser

Unit EQS
P90 P90 P90 P90 P90 P90 P90 P90 P90 P90
Cdis ng/l N/?:CO(’)?ES 0,40 022 0,24 0,10 0,20 0,17 0,30 0,10 0,13 0,47
Couis ng/l 0,21 <020 <020 <0,20 <0,20 <0,20 0,82 1,04 <0,20 0,50
Crais ng/l <10 <10 <10 <10 <10 <10 2,0 1,6 1,8 1,0
Cugis ng/l 24 2,0 24 32 3,5 1,2 2,7 1,3 3,1 6,5
Feuis ng/l 323 346 701 88 90 30 504 51 200 210
HQgis ng/l N/?:CO(’)?& <0,01 <001 <001 <0,01 <0,01 <0,01 <001 <0,01 <001 <001
Mngs  pg/l 76 35 59 9,0 19 112 346 59 42 37
Mogis  pg/l <03 <03 <03 <03 <03 <03 <03 7,2 0,5 0,5
AA 20
Nigis ng/l 3,1 1,2 1,4 2,1 1,9 3,1 41 15,4 2,2 33
MAC 20
AA T2
Pbais ng/l 79 8,1 12,11 1,8 3,9 0,3 22 0,5 0,7 23
MAC 7,2
Shgis ng/l n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 1,0 1,0
Seais  pg/l <08 <08 <08 <08 <0,8 <08 <08 <08 <08 <08
Sigis ng/l 5.225 4.593 3.304 4.898 4.698 n.a. n.a. n.a. n.a. n.a.
Tlais ng/l 0,05 <0,05 <005 <0,05 <0,05 <0,05 <005 <005 <005 <005
Usdis ng/l <0,05 0,06 <0,05 <0,05 <0,05 0,12 <0,05 4,00 0,78 0,09
Vis ng/l 0,8 <03 <03 <03 <03 <03 0,3 0,5 0,5 0,5
ZNgis. ng/l 36 17 24 26 30 110 16 44 13 12
5. Discussion

The results show, that the rivers in the Harz Mountains are naturally characterized by relatively high
metal concentrations. However, the spatial distribution of the metals for the water bodies can strongly
differ for the total phase and the dissolved phase (see figures 3 and 4). The most important origin for the
metal concentrations in the water bodies are the geogenic conditions in the Harz Mountains. The high
concentrations of iron, zinc, copper reflect the mineral resources, which are mined in the Harz
Mountains. The figures 3 and 4 show that the western Harz is a hotspot for high silver and lead
concentrations; it is also an important region for the mining of both metals. Also metals, which are of
lower importance for the mining in the Harz can be found in the surface waters, like, barium, originating
from baryte mineralisation, antimony, manganese, often associated with iron, from oxidic manganese-
ores or nickel and arsenic from arsenic nickel-cobalt ores or silver-rich ores. For elements like iron,
aluminium or silicon, the weathering of rocks is an important source of their occurrence in the surface
waters. For the other elements the origin of their occurrence in the rivers are metallogenic
mineralizations.

In addition to the geogenic conditions in the Harz Mountains also the atmospheric deposition must be
considered as source for the background concentrations in the surface waters. The input by atmospheric
deposition is of importance for copper, cadmium and zinc. For lead the atmospheric deposition declined
in the last decades strongly.
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Figure 3: Geogenic background concentrations of the total phase for cadmium, copper, nickel, lead and zinc in
the catchment areas of the Harz Mountains.
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Figure 4: Geogenic background concentrations of the dissolved phase for cadmium, copper, nickel, lead and
zinc in the catchment areas of the Harz Mountains.

6. Conclusions

The Harz Mountains can be described as a geogenic metallogenic region. Thus, it is expected that
because of high geogenic background concentrations in the rivers less stringent objectives for the WFD
could be determined. To proof the assumption of high geogenic background concentrations an
assessment was made to determine the background concentrations for several metals in the total phase
and the dissolved phase in several water bodies of the Harz Mountains. The results show, as for a
metallogenic riverine landscapes expected, a high background concentration for several metals. In the
total phase, the calculated background concentration of silver exceeds the EQS in all catchment areas of
the western Harz. In the dissolved phase the calculated background concentration of cadmium exceeds
the AA-EQS in all catchment areas and the MAC-EQS in the Weser catchment area. Moreover the
MAC-EQS of the dissolved phase is also exceeded for nickel in the Selke catchment area and for lead
in the catchment areas of Oker, Oder and Sieber. Thus the results of the assessment confirm the
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assumption of high geogenic background concentrations of metals in the water bodies of the Harz
Mountains and can serve as a basis for the determination of exemptions for the implementation of the
WEFD.
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1. Introduction

Remediation and aftercare jobs in the mining industry are often characterized by their long-term nature.
The economical evaluation, e.g. behavioral alternatives, are therefore based on an inter-temporal
valuation approach. As the evaluated objects usually do not create revenue, the valuation criterion will
be the expense parameter that is expressed as the cumulative cash value of all costs and the investments
still to be decided upon and thus relevant for the payments to be made. This expense parameter will have
to be interpreted as a negative revenue item, so that the valuation approach introduced herein is a special
case of the approach used to determine the capitalized value of potential earning, which is dominating
in the mining industry. This paper introduces typical reasons for a valuation, the valuation model and
the conclusions for the model drawn from a sensitivity analysis. Problems arising when the model is
applied are highlighted in a case study.

The research work as well as training and further training at the TU Bergakademie Freiberg have focused
for years now on problems concerning the commercial evaluation of deposits, of mining technologies,
of mining projects and of mining companies, but the same problems have also been the subject of the
consulting services and expert opinions provided by the University on behalf of governments, authorities
and of the mining companies themselves (Drebenstedt and Slaby, 2007; Drebenstedt, 2006; Slaby and
Drebenstedt, 2000a, 2000b, 2003; Slaby and Drebenstedt and Ohlendorf 2002; Steinmetz and Slaby,
1993; Wilke and Slaby 1993).

If the insights are summarized that have been gained on different objects of valuation, during different
occasions for such a valuation and by considering the different valuation targets, the following three
conclusions and the recommendations derived from them will turn out to be of fundamental importance:

e The fundamental approach to any kind of valuation in the mining industry is to consider the
capitalized value of potential earnings. Alternative approaches to the valuation, such as to
consider the net asset value as it is favored elsewhere, are either completely unsuitable for the
valuation of deposits, inventories and projects or only partly suitable for the valuation of
mining companies and plants.

e The evaluation strategy must take into account the valuation of deposits, projects and
companies in their entirety.

e Conflicts existing between a mining company's internal economics (the pursuit of profit),
between external effects (caused by interfering in the environment and in natural habitats) and
with the duty to protect the deposits (caused by high extraction rates) can and will have to be
considered in the decision-taking process to a reasonable extent on the basis of opportunity or
alternative cost accounting.

Triggered off by the declining rate of the mining output (e.g. in the hard coal and lignite industry) and
by the elimination of entire mining sectors (such as the Wismut), we have been increasingly confronted
in recent months with the problem of a commercial evaluation of the ecological consequences of these
mining activities as well as with the search for measures required to ward off the dangers arising from
this situation and to secure a sustainable development. The relevant efforts have been focused on
remediation, post-closure and long-term projects in connection with the Wismut and lignite mining
activities. In view of the fact that the problem is of fundamental nature and that it concerns or affects all
mining sectors, the work results and the experience gained during this work are to be made known in
the following paper.
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2. Conditions for Mine Remediation

Mining will always affect the environment. Regions where raw materials are produced by surface
mining are particularly affected in this respect. The changes in nature caused by mining activities are
most varied. They include changes in agriculture and thus to the biosphere, the temporary withdrawal
of arable land and living space as well as their devastation, at least for some time, infrastructural changes
in the region and the interference in natural and anthropogenic water systems. In order to secure the
chances of future generations for a sustainable development, the natural balance affected by mining
activities will therefore have to be redressed and the living space once given over to mining will have
to be revitalized (Slaby, 1992, 1998; Gerhardt and Slaby, 1994, 2000).

The allocation of the professional, legal and commercial responsibilities will have to be based on the
principle of causation. This means that the mining industry, i.e. the mining company causing the post-
mining damage, will have to assume responsibility, as it is also stipulated in the German mining law.
The general principles of providence and causation will then have to be complemented by the principle
of burden-sharing, by the user principle and by the principles of feasibility and reasonableness,
depending on the overlapping and distinguishing interests of other parties involved, especially as a result
of the ongoing social development processes. One will have to bear in mind that, often enough, the
mining companies causing the damage do no longer exist at the time when remediation and post-closure
measures will have to be implemented (post-mining reconstruction) and when the contaminated sites
will have to be recultivated (long-term obligation).

A major feature of the post-mining consequences caused by the elimination of former mining locations
is their long-term character and the special risks as regards the expected and the actual scope of work.
This applies particularly to remediation, post-closure and long-term objects in the field of water
management, such as to objects for the collection, treatment and disposal of contaminated seepage water
from mining slopes, dumpsites and disused industrial facilities, as well as to objects for controlling and
limiting the rising ground water levels in old mining locations affected in this respect. Alternative
technological and commercial options to solve the problems as well as specific technological and
commercial risks are typical of these long-term objects, and they often seem to require an infinite
duration to complete them, when one looks at these problems from today's point of view. These specific
risks concern the insufficient knowledge of the effectiveness and the reliability of the technological
solution applied, the time it will take to reduce the contamination, the required consumption of
production factors (such as energy, chemicals etc.) in the course of time, the time involved to treat the
relevant quantities of water or the inflow of water and, last but not least, the uncertainties as regards the
development of the valuation parameters (such as prices and rates) for the consumption of these
production factors during that time. The economical valuation of such objects requires necessarily an
appropriate evaluation of the time factor and makes it necessary to take the various risks and trend
factors into account. In other words, it is necessary to apply an inter-temporal valuation approach (Slaby
and Drebenstedt, 2000a, 2003).

In the current practice of remediation mining, the general problem of the economical valuation of long-
term remediation objects is embedded mainly in two fields of the decision-taking process.

First of all, as a pre-requisite for determining the most suitable option of technological and commercial
behavioral alternatives. The problem to take a decision in this respect is above all characterized by the
fact that the available technological options may oppose each other: one of them may require no or
hardly any aftercare, but is cost-intensive, while the other one may require fewer investments, but more
aftercare. The problem is here to make an inter-temporal comparison of the expenditure involved (i.e.
the investments and the operating costs required), depending on the time when these amounts become
due. The problem can only be solved by applying financial and mathematical valuation models.

Secondly, the progress made with the remediation creates the prerequisite for transferring the object into
the responsibility of a third party. This transfer often comes along with a change in ownership, i.e. the
local authority becomes the new owner, so that the supervision by the mining authority ends, as intended.
It might be necessary to pursue the long-term jobs, such as monitoring and water management jobs, also
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in the future and under the auspices of the new legal owner, in order to contain or ward off post-mining
damage affecting the general public.

The readiness of the future owner to accept the commercial responsibility for the project will depend on
a reasonable funding. The volume of the funding depends on the services and costs for the relevant
object still outstanding at the time of transferring the ownership. The calculation of the amount needed,
e.g. a one-off payment to the future owner, will be based on a mathematical valuation model of the
financial investments required, i.e. on the calculation of the cumulated capitalized cash value of all
outstanding financial obligations.

A suitable approach to a solution of both problems is to mathematically determine the financial
investment costs.

3. Financial Valuation Approach

This approach makes it necessary to establish the cumulative cash value of all financially assessed
expenses required for the valuation projects over a limited or unlimited time horizon (7) and in
accordance with the required safety and remediation standards. These "mathematically calculated
financial investment costs", referred to hereinafter as the expense parameter (4 W), act as criteria when
the commercial advantages of alternative options are compared and when a one-off payment is made to
the future owner after the financial responsibility has been transferred. The calculation of the expense
parameter AW is determined by the cash-layout costs (operating costs requiring payments) to be
established for the period t. As well as by cyclic and non-cyclic investments, that may become necessary.
These payments are the input for the calculation. Should payments be received during the period 7, such
as in the form of revenue or investments, they will have to be offset against the payment made in the
same period. Any balances from the liquidation are to be included in the calculation at the end of the
project period T.

Calculation of the cumulative cash value of the periodic payments (the mathematically calculated
financial investments) related to a base year (0) by taking into account:

e The period required for the relevant measures (7).

e The cash-layout costs at valuation level 0 by taking into account the possibly changing
consumption of resources (such as energy, labor etc.) and investments during this period that
might become necessary.

e The inflation-adjusted imputed interest (the real rate of interest).

e Trends concerning the changes in the valuation parameters and in the prices for the expense
parameter, such as for energy, labor, replacement investments and material.

e A general inflation rate.
e the specific technological and commercial risks concerning the valuation objects.

Investments made and operating costs expended before the base year (0) will be disregarded in the
calculation of the cumulated cash value for the payments due, they are irrelevant for the decisions (to
be) taken in this respect, they are "sunk costs" by their very nature.

If the expense parameter AW is used as a basis for a one-off payment in the case of transferring the
responsibilities, it will be assumed that this capitalized one-off payment made in the base year (0) will
be capitalized as an annuity with a safe nominal interest rate over the limited or unlimited time horizon.
This periodic annuity is then available with the required amounts to cover the payments, including the
calculated trends in the expense and valuation level as well as for specific technological and commercial
risks.

A=y 20
=2~ m
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where AW = expense parameter; A,p = periodic amount for the cash-layout costs and investments in
period ¢ at the valuation level in base year (0); ¢ = imputed interest (the real rate of interest).

If AW in equation (1) = constant, the following applies:
AW = A+ 1714w kE )
q(g—1)
where KF' = capitalization factor.

The required cyclic and non-cyclic payments, such as for replacement and one-off investments, are
included in annuity Ayo) (as an investment annuity) of equation (2). The capitalized expense parameter
AW will then be determined by the product of the largest period annuity of all payments and of the
capitalization factor. The valuation model shown in figure 1 illustrates the suggested valuation strategy.

AW = A-KF

expenses

L] L] L] L] T L] /I
., sunken‘ costs Future operation costs and investments,
Discouted to year ,,0“
income o
-2 -1 0 1 2 3 4 .. T—infinite
2014 2015 2016 2017 2018 2019 2020 2016+ T

A; —annual investments 4; = I-KF I, —lost investments before year ,,0“
A, — annual operating costs I, — periodic investments
A — annual payments Auszahlungen (4, + Ag) Iy — single investments

L, — Liquidation balance (+/-)

Figure 1 Valuation strategy

Prerequisites for calculating the expense parameter AW on the basis of equation (2) are therefore:

- The calculation of the payment/expense annuity 4. This includes the preliminary calculation
of the cash-layout for the operating costs and other cyclic and non-cyclic payments that may
become necessary as well as their calculation as representative expense annuity over the
period T.

- The calculation of the capitalization factor KF. This requires decisions to be taken over the
period T, decisions as to the rhythm of the cyclic investments (renewal cycle) and the
determination of the imputed interest rate g.

If the object to be evaluated is subject to price increases for the consumption of production factors (such
as prices and labor rates) to and specific technological and commercial risks, it is recommended to
calculate a modified interest rate g, which will then have to be taken into account, and the expected
inflation rate as well. Assuming that there is a continuous and steady development over the period T
(with the same percentage), the imputed basic interest rate (the real rate of interest) will have to be
modified as follows:
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3)
g, 100

where g = imputed interest rate now modified; gz - original imputed real interest rate; g = inflation
factor; gy - summarized object-related modification factor of the valuation criteria (prices) for the
expense factors, such as for labor, energy etc.; pr = discounted interest rate in % p.a. to take
specific technological and commercial risks into account.

q =4z

The calculation of the expense parameter AW on the basis of equation (2) with the given capitalization
factor KF' and an expense annuity A, that remains constant over the period 7 is recommended, when
payments for the objects remain unchanged over the period 7 and when the expense parameter 4 does
not change, either. In the case of any deviating conditions, such as changing expense curves and
liquidation balances, the calculation regulations will have to be modified further. Should the expense
curve fluctuate, the calculation will have to be made on the basis of irregular amounts being paid over
the period T according to equation (1). In practice, it may be typical that the trend of expenditure is
decreasing which can be mathematically described by a digression of the changing amounts. The
expense parameter 4 W will have to be interpreted as a negative revenue item.

As a result of the sensitivity analyses carried out and depending on the model input, the following
conclusions are generally valid and can be drawn with regard to the sensitivity of the target parameter
"capitalized expense parameter” (4 W) (Drebenstedt, 2006).

e AW responds rather sensitively to changes in the modified interest rate q and shows an
exponential growth with a declining interest (rate). AW's sensitivity is therefore felt more
strongly in areas with a high interest rate than in areas with a lower interest rate. This, in turn,
makes it necessary to define q thoroughly, i.e. the influencing factors must be taken into account
in this respect. For the mine closure activities with long term character and risks, a reasonable
funding is necessary. The basic of the calculative real interest rate therefore can be only long
term and safe investments. Interest rates from such investments are comparable low, in Germany
in the rage from 2.5%/a to 3.5%/a.

e The decisions on the structure of these parameters, including the capture of detailed data for
individual cost items, will be pushed in the background, while the decisions on the rate of the
inflation-adjusted basic interest (¢) and on the interest rate for risks involved (pr) will be given
much more priority, although the cause/effect relationship between price increases (gr) and
inflation (gsy.) as well as the adjustment between the effects of this relationship on q will have
to be given due consideration.

e The influence of T on the amounts involved in AW is considerable over a 20 to 30-year period
(7), but will decline when T is in excess of 30 years. This fact points to the necessity that T for
the objects with a limited duration must be determined very carefully.

e The safe knowledge of the amounts involved in the expense parameter and of the expense curve
in the case of projects with a long (7 longer than 30 years) and an infinite duration as well as
the required knowledge of possible liquidation consequences is less important and fades in the
background. The influence of long-term jobs tackling so-called permanent mining damage on
AW is almost irrelevant under the aspect of a commercial valuation when 7' = 50 years. The
one-off payment in the case of a constant expense annuity over the period 7= o and a modified
interest rate q = 1.05 amounts to only 9.55 percentage points above the amount which would
have been due if 7 was 50.

e The expense curve over the period 7 (either constant or declining) is of decisive influence
especially on objects with a limited duration. This explains the demand to determine the expense
curve for these projects over the period T very carefully, apart from the demand to also limit
this period T to a reasonable duration.

e Irrespective of the project duration 7, the statements about the expense volume and the
development of the expense curve for a period of up to 20 - 30 years are of the essence.
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e In general, AW shows a higher sensitivity in areas with a lower interest rate, also when 7, Ly and
the expense curve change. Consequently, the claims for funding of these parameters will be
higher at a lower interest rate than at a high interest level.

e Should AW be used as a criterion for determining the commercial advantages of (different)
options, any variations in the interest level may change the advantageousness of the option
hitherto preferred. A higher interest rate favors options and makes them more advantageous,
where most of the required expenses become due in the far-away future. In other words: a low
interest rate promotes behavioral alternatives requiring a less intensive aftercare, but requiring
higher investments.

4. Case study
4.1 The problem

The following typical example often meets in practice: The residual hole of a disused opencast mine is
filled with water and used for local recreation. In order to ensure the safety for the general public, it
becomes necessary to regulate the water level in the lake and prevent it from rising beyond a specified
level. A water level higher than the specified one could cause geo-technological dangers, such as
landslides. In order to regulate the water level permanently, two technically feasible solutions are
available (Figure 2):

e Option 1: The permanent operation of a pumping station. This option requires comparatively
little funding in form of a one-off investment, but incurs comparatively high costs for the cyclic
replacement investments and the operating costs.

e Option 2: Construction of a free outflow from the lake. The advantage of this option is that the
operating costs and the cyclic replacement investments are fairly low once the free outflow has
been constructed, although the initial funding requirements are comparatively high.

4.2 Initial Data and Calculation

In order to compare both options under commercial aspects, all expense-related facts will have to be
reviewed.

Option 1
A stationary pump will have to be installed for permanent operations.

o Investments: The investments made in recent years comprise electrical connections, a passage
under the road and a building for discharging the water into a near-by creek and have a
reinstatement value of some € 21,600. The renewal cycle for these plants has been fixed to be
40 years. Further supplementary investments amounting to approximately € 71,300 are required
for the pump station (€ 40,900), the pumping equipment (€ 20,200) and the site mobilization
(€ 10,200). As the pump is only used periodically, a reserve pump will not be required. In order
to establish the recurring expense items, a distinction must be made between cyclically
renewable and one-off investment costs. The one-off investment costs include the site
mobilization. The pumping equipment will have to be replaced every 12 years, while a useful
life of 40 years is assumed for all other investments.

e Operating costs: The operating costs of € 18,600 can be broken down as follows: energy
(€ 0.03/m? of water), labor costs for the supervising personnel (10 hours/week at € 23/hour),
service and maintenance (2% p.a. of the investment sum over a useful life of 40 years and 8%
p.a. of the investment sum over a service life of 12 years) as well as charges and fees (insurance,
rental of the land etc.).

e Risk: In order to dimension the pump, a 50-day pump test has been carried out. This period is
not considered to be sufficient for making a reliable forecast as to the water quantities to be
pumped. This uncertainty will be taken into account by a risk discount of 0.5% on the interest
rate.
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Figure 2 Scheme of case study options: pump station (left) or free outflow (right), 1- mining lake, 2 — dam, 3a —
open ditch, 3b — pipe installation, 4 — river, 5 — pump station, 6 — pipe installation, 7 - road

Option 2
The water will be discharged partly into an open trench and partly into a pipeline. The different piping
sections lead to the sub-options "open trench" and "piping" (Table 1).

e Investments: The earthwork, the vegetation work, the surveying and engineering services as
well as the permitting costs will be taken into account as one-off investment costs (€ 524,500
or € 537,300, respectively). The pipelines and the trench construction will have to be renewed
cyclically (every 40 years) at a cost of € 19,400 and € 264,800, respectively.

e Operating costs: Checks are necessary in the interest of public safety and to maintain the reliable
function of the discharge installation (8 hours/week, € 10,000 p.a.).

e Risk: The water outflow to be constructed runs across an old dumpsite. As no hydrological
assessment of the water level in the dumpsite has been prepared, no final statements as to the
required construction of the water discharge installations can be made. These risks will also be
reflected by an interest rate discounted by 0.5%.

The two options will be commercially evaluated based on the expense parameter AW as applied in
equation (1). All necessary payments over the entire project duration will be taken into account, the
cyclic investments as investment annuities. The project duration of both options is infinite.

The mathematical calculation of the investment costs assumes a real interest rate of 4% as well as a price
and inflation adjustment.

The input data and the result of the mathematical/financial calculation of the expense parameter AW
based on equation (1) are summarized in the table 1.
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Table 1 The project costs broken down in accordance with the options considered

Free outflow option

Option with a pump station

Elements of the project costs (10° €) Open trench Pipeline
(10° €) (10°€)

1. New investments 71.3 524.5 537.3

1.1 of which: one-off investments 10.2 505,1 272.5

1.2 of which: cyclic renewal, every 12 20,2 - -

years

1.3 of which: cyclic renewal, every 40 40.9 19.4 264.8

years

2. Renewal of existing plants, every 40 216 - -

years

3. Operating costs per year 18.6 10.2 10.2

Expense parameter AW 693.8 825.0 947.3
4.3 Results

A comparison of the options based on the above assumptions shows that the construction of the pump
station ensures a relative advantage of about 18.9% over the option with a free open trench outflow. The
option involving the free outflow with a pipeline is clearly much more unfavorable due to the high
proportion of replacement investments. When looking at the effect the real interest rate has on the
expenditure, the following statement can be made: Based on a real interest rate of 3% p.a., both options
(with the pump station and with the free outflow) are commercially equivalent. If the real interest rate
rises, the option with the pump station will become more advantageous. A relative advantage of 36.4%
is already achieved with option 1 when the interest rate rises to 5% p.a., as compared with the other
option. These statements underline and confirm how urgent it is to determine the interest rate exactly,
i.e. to establish the real interest rate, the price modification rate, the inflation rate and the risk-related
interest rate (Equation 3).

Conclusions

A major feature of mine closure activities is their long-term character and the special risk. This applies
particularly to remediation in the field of water management, such as to objects for to objects for the
collection, treatment and disposal of contaminated seepage water from mining slopes, dumpsites and
disused industrial facilities, as well as to objects for controlling and limiting the rising ground water
levels in old mining locations affected in this respect. Alternative technological and commercial options
to solve the problems as well as specific technological and commercial risks are typical of these long-
term objects, and they often seem to require an infinite duration to complete them.

In the current practice of mine closure, the general problem of the commercial valuation of long-term
remediation objects is embedded mainly in two fields of the decision-taking process: First of all, as a
pre-requisite for determining the most suitable option of technological and commercial behavioral
alternatives. Secondly, the progress made with the remediation creates the prerequisite for transferring
the object into the responsibility of a third party. The problem is to make an inter-temporal comparison
of the expenditure involved, depending on the time when these amounts become due. The problem can
only be solved by applying financial and mathematical valuation models. The approach is to establish
the cumulative cash value of all financially assessed expenses required for the valuation projects over a
limited or unlimited time horizon and in accordance with the required safety and remediation standards.
These "mathematically calculated financial investment costs", referred as the expense parameter (AW),
act as criteria when the commercial advantages of alternative options are compared and when a one-off
payment is made to the future owner after the financial responsibility has been transferred.
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The paper introduces typical reasons for a valuation, the valuation model and the conclusions for the
model drawn from a sensitivity analysis. Problems arising when the model is applied are highlighted in
a case study.
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Extended Abstract

The costs of treatment of mine water may have a considerable impact on the economic viability of
mining operations. In some cases, after mine closure and during rehabilitation, such cost may still occur
for long-time periods or even eternity. In this context, it is of importance to assess and recognize such
costs in an appropriate way and report them in the financial reporting documents in the best possible
way to reflect the fair value of the mining operations. The presentation intends to give an overview of
the rules and practice for (internal) recognition and (external reporting) in accordance with the
International Finance Reporting Standards with a specific focus on mining.

Issues to be dealt with:

(1) Under which conditions are costs of mine water treatment ,,fully lost™ and charged against
revenues?
(ii) If such costs, in contrast, increase the value of the mining operation, can they be capitalized?

(iii) Under which conditions can such costs be considered as investments?

(iv) How will depreciation in such conditions take place?

W) Under which conditions is it possible to create liabilities for mine water treatment?
(vi) Which IFRS standards apply specifically to mining operations?

(vii)  How to illustrate these issues in a case example?

(viil)  How to apply the standards in practice?

Key words: mine water, costs, IFRS standards
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Abstract

Contamination of surface water by the mine water discharges is one of several problematic
environmental issues related to coal mining. The discharges of mine water have a significant impact
on water quality and aquatic ecosystem. Mine water released to the river ecosystem may increase
salinity, temperature and concentration of heavy metals. Therefore, water management including
implementation of solutions allowing to minimize the environmental impact of mining operations
plays an increasingly important role. Assessment of environmental risk mitigation resulting from
application of possible treatment solution should be a part of the technology selection process
depending on existing environmental problem.

Approach based on the treatment technologies efficiency and water quality standards was applied to
estimate the potential environmental risk reduction. The performed analysis showed that
implementation of treatment technologies have a positive impact on the aquatic environment by
removing a significant loads of pollutants, thereby supporting the prevention of deterioration of
aquatic ecosystems exposed to contaminants from mining water. Performed process of technologies
assessment in terms of risk mitigation confirmed that due to selectivity for specific type of
contaminants, different flexibility to concentration changes and limitations the process of solution
selection should be performed individually for selected specific case conditions. During this process
besides the technology parameters physico-chemical parameters of discharged mine water and river as
well as river flow rate should be taken into account.

Key words: mine water, treatment technologies, environmental risk, aquatic ecosystem

Introduction

Activity of hard coal mining is associated with pumping mine water to the surface and then discharges
to nearby watercourses. Impact of the mining on surface water was undertaken within many papers
(Absalon and Matysik 2007; Dogaru et al. 2009; Office of Environment and Heritage NSW 2012).
Water discharged from both operating and abandoned mines causes degradation of water quality and
introduces alteration of aquatic habitat. Mine water from European coalfields is often characterized by
high salinity and temperature (Belmer et al. 2014). Substances present in discharged mine water such
as heavy metals, radioactive isotopes, sulphate and chloride (Bondaruk et al. 2016; Canedo-Arguelles
et al. 2013; Janson et al. 2009; Chalupnik and Wysocka 2009; Younger and Wolkersdorfer 2004) may
have an significant impact on water quality and in consequence may damage or alert the structure of
biological communities in aquatic ecosystem (Besser et al. 2007). One of the most important
document, in the field of water resources management and protection is the Water Framework
Directive (WFD). According to the Article 4.1 the general aim is to achieve in all surface bodies good
status by 2015 as well as introduce the principle which allow to prevent any further status deterioration
(European Communities, 2009).

Therefore, water management including implementation of solution such as treatment technologies
allowing to minimize the environmental impact of mining operations plays an increasingly important
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role. Assessment of environmental risk mitigation resulting from application of possible treatment
solution should be a part of the technology selection process depending on existing environmental
problem. MANAGER project (full title: Management of mine water discharges to mitigate
environmental risks for post-mining period) implemented within Research Fund for Coal and Steel
was aimed at development and evaluation of treatment technologies in terms of risk reduction for
aquatic ecosystem. Among technologies developed within the project were semi-passive and active
solutions focused on treatment of different hazardous substances occurring in mine water discharge.

Within this paper results of the analysis of environmental risk mitigation performed based on
treatment efficiency and comparison to EQS (Environmental Quality Standard) set out by Directive
2013/39/EU are presented. The results of laboratory analysis to estimate the pollutant load reduction
for zinc, nickel, cadmium, copper, lead, mercury, iron, manganese, magnesium, barium were used.
Annual Average Environmental Quality Standards (AA-EQS) values for heavy metals from priority
list - nickel, cadmium and lead were applied to calculate the required dilution degree of treated mine
water. Analysis was performed to assess how implementation of treatment technology may mitigate
the environmental risk posed by discharge of mine water including metals. The implemented approach
may become an important part of management practices reducing the environmental impact of mining
operations.

Methods

The analysis of environmental risk mitigation was performed for selected technologies developed and
tested in MANAGER project which are dedicated to treat mine water from metals such as Zn, Ni, Cd,
Cu, Pb, Hg, Fe, Mn, Mg, Ba. Based on the collected information concerning physico-chemical
parameters characterizing mine water in Europe coalfields the matrix of artificial mine water was
developed within the project MANAGER by DMT GmbH & Co. KG (Table 1). This matrix includes
five type of artificial mine water with different characteristics was used in order to create comparable
conditions of treatment efficiency analysis in laboratory scale.

Table 1 Artificial mine water matrix

Parameters Typel Type2 Type3 Type4d TypeS
Groundwater Low salinity — Intermediate  High salinity, High salinity,
salinity, sulfate barium
flooding
pH 7,00 7,00 7,00 7,00 7,00
Sodium Na (mg/1) 170 1380 8300 30170 26 850
Potassium K (mg/1) 20 80 180 250 330
Calcium Ca (mg/l) 200 400 1 000 1 000 2 800
Magnesium Mg (mg/1) 85 250 450 1 000 1 000
Iron Fe (mg/1) 4,317 10,793 43,173 129,520 129,520
Manganese Mn 1,882 4,706 18,823 56,470 56,470
Zinc Zn (mg/1) 0,236 0,590 2,361 7,082 7,082
Lead Pb (mg/1) 0,047 0,118 0,473 1,418 1,418
Cadmium Cd (mg/1) 0,004 0,009 0,038 0,113 0,113
Chromium Cr (mg/l) 0,000 0,000 0,000 0,000 0,000
Copper Cu (mg/l) 0,012 0,029 0,117 0,352 0,352
Nickel Ni (mg/1) 0,013 0,031 0,126 0,377 0,377
Mercury Hg (mg/1) 0,000 0,000 0,001 0,002 0,002
Barium Ba (mg/1) 0 0 0 0 400
Strontium Sr (mg/1) 0 0 30 0 333
Sum of cations (mg/1) 475 2110 10020 32420 31713
Hydroxid (OH) (mg/1) 0 0 0 0 0
Chloride Cl (mg/1) 185 2500 15 000 50 000 50 000
Sulfate SO4 (mg/1) 400 1 000 1 400 1 800 0
Nitrate NO3 (mg/1) 5 0 0 5 0
Bromide Br (mg/1) 0 5 20 60 60
HCOs (mg/l) 600 650 200 200 110
Sum of anions (mg/1) 1190 4150 16600 52005 50110
Sum of salts (mg/1) 1 665 6 260 26 620 84 425 81 823
Ion balance (mg/1) 3,8 4,3 3,2 1,0
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Parameters Typel Type2 Type3 Type4 Type5
Groundwater Low salinity — Intermediate  High salinity, High salinity,
salinity, sulfate barium
flooding
Dissolved salt calc. (mg/1) 1 665 6 265 26 640 84 485 81 883
Total hardness calc (mg/1) 285 650 1450 2 000 3 800
Electr. conductivity calc 2 440 9110 37398 106 531 103 777

Assessment of the environmental risk mitigation included in the first step the calculation of percentage
of pollutant load reduction and in the second the step comparison to recommended AA-EQS for Ni,
Cd, and Pb. Within this paper technologies for metal removal were investigated. The estimation of
environmental risk mitigation was performed for the following treatment technologies:

e Active technology based on precipitation process using a sodium sulphide Na,S as a reagent -
tested by DMT GmbH & Co. KG,

e Active technology based on precipitation process using a sodium hydroxide NaOH as a
reagent - tested by DMT GmbH & Co. KG,

e Active technology based on precipitation process using a calcium hydroxide Ca(OH), as a
reagent - tested by DMT GmbH & Co. KG,

e Active treatment by sparging with hydrogen sulphide (H2S) gas generated using an off-line
sulphidogenic bioreactor — tested by Coal Authority,

e Semi-passive synthetic zeolite technology — developed and tested by CERTH,

e Semi-passive algae bio-technology — developed and tested by University of Almeria,
Passive compost systems — tested by Coal Authority.

To perform the analysis data concerning concentration of specific contaminants present in mine water
before and after implementation of treatment technologies was used. The percentage of pollutant load
reduction was calculated comparing the concentration at the entrance and at the exit of the technology
for each type of artificial mine water (Figure 1, Figure 2, Figure 3, Figure 4, Figure 5). The basis for
the initial concentrations before treatment was matrix for five mine water types (Table 1). Due to
differences between treatment technologies resulting from their specifics such as removal only of
certain type of pollution the common list of metals allowing calculation of percentage of pollutant load
reduction was created. Concentration of Zn, Ni, Cd, Cu, Pb, Hg, Fe, Mn, Mg, Ba in mine water
samples were used to estimate the environmental risk mitigation resulting from loads reduction.
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Figure 2 Percentage of metal load reduction by treatment technologies (artificial mine water type 2)

66



Proceedings IMWA 2016, Leipzig/Germany | Drebenstedt, Carsten, Paul, Michael (Eds.) | Mining Meets Water - Conflicts and Solutions

100 W ZincZn
M Nickel Ni
80
® Cadmium Cd
e m Copper Cu
M Lead Pb
40
W Mercury Hg
20 - W lron Fe
W Manganese Mn
0

pollutant load reduction
[%]
(2]
=]

Active Active Active Zeolites Algae Compost H2S system Magnesium Mg
technology technology technology biotechnology System
NaOH Ca(OH)2 NA2S
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Figure 4 Percentage of metal load reduction by treatment technologies (artificial mine water type 4)
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Figure 5 Percentage of metal load reduction by treatment technologies (artificial mine water type 5)

The achieved results showed that the range of treated pollutants is different depending on the
technology and mine water type. The most wide range of treated pollutants characterizing active
technologies (using NaOH, Na,S, Ca(OH); as a reagent) regardless mine water types, however the
pollutant load reduction was most effective in case of the 3™, 4" and 5" mine water type. The active
technologies are particularly effective to treat mine water from Fe, Pb, Ni, Zn. The active technology
using Na;S as a reagent to precipitation process is not applicable for 5 mine water type. Zeolites
technology is specific only for selected pollutants: Zn, Cd, Cu, Pb, Mn and the pollution load
reduction in case of all mine water types was in most cases nearly 100%. Algae biotechnology reduced
the metals concentration most effectively in 1% and 2" mine water type. Algae biotechnology is
dedicated to mine water contaminated mainly by Fe and Mn (around 100 % for all mine water type).
The compost system can be also implemented to treat mine waters from heavy metals such as Zn, Ni,
Cd, Cu, Pb and Hg but the highest effectiveness of treatment was observed in case of high salinity
waters (type 4 and 5). The active treatment by sparging with hydrogen sulphide (H,S) allow
effectively for reduction of heavy metals such as Pb, Cu, Zn and Cd. However this technology is not
dedicated for chemical parameters characteristic for 1* type of mine water.

Within the second step of environmental risk mitigation analysis the concentration of priority
substances present in the outflow from treatment technologies were compared with environmental
quality standards of priority substances set out in Directive 2013/39/EU (Table 2).
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Table 2 Environmental quality standards in the field of water policy (Directive 2013/39/EU amending
2000/60/EC and 2008/105/EC) used in the environmental risk assessment

Parameters AA-EQS MAC-EQS
[ug/1] [ug/1]

Nickel Ni 4 34

Cadmium Cd 0,08-0,25 0,45-1,5

Lead Pb 1,2 14

Mercury Hg 0,07

Subsequently, the annual average concentrations AA-EQS of selected priority substances (Ni, Cd, Pb)
were used to estimate required degree of dilution (fold of dilution resulting from level exceedance of
AA-EQS). The required degree of dilution of treated mine water by zero concentration river ensuring
achievement of water quality standards was calculated. The achieved results are presented from Figure
6 to Figure 10.
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Figure 7 Required degree of dilution of mine water after treatment in order to achieve the required water
quality standards for mine water type 2
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Figure 8 Required degree of dilution of mine water after treatment in order to achieve the required water
quality standards _for mine water type 3
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Figure 9 Required degree of dilution of mine water after treatment in order to achieve the required water
quality standards for mine water type 4
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Figure 10 Required degree of dilution of mine water after treatment in order to achieve the required water
quality standards for mine water type 5

The results showed that despite the high treatment efficiency required environmental quality standards
are difficult to achieve and the further reduction of pollutant is required. Due to the dilution effect the
river flow as an important factor should be taken into account during the technology selection process.
In terms of environmental risk reduction caused by Cd, Ni and Pb, each technology has its limitations
and the effectiveness was dependent on chemical composition of water. Comparing technology for
different types of water showed that active technologies are more flexible in relation to changes in the
concentration of contaminants.

In case of active technologies (using reagents NaOH, Ca(OH).), the relatively low degree of dilution
of Pb and Ni is required for 3,4 5% type of artificial mine water, however the concentration of Cd
significantly exceeded the required limits. Environmental risk is effectively reduce by active
technology using Na,S in case of 3™ and 4™ mine water type (Figure 8, Figure 9). However, this type
of technology is not dedicated to treatment the water with parameters characteristic for 5% type of
artificial mine water. The zeolite technology is very effective to reduce the risk caused by Ni and Cd,
however to meet the environmental limit for Pb the further dilution is required. Algae-biotechnology
allow to gain the required environmental quality standard for Pb in experiment performed for 1 and
2™ type of artificial mine water. The algae biotechnology is more selective regarding the treatment of
different types of contaminants. In case of technology using for treatment hydrogen sulphide (H,S) the
risk was effectively mitigated and relatively stable regardless the changing water parameters, however
the Ni concentration required higher dilution to meet AA-EQS value. The results concerning passive
treatment based on compost system, showed that required dilution degree maintained at the similar
level for all types of artificial mine water.

Discussion & Conclusions

The environmental risk is posed by discharged mine water due to the fact that they include elevated
concentrations of metals and metalloids (Johnson and Hallberg 2005). Therefore, the implementation
of treatment methods mitigating the risk and allowing to meet the set out environmental quality
standards plays increasingly important role in mine water management systems. The performed
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analysis showed that comparison of the technologies between each other in terms of environmental
risk mitigation is a complex and multidimensional process. The achieved results confirmed that active
treatment technologies are more chemically flexible than passive systems (Taylor et al. 2005) and may
effectively remove wide range of pollutants. Moreover appropriately designed active technologies may
be less limited by operational parameters but this results in relatively high operating costs (Degens
2009). While active treatment technologies need power and input of (bio)chemicals to operate, the
passive technologies require low energy input and smaller maintenance costs (Younger et al. 2002).

However, well-constructed passive technologies, carefully selected for occurring environmental
problem and specific conditions, can be an effective ecological treatment systems successfully
mitigating the environmental risk. The coal mining community is becoming increasingly interested in
passive solutions which constitutes less expensive alternative to more costly active treatment
technologies (Watzlaf et al. 2004). Additionally, if it is required the active and passive solutions may
be combined to meet the existing environmental standards. As many experts indicated the treatment
systems usually consists of multiple steps involving to the treatment process more than one technology
(US EPA 2014). Consequently, the achieved results presented within this paper should not be
interpreted unambiguously due to differences between technologies specifications. The performed
analysis showed that treatment technologies may prevent further water body status deterioration,
however during the assessment process each technology should be considered individually depending
on site specific local conditions and type of mine water (Younger 2000).

The approach to assess and select suitable solution for environmental risk mitigation should involve
estimation of pollutant load reduction as well as a required dilution degree. To perform complex
assessment the process should start from collection of data about exceedances occurring in mine water
and receiving river. The assessment of the technology risk mitigation should estimate not only
improvement of parameters in mine water discharge but also the impact on the water body.
Accordingly, the flow rate of the receiving river is an important factor due to dilution effect which can
decide on the applicability of the selected technologies. In order to estimate the final concentration of
contaminants and assess the risk mitigation resulting from technology implementation, parameters
such as water chemical composition of discharge and river as well as technology and river flow rate
should be considered.

The environmental risk mitigation is an important factor in decision making process in selection of the
treatment technology. For this reason the assessment of environmental risk mitigation resulting from
application of possible treatment methods should be a part of the technology selection process
depending on existing environmental problem. However, in addition to environmental aspects factors
such as available size of land, system longevity, maintenance requirements, flow rate, site
accessibility, availability of power sources; economic aspects (capital and operation costs); climate
impacts on system efficiency should be also important elements of technology selection (US EPA,
2014). Therefore in the further step the cost benefit analysis including estimation of potential costs and
benefits resulting from treatment technologies implementation is required.
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Abstract

In the joint project train@mine two German mining companies (RAG and MIBRAG), a water
consulting company (Emscher Wassertechnik) and a University (Leipzig University, chair of service
management) were making up a consortium to develop professional training courses. The aim of the
project was “Internationalising of Professional Training in the Mining Sector to Support Sustainability
in Resource Management”. Vietnams coal mining sector was chosen as an example and the state
owned holding VINACOMIN acted as a local partner. A thorough assessment phase during the first
year of the project revealed a number of issues that were addressed in training courses designed on a
pilot scale. Four two-day pilot courses were developed: Mine Management, Project Management in
Mining, Water- and Environmental Management and Occupational Safety in Underground Mines.
These courses were documenting best practice in the named fields by giving lively examples of
relevant proceedings and methods.

The Water- and Environmental Management course contained the four topics “Water management and
safety issues”, “Impact of underground mining on the land surface”, “Water treatment” and “Public
concerns and management”. One key aspect of the first topic was the dewatering of underground mine
areas with stagnant water that can endanger the mine workings by sudden water intrusion. The
comparison of the working practice in a Vietnamese mine as observed during the assessment phase
with the common practice in a German mine lead to the presented example. The lifespan of the
dewatering example was covering several months. It started with the utilization of a 3D underground
GIS System to identify the area filled with stagnant water and illustrated the technical aspects of
identifying the expected water volume and the efforts made to safely dewater the area. The mining
authority was permanently kept informed about the monitoring of the progress of the works. This
routine action was documented and explained in the pilot course. Not only for safety reasons it was
noticed that old goaf workings in the Vietnamese mine were not closed and separated from the active
parts of the mine. This practice leads to a higher air ventilation and consumption in the mine as well as
a higher potential for mine water reactions induced by oxidation.

Sharing of professional experiences was viewed as a beneficial way to improve best practice. We had
a very positive feed back from our pilot courses, although they could not cover topics in full detail.
Future effort is needed to implement full scale training, as this project was partly funded by the
German ministry for education and research. Underground coal mining will be ceased in Germany
within a few years. It is in general of gaining importance to secure sustainable resource management
in all countries that supply resources to countries without domestic resources or resources that cannot
be economically mined. Looking ahead it is necessary to make sure our environmental standards will
stay valid for all our goods all along the supply chain.

Key words: Mine water, training, best practice
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Introduction

The approach of our training project was not to deliver text book courses but to create custom made
training courses. The idea was to bring together experts and collect upcoming questions. The
advantage of this method is the involvement of the future trainees in the design of the courses. Many
educational trainers support the assumption that learning is only possible through self-discovery and
self-appropriation (Rodgers 1969). For that purpose a team of around ten German experts visited
repeatedly the Vietnamese hard coal production region Quang Ninh and met with Vietnamese experts.
The project was partly funded by a German government initiative to propagate vocational education
(BEX 2016). A number of open cast mines and underground mines were visited. The Vietnamese
experts were interviewed and a broad spectrum of themes were addressed. Vietnamese experts were in
turn invited to visit German mines (see fig.1).

Hard coal mining in the Quang Ninh region is conducted in open cast mines and underground mines.
About 20 open cast mines and 34 underground mines were producing a mass of 34 million tons in
2011 according to the data presented to the project team. The depth of the open cast mines is
continuously increasing and at some places mining is switching from open cast mining to underground
mining.
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Figure 1 Mines visited by the joint project team in Vietnam and Germany.

To our German underground mining expert approaching the Quang Ninh mining region was
reminiscent of Germany‘s Ruhr district in the early 1970s, with shades of grey everywhere, turning to
black in places. The inspection report reads as follows. At the roadsides, locals would prepare meals
over briquettes made from coal dust swept together and moulded in special presses. There was
inadequate binding of the dust from underground, and particularly from the opencast mines, so
residents could make use of the fuel they found on the surface. On arrival we saw several buildings
with recreational rooms, a comparatively large washhouse for staff, a changing room for more senior
staff and a small store. Our group received sets of clothing reserved for what seemed to be rare visitors
— blue dungarees, a jacket, foot rags and half boots but no gloves, goggles or earmuffs. Off we went to
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the portal. On the way to the production site it was remarkable to see that disused roads and galleries
were not dammed off. Instead, a cross made from wooden slats was put up as a No Entry sign. There
was therefore a serious risk of producing fugitive air with dangerous gas concentrations. The condition
of the entire roadway was not state of the art, with hardly any of the support segments connecting up
to the rock. While this is tolerable at prevailing roof pressures, it would be unpardonable when mining
at greater depths with running water in galleries and no pump sumps, making accidents on the
travelling ways a serious possibility. The production site, with a seam thickness of about 2 m and a
cutting drum in operation, lacked sufficient support resistance in the area of face-to-roadway
transition. Except for a wooden prop on the face conveyor gear box, no other support segment was
visible. The cutter pick had sprinkling similar to RAG’s own Eickhoff cutting drums (fig. 2). Miners
would walk across the conveyor and move around in unprotected environments. During the inspection,
no miners who could be identified as managers were in sight. Earlier interviews had revealed the
shortage of qualified personnel in this mining region, which was clearly borne out by appearances. Not
a single member of staff had personal protective gear. Nearby we heard pneumatic hammers being
used in manual coaling, which provides most of the output.

Figure 2 Drum shearer seen in the visited underground mine.

During the discussions with Vietnamese experts the two subjects in the field of mine water that
attracted most interest were dealing with mine water from an operational viewpoint, and eco-friendly
regional water management.

As regards mine drainage, draining dead water (“pockets” as they are known in Vietnam) was of main
interest. This operation is very different from conditions in Germany where dead water is limited to
regions without drainage which have been created in the rock mass by previous mining. These are
visualised with a digital mine plan and provisionally drained by selective boring using highly skilled
personnel underground, who have to follow very specific procedures and are supervised by the Mining
Authority. When draining these regions, water pressures and flows are constantly monitored, with
continuous adjustment of expected and actual readings. Safety equipment (pumps) is kept ready on
site, and mine rescue squads are on standby to minimise the risk of inundation.

Training Courses

Four major topics for training courses were defined during workshops held at VINACOMIN’s
headquarters in Hanoi. During the workshops each topic itself was divided into subtopics according to
the expressed requirements. The course Water- and Environmental Management contained four main
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subjects. Water management and safety issues contained the most prominent issues that had been
discussed.

The mine water management of stagnant waters encountered in the underground when approaching
areas that had been worked in before was extensively discussed with experts from the Auguste
Victoria colliery at Marl/Germany in order to derive a model case for presentation at the pilot course
in Vietnam. The methods used in Germany were debated and documented in detail to make the model
as practical and comprehensible as possible. German mining techniques were illustrated by a variety
of maps, sketches and photos provided by the project partners (fig. 3).

Water Treatment

Ground Surface
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River *

Pumpstation at Shaft
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Figure 3 Dewatering scheme to manage stagnant water in a RAG mine.

Many of those on the Vietnamese side had been to the above mentioned colliery during an excursion
organised for the Vietnamese project group. Work underground is not a prestigious job in Vietnam,
and mines find it difficult to recruit suitable trainees. Mines are located in remote areas, and higher
wages cannot compensate for what is available in terms of housing and leisure facilities; it remains an
unattractive option. Flooding is a major risk when working underground, and water pockets may turn
out to be crevasse zones with links to the surface. These are not explored in advance and are not
shown in the mine plan, which consists of paper maps. In geohydraulic calculations, empirical
formulas are inserted for analytical purposes without any numerical simulation. There is no close
monitoring of drainage procedures by the Mining Authority. This subject was addressed in the public
concerns and management part.

The pilot courses were designed to show the advantages of mechanisation in mine operations, and the
German experts have tried to illustrate their own procedures in a comprehensible and practical
manner. The environmental compatibility of water management in mining regions also differs from
the situation in Germany. For example, a first mine water treatment plant had been built under
Germany’s RAME project (Bilek 2011).

At Halong, water-borne coal dust and other substances entering the bay are a major problem. In this
connection, tourism can be a compelling reason for reducing the many environmental burdens
generated by mining. One of the aims of the pilot course was to illustrate the German approach to
mining and the environment, including forecasts of expected negative effects and suitable steps to
avert or abate them. We have tried to show how planning to adapt surface starts years before mining
subsidence can occur. Examples have been given of how forecasting and planning tools interact at
technical level, and of cooperation between mining companies, regulatory agencies and experts at
administrative level.
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Mine water treatment was also discussed in detail during the pilot course. This included a presentation
on general strategies to avoid or minimise the generation of polluted mine water. Details of modern
and efficient mine water treatment plants recently built in central Germany were also presented, with
planning and implementation described by those who had done the job (fig 4). But also technical
simple in-situ-conditioning methods as operated for iron abatement in central Germany and its
implementation in the mine operation processes were discussed. The idea was to convey an experience
that was highly authentic, and to avoid lecturing. Some trainees knew the plants and equipment
involved already from the excursion mentioned. The gathering of data needed to design a treatment
plant was illustrated. In the mining context this means the prediction processes expected in the future.

Figure 4 MIBRAG Mine water treatment plant.

An example for unwanted effects of mining on the ground surface in Germany is shown in fig 5. In
this case the anticipatory regulation of surface waters by hydraulic construction was not appropriate to
avoid water logging. The negative effects had to be cured after the event. In the courses it was shown,
how predictions of future ground water levels were made and how these facts are communicated with
the public and the authorities. The role of certified expert referees in Germany was explained. It was
presented how participation of public is organized in the process of mine planning and the planning of
the compensation of negative effects.

Figure 5 Water logging caused by land subsidence in the German Ruhr coal area.
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Conclusions

With our training courses we were able to point out a number of technical aspects that we believed are
part of best practice when dealing with mine water management. On the other hand we encountered a
number of non-technical reasons for many shortcomings. One reason being the lack of skilled labor.
The reason for that often is that people consider the work in mines as unattractive. We met a large
number of highly qualified and university/college trained managers and executives in mines, at
corporate headquarters and at the Hanoi Mining University who had often studied in Germany or other
countries. While modern technology is on the advance in everyday urban life, it has bypassed the
workers in mining industry.

A number of parallels were found when problems in different mining regions were discussed; our
Vietnamese colleagues found it hard to understand the concept of water management which involves
the long-term raising of water, to be conducted in the Ruhr district in perpetuity. This is in strong
contrast to the Vietnamese principle of leaving most environmental effects unregulated. The country
will hopefully find a middle course here in the future. Germany’s experience in the field can be very
useful, as has been confirmed by many of the trainees who attended courses in Vietnam. From our
point of view, the introduction of German commercial products for education and training could be
hampered by competing services granted free of charge as part of German development aid to
Vietnam.
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Abstract

This paper will present the findings of a participatory observation conducted through interviews with
different mine water related stakeholders in South Africa. The aim of the study was to describe the
different viewpoints and expectations that key stakeholders in South Africa have with regards to acid
mine water. This is the first study of this kind ever conducted in South Africa and it will help decision
makers to deal with mine water issues outside the scientific context.

Using an interdisciplinary approach, this project aims to describe a phenomenon that by now mainly
has been seen as technical, chemical or in a geological dimension. Therefore, it will also use
techniques that differ from the engineering-scientific usage, such as ethnographic methods. One
difference is that the project used an open format and therefore allowed an aesthetic, poetic approach
in order to describe and explore metaphors of mine water, which will be presented in the paper.

In fact, mine water is as much an aesthetic as a cultural object. The questions that will be asked and
answered by the stakeholders are: What is Mine Water? How is Mine Water different from ‘“Natural
Water”? What do stakeholders relate with one or the other? How do they speak about them, how do
different people call it? What concepts of understanding do they have? How do concepts differ from
each other?

Metaphors and beliefs direct the emotions. According to the A-B-C-model of “Rational Emotive
Behavior Therapy” (REBT), all humans “construct their views of reality through their language,
evaluative beliefs, meanings and philosophies about the world, themselves and others” — ‘A’ stands for
activating event, ‘B’ for beliefs and ‘C’ for emotional and behavioural consequence. As much as it is
called consequence, it is no use to discuss emotions in order to change them (Ellis 2004). Once a
belief/metaphor/interpretation is set, the emotion is almost determined. Originally designed to treat
emotional difficulties, this research project explicitly does not aim to change any beliefs, it is an
approach to get a deeper understanding of what stakeholders think of mine water and its treatment.

Key words: Mine water, art, South Africa

Subjective Introduction

This paper is about mine water and emotions — and since it is different from a technical paper, it will
also include “subjective”, i.e. “personal” perspectives. This might be an unusual concept for an
engineer or a scientist, but new problems need new solutions, and therefore we are trying to tackle the
mine water issue in South Africa from a new perspective:

“There was a natural well in a flood plain next to the village, about which my mother kept telling
stories. One day we went searching for the well, but we couldn’t find any traces anymore. She used to
know the landscape as a child before mining started. I became more interested in the topic that made
the well disappear. Taking artistic practice as a point of departure, I added spatial planning,
ethnography and hydrology to document and explore the post-mining landscape, where I have been
living since 2012. My thesis in the progress at Bauhaus Universitit Weimar, Germany, deals with the
effects of Uranium mining of WISMUT Inc. in Thuringia, Germany. Together with Christian
Wolkersdorfer, whom I met during a mine water meeting in Thuringia, we started a collaboration of
interdisciplinary research of the post-mining effects in Gauteng, South Africa, where he teaches Mine
Water Management at Tshwane University of Technology. He told me that he became devoted to
mining and decided to study this subject ever since he first explored an abandoned underground mine
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in Austria’s Tyrol at the age of 14. Finally, substantial similarities between the Witwatersrand and
Ronneburg inspired this project. Both mining sites are within striking distance of populated areas and
both deposits, besides other substances, contain radioactive Uranium in the mine water, tailings and
waste rock piles. With Christian Wolkersdorfer’s support and local knowledge, I interviewed seven
different people on their knowledge, relation and feelings towards mine water in their area: Two
researchers, two local authorities, two environmental activists and one local resident. This paper aims
to combine theory and data-collection from the field in order to explore the topic in a holistic way.”

At this stage, we did not investigate the cultural differences of South Africa and the perceptions in
regards to mine water that might arise from those differences. Instead, a baseline approach was taken
to identify various interpretations of mine water in South Africa, mainly in the Witwatersrand area.
Yet, it might be interesting, to study whether people with different ethnical backgrounds or even the
various languages in the country have different points of views when it comes to mine water and
pollution.

Fig 1: Young South African men in eMalahleni near an acid mine water discharge which leaves acidic white
crusts of metal sulphates.

Scientific Introduction

Acid mine drainage (AMD) became an eminent problem in South Africa when it first discharged from
the Western Pool of the Witwatersrand gold fields in 2002 (Coetzee 2003). Yet, the “problem” did not
begin in the year 2002, and first scientific investigations about AMD and potential health issues date
back to the 1970s (e.g. Smit 1977, Wittman & Forstner 1976). Since then, and to this day, AMD in
South Africa is an issue that is regularly covered by the media and NGOs (Liefferink 2010), especially
when drinking water supplies are directly affected by mine water pollution (May 2012). As there is
currently no uniformly accepted definition of mine water or acid mine drainage, the chemical
evolution of mine water is highly complex. A large number of disciplines are dealing with mine water,
so confusion for stakeholders that are scientific novices is inevitable — not only in South Africa, but
world-wide (e.g. Brazil, Germany, Alaska, USA). Not everybody might immediately understand the
definitions of mine water presented by Nordstrom (2011), who clearly identifies acid, circum-neutral
and alkaline mine drainage. In addition, as soon as the number of chemical equations in a scientific
paper or presentation exceeds (1), many people certainly claim that scientists want to hide the issue of
acid mine drainage by using “scientific” language. This paper describes first results of an effort to
combine scientific and artistic thinking by investigating the perceptions that stakeholders in the South
African mine water context have (Fig. 1). Its starting point are identifying the philosophical concepts
of “water”, the concepts of “risk” and finally the concepts of “mine water” from a stakeholder’s point
of view.
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Water, not solely technical “stuff”

This project starts with examining assembling aspects on the topic of water as a philosophical matter.
A book concerning this topic one encounters frequently is <L’Eau et les réves> (Water and dreams) by
Gaston Bachelard, chair in history and philosophy of science at the University of Paris (Sorbonne).
Written in the middle of the past century, it describes and analyses various qualities of “archetypes” of
water. It might be of relevance to know that the author stated the production of scientific knowledge
not as “a gradually increasing total body of truth, but as an active dialogue between reason and
experiment” (Blackburn 1996).

Water has a long record in the history of philosophy, documented i.e. in the pre-Socratic western
philosophy in Greece. Around 600 B.C., Thales of Miletus (the inventor of the eponymous theorem)
regarded water as a primary matter (arche), which is alive and responsible for change and the diversity
of things. A few centuries later, Empedokles, around 400 B.C., defined four primary elements
consolidating the world: water, earth, fire and air — united or separated by love and hate. He was
coeval of Leukipp and Demokrit, who developed the theory of undividable elements (a-tomos) —
antecessors of modern physics and chemistry (Kunzmann et al. 2002).

Water as cognitive interest was not solely a European phenomenon. Asian philosophy of Dao, in the
same era, appreciated water as a very general paradigm of all existence. In Chapter 78 of “Tao te
Ching”, Laozi says:

“Nothing in the world

is as soft as water.

Yet for dissolving the hard and the inflexible
nothing can surpass it.

The soft overcomes the hard;

the gentle overcomes the rigid.

Everyone knows, this is true,

but few can put this into practise” (McAnally 2007, 5-6)

More metaphorical cognition can be found in the even older divination-system “I-Ching” (The book of
changes), assumingly written between 1100-600 B.C., during the Zhou-Dynasty of ancient China. It is
based on observations of political, social and natural phenomena. Famous psychologist Carl Gustav
Jung used and practised it as a “method of exploring the unconscious” (Richard 1950). “The book of
Changes” is compiled from eight hexagrams — where water is used as a source of metaphorical
imagination and cosmology — it represents a building block (“trigram”) of life. Within a complex
system, the elements (wind, water, rock, sky ...) interact with each other, create images and
divination, which those who inquired adjusted and interpreted with regard to their own lives.

Our cultures are mainly rooted in these and similar stories, metaphors and beliefs of cosmology. This
is, in other words, what Gaston Bachelard calls “imagination”. His concept of “water” is defined as
based on the pre-Socratic ancient Greek philosophy of the four elements (Bachelard 1983, 3). For his
examination, he also analyses poetry — works by Samuel Beckett and Edgar Allen Poe. Especially the
chapter on “Deep Water” is contextualised with dark, melancholic aspects such as: “to contemplate
water is to slip away, dissolve, and die” (Bachelard 1983, 47). In his chapter on “Imagination and
Matter”, he states, that “Water is truly a transitory element. It is the essential, ontological
metamorphosis between fire and earth. He [sic!] dies every minute; something of this substance is
constantly falling away. (...) Water always flows, always falls, always ends in horizontal death.”
(Bachelard 1983, 6). But water can also be maternal and nourishing (Bachelard 1983, 119). Another
quality of water is its ability to reflect — more truly than a solid mirror could, as the story of Narcissus
tells us. Furthermore, it has the ability to assimilate “all kinds of substances, even contrary matters
joining its fluidity” (Bachelard 1983, 93) — it even “moderates the other elements”. And most of all, it
“radiates purity” (Bachelard 1983, 143).

Ivan Illich’s book “H,O and the waters of forgetfulness”, which basically refers to “Water and
Dreams”, draws various lines even further. Not only, that this “tangible”, but “elusive” element would
dilute other substances, even more it has a “nearly unlimited ability to carry metaphors®. It “always
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possesses two sides” — in some African languages “water of beginning” was also detonated as twins:
“Water is deep and shallow, life-giving and murderous. Twinned, water arises from chaos and waters
cannot be, but dual” (Illich 1986, 24-25).

Across cultures, when a person dies and travels from life to death, the “other world” often lies beyond
a body of water — a river, an ocean, a bay — sometimes by walking, sometimes with a ferry. “The slow,
flowing waters the traveler crosses are everywhere emblematic of the stream of forgetfulness; the
water has the power to strip those who cross it of memories that attach to life” (Illich 1986, 30).

Besides his work on further development of the interpretation of the qualities of water, Ivan Illichs
merit in the 1980s was to outline the dichotomy of the two concepts about this “stuff”: “From the start
I shall refuse to assume that all waters may be reduced to H»O. (...) For not only does the way an
epoch treats water and space have a history: the very substances that are shaped by the imagination —
and thereby given explicit meanings — are themselves social creations to some degree” (Illich 1986, 4).

From Roman aqueducts to contemporary plumbing systems, he describes the process of an alienation.
H>O to him became just a scarce, technical resource to be managed, without a history, without
imagination. In the beginning of the last century, due to fear of newly discovered bacteria, people
started “to abstain from drinking water unless it came from an approved faucet or bottle®. People (in
the US) stopped having contact to untested, untreated natural water. In the second half of the century,
this process increased: “entirely new and unthought-of pollutants became known. Many people
refused to serve it to their children as drink. The transformation of H,O into a cleaning fluid was
complete. (...) Water throughout history has been perceived as the stuff which radiates purity: H,O is
the new stuff, on whose purification human survival now depends” (Illich 1986, 75).

Perception of risk

As mentioned above, water in general became associated with a “risk”. According to Ulrich Beck,
whose famous book “Risikogesellschaft” (Risk society) was first published in 1986, “risk [has
become] the defining characteristic of our age” (Beck 1992, quoted in Adams 2002, 180). Unlike more
traditional human concepts of dangers, risks are expansive, invisible and can only be judged by
experts. Ortwin Renn, Chair in Technik- und Umweltsoziologie at the University of Stuttgart, adds his
concept of “creeping danger”, as most risks we experience today, are imperceptible through our senses
and impossible to assess through experience, but are “communicative signals, that cause specific
recognition”. This can clearly be seen by the results of the study by Munnik et al. (2010) in the
Witbank Area of Mpumalanga, where post-mining “conditions worry the residents”. Exposure to
radiation, toxic chemicals in the air and drinking water — all these are risks perceived through
communicative signs. Therefore “it is typical for creeping danger that it takes place outside of our
personal, sensory perception. We depend on others to believe — or not —, whether there is a risk”.
While technical understanding of risk mainly includes the probability and the magnitude of harm
(Renn 2014b), the “public” adds much more components involved into their highly individual risk
assessment.

Researchers in the field of cultural theory criticized the hegemony of statistics and technical risk
assessment. For example, John Adams claims in his book “Risk”, that statistics of fatal crashes with
their great volume and distinct causes are one of a few subjects of “reliable statistics” (Adams 2002,
11). Usually, “league tables” that show “probabilities of death from different causes — from ‘radiation’
to ‘being a coal miner’ — are constructed from data of immensely variable quality”. While statistics,
created by the number of accidents “per unit of time (...) are interpreted by experts as objective
indices of risk and are sometimes compared with the subjective judgements of lay people, usually with
the aim of demonstrating the hopeless inaccuracy of the latter” (Adams 2002, 12—-14).

Risk assessment is not a one-way-track and it is a dynamic process — “Risk is culturally constructed”
(Adams 2002, 9). The perception of risk may for example depend on age, gender, nationality, mental
state, personal experiences — interpreting statistics “as objective measures of risk for individuals”
would be an “insuperable problem” (Adams 2002, 14). Furthermore, risk assessment is an interactive
process, since “both individuals and institutions respond to their perceptions of risk by seeking to
manage it, they alter that which is predicted as it is predicted” (Adams 2002, 14).
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The psychometric paradigm of risk research originates mainly in the work of the “Oregon Group” of
Baruch Fischhoff, Sarah Lichtenstein and Paul Slovic. Some of their risk-related variables, as listed in
Rohrmann (1999, 8), are: risk level aspects (such as estimated annual number of fatalities, magnitude
of risk, (un)avoidability of accidents/disasters and danger of health) or qualitative features:
dreadfulness, associations with fear, (un)familarity, known to exposed, (not) observable,
un(controllability), (un)known to science, immediate vs. delayed effects, impacts for future
generations — plus all personal relations to hazard, such as being (in)voluntarily exposed, personal
influence on choice, degree of concern, being worried, personal exposure, being personally affected
and the desired distance to hazardous facility. On the other hand, there are benefit aspects such as
those provided by risk source for an individual, social benefits, revenge for human needs and
acceptability aspects including the social acceptability of a risk or willingness-to-pay (for risk
mitigation) (Renn 2000, 21).

Ortwin Renn specifically outlines the freedom of choice to be exposed to the risk as a main factor in
risk assessment, as well as whether a source of risk is perceived as “artificial or natural” (Renn 2014a,
257). Risks from “natural” sources are judged less critical compared to “artificial” ones. Also, the state
of knowledge, both personal and scientific, influences the perception of risk and contributes to
individual risk perception. Associated with this knowledge factor is the public trust in quality of
information and “performance” distributed with the source of risk by experts, as outlined in the
introduction. Components which build “credibility” are impartiality, openness, transparency and
honesty. The component which is judged as “performance” is compiled by competence, fairness and
the commitment a person perceives.

Interviews

We collected data in seven qualitative interviews with stakeholders being involved in post mining and
mine water issues in the South African Gauteng Province, mainly in the Witwatersrand, as this has not
been done before within this context. All seven interviews were conducted in a semi-structured
manner, six were arranged, while only one was captured spontaneously in the field. As mentioned
above, they are not categorized by name, gender, nationality, ethnical background nor along the level
of education or the like. Build categories of relation towards mine water are: expert, representative of
local authorities, environmental activist and local lay person. This section is a first trial to interpret
these interviews.

The opening questions were always asking for a definition of what the interviewee regards as mine
water; secondly, whether he or she considers it as a natural or artificial phenomenon; and thirdly
which was his/her relation towards it.

Concerning definitions of mine water, the answers overlapped each other. Most trained experts, either
scientists employed by institutes or officials from local authorities stated definitions similar to the
following: “Mine water is any water which is involved in or affected by mining processes. So it is
water flowing into mines, flowing out of mines, water used on mines“. Especially the environmental
activists endeavoured for a comprehensive definition including suggesting a row of examples while
stressing that mine water does not necessarily need to be acidic. One found that “different definitions
are confusing®, while he claimed that there are “very active NGOs in the area — and they love
confusion, they love vagueness”. He thinks that they benefit from this inaccuracy, which is why he
created his own definitions. Only one person within the interviews, a local layperson, admitted: “I
don’t want to lie to you. I don’t have no clue what I define as mine water”. However, she is confronted
daily with the observation and contact: “the water was running from that side. Normally they [i.e. the
experts, G.R.] said, there was something that they said, ‘How did this water grow on that side?’,
because they said, its coming from a certain somewhere and pulling through and that’s why it’s just
accumulating and stuff like that. Really I want to say to you: I really don’t have any clue, but when
you go nearer to the water, you can see: it’s not clear water! There is different kind of chemicals or
different designs that is also flowing in that water. I think, the water is also more poisoning™. As can
be seen, her relation to mine water seems different from the others, possibly because she is much more
personally affected and does not have reliable, easily understandable information on this subject.
Furthermore, she is involuntarily exposed to the source of risk. With emphasis she said: “My feeling
towards this water on the right hand site is to say: they have to remove it! We are really not happy
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with it. We don’t want it, it doesn’t belong to us and there is no other area that people can move us to”.
Another substantial statement within this first question on definition was that one of the researchers
addressed it first of all as a “serious, environmental problem world wide®, that is costly to the public.
Fitting this statement, an authority interviewee found a “negative connotation” to the term “mine
water”.

Answers to the “natural/artificial” questions varied much more. The only person who found it clearly
“artificial”, claiming that it was against the “normal geological formation”, was a representative of
local authorities. The other representative found it “natural, but partly modified”. One of the activists
evaded the question saying it was “disturbed and changed”, the other regarded it as “natural”. One
expert called it “both”, as acid rock drainage was a natural phenomenon, while acid mine drainage
arose through human activities and therefore is artificial. Another one called it “allogenic”, he
suggested to use the term “anthropogenic” instead of “artificial”, although, this term to him “doesn’t
mean much, when it comes to water resources”.

Conclusions

As has been shown in this baseline investigation, the judgement on mine water substantially depends
on the information on the subject and voluntary nature or freedom of choice to its exposure. A local
person personally affected, possessing almost no resources to escape or unwilling to move (e.g.
because of social local networks), may perceive the threat more intensively than someone less engaged
and with more spatial and social distance. Risk — as has been seen — is not objective, but subjective. It
is important to acknowledge this fact and respect it when communicating with the public or
communities. As Renn says, trust is nothing that can be built, but only facilitated through credibility
and fairness (Renn 2014a).

Concerning the “naturality” of the source of risk, it remains an open question why the interviewees
varied so much in their assessments. One interpretation could be that they separate mining activities
and mine water from each other.

Drawing together all findings, it emanates that the dual nature of water reveals itself once more in
mine water — especially, when it is perceived at least as partly natural. It takes up substances from an
unknown realm — dark, deep and disturbed through human activities. This fact may also contribute to
the qualitative feature of hazard: namely fear association.

If we extend the argument further concerning imagination, the question is whether there could be an
archetype of mine water and if so, what would it look like? If we agree with Illich/Bachelard, there is a
lack of metaphorical embedding — a rather general approach is missing, not only a technical approach
or treatment, stressing aspects of controlling, but also cultural and philosophic concept of this matter.
It may be similar to what James Griffith (Department of Forestry Engineering, University of Vicosa,
Brazil) suggests as “narration incorporated into ecological restauration”, specifically speaking about
post mining sites in Brazil (Griffith 2014). His argument is that “narration” would support a more
subjective approach towards a landscape. As water is a part of a landscape, mine water is too. This is
the case even if it is an unplanned and an unwanted entity or process. Suppression and ignorance from
the cultural perspective may not lead to a sustainable and reliable practise with this entity.
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Abstract

Mine waters, due to the wide spectrum of pollutants, represent a serious problem from an environmental
point of view. Therefore, the main goal of the research was to assess the environmental risk posed by
highly saline discharges of mine water. In this study the impact of mine water discharged from active
and abandoned Polish coal mines located in Upper Silesian Coal Basin region (USCB) on Przemsza
river ecosystems has been assessed. The impact of increasing river salinity on inhabiting them aquatic
organisms was performed according to Environmental Risk Assessment (ERA) methodology specified
by European Commission in Technical Guidance Document on Risk Assessment (TGD 2003). Based
on the ERA results for all section of analyzed Przemsza river basin a map of hazards resulting from
exceeding the acceptable environmental salinity levels was performed. The studies confirm that
discharge of mine water cause the increase in the concentration of pollutants in river waters which in
turn may lead to an imbalance in the ecosystem of Przemsza river basin and its tributaries and caused
irreversible environmental damage. The study results confirm also that the assessment of surface water
quality based on both, ecotoxicological and physicochemical indicators is more favorable than the
mandatory classification of pollution.

Key words: mine water discharges, environmental risk, salinity, USCB

Introduction

Water Framework Directive (WFD) is one of the most important document in the field of water
protection and water resources management. The main purpose of this document was to establish
a framework for the protection of inland surface water and groundwater (Directive 2000/60/EC). The
WED consists of different steps and monitoring procedures which ensure that “good chemical” and
“good ecological” status of all European water bodies will be met in 2027. The water quality issue is
especially important in Poland, which compared with other European countries has comparatively poor
water resources (Mankiewicz-Boczek et. al 2008). The high level of industrialization and urbanization
directly affects the quantity and quality of pollutants discharged into the environment (Absalon et al.
2007). Due to the large load of pollutants in discharged mine waters (heavy metals, high salinity,
presence of radioactive nuclides, etc.) serious threat to ecosystems is increasing. Taking into
consideration the nature of water from Polish coal mines the particular attention in this study was paid
to high salinity. The problem of increasing salinity in the surface waters and its impact on ecosystems
was already described in the literature. For example, Cafiedo-Argiielles described the negative effects
of repeated salt pulses resulting from cyclical discharge of mine waters on river and stream ecosystem
(Cafiedo-Argtelles et al. 2014). Wright et. al described the effect caused by salinity on shellfish
populations (Wright et al. 2011), and Bellmer in his work showed a negative effect of salinity and heavy
metals on diversity and abundance of organisms inhabiting ecosystem affected by mine water discharges
(Belmer et al. 2014). Literature data clearly shows, that excessive exposure caused by increasing salinity
load, can lead to death of organisms living in contaminated ecosystems, which in turn, may contribute
to the total biological degradation of water reservoir (Kroll et al. 2002). If water monitoring is based
mainly on physicochemical analysis it is difficult to predict the full response of living structures on
increasing pollution level. Therefore, it is necessary to use a procedures and methods which allow to
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assess the potential environmental risks caused by anthropogenic pollution. The need for conducted this
type of analysis was documented by Swart and Jarvis. (Jarvis et al. 2000; Swart et al. 1998).

One of the methods for environmental risk assessment (ERA) is the procedure recommended by
European Commission, described in Technical Guidance Document on Risk Assessment (TGD 2003).
In this study ERA procedure was used to assess the environmental risk posed by discharges of mine
waters into the rivers located in Przemsza river basin. Obtained results allowed to develop a map of
hazards posed by rising salinity loads in the rivers. Due to the fact, that ERA procedure includes the
species sensitivity to pollution, applied methodology allowed to estimate a scale of exposure and predict
potential of the environmental damage. Results of the analyses are particularly important, because real
scale of environmental problems posed by mine water discharges in the USCB region has not been
thoroughly investigated.

Methods

Study Area — Przemsza river basin

The Przemsza river basin belongs to the upper Vistula river catchment. The area of the Przemsza river
basin covers about 2121 km?, and the length of the river is 87.6 km. The basin is situated in the area of
the Upper Silesian Coal Basin (USCB). Przemsza river basin consists of 41 bodies of surface water, of
which 10 were classified as artificial and 13 were defined as heavily modified. More than 30% of all
river channels situated in study area is regulated. Regarding to water management Przemsza river basin
can be divided into 2 different subregions: the lower and the upper part of the river. The lower part of
Przemsza basin is significantly exposed to the impact of mining activities, including land deformations
and surface water pollution related to the discharge of mine water. Due to the location in highly
industrialized part of the Silesian Region, this area is exposed to numerous anthropogenic impacts. Cities
located within the basin are: Katowice, Bytom, Sosnowiec, Bedzin, Jaworzno, and Mystowice. This
area covers just 27% of the total Przemsza basin but it is a place of living more than 85% of its
population. The area is comprised by the Brynica sub-basin situated below the Koztowa Gora reservoir,
the Biala Przemsza sub-basin situated below the confluence with Kozi Brod, lower part of the Czarna
Przemsza sub-basin situated below the Przeczyce reservoir and the whole basin below the cofluence of
rivers Biala Przemsza and Czarna Przemsza. Almost all from among 20 surface water bodies in this
region do not meet the objectives of WFD. Unlike to lower part, the upper part of Przemsza basin is not
seriously impacted by mine water. In the area of Biala Przemsza sub-basin there occur a large depression
sink which arose in result of mine water pumping. The indirect adverse effect of mining activities to
surface water resources is being partially compensated by freshwater discharge from mine draining into
rivers. Water quality as well as ecological status of water bodies in upper part of Przemsza basin are in
better quality and quantity than in the lower one.
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Figure 1 Przemsza river basin — location of sampling points.
(1-Szarlejka river above the discharge from CZOK from the Powstancow Slgskich region; 2-Wielonka river above
the discharge from CZOK from the Grodziec region; 3-Brynica river above the estuary of Row Michatkowicki; 4-
Brynica river above the discharge from CZOK from the region Saturn; 5-Pogoria river above the discharge from
CZOK from the Paryz region; 6-Przemsza river above the discharge from CZOK from the Sosnowiec region; 7-
Rawa river above the discharge from CZOK from the Kleofas region; 8-Rawa river above the mine water
discharge from KWK Ruch Wujek; 9-Rawa river above the discharge from CZOK from the Katowice region; 10-
Rawa river above the discharge from KWK Mystowice-Wesola,; 11-Bolina Poludniowa river above the discharge
from KWK Wieczorek,; 12-Bolina Poludniowa river above the discharge from KWK Murcki Staszic; 13-Biata
Przemsza river above the Bobrek river estuary, 14-Przemsza river above the discharge from CZOK from the Jan
Kanty region; 15-Przemsza river above the discharge from ZG Sobieski; 16-Przemsza river water gauge “Jelen”)

Samples collection

In order to estimate the actual salinity level of Przemsza river basin, nineteen sampling points located
directly on the Przemsza river and its tributaries were selected. Sampling points were selected in order
to capture the main sources of highly saline water inflows from active and abandoned coal mines.
Locations of sampling points in comparison with other discharge of mine water is shown in Figure
1.Water samples were collected from March to October 2015. For all river samples a comprehensive
analysis of physicochemical properties were performed. Due to the fact that the aim of research was to
assess the environmental risk caused by highly saline mine water, only selected water quality indicators
were used (chlorides, sulphates, and hardness) (Table 1). During the analyses data from a national
monitoring of quality of the surface waters, conducted by the Regional Inspectorate of Environmental
Protection in Katowice were also used (Table 2).

Ecological Risk Assessment (ERA) procedure

The Environmental Risk Assessment (ERA) was performed according to methodology described in
Technical Guidance Document on Risk Assessment (TGD 2003). Simplified ERA procedure is based
on determining two values: PEC (Predicted Environmental Concentration) and PNEC (Predicted No-
Effect Environmental Concentration), which are finally compared in order to estimate the RL ratio (Risk
Level). The PEC is defined as an expected concentration of a substances in the environment. PEC value
reflect the level of pollution (scale of exposure) on which the organisms inhabiting an ecosystem are
exposed to. The levels of threat to aquatic species caused by high salinity for all sampling points were
expressed as a PEC values. During the ERA analysis as a PEC values both, results of physicochemical
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analyses (Table 1) and the monitoring data of surface water quality conducted by Regional Inspectorate
for Environmental Protection were used (Table 2). In a next step, the PNEC values was estimated. PNEC
values is defined as concentration below which exposure to a substance is not expected to cause adverse
effects to species in the environment. Therefore, the PNEC is the threshold value of the negative effects
caused by exposure to the contaminant are observed. Accordance with the ERA methodology described
in the TGD guidelines there are at least two approaches for the determination of the PNEC (deterministic
and probabilistic approach). Within the study the probabilistic approach was applied. Probabilistic
approach is based on the assumption, that well-characterized population is represent by inherent
heterogeneity and biodiversity. The approach assumes that PNEC value is expressed as a HCs ratio
(Hazardous Concentration) estimated within the SSD analyses (Species Sensitivity Distributions). HCs
value is defined as a concentration of substance, dangerous for 5% of all exposed species, while the SSD
determined a cumulative probability distributions of toxicity values for multiple species. All available
ecotoxicological data gathered in database were used to determine PNEC threshold values (PNEC-
chlorides; PNEC-sulphates). During the database formation the following data sources were used:
ECOTOX database (U.S.EPA), EU Risk Assessment Reports, research centre publications,
recommendation of the EU member states, etc. The finally PNEC values (expressed as HCs) were
determined using the ETX2.0 software made available on the websites of the Dutch Environmental
Protection Agency. Estimated PNEC values amounted respectively: PNEC chloride:139,06 [mg/1];
PNEC sulphate: 299,90 [mg/1]. The estimated PNEC values represent safe concentration for 95% of
species living in affected ecosystem, beyond which the negative effects caused by exposure will be
observed. Additionally the PNEC value for chlorides was determined by the use of existing algorithm.
Added value of the algorithm is that the estimated PNEC depend on local and background conditions
(Chronic criteria value [mg/l] = 177,87(Hardness [mg/l])"***” (Sulfate [mg/l])"""*?). Environmental
risk posed by high concentrations of chlorides and sulphates according to aquatic ecosystems was
expressed by the RL (Risk Level). RL was determined as the ratio of PEC to PNEC (HCs). The general
rule for interpretation of the obtained results assumed that if the RL is less than 1 it means that there is
no risk of negative impact from the stressors in relation to the aquatic ecosystem and there is no need to
take action to reduce the environmental risk. Contrary, if RL value is higher than 1, it means there is a
high risk of negative impact from the stressors to the aquatic ecosystem. In such situations, action to
reduce the present environmental risk is needed.

Results and Discussion

The results of physicochemical analyses confirm that Przemsza river basin is highly affected by mining
activities. Discharges of mine water into Przemsza river and its tributaries caused an increase of
chlorides and sulphates concentrations in surface waters (Table 1). Results of the analyses showed that
water salinity expressed as individual concentrations of chloride and sulphate ions, remains respectively
in the range: from 40,32 [mg/l] (Ne 2, 11) to 729,91 [mg/1] (Ne12) for chlorides and from 98,97 [mg/1]
(Ne 11) to 680,77 [mg/l] (Ne12) for sulphates (Table 1). Data provided by Regional Inspectorate for
Environmental Protection in Katowice indicated that the average concentration of chloride ions in the
water of Przemsza river basin maintained in the range from 9,79 [mg/1] (Centuria river) to 7.809,21
[mg/1] (Bolina river). Similarly, the concentration of sulfate ions was maintained in the range from 41,98
[mg/1] (Strumien Btedowski river) to 812,79 [mg/l] (Réw Michatkowicki river). The highest salinity
was recorded in the rivers most affected by the impact of mine water discharges, which include:
Szarlejka river (chlorides concentration 1.042,25 [mg/1]; sulphates concentration 302,90 [mg/1]); Row
Michatkowicki river (chlorides concentration 1.042,25 [mg/1]; sulphates concentration 812,72 [mg/1]),
Rawa river (chlorides concentration 1.747,35 [mg/1]; sulphates concentration 476,0 [mg/1]), and Bolina
river (chlorides concentration 7.809,0 [mg/1]; sulphates concentration 461,84 [mg/1]). The results shown
that location along the river successive emission sources, closely related with increasing pollution load
discharge into the river, directly affect the growth of water samples salinity. The estimated contaminant
concentrations are similar to the values obtained by other researchers, whose study concern the source
and the scale of water pollution in the area of USCB (Absalon et al. 2007; Lewin et al. 2006; Olkowska
etal. 2014).

Table 1 ERA - based on PEC expressed as physicochemical analysis results of surface waters of Przemsza river
basin.
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Physicochemical parameters ERA RL
River No Cl SO4 hardness Probabilistic cl .
approach algorit
[mg/1] [mg/1] [mgCaCO3/1] Cl SO4 hm

Szarlejka 1 109,83 170,94 214,75 0,79 0,57 0,30
Wielonka 2 40,32 110,96 184,67 0,29 037 0,11
Brynica (form Koziowa Gora 3 510,24  3208,93 512,22 3,67 10,7 1,45
river to estuary) 4 469,92 380,87 250,50 3,38 1,27 1,32
Pogoria 5 76,47 128,96 239,38 0,55 043 0,20
Przemsza (from Przerzyce 6 48,66 98,97 196,21 0,35 0,33 0,13
reservoir to Biala Przemsza 13 53944 308,90 24392 388 103 1,50
estuary)

7 100,10 185,94 120,27 0,72 0,62 0,31
Rawa 8 169,62 269,91 144,57 1,22 0,90 0,52

9 519,97 770,74 220,71 3,74 2,57 1,58

10 250,25 338,89 164,36 1,80 1,13 0,76
Bolina Potudniowa 11 40,32 62,98 66,80 0,29 0,21 0,13

12 72991 680,77 425,31 525 2,27 1,92
Biata Przemsza (from Kozi Brod 14 g5 34 500,93 218,32 047 0,67 0,18
river to estuary)
Przemsza (form Biala Przemsza 15 350,36 230,92 213,32 2,52 0,77 098
river to estuary) 16 329,50 230,92 215,20 2,37 0,77 0,92

17 379,55 239,92 217,95 2,73 0,80 1,06

Table 2 ERA based on the monitoring data of surface water quality conducted by Regional Inspectorate for
Environmental Protection.

River water quality - National

ERA —RL ratio Monitoring data Mine
River Probabilistic Physico- Ecological water
Cl . .
approach loorithm chemical status/ impact
Cl SOy algort status potential

Przemsza (from ri\./er spring 1o 0,22 0,21 0,07 good moderate -
Przerzyce reservoir)
Br}/nica (from. river spring to Koztowa 014 021 0,05 g00d g00d )
Gora reservoir)
Szarlejka 7,45 1,01 2,44 bad poor D
Jaworznik 0,23 0,32 0,08 bad moderate -
Wielonka 0,25 0,36 0,09 bad moderate D
Réw Michatkowicki 745 2,71 2,44 bad good D
Potok Lesny 1,06 0,48 0,37 good poor D
Rawa 12,49 1,59 3,79 bad moderate D
Brynica (from Koztowa Gora river

491 1,29 1,58 bad moderate D/1
estuary)
Bolina 55,82 1,54 14,64 bad bad D/1
Pr.zemsza (from ereczyce reservoir to 428 074 1.4 bad moderate DA
Biata Przemsza river estuary)
Centuria 0,07 0,15 0,03 high bad -
Strumien Bledowski 0,15 0,14 0,05 good poor -
Biala 0,10 0,91 0,04 bad bad D
Bla’la Przemsza (from Biata to Kozi 021 065 0.07 bad moderate I
Brod river estuary)
Kozi Brod 0,61 0,78 0,22 bad good -
Rakowka 2,68 0,49 0,88 bad moderate -
Bobrek 3,73 0,97 1,23 bad moderate D/1
Biata Przemsza (firom Kozi Brod
estuary to the confluence with Czarna 0,08 0,69 0,09 bad moderate D
Przemsza river)
Wawolnica 2,11 1,08 0,7 bad poor D
Byczyna 0,58 0,26 0,20 good bad D
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Matylda 0,18 0,19 0,07 bad poor -

Przemsza Ofmm Biata Przemsza to 281 0.76 0,93 bad poor DI
Przemsza river estuary)

D- direct impact of mine water discharges, I — indirect impact of mine water discharges

Research results clearly indicate that discharge of waters from coal mines located in study area is
associated with pollution-related changes to the water quality properties, particularly with respect to its
physicochemical parameters. Mine waters discharges into the Przemsza river basin caused a significant
modification to water chemistry. The study results confirm the poor chemical and ecological status of
Przemsza river basin. Most of analyzed samples do not meet the requirements for the surface water set
by Regulation of the Minister of the Environment, on the classification status of surface waters and
environmental quality standards for priority substances (Dz.U.2014.1482). For majority of sampling
points the existing environmental standards set by the national regulation were exceeded. Determined
within ERA analyses acceptable environmental levels of chlorides and sulphates, amounts respectively:
139,06 [mg/l] (PNEC-CI) and 299,9 [mg/l] (PNEC — SOs). Obtained values are similar to the
environmental standards applicable in other countries. For example, according to Canadian Water
Quality Guidelines (CWQG) acceptable chlorides concentration in surface waters is 120 [mg/l], while
according to the EPA acceptable chlorides level for surface water is 230 [mg/l]. In relation to the
suphates, the obtained value can be only compared with existing standards for drinking water which
reach respectively: 500 [mg/l] (CWQG) and 250 [mg/1] (Drinking Water Directive 98/83/EC). Obtained
PNEC values were compared with actual concentrations of chlorides and sulfates in the rivers. Based
on the results the areas of Przemsza river basin for which the acceptable environmental level has been
exceeded (RL> 1) were identified. Exceeding the acceptable risk levels in appointed areas may lead to
the occurrence of adverse environmental effects. Summary results of ERA analyses are shown in tables
above. The results in form of maps illustrating the environmental hazard posed by high concentration of
chlorides and sulphates are shown respectively at Figure 1 and Figure 2. The attached figure illustrating
the areas of Przemsza river basin for which the acceptable environmental limits were exceeded (RL >1).
Exceeding the acceptable level for chlorides was recorded for 21 of 40 analysed samples. Adequately
acceptable level for sulphates was exceed in 12 of 40 analyzed samples. Comparison of the ERA results
shown that with algorithm approaches, which requires input a data concerning background condition,
environmental risks are identified less frequently than in the case of probabilistic approaches based only
on ecotoxicological data (RL>1 for chlorides were reported for 13 from 40 analyzed samples).

.............

Risk level acceptable Risk level unacceptable (>1)

‘ & much lower than 1 40
,~ Risk level acceptable (<1), but >‘

no capacity for chloride uptake

Significant discharge point
of mine water

, The area impacted
* by mine water discharge

Figure 1 Risk of chloride impact on aquatic ecosystems of Przemsza river basin — probabilistic approach
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Risk level acceptable

" & much lower than 1 Significant discharge point

" Risk level unacceptable (>1)
A o mine water

~— Risk levelacceptable (<1), but ]

no capacity for chloride uptake . The area impacted

LTI < by mine water discharge

Figure 2 Risk of sulphate impact on aquatic ecosystems of Przemsza river basin- probabilistic approach

Data presented in tables and figures above revealed that high salinity in Szarlejka, Rawa and Row
Michatkowicki rivers as well as in middle and lower part of Brynica river is not accepted with respect
to risk levels determined under ERA assessment. Moreover, high concentrations of chlorides and
sulphates in river waters prevents the achievement of good or moderate ecological status/potential.
Additionally in the middle and lower part of Brynica sub-basin the acceptable environmental risk level
for chlorides (PNEC) has been exceeded several times. The possibility to reduce the potential
environmental damages caused by high salinity is to limit the amount of discharged mine water to
Brynica river basin, or to dislocate of mine water discharge points outside the Brynica river basin.
However, it should be noted that biological degradation and bad chemical status of Brynica river is not
only caused by impact of mine water but it is rather a cumulative effect of all anthropogenic activities
carried out in the region (e.g. industrial emission, discharge from WWT, etc.). Therefore, the positive
effects of the reduction of inflow of a highly saline water from mining areas will be seen only with
simultaneous application of sewage management ensuring fulfilment of environmental requirements.
Chemical degradation of water as well as poor/bad ecological status/potential in middle part of Przemsza
river and its tributaries is the result of discharge of mine waters and pressure exerted by other users of
the basin. The acceptable risk level for chlorides in the main part of Przemsza river was exceeded mainly
due to a large load of salt introduced into the Przemsza river by its tributaries: Brynica and Bolina. The
negative impact of sulphates ions introduced into the Przemsza river by its tributaries: Bobrek, Biata
and Biata Przemsza rivers is relatively low according to ERA criteria, however, simultaneously,
sulphates concentration is higher than the threshold value determined by Polish law. In general, the
needs and the challenges concerning chlorides and sulphates risk reduction are similar to described for
Brynica sub-basin. In the lower section of Przemsza river the acceptable risk level for chlorides was also
exceeded. However, exceeded of risk levels were not as significant as in the case of Brynica river and
in the middle part of Przemsza river. Most likely is that self-cleaning processes of river affected the
reduction of nutrients concentrations. It seems that it is possible to reduce the impact of mine waters on
the lower part of Przemsza river basin, however to achieve this a complete control over a mine water
discharges is necessary (control of the quality and quantity of salt water discharges).

Conclusions

The main objectives of the management of Przemsza river basin in a field of mine water discharges
should be set taking into account the environmental risk analysis including integrated data concerning:
river flow, biological parameters/indicators of river ecosystems and physicochemical conditions
(background conditions). The fact is, that even if the impact of mine water discharge on aquatic
ecosystem will be skipped, or solved still a lot of streams and rivers of Przemsza catchment will not
achieve a good status/ecological potential in the near future. The study confirmed that the assessment of
water quality based on the ecotoxicological data illustrating the potential impact of pollutants on aquatic
ecosystem (ERA) is more favorable than the mandatory classification of pollution. Due to the fact, that
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ERA includes sensitivity of aquatic species to the pollution and/or background conditions, this methods
allows to assess the real scale of exposure and predicted potential environmental effects. The regulations
concerning the discharge of mine water into rivers currently fails to impose any discharge salinity limits
on mine waters or on any other significant type of pollution (e.g. major cation or anion) (Wright et al.
2011). The area of legal regulation in respect to any discharge of mine water requires further
examination. In view of the study results, as well as bearing in mind the guidelines of the WFD in
particular the achievement of good water status of Przemsza river, there is still need for further research
to provide evidence for authorities on direct and cumulative impacts of water chemistry changes on
aquatic ecosystems.
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Abstract

Sustainable resource management is a formidable challenge to most economies, calling for an
interdisciplinary and practice-oriented training of resource experts and managers. Informed by this
fact, the establishment of academic centres of excellence has become a strategic feature of the
German-African partnership in key areas of regional development priorities. A call for Expression of
Interest for the establishment of a Kenyan-German Centre of Excellence for Applied Resource
Management under the DAAD’s Centres of African Excellence Programme was subsequently
advertised in June 2015. A consortium of collaborating universities comprising Taita Taveta
University College (TTUC), HTW-Dresden and TU-Freiberg in collaboration with personnel from the
Hochschule Zittau/Goerlitz developed and submitted an Expression of Interest to compete with other
Kenyan universities to have TTUC be the host of the Centre of excellence. In December 2015, the
consortium succeeded in having TTUC as the hosting African institution of the Centre for Mining,
Environmental Engineering and Resource Management (CEMEREM). It is the eight (8") German-
African centres of academic excellence and the first one with a niche in engineering for sustainable
resource management. The formation of the centre was motivated by the need to implement training
in Bachelors, Masters and PhD through curriculum review and development in mining and
Environmental engineering, and applied resource management for the extractive sector to assure
sustainability of future staff needs in the region. This central focus will be supplemented with
development of the requisite training infrastructure, staff development, staff and student exchange
with German partner universities and intense partnership with industry in research and training. The
centre’s core values shall be relevance, sustainability and efficiency and research activities in mining,
environmental engineering and resource management. This paper details the process of forming
CEMEREM, its strategic focus, and the lessons arising from the process forming it that can inform
future similar engagements.

Key words: CEMEREM, DAAD, HTW-Dresden, KENGER, mining, Taita Taveta University College,
TU Bergakademie Freiberg

Introduction

Sustainable resource management is gaining in importance in a world where technology is rapidly
transforming the manner and cost of doing business. Quality education remains a key pillar of the
world’s most competitive economies. Such education must provide opportunities for practice-oriented
training in well-networked centres of excellence that promote strong research collaborations with
government and industry. The ensuing robust nexus produces a critical mass of innovative practising
experts and researchers, as evidenced in the countries that topped the list of the global competitiveness
index (2014-2015), namely Switzerland, Singapore, the USA, Finland, Germany, and Japan.

The extractive sector is gaining importance in Kenya and Greater East Africa; following the discovery
of substantial deposits of oil, coal, iron ore, rare earth minerals, and other minerals, the development of
mineral resources is among the six priority sectors under the Economic Pillar of Kenya Vision 2030
Strategic Development Blueprint GOK (2007 and 2013). The contribution of Kenya’s mining sector is
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expected to increase from 1% to 6.5% of the GDP in the medium term, with Base Titanium Ltd’s
Mineral Sands Project alone contributing to 1% of the GDP. However, an underdeveloped human
resource base undermines the potential of this sector.

The German Academic Exchange Service (DAAD) advertised a call for Expression of Interest for the
establishment of a Kenyan-German Centre of Excellence (KENGER) for Applied Resource
Management under the DAAD’s Centres of African Excellence Programme in June 2015 contained in
DAAD(2015). The Government of Kenya supported the process through the National Commission for
Science, Technology and Innovation (NACOSTI).

A consortium of collaborating universities comprising Taita Taveta University College (TTUC),
HTW-Dresden and TU-Freiberg in collaboration with personnel from the Hochschule Zittau/Goerlitz
developed and submitted an Expression of Interest to compete with other Kenyan universities to have
TTUC be the host of the Centre of excellence. In December 2015, the consortium succeeded having
TTUC as the hosting African institution of the Centre for Mining, Environmental Engineering and
Resource Management (CEMEREM). The Centre promises to empower the Government of Kenya
and local industry to prepare, nurture and sustain technical and managerial skills to support the
development of the emerging mineral, oil and gas sector. For the last 50 years, Kenya has not trained
enough human capacity to run the sector. This led to an acute shortage of local practice-oriented
experts who can lead the relevant teaching, research and development. It was only 2007 that Taita
Taveta University College, then a campus of Jomo Kenyatta University of Agriculture and
Technology, was set up to formally offer training in Mining and Mineral Processing Engineering.

The idea of the Centre draws motivation from the gaps evident in the training of resource and
environmental engineers and managers in Kenya, especially in the highly specialised mining and
extractive sector. The discovery of significant mineral resources in Eastern Africa further enhances the
visibility of this gap, given the huge deficit of specialists with the technical and managerial skills
necessary to sustainably reap the benefits of this resource boon. A new pedagogical paradigm is
therefore required to empower governments in producing a new generation of hands-on engineers and
managers who can help Kenya and the Greater Eastern African region make good use of its rich
natural resource base, for the current and future generations.

TTUC is located in Kenya’s coastal mining belt, astride the vast and renowned Tsavo conservation
and tourism zone, and has charted a path towards becoming the University of Mining in the region.
TTUC will address the huge regional deficit in research and practice-oriented specialists with the
research, technical and managerial skills required to reap and transmit the benefits of the region’s rich
mineral resources in a sustainable manner. The Centre of Excellence for Mining, Environmental
Engineering and Resource Management (CEMEREM) brings together a consortium involving Taita
Taveta University College (TTUC), the University of Applied Sciences Dresden (HTWD), Technische
Universitaet Bergakademie Freiberg (TU Bergakademie Freiberg) and personnel from the Hochschule
Zittau/Goerlitz (HSZG) to implement training and research activities in mining, environmental
engineering and resource management.

Strategic Focus of CEMEREM

The vision of the centre is “to be an international centre of excellence for mining and resource
education for sustainable development in Africa” while her motto is “Networking for excellence in
mineral resource education for sustainable development”.

The formation of the centre was motivated by the need to implement training in Bachelors, Masters
and PhD through curriculum review and development in mining engineering, Environmental
engineering, and applied resource management for the extractive sector to assure sustainability of
future teaching staff needs in the region. This central focus will be supplemented with development of
the requisite training infrastructure, staff development, staff and student exchange with German
partner universities and intense partnership with industry in research and training. The centre’s core
values shall be relevance, sustainability and efficiency and research activities in mining,
environmental engineering and resource management.
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~ Taita Taveta Universit

Figure 1Panoramic view of Taita Taveta University College in Voi - Kenya.

Figure 2 Architectural Impression of the building under construction at TTUC that will house CEMEREM

CEMEREM will be hosted at TTUC shown in Figure 1 and housed in the building whose architectural
impression is shown in Figure 2. This centre is the eight (8th) German-African centres of academic
excellence and the first one with a niche in engineering for sustainable resource management.

Scope of CEMEREM

The goal is to develop the first-ever Kenyan-German Centre for Mining, Environmental
Engineering and Resource Management (CEMEREM) at Taita Taveta University College, in
collaboration with HTW Dresden, TU Bergakademie Freiberg, and HS Zittau/Goerlitz, the DAAD, the
Kenya Government, and industry partners. A budget of 800,000 Euros per year is envisaged to cover
the first two years, with a possible extension to the seventh year. CEMEREM’s goal will be pursued
through the following specific objectives:

a) To develop and/or improve curricula for new and existing academic programmes (Bachelors,
Masters and PhD) in order to ensure practice-oriented education and training of local
engineers and managers to meet the increasing needs of Eastern Africa’s industrial labour
market.

b) To train a new generation of mining, process and environmental engineers and resource
managers for industry and government through the new and improved programmes.

¢) To build the human capacity at TTUC to offer training in Mining and Environmental
Engineering and Resource Management.
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d) To network with industry and governments in the region in quality assurance for the proposed
training programmes as well as research and training of engineers and resource managers.

e) To integrate sustainability concepts (societal, environmental, spatial and economic) into the
pedagogical and implementation framework of the training, research and project activities
undertaken by CEMEREM and partners.

Strategic Framework

To accelerate the achievement of the goal through the given specific objectives, CEMEREM will
ensure the following enabling strategic framework:

a) Equipping teaching staff at TTUC with the necessary advanced pedagogical, research and soft
skills for effective curriculum delivery, leadership, and project management. Third-party
funding for postgraduate training and continuing professional development will be pursued
consistently to grow a strong network for sustained training and capacity development.
Productive staff and student exchange programmes between TTUC, the German university
partners and Kenyan industry will be undertaken.

b) Growing and developing the training infrastructure at TTUC using local resources and support
drawn widely from long-term partnerships with the key industry and government stakeholders.

¢) Building a strong peer-review and feedback network for monitoring and updating the quality
of CEMEREM’s training programmes at TTUC to match the changing needs of the region,
including global innovations and sustainable development obligations. To capture the big
picture in a systems approach, this network will draw membership from the academia,
government, industry experts, and the public including alumni of CEMEREM. The staff who
will have benefitted from CEMEREM will find active roles to play within this network, as
part of the incentives framework.

Work Packages and Activities

The project has eight (8) Work Packages (WP) with a range of activities that will ultimately lead to
full implementation of CEMEREM: Students will be educated and research in the fields of mining and
mining-related issues including environment will be carried out within this programme, complete with
exchange programmes and summer schools.

PhD and MSc training will be increased through the scholarships competitively offered from a variety
of sources, structured programmes, and continued staff training support by TTUC with sound
incentives for staff retention. Granting paid study leave to staff who are away for training, assuring
them of commensurate deployment or promotion after return with a reasonable bonding agreement,
and expanding their mentor network as alumni form part of the key incentives. This will ensure that
the human resources required to run the centre will be available and guarantee the success of a second
phase with the focus shifted to active international exchange and research.

Table 1 Summary of Work Packages.

WP Description Deliverables

WP 1 Preparatory work and needs assessment Needs and priorities list
WP 2 Curricula review and development New and revised curricula
WP 3 Human resources development and capacity building Trained personnel

WP 4 Implementation of BSc and MSc courses at TTUC Trained students/graduates
WP'5 Infrastructure development at TTUC Training infrastructure

WP 6 Networking and capacity building with industry and government Sustainable troika of networks

WP 7 International exchange and research Research publications and patents

WP 8 Management and quality assurance Key Performance Indicators
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The WPs include the revision of already running curricula as well as the development of new curricula
for MSc and BSc programmes in mining and environmental engineering. In order to ensure
implementation and to address the current staff problems, special attention is paid to human resource
development and capacity building. One WP will ensure the infrastructure for the education of
students is in place and that staff will be trained to run the facilities, such as laboratories. Another WP
focuses on networking with the industry and the provision of support in training for practitioners in the
region. Another WP has its emphasis on the establishment of a vibrant international exchange — in
particular with the German partners — and the commencement of research activities. In Table 1 is an
overview of the eight (8) Work Packages.

Lessons on the Process of Establishing African Centres of Excellence

TTUC has acquired important experience and derived lessons from her year-long engagement in the
competitive process of setting up the first African Centre of Excellence for Mining, Environmental
Engineering and Resource Management (CEMEREM). The experience and lessons can be discussed
under internal success factors and external success factors.

Internal Success Factors

Internal success factors are mainly the comparative advantages the host can inject into the proposed
centre of excellence. The process requires sound preparation on the part of the hosting African
institution, both in terms of intellectual resources and enabling infrastructure. Records of adequate
staff capacity, sex-differentiated student enrolment, student internships, alumni tracer surveys and key
milestones need to be well-managed and centralized using ICT for real-time updates and sharing. The
hosting institution must identify the advantages of geographical location and existing activities and
networks, which together constitute the unique endowment of comparative advantages the host
promises. TTUC, for instance, could capitalize on her favorable location in Kenya’s rich coastal
mineral and mining belt, proximity to the region’s main transport corridors, and the vast Tsavo
conservation zone. Practice-oriented training requires these internal factors to provide ready case
studies in a cost-effective manner.

External Success Factors

External success factors are mainly the competitive advantages and opportunities arising from the
host’s rich network with existing institutions. TTUC stands out in Kenya for her extensive network
with the central government agencies, county governments, policy think tanks, and industries dealing
with mining and resource management — all of which she has signed Memoranda of Understanding
(MoUs). Partnership with German universities with a record of excellence in the proposed niche area
of training is therefore indispensable. TTUC receives international professors and students on a well-
established exchange programme every year, a feat that is unmatched in the region. For CEMEREM,
the inclusion of HTW-Dresden introduced a key advantage in practice-oriented training for resource
management on the one hand. On the other hand, TU-Bergakademie Freiberg brought in a strong
component of mining and environmental engineering training.

Conclusions

The process of competing to host the eighth Centre of African Academic Excellence was completed in
2015, with TTUC emerging the winner in a consortium bringing together HTW-Dresden and TU-
Bergakademie Freiberg as the key implementing partners. The process revealed key lessons informed
by a matrix of internal and external success factors, of which the comparative advantages of the
hosting African institution and competitive advantages arising from demonstrated records of
excellence and networking strategies are critical. The vision of this new Centre of Excellence, which is
also the first Kenyan-German Centre of Excellence, is to be an international centre of excellence for
mining and resource education for sustainable development in Africa — hence the name Centre for
Mining, Environmental Engineering and Resource Management (CEMEREM). The first two years
will see the establishment of robust training programmes and infrastructure, complemented with
frequent quality reviews. The subsequent years will entrench the Centre of Excellence and contribute
substantially to bridging the gap in practice-oriented pool of resources engineers and managers for the
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extractive sector. The main outlook from this experience of establishing CEMEREM for the future of
Africa’s education and training is instructive in terms of the following key success ingredients: inter-
university partnerships built upon partner strengths in definite niche areas and staff capacity; practice-
oriented location advantages; practice-oriented curricula; private sector support; and strong bilateral or
multilateral funding support.
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challenge for water professionals: calling time for a Water Resource
Classification & Reporting Code (WRCRC)
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Extended Abstract

The role & setting of water professionals is changing in water resource management. Multiple factors
are driving the change — changing stakeholders, regulatory environments, markets, cost pressures,
climate & water uses, technology, society & so on. Demand for water resources has grown, bringing
greater competition for water, expanding water markets & potential for challenges, disputes & impact
(11 Carried on the tide of these changes, water professionals are now assessing more complex systems,
with higher consequences & wider audiences than in the past, as guidance in legal proceedings, policy
development, impact assessments & investments. Given the gravity of the outcomes, there is an
increased expectation of leading practice, consistency, disclosure, transparency & integrity on &
between the work of water professionals with effective communication of findings & confidence as
qualification of risk via uncertainty. The intensifying environment is a wave of change, & it is essential
that water professionals recognise & adapt to the changing conditions to deliver both reputation &
service value — for now & for the future.

In searching strategy options for response, a review of approaches of other industries who have faced
similar challenges previously for professional outputs revealed a shared style of action: development &
implementation an industry-level tool or code which enables & guides classification & reporting in the
public space. Both the mining & petroleum industry have reporting codes: in Australia, the JORC Code
(21 was introduced in the 1980°s as a Code for Reporting of Exploration results, Mineral resources & Ore
reserves following a series of events breaching market & consumer confidence, now with versions in
place internationally; & similarly, the petroleum industry began introducing standards in the 1930’s,
with an international Petroleum Resources Management System achieved in 1997 B!, More broadly, the
International Standards Organisation (ISO) develops & publishes an array of international standards,
such as ISO14000: Environmental Management .. Compliance to these standards or codes are strictly
required for public communication & establish benchmark methods of industry communications,
development strategies & measurement.

As an innovative, adapted approach, a Water Resources Classification & Reporting Code B! (WRCRC)
was developed as could be applied to water professionals as an example. The draft Code outlines guiding
principles of transparency, accountability, discernibility, competency, adaptability & accessibility for
reporting & a two-component classification system, allocating a separation in technical definition &
knowledge of ‘water sources’ from the applied use & management of ‘water resources’ or water
management units (shown in Figure 1). Conversion from a water source into a resource requires
consideration of modifying factors, such as environment, social or economic factors, or measures of
resilience. Multiple levels of classification allow description of varying levels of confidence, certainty
(uncertainty) or management capacity, increasing down the matrix with advancement, with limitations
of what can be converted to/from sources or resources to align technical knowledge & management
capacity. A number of classification examples are developed, along with a WRCRC style report as
demonstration & discussion.

As water management decisions become more complex, critical & wide reaching, it is fundamental the
industry recognise new tools are required to maintain integrity & public trust for the present & future.
History of comparable industries shows classification & reporting codes as powerful instruments able
to deliver accountability, technical & risk veracity in the public arena, & the development &
implementation of a code for the water industry is a major opportunity for reform & leadership to take
the industry forward.
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Abstract

The design of water management infrastructure in mines and the assessment of the impact of proposed
mining operations on groundwater and surface water typically draws on baseline studies of surface
water levels and flows and hydrological investigations encompassing groundwater occurrence,
piezometric levels, and the hydraulic conductivity of the identified hydrostratigraphic units. As part of
the design and or impact assessment process account is taken of the current and future demands of the
mine infrastructure, capturing inflows and outflows to and from the system as part of a water balance,
often including the potential for increases or decreases in future water flows resulting from, for
example, climate change.

Although the impact of earthquakes is taken into account in the design of structures and an assessment
of the impact of major hazards from, for example, tailings dams, the impact of earthquakes on the
groundwater and surface water regimes is rarely considered. The impact of earthquakes on
groundwater has long been recognised (e.g. Cooper et al 1965), and following significant earthquakes
significant changes to groundwater and surface water hydrology (e.g. [2]) can occur, including
increased surface water flows and changes in groundwater levels. There changes can be of sufficient
magnitude to have not inconsequential implications for mine water management.

This paper sets out the impact of earthquakes on groundwater and surface water hydrology and the
potential implications for groundwater and surface water management in mines.

Key words: mine water, groundwater, surface water, earthquake, seismicity, mine

Introduction

The design of mine infrastructure, including for example tailings management facilities (TMF), pit
slopes and processing plants, typically takes into account the potential risks from earthquakes and is
based on long established local and international design codes. These are often codified within local
legislation. The design of water management infrastructure typically draws on baseline studies of
surface water levels and flows and hydrological investigations encompassing groundwater occurrence,
piezometric levels and the hydraulic conductivity of the identified hydrostratigraphic units. This
information also supports the assessment of the impact of proposed mining operations on groundwater
and surface water. During the design process (be they feasibility type studies or detailed design) and or
the completion of an environmental and social impact assessment (ESIA) account is taken of the
current and future demands of the mine infrastructure typically through the development of a water
balance. The water balance will capture the inflows and outflows to and from the mine site, often
including the potential for increases or decreases in future water flows resulting from, for example,
climate change.

However, although the impact of earthquakes is taken into account in the design of structures and an
assessment of the impact of major hazards from, for example, tailings dams, the impact of earthquakes
on the groundwater and surface water regimes is rarely considered, even though the impact of
earthquakes on groundwater and surface water regimes has long been recognised (e.g. [1]) and
significant coseismic changes to groundwater and surface water hydrology (e.g. [2]) can occur. Such
changes can include increased surface water flows and changes in groundwater levels. These changes
can be of sufficient scale to have not inconsequential implications for mine water management. This
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paper examines some of the causative mechanisms and risk factors with regards to considering the
impact of earthquake seismicity on mine water management.

Groundwater Response to Earthquakes

Earthquakes generate seismic waves which have an effect on groundwater in two principal ways.
Firstly they can cause oscillations in groundwater levels and secondly they may cause permanent
changes in groundwater levels, where groundwater is in continuity with surface water there may be
consequential impacts such as changes in surface water flow. The response of groundwater, and hence
surface water, to earthquakes is complex and occurs on varying timescales and through a number of
different mechanisms. The processes involved as summarised in Figure 1 below.

Pore
Pressure

Storativity
Release

, Crustal
Stress

Earthquake Porosity Groundwater

Liquifaction [~ - ~~. Change Flow

Ground
Shaking

Micro- i Permeability ’
Fractures Change ‘.
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Figure 1 Relationships between earthquakes and groundwater processes (adapted from:
http://seismo.berkeley.edu/~manga/eps200-2006.html).

The impact of an earthquake on the groundwater and surface water regime may be considered in three
parts: before, during and after an earthquake.

In the area proximal to a fault zone before an earthquake there may be an increase in pore pressure (in
a compressional regime) or decrease in pore pressure (in an extensional regime) as the result of
poroelastic deformation resulting from changes in stress. In an unconfined aquifer, or a high
permeability confined aquifer, the increase/decrease in pore pressure will be quickly dissipated and no
significant effects, in terms of changes in groundwater or surface water flow, will be observed.

During an earthquake the dynamic motion (ground deformation) resulting from the passage of seismic
waves will cause changes of pore pressure within an aquifer. These changes will typically occur at a
frequency which does not allow for the excess pore pressure to dissipate through the flow of
groundwater. Manga and Wang (2007) indicate that the cyclic dynamic stress changes associated with
a magnitude 8 earthquake are on the order of 3 MPa at 100 km from the focal point decreasing to 0.06
MPa at 1000 km from the focal point. This is clearly very dependant on the geomechanical properties
of the rock/soil, for example in high stiffness granites relatively small strain will give rise to large
changes in stress. Understanding of changes in pore pressure associated with dynamic strain is crucial
to understanding the stability impacts of an earthquake in proximity to a mine site. There are a number
of geotechnical/geomechanical modelling tools that may be used to understand these changes under a
given set of conditions (for example, assuming the fracture regime is isotropic, QUAKE/W or in
anisotropic scenarios: ELFEN, FLAC and FracMan).

Oscillation of pore water pressures (groundwater levels) has been recorded in aquifers at very large
distances (>5000 km) from the earthquake focus as a result of resonance within the well with the
passage of the Rayleigh waves. While this response, which may amplify the change in pore pressure,
may be of academic interest in terms of understanding the cause of oscillation or water levels in wells
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or understanding the magnitude of seismic response at distance from an earthquake zone in the
absence of seismometers it is not significant in terms of understanding responses of structures at the
site, or flows to the mine pit, as a result of earthquakes. Large amplitude fluctuations in response to
distant large earthquakes could potentially damage in-situ monitoring equipment in the wells. The
oscillation can be calculated using the method of Cooper et al (1965) as a function of dynamic strain
caused by the Rayleigh wave and is dependent on the dimensions of the well, the transmisivity,
storage coefficient, and porosity of the aquifer as well as the type, period, and amplitude of the seismic
wave. If accurate site specific data is available regarding aquifer permeability and well construction it
may be possible to assess the possible order of magnitude of groundwater level fluctuations that may
occur at a mine site for a given magnitude earthquake focused at a given distance from the site. It is
suggested that if groundwater level fluctuations are recorded that cannot be ascribed to other causes
then it may be of value, in areas of known high seismic hazard, to asses this mechanism at such a time.

Static strain changes as a result of crustal movements occur during an earthquake, but are typically
orders of magnitude smaller than dynamic strains. The effect of static strain changes are discussed
further below.

Following an earthquake the static stress changes associated with crustal movements can cause
poroelastic strain resulting in an increase in pore pressure in a compressional regime and a decrease in
pressure in a dilatational regime. It should be noted that in strike slip fault regimes there would be both
zones of dilatation and zones compression. Manga and Wang (2007) indicate that static stress changes
associated with a magnitude 8 earthquake are on the order of 0.01 MPa at 100 km from the focal point
decreasing to 0.0001 MPa at 1000 km of the focal point. The change in pore pressure (p) is related to
the mean stress change (o) by the equation:
_B

Where B is Skempton’s coefficient and is a variable related to the porosity and compressibility of the
pore fluid, solid grains and saturated rock and has a value between 0 and 1, with ‘hard rocks’ having a
value between 0.5 and 0.9 and unconsolidated materials having a value close to 1 (Manga and Wang
2007).

Whilst increase in pore fluid pressure as a result of coseismic strain in a compressional regime is
reported to cause flow following large earthquakes, significant effects are limited to areas close to the
fault zone and the equilibration period will typically be short in an unconfined aquifer. It is unlikely,
for example, that the occurrence of a Magnitude 4 (M4) or M5 earthquake several hundred kilometres
from a location would result in a significant increase in groundwater flow as a result of coseismic
strain. Even in the case of a large earthquake in closer proximity to the mine, work by numerous
authors (for example see Manga and Wang 2007) has demonstrated that coseismic strain does not
contribute a significant groundwater flow and that much larger groundwater flows are typically
associated with other processes.

In dilatational regimes, coseismic strain can result in large increases in permeability in the area within
hundreds of kilometres of the fault zone following an earthquake causing a significant increase in
groundwater discharges and fall in groundwater levels. For example Tokunaga (1999) reported a
100% increase in discharge rates declining to 50% above baseline over the first 4 months following
the 1995 Kobe quake and calculate this as equivalent to a five fold increase in hydraulic conductivity.
A 70 m drop in water level was observed in groundwater wells in the affected zone.

In addition to coseismic strain, there are a number of other processes which may act to cause increased
groundwater flows, which may act at greater distances from the fault zone and also may act to cause
groundwater response opposite to those predicted based on coseismic strain (Wang ef a/ 2001). Long
term step changes in groundwater level, both up and down, can occur as a result of major earthquakes
close to the rupture zone, or at significant distances from it.

Dynamic stress (i.e. ground shaking) during an earthquake can cause the permanent deformation of
rocks and sediments resulting in changes in groundwater flow associated with both increases and
decreases in groundwater level. In the case of unconsolidated soils this may result in rapid
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consolidation and ultimately liquefaction. If consolidation occurs, the pore pressures in the sediments
will increase, resulting in an increased groundwater discharge. In competent rocks and consolidated
sediments, cyclical ground shaking may result in microscopic and or macroscopic fracturing, resulting
in an increase in permeability and therefore the potential for an increase in groundwater flow. Wang
et al (2001) reported both of these processes occurring in response to the M7.5 Chi-Chi earthquake in
Taiwan.

Unconsolidated alluvial sediments may be vulnerable to liquefaction in response to earthquake
movement. In various geological regimes correlations have been made between the distance from the
epicentre at which liquefaction occurs and earthquake magnitude (e.g. Wang et a/ 2006). However,
such empirical studies cannot be transferred directly to different locations and geological regimes.
Liquefaction (as well as having severe consequences for the stability and survival of any overlying
structures) will result in consolidation and increases in pore pressure. Long term changes in water
level have been observed at boreholes some distance from the zone of liquefaction as a result of
diffusion of the pressure front following the event.

Although it is not common, long term (6 to 12 month) changes in water level have been observed in
response to earthquakes at great distance from the monitoring locations (e.g. Brodsky et a/ 2003). The
mechanism for these changes are not fully understood but may result from aquifer compaction and
changes in permeability changes.

Surface water response to earthquakes

Large earthquakes are often associated with changes in surface hydrology (e.g. Kargel et al 2016).
These alterations to surface hydrology may result from physical changes in topography, damming of
water courses by landslides or rockfalls and increased input of snow from earthquake induced
avalanches. All of these were observed at various locations in Nepal following the 2015 Gorkha
earthquake (Kargel et al 2016).

However other changes in surface water flows are observed that cannot be ascribed to such physical
surface phenomena that are likely to be associated with changes in permeability, pore pressure and
groundwater level as described above. These flows can be very large, for example an additional
discharge of 0.8 km® was estimated following the M7.5 Chi Chi earthquake in Taiwan (Wang et al
2004) and a discharge of 0.5 km® following the M7.5 Hebgen Lake earthquake (Muir-Wood and King
1993). Other notable examples include the increase in discharge from the Alum Rock springs,
California, USA following a nearby M5.5 earthquake in 2007 (Manga and Rowland 2009). Although
the area over which these flows occurred is not stated, a similar response would be expected in mine
flows, particularly where the mine intersects a major discharge route such as a fracture or fault zone.
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Figure 2 River flow and level compared with daily rainfall at the Tamakoshi river gauging station at Bustie,
Nepal (data from http://hydrology.gov.np/new/bull3/index.php/hydrology/basin)
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Similar increases in surface water flows were observed in Nepal following the Gorkha earthquake on
25th April 2015 (e.g. Figure 2), that occurred rapidly and are not directly ascribable to physical
changes in surface hydrology/geomorphology.

Implications for Mine Water Management and Operational Resilience

Mine water management infrastructure is typically designed based on historic meteorological records
and baseline monitoring of groundwater levels and surface water flows and levels. Inflow calcualtions
are undertaken based on these datasets, integrated within an understanding of the conceptual
hydrogeological model of the site and encompassed within a water balance, often supported by
numerical models of groundwater flow and dewatering operations. At operational mines these
estimates are typically refined based on operational records and experience. Should a significant
change in the groundwater or surface water regime occur as a result of an earthquake, as might be
anticipated in the event of a “major” (M7 — M7.9) or “great” (M8+) earthquake then the impacts on
water management may be significant. It may be argued that in the event of a major or large
earthquake other priorities such as the stability of the tailings dam, mine workings and process plant
infrastructure may be of greater concern than water management, however should such structures be
resilient to such events then ongoing water management will require consideration.

A major or great earthquake within a few hundred kilometres of a mine site could trigger increases in
flow to the mine, based on the mechanisms outlined above, that may be of a sufficient rate to be a
management concern (potentially many times the pre-quake inflow) as a result of:

e An increase in permeability due to fracturing in response to dynamic stress changes or dilation
in extensional or strike-slip regimes;

e Increases in groundwater pore pressures in compressional stress regimes; and

e Increases in groundwater pore pressures as a result of compaction or liquefaction of overlying
alluvial sediments.

Prediction of the volume of inflow as a result of each of these mechanisms is not possible due to the
uncertainty regarding the type of earthquake which may occur and the static and dynamic stresses to
which an area may be subject, uncertainty in the response of the rock beneath the mine site to dynamic
stress changes, and uncertainty in the susceptibility of saturated soils at a particular mine site to
liquefaction. With investigation and data collection, it may be possible to estimate the broad order of
magnitude possible inflows for an earthquake on a particular magnitude as a response to for example
liquefaction or elastic strain. However, large permeability changes have the greatest potential to
influence mine water inflow, and these changes are not calculable.

As many of the impacts are not calculable it is recommended that mine water management plans at
mine sites in areas of high earthquake hazard acknowledge the risk and that contingency management
options are put in place. In addition to management measures contingency plans may include for the
over-sizing of surface water drainage channels and ponds and or providing for additional pumping
capacity to be installed as and when necessary.

Conclusions

Although oscillation of water levels in groundwater monitoring wells can occur at great distance from
major earthquakes, this is a resonance effect of small changes in the aquifer and has limited
implications for groundwater flow (though there may have implications for the integrity of instruments
installed in the borehole). Although long term changes in groundwater level are sometimes observed
in response to earthquakes at large distances from the epicentre and have the potential to be associated
with increased groundwater flow due to increased pore water pressure or increased permeability, such
instances are rare.

Compressional static coseismic strain can cause large changes in water level immediately following an
earthquake (e.g. Manga and Wang 2007) but there is unlikely to be a significant impact on
groundwater flow due to the relatively small volume of flow necessary to allow groundwater pressures
to equilibrate. However major or great earthquakes can cause significant changes to groundwater
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levels and flows due to alterations to the permeability and changes in pore pressures. These changes
will often result in changes to surface water flows.

Although earthquakes may cause significant changes to the groundwater and surface water regime at a
mine site, it is acknowledged that many of the impacts are not calculable hence is recommended that
mine water management plans at mine sites in areas of high earthquake hazard acknowledge the risk
and that contingency management options are put in place. By way of example this could take the
form of management measures or engineering measures such as over-sizing surface water ponds and
or drainage channels as well as providing for additional pumping capacity to be installed as and when
necessary.
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Abstract

Longwall mining could inevitably induce the generation of fractures in the overlying strata, the dynamic
development of which is believed to be one of the most primary factors controlling groundwater leakage.
A hypothesis, triangle fracture arch theory, was proposed for the evolution law of mining-induced
fractures, considering two cases of ignoring compaction of gob with successive weightings or not. A
connection between the evolution of mining-induced fractures, triangle fracture arch and groundwater
leakage was developed. In conjunction with practical experience the first two double-stage arches
happening in first weighting and periodic weighting for the first time would be seemed as the key parts
of the whole fracture development by means of this theory, which led the widening of some fracture
pathways for water to flow. Insight into the development of mining-induced fractures can help us know
when, where, and how the mining-induced fractures develop and determine key fracture pathways
controlling groundwater leakage paths during longwall mining, providing important theoretical basis for
safe mining.

Key words: Water loss, mining fractures, triangle fracture arch

Introduction

An increase of energy needs was mainly driven by growing world population and industrialization.
However, we must reconcile this with other demands such as environmental quality and the protection
of water resources for a better life (Gordalla et al. 2013; Gregory et al. 2011; Osborn et al. 2011). Severe
conflicts of interests are especially noteworthy in the protection of water resources and the exploitation
of energy resources, even worse in some water-stressed countries. Originally, the water resources are
under immense pressure due to the needs of agriculture, industries and drinking of the local inhabitant
(Howladar 2012; Bayram and Onsoy 2015). The exploitation activities further aggravate this situation
with the direct impacts on the water resources in the mining area such as exhausted springs, well-water
level lowering, water flooding/inrushing, water contamination and so on (Zipper et al. 1996; Howladar
2012; Molson et al. 2012; Bayram and Onsoy 2015). China, one of energy giants, is based on coal as its
main source of energy, with coal production and consumption accounting for approximately 77% and
65% of the national ones, respectively (Chang et al. 2003; Wu et al. 2009; Yu and Wei 2012; Zhang
2014; Xu et al. 2015). Water resources are extremely scarce and its protection is of vital importance in
the mining areas of China.

Generally, the distribution of surface water mainly depends on the topography, vegetation, climate, the
conversion between surface water and groundwater and so on (Kollet and Maxwell 2006), which could
be isolated from major mining-induced impacts by a less permeable layer and is extremely localized
relating to the mining front same as the shallower aquifers (Hill and Price, 1983; Liu et al. 1997). On
the other hand, a complex succession of hydrogeological changes occur in hydraulic properties (e.g.
hydraulic conductivity, heads, gradients and so on), groundwater chemistry, groundwater flow and
groundwater sustainability among the deeper aquifers during and after mining (Booth et al. 1998;
Sukhija et al. 2006).
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Through the past studies, the dynamic development of mining-induced fractures in the overlying strata
is believed to be one of the most primary factors that control the groundwater flow patterns and that lead
to considerable water loss into mined panels from the deeper aquifers (Zhang et al. 2010; Islam et al.
2009; Zhang et al. 2014; Poulsen et al. 2014), which poses a great challenge to the hydrogeologists,
geophysicists, geochemists as well as to environmentalists and engineers (Sukhija et al. 2006).
Currently, a variety of methods, ranging from analytical methods and field experiments to numerical
and physical simulation, have been used and mainly focus on the mining-induced effects on water
environment (e.g. water level and parametric analysis of water), subsidence (e.g. land and strata
subsidence) and the fractures evolution of the overburden strata (e.g. natural and induced fractures
propagation, closure and connection) (Peksezer-Sayit et al. 2014; Zhang et al. 2014; Howladar 2012;
Panthulu et al. 2001). But very few detailed studies of mining impact on groundwater leakage paths
have been reported, more particularly, for the deeper aquifers.

Main objectives of this study are to (1) know when, where, and how the mining-induced fractures
develop on the basis of water analysis (2) determine some dominant or key fracture pathways controlling
the initiation of an water-conducting way and groundwater leakage paths during longwall mining and
(3) spatially and temporally characterize preferential paths in groundwater leakage.

Methods

Under natural conditions, groundwater resources go into coal seams by infiltration and by vertical
movement through the surrounding rocks. Nevertheless, overburden desaturation and drainage into the
mine caused by numerous upward propagating fractures may occur during and after mining (Islam et al.
2009; Booth et al. 1998). As we all know, nature will eventually seek the most stable configuration when
a void is created by external force, which may be enlargement, connection or closure of fractures.
Accordingly, coal mining inevitably causes the fracturing of overburden strata, and groundwater flow
is controlled by some dominant fractures along which groundwater can preferentially flow towards the
mine workings (Howladar and Hasan 2014; Yang et al. 2007). Repetitive operation of mining activities
and regular re-distribution of the stress field may lead the dominant fractures to develop directionally,
creating a regular or potential fracture face, fracture passage to provide pathway for water movement or
leakage.

In this paper a hypothesis approach on evolution law of mining-induced fractures would be proposed,
which is triangular fracture arch evolution. Insight into this mechanisim can provide preference for some
phenomena about groundwater losses into the mine workings and water disasters during mining process
combined with the past results such as field observations, numerical modeling, and physical analogs
(Zhang and Shen 2004; Wang and Park 2002; Wu et al. 2004 ).

Conceptual Models for evolution law of mining-induced fractures

It is assumed that mining-induced fractures evolve in the mode of triangle under complex and variable
stress which may make it possible for interconnected system of fractures to form some regular potential
face or pathway for water to flow. When mining excavations are made, mining process can be simplified
as one that coal is mined with one mobile end at an increasing distance from the other fixed end along
the direction of face advance. In addition, one end is constrained less, but the other is changeable and
constrained more because of the increasing volume of the extraction and the enlargement in scope. It
can be seen as simple repetition of this pattern in disregard of local geological and structural differences
and disturbance to fracture evolution caused by previous mining, which would cause the overlying strata
above the gob to plunge towards the panel setup entry coupled with effects from the deformation and
movement of rock mass. Moreover, assuming that these evolution models are mainly controlled by
fractures development in the cross-section of face advance with by that of face length less affected, we
just consider the case of flat-lying coal seam for subsequent analyses.
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Triangular fracture arch disregarding compaction process
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Figure 1 The schematic diagram of triangular fracture arch illustrating evolution law of mining-induced
fractures

In this model we ignore closure phase of factures from compaction of gob with successive weightings
for the moment. As we can see from Fig.1, along with the right-to-left advancing of face, there would
eventually have a arch-like fracture arch created above the mined-out area. Moreover, its scope is also
forward more than upward, and there is a tendency plunging towards the panel setup entry in overall
shape of fractures. There exists criss-crossed potential fracture faces or pathways in its interior which
conclude four or more stages of fracture development with nearly identical fracture porosity and
permeability at the same stage, from the bottom up naming them as follows: stage one, stage two, stage
three, stage four and so on. When coal face reaches a certain distance, the first triangular fracture arch
at the first stage appears, namely, fracture ABC seen in Fig.1. And further advancing would cause the
second fracture arch CDE.

We suppose that first weighting happens in location E after the formation of two triangular fracture arch
at the first stage, fracture arches ABC and CDE, the effects of which can make these two adjacent
fracture arches tend to close upward like arch and form the triangle fracture arch BC|D of the second
stage, and the fracture arch of double stage has gotten into shape. Meanwhile, it would widen the fracture
pathways of AB and DE of at both sides of fracture arch AC,E. On the other hand, locations G and I can
be seemed as where periodic weighting occurs. Taking G for instance, when periodic weighting occurs
the fracture arch EFG firstly emerges followed by DEF similar to BC;D, then the tendency to close
would cause it to evolve upward and form C|D;E; at the third stage. During this process, the fracture
pathways of CD and GF of at both sides of fracture arch CE;G would be widened likewise, and similar
situations occur with further advancing. We can say that the effects on the evolution of fracture from
weighting only cause the formation of triangle fracture arch of double stage, but the other stage evolution
mainly depend on the tendency to merge between the neighboring arches. If the evolution of these
triangle fracture arches can be classified in chronological order, we obtain a supposed collation in
marked numerical order seen in Fig.1. In addition, it is under the influence of first weighting and periodic
weighting for the first time where fracture arches develop well, that is, fracture arches AD |G, AC,E and
CE:G are the main parts of whole fracture development, because their distances to the panel setup entry
are so close that initial deformation and movement of rock mass would give them enough chance to
develop. And the fracture arches beyond these distances may be constrained by the interaction of
surrounding rock and influence of initial mining. Among these important arches, fracture pathways AB,
DE, CD and GF have been influenced and widened by first weighting and periodic weighting. This is
the results in disregard of the compaction process after mining.
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Figure 2 The schematic diagram of triangular fracture arch illustrating fracture angles

a) Lateral characteristics of triangle fracture arch

As mining advances, the highest point of every fracture arch moves forward and upward, and its front
part grows in length and obviously longer than the rear one along the direction of face advance. These
arches are getting so much more rounded with new triangle fracture arches constantly produced. As we
can see from Fig.2, there has been an assumption that the fracture angles of every triangle fracture arch
can be separated into two branches: front and rear crack angle, a and B, which are acute angles between
the front part of every little triangle arch, the rear part and the horizontal line. In addition, some patterns
can be concluded as follows: the front crack angle is smaller than the rear one among every little triangle
fracture arch at every stage, which is caused by the tendency to the panel setup entry

b) Vertical characteristics of triangle fracture arch

From the vertical distribution of triangle fracture arch we can draw a conclusion that the nearer the
triangle fracture arch get to goaf, the more the fracture develops and the larger the fracture angles are.
That is, the front or rear crack angle at the first stage is respectively larger than that at the second stage,
and so on. We can use triangle of tall and slim, triangle of short and stout to describe them more
evocatively. Moreover, along with the upward development of fracture arches the spacing between
fracture pathways above and below get smaller and smaller. When these fracture pathways of small
spacing are connected, horizontal fractures would be created, then developing with an upward and
forward trend.

Triangular fracture arch taking compaction process into consideration

M ining D irection

Figure 3 The schematic diagram of triangular fracture arch considering compaction of of gob with
successive weightings
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Based on triangle fracture arch, we can obtain another hypothesis of fracture arch evolution combined
with the compaction of gob with successive weightings. It can be assumed that the rear compaction
would constantly cause the established triangle fracture arches to incline towards the mined area as the
distance of mining face from the panel setup entry increases, which can be seen in Fig.3. During this
process, the fracture arches close to the panel setup entry (AD1G, AC1E and CE1G) have also been
influenced, inducing fracture pathways C,DE, DEFG and BC to widen, together with mining effects
on the front strata of face advance. That is because the front part of these triangle fracture arches moving
towards the mined space would be widened more than the rear one constrained by the adjacent strata.
That fracture increases in the front of face advance and compacted in the back will make the probability
of the front part of triangle fractures be extended more than the rear one.

All in all, we can know that whether in disregard of compaction or not would make the fracture pathways
CiDE, D:E:FG become the key parts of the whole fracture evolution.

Discussion and Conclusion

In this paper a hypothesis of triangular fracture arch about evolution law of mining-induced fractures
has been proposed, which considered two cases: disregarding compaction process or not. This model
put forward spatio-temporal evolution laws of mining-induced fractures charactering lateral and
vertical development. According to the conceptual models for evolution law of mining-induced
fractures, together with practical experience, we can obtain that as the mining advanced through the
panel it would mainly create a series of triangle fracture arches in the cross-section of face advance,
involving the fracture development of different stage vertically and the front part of every triangle
fracture arch in length longer than the rear one with the rear crack angle more than the front one
laterally. From Fig.2 we can get the results of fracture angles o1<B1, 02<p2, 03<Ps, 04<Pas, 01>0>03>004,
and B1>P>>Ps>P4. During the process of first weighting and periodic weighting for the first time the
first two double-stage arches would be seemed as the key parts of the whole fracture development,
leading to the widening of fracture pathways AB, DE, CD and GF.

Moreover, if the compaction process of gob with successive weightings is taken into consideration, we
can find that the established triangle fracture arches would incline towards the mined area, causing
fracture pathways CiDE, DEFG and BC to be widened seen in Fig.3. In accordance with the above
both side, we can draw a conclusion that the fracture pathways C|DE, D|E|FG would become the key
fracture pathways of the whole fracture development under the role of two aspects.

On the other hand, during longwall mining groundwater could flow away through these key fracture
pathways. It is assumed that the fracture arches possessing double stage, especially ACE and CEG,
can exactly reach roof water-bearing zone. There is no doubt that water would move along the
widened fracture pathways C;DE and DEFG. That is why locations E and G where first weighting
and periodic weighting for the first time happen would become the frequent site of water leakage, even
water inrush.

Knowing when, where, and how the mining-induced fractures develop can give us a thorough
understanding about key fracture pathways or groundwater leakage paths, providing theoretical basis
and technical support for safe mining of coal seam.
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Abstract

Acid mine drainage (AMD) from underground or open pit mines is considered one of the most
problematic liquid pollutants in the mining environment. Therefore, it is crucial for mine operators to
either prevent AMD or to purify the water once it emerges to surface water courses. Though a number
of AMD prevention techniques exist, they are not as far developed as would be necessary for
preventing AMD discharges regularly. Therefore, the standard method to eliminate pollutants, acidity
and solids from AMD are active or passive treatment techniques. After mining ceases, it would be of
importance to have methods available that can either prevent the discharge of AMD or the treatment is
conducted in-situ of the abandoned mine. Various authors investigated or proposed to use the effects
of natural stratification as a means to prevent AMD discharging from abandoned mines.

Natural stratification is the layering of water bodies, in this case in a flooded underground mine, by
water of various chemical or physical properties. These physicochemical differences result in density
differences which, consequently, may cause the stratification of mine water bodies. Stratification in
flooded underground mines has long been known to occur under certain conditions, but a detailed
study of its causes has not been conducted yet. This paper will present stratification investigations in
flooded underground mines and investigate if natural stratification is able to prevent surface water
courses from being polluted by AMD.

Based on the Strafiberg/Germany, the Georgi Unterbau/Austria, the Frances Colliery/England and the
1B Mine Pool/Canada, the natural stratification and its causes will be described and the reasons for its
breakdown be discussed. The presentation will describe the stratification pattern, the water chemistry
and why the systems cannot be used as reliable options for long term in-situ remediation. It will not
considered forced stratification which can be caused by manmade structures.

One of the key findings of this investigation is that natural stratification is not stable and can be broken
down by a variety of external forces. Proposing to use natural stratification as a means for in-situ
remediation or to prevent the discharge of AMD to the environment is therefore not feasible. In case of
their breakdown, the polluted AMD will cause damages to the natural environment if no other means
for water treatment are available. Consequently, for a full understanding of stratification in flooded
underground mines, more work will be necessary and analogue laboratory as well as numerical models
need to be conducted for a better understanding of the processes involved.

Key words: Mine water, stratification, pollution prevention

Introduction

Mine water pollution is a threat to nearly all areas in the world where mining played a substantial
economic role in the past or today (Younger et al. 2002). This pollution can arise from tailings dams,
waste rock deposits, soil contamination from using chemicals or from mine water sensu stricto
(Wolkersdorfer 2008). In nearly all cases, where treatment or remediation measures are employed to
eliminate this pollution, active treatment methods are the method of choice. Yet, these methods are
costly and operators and authorities around the world are trying to identify methods to reduce the costs
of site clean-up or water treatment (Zinck and Aubé 2010). Since the 1980ies, methods have been
developed for polluted mine sites (Chapman et al. 1988) and are still under investigations in various
mining regions around the world (Novhe 2012), in-situ methods being one of these passive methods
being investigated (e.g. Elina 2009; Harrington et al. 2015). Though these in-situ methods for mine
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water treatment have been probed or where developed, they are currently not used to a grade that
might technically be feasible.

Off the potential pollution arising from working or abandoned mine sites, acid mine drainage (AMD)
is one of the most problematic pollutants (Blowes et al. 2014; Kelly et al. 1988), as it usually contains
elevated acidity loads or potentially toxic elements (PTE). Yet, also circumneutral or alkaline mine
drainage might pose problems and can severely pollute receiving water courses or the environment
around a polluted mine site (Nordstrom 2011). Usually, the sources for this mine water pollution are
the disulphides within the mined voids, i.e. in the open pit mines or underground mines (Stumm and
Morgan 1996). It would therefore be favourable if the sources of this pollution could be eliminated or
sealed off. One of the methods proposed by various authors is to use the natural stratification in
underground mines to keep the more polluted water within the mine (Melchers et al. 2015;
Wolkersdorfer 1996; Wolkersdorfer 2006; Wolkersdorfer 2008). Yet, the most common mine water
treatment options to date are active or passive methods (Bejan and Bunce 2015).

Stratification is the layering of water into water bodies with distinct physicochemical characteristics,
such as the temperature and electrical conductivity and can be stable for a long period of time (Zeman
et al. 2008). The differences in theses physicochemical characteristics result in different densities of
the water and once the density differences between the single water bodies exceeds a certain threshold,
a more or less stable stratification will develop in the water body. In most cases, this stratification is a
natural process, occurs without actively interfering with the water body and is referred to as “natural
stratification”. “Forced stratification”, on the other hand, would be stratification that is actively
promoted by the installation of manmade structures or the modification of water flows. The reason for
a stable stratification is a large enough density difference between the two layers and a relatively small
velocity difference between them Wolkersdorfer (2008). In general, temperature differences above
10K (4p > 2 kg/m?®), total dissolved solid differences of more than 3% (dp > 20 kg/m?) or large
differences in turbidity (4p > 200 kg/m?®) can cause stable stratification (Kranawettreiser 1989).

This effect of stratification is well known and has been thoroughly studied in lakes or the ocean (Blanc
and Anschutz 1995; Geller et al. 2013; Voorhis and Dorson 1975). Researchers and mine operators
also found stratification in flooded underground mines, the first known study dating back to 1961
(Stuart and Simpson 1961), and in some cases it was assumed that this stratification can be used to
omit the discharge of polluted mine water from abandoned shafts. Though natural stratification in
flooded underground mines is long know, systematic studies into the causes of this stratification and if
it might be possible to use it as a passive remediation method are lacking in the mine water literature.
The only more detailed studies known to date with dozens of measurements and tracer tests as well as
chemical investigations have been conducted by Wolkersdorfer (1996) for the
Niederschlema/Alberoda uranium mine and for several other sites by Wolkersdorfer (2008). Most
other publications usually deal with only single observations without providing details about the
observed stratification.

In the light of the pollution arising from the flooded underground gold mines in South Africa’s
Witwatersrand, the discussion about natural mine water stratification and how it can be used as a
remediation measure is emanating again (Sheridan et al. 2015). A downhole measurement in the West
Rand Consolidated’s Deep Shaft, conducted in 2000, showed that the mine pool at this time was
stratified into 4 distinct layers with better quality water on the top (electrical conductivity = 1 mS/cm)
and bad water at a depth of 1078 m (£ 7 mS/cm). This paper will therefore take a look at the features
of stratification and tries to indicate some of the causes for stratification by investigating already
existing literature and non-published results.

Methods

Existing literature and unpublished data of the first author were studied to identify cases of
stratification in flooded underground mines. A lot of data is published on stratification in flooded pit
lakes and natural lakes (Geller et al. 2013), but as the initial reasons that cause stratification in lakes
are different from underground mines, these cases will not be discussed further. All the identified
cases of mine water stratification in the literature were compared against each other. Based on these
similarities, the Straffberg/Germany, the Georgi Unterbau/Austria, the Frances Colliery/England and
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the 1B Mine Pool/Canada were chosen as these are the most thoroughly investigated sites know.
Currently, there is not enough data available to validate if all flooded underground mines eventually
show stratification and how stable that stratification might be.

Measurements in the flooded shafts by the first author were conducted with various dippers, some only
measuring the temperature, others the temperature and electrical conductivity (Spohr-Messtechnik
GmbH, Germany; Solinst TLC, Canada; Heron Instruments, Canada; Ott Gmbh, Germany). In
addition, continuously measuring downhole probes (Login Gommern, Germany) were used to monitor
the physico-chemical parameters in flooded shafts. To identify chemical parameters of the mine water,
a large number of chemical and physicochemical parameters were measured on mine water that was
sampled depth dependent in various shafts.

Results and Discussion

Unquestionable, one of the most extensive investigations into the stratification of flooded mine shafts
was conducted at the German Hope salt mine with the aim of investigating the flooding of a
radioactive waste disposal site (G. S. F. — Gesellschaft fiir Strahlen- und Umweltforschung 1985;
Herbert and Sander 1987). Shafts and workings were equipped with 16 stationary monitoring stations
located at 4 different working levels and physicochemical measurements with mobile downhole
probes were conducted in the Hope and Adolfsgliick shafts. The investigations started in 1984 and
continued during the whole flooding process until 1988. Detailed physicochemical measurements and
calculations resulted in an extensive database which was mainly used for interpreting seismic events,
the chemical evolution of the brine and the developing stratification in the two shafts. It became
obvious that water with higher temperatures and electrical conductivities, i.e. mineralization, which
consequently results in higher densities collects in the lower parts of the mine. This development
became obvious already during the initial stage of the flooding, but became more prominent at later
stages. A comprehensive, English summary of the results is given in Wolkersdorfer (2008, 330 ff).

Another long term study of stratification in flooded mine shafts was conducted by Wolkersdorfer
(1996) at the 2000 m deep Niederschlema/Alberoda, Germany uranium mine; at that time the deepest
metal mine in Europa. These studies comprised of 200 physicochemical and 477 chemical studies in
seven, 380 to 761 m deep mine shafts and a large scale tracer test. Water sampling and mobile
downhole probes (temperature, electrical conductivity, pH, redox, water velocity) as well as dippers
(temperature) were used during the investigations and a comprehensive, partly unpublished dataset
was produced (the results discussed here are based on a re-examination of the dataset published
together with the inaugural version of the before mentioned thesis). Without going into details, it could
be shown that the deeper portions of the mine always contain water with a lower quality and that the
water quality in the interconnected sections of the mine usually showed similar physicochemical and
chemical properties. A total of 19 downhole redox measurements were conducted in the shafts when
the on-site situation allowed lowering the probe. To protect the redox probe, continuous measurements
were only possible up to a water depth of 167 m. Without exception, all measurements showed a
decrease of the redox potential, with the lowest redox-potentials in the deepest parts of the shafts.
Identical results were obtained by Snyder (2012), who measured redox potentials in seven shafts in
Butte, Montana/USA up to 300 m water depths. These low redox potentials at the
Niederschlema/Alberoda site were also connected to lower Few- and U-concentrations in the mine
water. As-concentrations showed a positive correlation and SO4-concentrations are not affected by the
redox potential of the mine water. Based on the tracer test’s results nearly the whole mine is well
interconnected and the mean effective mine water velocity ranges between 1 and 20 m/min with an
overall average around 1 m/min.

A large number of mostly unpublished depth dependent physico-chemical and chemical measurements
were conducted at the flooded Strafiberg/Germany fluorspar mine. These data were compiled by DMT
(Riiterkamp and MeBer 2000) and are partly published in various articles (Kindermann 1998;
Kindermann and Klemm 1996; Klemm and Kindermann 1996) with an English compilation in
Wolkersdorfer (2008, 318 ff). This mine has four day-shafts of which three were used for man and
material haulage, and the three sections of the mine are joined by two adits on the 5" and 9" working
level. Two of these shafts (Uberhauen 539 and Hauptschacht) have been easily accessible for in-situ
measurements and showed the development of a stratification between the start of flooding in 1992
3
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and 1997 (Kindermann 1998). This stratification consisted of two layers with water of distinctive
chemical characteristics: highly contaminated water in the deeper parts and less contaminated water in
the shallower parts of the mine. Both layers showed a water quality improvement over time. It was
therefore decided to stop pumping and treating the mine water from the Hauptschacht (main shaft) and
construct three dewatering adits into the less contaminated upper layer. The idea was to discharge the
less contaminated water into the receiving streams and treat the water only until the water quality
improves even more as the less contaminated layer gets less contaminated. Yet, immediately when the
three dewatering adits were completed in 1998, the stratification broke down, the discharging water
quality substantially worsened and the total annual flow increased by 2 Mm?. This was caused by the
fact that the newly constructed adits allowed for open convection loops, resulting in a complete mixing
of the mine water pool. Eventually, a full scale mine water treatment plant was constructed and treats
the polluted mine water before it is discharged in to the receiving Uhlenbach stream.

One of the main differences between the three before mentioned mines and the Georgi
Unterbau/Austria is the fact that the latter has only one main shaft, where the mine water discharges
into the 320 m long dewatering adit (Wolkersdorfer 2008, 325 ff). This blind shaft, constructed in
1900, is 100 m deep and connects to the 20, 40, 70 and 100 m levels of the mine (Pirkl 1961;
Schmidegg 1953). Between 2000 and 2002, several depth dependent measurements of the temperature
and electrical conductivity as well as discrete chemical measurements of the mine water were
conducted. In addition, two tracer tests took place. The physico-chemical and chemical measurements
identified two distinct layers of mine water with only small differences in their chemical and physico-
chemical properties. Though these differences resulted only in minor density differences of the mine
water layers, the stratification remained consistent throughout the whole time of investigation. Yet, it
was damaged instantly, when 200 kg of a NaCl tracer was injected into a small connecting blind shaft,
but was naturally restored half a year later. A tracer test with a solid tracer showed no tracer from the
lower layer of mine water at the point of discharge of the shaft, which also could be proven by a
numerical model of the flooded mine (Unger 2002).

Nuttall et al. (2002) conducted investigations in the Frances Colliery/England. During a pump test in
one of the flooded shafts, they encountered a substantial deterioration of the water quality and a
scaling of the equipment within 4 hours (Croxford et al. 2004). Subsequent depth dependent
measurements in the shaft identified a stratification with water of higher electrical conductivities in the
lowermost parts of the shaft and water with better quality overlaying this highly contaminated mine
water body. While SOs-concentrations in the upper layer were in the range of several hundred mg/L,
they reached 4000 mg/L in the lower layer. This increase is accompanied by a decrease in pH from
around 7 to 5. Later electrical conductivity measurements in this shaft by Wyatt et al. (2014) showed
that the stratification still persisted in 2012 with electrical conductivities around 4 mS/cm in the
uppermost layer and 14 — 15 mS/cm in the lower one. It was also observed that the redox potential
increased from 50 to 150 mV during the initial phase of the pump test but decreased to 0 mV once the
deep water was pumped. During the course of the pump test the mine water’s redox potential
increased again to 100 — 150 mV (Elliot and Younger 2007) indicating a mixing with less reducing
water.

A different case compared to the before mentioned mines is the flooded 1B Mine Pool on Cape Breton
Island/Canada. No single shaft exists, but a number of inaccessible inclines and adits and many
boreholes into the mine water pool (Shea 2009). In 14 boreholes, the water temperature and the
electrical conductivity was measured with downhole probes between 2009 and 2010 (Secka 2010).
Instead of discrete depth dependant samples, mine water samples were taken after pumping clear a
selection of these wells. It became obvious that a layering of the mine water exists. Part of that
layering might be a result of the hydrodynamics in small diameter wells and does not represent the
overall layering in the whole mine. Yet, the mine water chemistry clearly indicates that there is a
stratification in the mine pool with a lower water quality in the deeper parts and a better water quality
in the shallower parts of the mine pool (Chimhanda 2010). Fe-concentrations in these deeper layer
can reach up to 300 mg/L while the upper layer has Fe.-concentrations of 30 mg/L and less. No
correlation of the redox potential and the contamination load could be show, which might be due to the
sampling procedure.

118



Proceedings IMWA 2016, Leipzig/Germany | Drebenstedt, Carsten, Paul, Michael (Eds.) | Mining Meets Water - Conflicts and Solutions

Conclusions

All the above mentioned cases of stratification are a result of natural processes occurring in a flooded
underground mine. In none of these mines, the mine layout was modified such as to promote the build-
up of layers with different water qualities. It can therefore concluded that many mines develop a more
or less stable natural stratification. In all cases discussed above, the water quality in the deeper water
body of the mines is worse than the water quality in the shallower parts of the mine, which is obvious,
because the fresh water infiltrating into a flooded underground mine as groundwater or surface water
is usually unpolluted and has a lower density than the mine water. It therefore “floats” on top of the
higher contaminated mine water which, consequently, has a higher density. Yet, the Georgi Unterbau
case shows that mines with only one shaft develop a less stable stratification as the stratification broke
down when a NaCl tracer was injected into the shaft.

As has been shown in the Strafiberg fluorspar or the Francis Colliery mines, the stratification
immediately breaks down when the water is pumped from depth or when a convection loop is allowed
to build up. In the case of the Western Pool of the flooded Witwatersrand gold mines, pumping from
deeper depths, as suggested by Sheridan et al. (2015), would therefore continually cause a forced flow
and mixing in the deepest sections of the mine pool where the water quality is always bad. This would
result in low quality, possibly acidic mine water that has to be treated until perpetuity. Yet, if the mine
water is allowed to rise as high as possible, a layer with a better water quality will very likely develop
on top of the less quality water. Consequently, if the water pumped from this layer does not exceed the
mine water recharge, which means that no forced flow between the higher and lesser contaminated
mine water is caused, it is possible to use natural stratification to lower the treatment costs of polluted
mine water. More tracer tests, in-situ measurements in shafts and analogue mine models are necessary,
to understand the detailed reasons behind building up of natural mine water stratification and how this
knowledge can be used in the future to force stratification in mines.
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Abstract

Water disasters occur during coal mine construction and production in China and account for many of
the nation's mine disasters and casualties. However, China has made major strides in preventing these
major water inrush disasters during the last decades. Based on the comprehensive summary of the theory
and method, application technology, practical engineering and technical standard currently used in coal
mines of China, this paper analyzed systematically the latest research progresses and achievements on
the basic theory, hydrogeology (supplement) exploration, advanced detection and monitoring as well as
early warning of the water disaster, prevention and control technologies in the field of the mine water
prevention and control as well as utilization.

Key words: prevention and control of mine water; utilization of mine water; research progress; China

Introduction

China ranks the third around the world in geological reserves of coal resources, but is the first coal-
producing country from the beginning of 21st century. China’ land is composed of multiple tectonic
plates reworked by sequential geological tectonic movements. As a result, the geological structures are
very complex. China is one of the countries in which the most serious mine water disasters occur.
According to statistics by Chinese State Administration of Production Safety Supervision and
Management, the water inrush disasters are second only to the gas explosion disasters in coal mines in
the serious and extraordinarily serious accident categories. Mine water inrush disasters not only cause
heavy casualties, but also are the most serious of mine accidents in terms of economic losses, accident
emergency rescue, and mine restoration effort. In addition, the water disasters occur widely. All the
mine enterprises, especially underground mines or underground excavation engineering works,
generally face with these problems. So the social impact of water disasters is serious, and the attention
degree is high in China and abroad.

With the exhaustion of shallow and upper group coal resources, water disasters in mining deep and
lower group coal resources are increasingly serious because of progressively complex mine water-filling
hydrogeological conditions, additional control factors over water disasters, and complicated water
inrush mechanism and type. Many mines not only face with roof water inrush threat from gob water
because of the water pooling in the shallow closed mines, but also face with the floor water inrush threat
from high confined groundwater in carbonate rock. Meanwhile, gas explosion, gas outburst and water
inrush coexist in the coal seam, i.e., the working face and development face are in the environment of
“roof threat, floor inrush, and middle burst”.

Mine water inrush disaster control continues to keep decline and continuous improvement in the case of
strong growth production and increasing mining intensity recently. The national coal production
increased from nearly 1 billion t in 2000 to 3.7 billion t in 2013. The output turned over 3.7 times in 13
years. At the same time, the accident total number and total death toll induced by water inrush disasters
in China have decreased to 21 and 89, respectively in 2013 from 104 and 351, respectively in 2000,
falling by almost 80% and 75%, respectively (Fig.1).
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Figure 1 Relationship of national coal production and water inrush disasters

According to the surveys and statistics by State Administration of Coal Mine Safety in 2012, the national
mine water discharge was up to 7.17 billion m*/a in recent years; there were 61 mines in which the
normal water inflow was more than 1,000 m*/h; and mine water resources utilization rate increased year
after year. These data showed that China had made great progress and research results in recent years in
the field of water inrush prevention and control and resource utilization!®®). But water disaster prevention
and control is still a daunting task and face with many challenges because of various hydrogeological
condition type and complex structure and changeable hidden water inrush factors and various
mechanism, especially with the large-scale development of deep level resources. Mine water inrush
disasters control and resource utilization will be still one of the important research topics in safety
production and scientific mining in China.

1. The new basic principle of water prevention and control

The research results have improved the basic principle of water prevention and control, put
forward the new basic principle that is summarized with 16 Chinese words and its corresponding
comprehensive measures, i.e., prevention, plugging, dewatering, drainage, and interception. The
previous basic principle used in China for mine water inrush prevention and control was summarized
with “8 Chinese words”, i.e., “when in doubt, exploration must be done in advance; excavation occurs
only after the exploration.” The “8-words” principle has played a positive role in recent years, as the
state emphasized the great importance to the safety production and implemented a series of policies and
punishment regulations. The mine enterprises improved safety production consciousness and
management, and miners also paid attention to the safety.

If suspicious symptoms of water disaster had been found at the scene, engineering technicians and
professional workers will immediately investigate the situations and dewater in advance if needed. The
doubtful position or hidden danger of water inrushes must be identified before mining. The questions
are how to find the doubtful position? How to judge water disasters risk in advance? These are much
more in demand to resolve the important issue for mine enterprise and field engineering technician at
present. To answer these questions, Coal Mine Water Prevention and Control Regulation article 3
presents the new “16-words” principle, i.e., “first forecasting; when in doubt, exploration must be done;
excavation occurs only after exploration; control should be in place before mining.” First of all, we
should find doubtful position of disasters through scientific forecasting methods, followed with
detection and discharge of water in advance. We then excavate after detection and water discharge. We
finally mine coals after any necessary control measures are in place. The “16-words” basic principle
forms a complete technical route. In correspondence with the “16-words” principle, Coal Mine Water
Prevention and Control Regulation article 3 puts forward five comprehensive prevention measures in
prevention, plugging, dewatering, drainage, and interception.

2. The new mine hydrogeology classification

The achievements have supplemented and improved the basic principle of mine hydrogeology
classification and the main influence factors, put forward the mine hydrogeology classification
based on scientific methods and analysis of the new water disasters features in China in recent
years. The purpose of mine hydrogeology classification is to analyze the mine hydrogeological
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condition, direct hydrogeological supplement exploration and water disasters prevention and control.
Due to high proportion of coal resources under water disasters threat and various water hazards types
caused by complex mine hydrogeological condition, the hydrogeology classification plays an important
role in safety production. Considering the wide distribution of gob water with fuzzy scope, location and
shape, and the continuous water inrush disasters induced by the gob water in recent years, at the same
time considering the factors (whether water inrush occurred or not in the process of construction,
production and water inflow) are associated with the complex degree of mine water filling
hydrogeological condition, the mine hydrogeology classification incorporated two new factors of gob
water distribution and mine water inflow based on the original four factors.

3. The new safety requirements and technical standards of mining under water and surroundings

With the increase in mining intensity and exhaustion of shallow level resources in China, development
of the deep level resources is inevitable. In addition, the coal resources that are not be commonly
developed under or around of the sea, lakes, rivers, reservoirs, gob water area and strong rich water
aquifer and other large water body in the past are increasingly exploited. First of all, all kinds of water
sources which threaten safety production should be dewatered in advance. Mining can be done only
after the water is drained and hidden dangers are eliminated. If dewatering is not feasible and the coal
seams to be mined are inclined or gently inclined, the regulation Coal Pillars Setting and Coal Mining
Regulations of Building, Water, Railway and Main Shaft must be followed. We must understand the
water filling hydrogeological conditions, compile special mining design, and organize relevant technical
discussion in order to determine the safety and reliability of water prevention coal (rock) column and
make safety precautions. Mining can occur only after approval by the chief manager of the coal mining
enterprise. In addition, dynamic monitoring should be in place. Producing should stop and withdraw of
miners must be in order immediately if abnormal situations are discovered. Due to lack of theories and
engineering technology problems induced by mining such as caving mechanism, the caving
development regularity and height, caving control, mining of steep coal seams is still a task to be solved
effectively and is strictly prohibited in China.

4. The platform construction of mine water filling 3D visualization analysis of hydrogeological
conditions

Traditional water filling hydrogeology analysis method was based on point, line, plane, section, etc. By
forecasting, we understood and cognized the 2D space of mine water filling hydrogeological condition.
These methods could not reflect and depict the complex 3D water filling condition and phenomenon,
lacking dynamic space-time processing and analysis ability, and having big limitations. The 3D
hydrogeology visualization modeling and simulation analysis method solve these problems to some
extent, can provide a uniform 3D display channel, and support comprehensive and integrated display as
well as management of data such as the hydrogeological exploration, test and underground exploration
and mining engineering. The method can also analyze arbitrarily stratigraphic profile, query a variety of
hydrogeological parameters, and realize stress-strain analysis, groundwater flow simulation, water
inrush risk evaluation, water inflow forecast and optimization of water prevention and control design,
etc. The 3D water filling hydrogeology visualization analysis platform will become an effective tool for
the ground and underground hydrogeological exploration and test data processing, physical concept
model analysis of water filling condition, water flow simulation evaluation, water disaster prediction,
water prevention and control plan formulation, etc.

5. Mine water disaster forecast theory and the different disaster forecast evaluation methods

Hydrogeology exploration provides a very important geological information for mine structure, the
relations of main coal seam and sedimentary structure, the water filling source, water channel and gob.
But the local discrete information is limited, and using the information directly to analyze water disaster
is very preliminary, and unable to give full consideration to the potential value contained in the
hydrogeological exploration results. If we use the advanced scientific evaluation method and model to
analyze, simulate and process the original information, the results can be evaluated and predicted in
zoning characteristics and water hazards risk levels from the roof, floor, gob and geologic structure in
the process of mine production. The prediction results can be effectively used to make prevention
measures for different types of mine water disaster. We presented the comprehensive evaluation method
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of the vulnerability index method which considers more factors than those based on water inrush
coefficient method for floor water inrush. For roof water disaster, we put forward three maps - double
prediction method which can solve the key technical problems of roof water filling source, channel, and
the intensity at the same time.

6. Rapid recognition technique of water inrush

Any water inrush points of underground mining engineering happened in most cases by accepting
different types of water supply such as atmospheric precipitation, surface water, groundwater, or gob
water and discharging into underground mines. Due to different types of water source in the process of
formation, runoff and discharge influenced and interfered by different geological environment and
human factors, the hydrogeochemical characteristics, water temperature and water level (pressure) of
water source are all different. These large number of sample points collected at the scene in different
aspects and the various parameter such as water chemistry, water temperature and water pressure (level)
can provide an extremely important water source information and form the foundation database.
Mathematical models can then be established for rapid recognition of underground mine water inrush
supply source. Inputs of water pressure (level), the measured water temperature and water chemistry
analysis results in underground water inrush point into the mathematical models will help quickly and
accurately recognize the water supply sources of the water inrush point. The main used equipment with
better application effect at present in China include intrinsically safe YSYF6 mine water inrush source
rapid recognition instrument researched and developed jointly by Wuhan Long Sheng An Ke
Technology Co., Ltd. and China University of Mine & Technology (Beijing), and HA-W600 mine
filling water source rapid recognition instrument researched and developed jointly by Beijing Hua An
Ao Te Science and Technology Co., Ltd.

7. Conclusion

This paper systematically analyzes the latest research progress and achievements in China including the
current basic theory of mine water prevention and control, the hydrogeology exploration and water
disasters forecast, the advanced detection and the monitoring and early warning, main prevention and
control technology of mine water disasters.
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Abstract

Ayazmant mine site is situated in the near vicinity of a dam reservoir being utilized for drinking and
irrigation purposes. The mine is planned to be extracted by combination of two methods: open pit
mining followed by underground mining. Most part of the operations will take place below the
groundwater level. Preliminary hydrogeological assessment has revealed that the groundwater system
is in connection with the dam reservoir. Prediction of groundwater inflow to both the open pit and the
underground galleries and calculation the ratio of reservoir water in the inflow were the major
questions. Numerical modeling was the methodology selected to be followed to achieve these
objectives. Reliability of the numerical model is based on the accuracy of the hydrogeological model
of the site. Hydrogeological conceptualization requires detailed geological hydrological and
hydrogeological information. These studies give sufficient information on the occurrence, potential,
availability and flow of groundwater systems. However, knowledge of interactions with different
water bodies requires information on the flow path and velocity of a particle in the system. Isotopic
constituents of water bodies provides this information. Particularly, stable isotopes are very useful in
tracing the origin of the waters, mixing processes and interactions. This technique was used in
conceptualization of the hydrogeological system in the mine site. The hydrogeological conceptual
model suggested that the groundwater system is recharged mainly from highlands but also in
connection with the dam reservoir. The water level fluctuation in the reservoir affects the interaction
between the groundwater system in the mine site and the reservoir.

Key words: Ayazmant mine, conceptual model, hydrochemistry, stable isotope

Introduction

Occurrence of groundwater in mine sites is of major concern due to its two opposing impacts on
mining activities. Particularly in arid and semi-arid areas, groundwater in most cases is the major
source that can be used to meet the need for water at mine sites for different purposes such as process
water and site water supply. On the other hand, mining commonly requires large excavations below
the water table where groundwater inflow to excavations may cause serious problems of dewatering
and depressurization (Kumar Deb 2014). Regardless of type of the problem, whether related to
shortage or excess of groundwater, construction of a representative conceptual hydrogeological model
has an essential role in achieving practical and effective solutions (ASTM 2000). However,
conceptualization and characterization of groundwater systems, particularly in geologically
complicated areas is not straightforward and various techniques need to be applied in combination
with conventional methods. The combined use of hydrogeochemical and isotopic techniques is proved
to provide an effective tool in this regard (Yurtsever 1995, Geyh 2000). The value of this tool stems
from the fact that it contributes to the understanding of how the groundwater occurs and circulates by
tracing the water starting from the recharge area until it reaches a point of interest in the flow domain
(Clark and Fritz 1997, Aggrawal et al 2005). This knowledge is of significant importance in
construction of a representative conceptual model of the site. This technique was applied in a mine site
located in northwest of Turkey (fig.1). The area where the mine is located is environmentally sensitive
because the mine site is bordered by a dam reservoir utilized also for drinking purposes. Mining
operations, therefore should be planned to minimize if not remove its impacts on quantity as wells
quality of water resources that exist in the area of influence of the mine.
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Figure 1 Location Map of the Study Area.

Hydrogeological Characteristic of Lithological Units

The Ayazmant iron-copper mine is of contact-metasomatic/scarn type mineralization within plutonic
rock mass [Jeopark 2011]. Geologically, the site is located on the edge of the Kozak Pluton which has
been intruded during Late Oligocene-Early Miocene in one of the ten horst-graben systems that have
been developed as a consequence of intensive tensional tectonics affected the region during Neogene
(Oyman 2010). The pluton has been intruded through the Kinik metamorphic basement. The basement
is composed of metabasitic complex including limestone and sandstone blocks of Permian age. The
mine site is dominated by hornfels, granatfels, granodiorite prophyry, arenaceous granodiorite, split
and endoscarn. The ore constitutes hematite, magmatite, chalcopyrite and limonite (fig.2)
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- Granodiorite parphyrr
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Figure 2 Geological Map of the Mine Site (after Jeopark, 201)
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The intrusive magmatic rocks in the area are intensively fractured (fig.3a) and in some places are
weathered, particularly along major faults intersecting the mine site. The rocks have gained secondary
porosity and permeability owing to the intensive fracturing, forming a fractured hard rock aquifer.
Hydrogeological characterization of the hard rock aquifer was achieved by a) fracture analysis and b)
insitu well tests. Four fracture systems were identified on outcrops in the site. Based on fracture
spacing and aperture measurements the total porosity of the hard rock aquifer was calculated as 0.018.
The effective porosity was estimated as 0.010 on the basis of annual change of groundwater level in
piezometers installed around the pit. The high effective porosity is due to fact that the intersecting
fractures create a high degree of connectivity in the domain. The recharge in this calculation was
obtained from water budget calculations as explained below. More than 140 packer tests were
performed in 6 boreholes to characterize the rock for permeability and hydraulic conductivity.
Although changed spatially, the hydraulic conductivity found to concentrate between 3x10° m/s ile
5.9x10° m/s (fig. 3b), with a geometric average of 3.2x10° m/s. This value suggests that the hard rock
aquifer may yield significant groundwater flow into the pit and galleries.
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Figure 3 a) Frcature Systems b) Distribution of Hydraulic Conductivity in the Mine Site

Hydro-Meteorology

Northern Aegean (Mediteranean) climatic conditions prevail in the Ayazmant mine site.
Hydrographically, the site is located on the ridge separating two major tributaries of the Madra dam
reservoir. The drainage areas of the tributaries at the mine site are 19.4 km? and 90 km?, respectively.
The shape of the basin and the drainage network pattern is controlled by the position of the Kozak
Pluton and the permeability and erodibility of lithological units. The basin is rectangular in shape with
15 km length and 7.5 km width.

The long-term average annual precipitation onto the area is calculated as 635 mm. Precpitation is
mainly rainfall and it occurs mostly in winter months from November to February. The rest of the year
is dry (fig. 4). More than half of the rainfall was found to return to the atmosphere by evapo-
transpiration. The water budget calculations showed that more than half (51 %) of the rainfall was
found to return to the atmosphere by evapo-transpiration, 41 % of the rainfall makes the surface runoff
which ultimately flows to the Madra reservoir and the rest (0.08 %) infiltrates to form recharge the
hard rock aquifer.

Occurrence and Flow of Groundwater

Relatively high fracture permeability of the hard rock mass allows significant occurrence and flow of
groundwater. Groundwater level measurements were performed in 9 piezometers installed at the site
along two water years to cover dry and wet periods. The coefficient of variation of groundwater levels
in the piezometers did not exceed 5 %, suggesting no significant seasonal effect. Based on this fact, a
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groundwater contour map was prepared to demonstrate the areal distribution of the hydraulic head and
the direction of groundwater flow in the site. The map is given in Figure 5.
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Figure 4 Monthly Variation of Precipitation and Potential Evapotranspiration in the Study Area.

As seen in figure 5, there is a prominent groundwater divide passing through the open pit, and
the general groundwater flow direction occurs from north to south, to the reservoir. The
groundwater contours bend and make a “v” in the southwest, indicating a higher permeability
zone along anortheast-southwest line. This line was found to correspond exactly to one of the

major fault lines.
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Figure 5 Distribution of Hydraulic Head in the Site.

In addition to groundwater level measurements and the hydraulic conductivity variation with
depth, hydrochemical measurements and analyses have indicated that the hard rocks form a
single and unconfined aquifer, and the aquifer is in connection with the dam reservoir at the
periphery of the open pit. This finding is important to consider for safe mining operations.
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Need for a Representative Hydrogeological Conceptual Model

The ore deposit is to be mined at two major phases; first as open pit mining to a certain elevation of pit
bottom and by underground galleries excavated from the ultimate pit bottom. The plutonic
(dominantly granodiorite and hornfels) rocks are fractured and jointed such that they have gained
moderately high secondary permeability. The mine site is surrounded by surface water bodies from the
east, west and the south. Two streams in the east and west of the site join the dam lake in the south.
The elevation of the ultimate bottom of the open pit will be about 90 meters below the maximum level
of the dam lake. The mine site is situated on a secondary groundwater divide where the groundwater
level is about 30 m higher than the lake, which makes the groundwater flow to the streams and the
lake in natural (pre-mining) conditions. The galleries will also be excavated below the groundwater
level and the dam lake level. Thus, the major concern was to estimate the groundwater flow into the
open pit and the ingress to the galleries at different stages of mining to prevent any probable adverse
impact. Analytical and/or numerical methods are applied to predict the groundwater inflow to
excavations. For both methods, construction of a representative hydrogeological model is essential. A
hydrogeological appraisal was performed based on hydrostratigraphic definition of litohological units,
core drilling and in-situ tests, and hydraulic head observations. A preliminary hydrogeological
conceptual model was constructed to explain the occurrence of groundwater at the site. However, this
study could not produced all information required in conceptualization of the groundwater system in
terms of recharge-discharge relations and surface water-groundwater interactions; an essential
knowledge for definition of the boundary conditions needed in analytical and/or numerical analyses.
Hydrogeochemical and stable isotope techniques were used to obtain this information.

Stable Isotope Hydrology

Various water points representing surface waters and groundwater were sampled for
hydrogeochemical and stable isotope analyses. Some basic physio-chemical properties such as
temperature, specific electrical conductivity, total dissolved solids, dissolved oxygen, pH and
oxidation-reduction potential of waters were also measured on site by a multi-probe. Samples were
analysed at registered laboratories for some trace elements as well as major ions and for stable
isotopes, namely oxygen-18 (8'*0) and deuterium (5D). In addition to samples collected from the site
and its near vicinity, seasonal springs located at different altitudes were also sampled to quantify the
altitude effect on stable isotopes. 8'30 in water samples was found to vary between -1.91 and -6.95
permil, concentrating around -5 and -6 permil (fig 6a). Similarly, 0D ranges between -22.06 and -
40.91 permil with a concentration around -35 permil (fig. 6b). The relationship between oxygen-18
and deuterium forms a regression line whose slope is 8 with an interception of y-axis (deuterium)
known as the deuterium excess (DE) (Craig 1961). The DE indicates the evaporation kinetics in the
source area of the precipitation, but also changes when the water is subjected to evaporation. The
deuterium excess in the water samples collected at the site varies between -6.81 and 16.98 with a
representative value around 15.7 (fig.7). The negative DE of the sample from the sump in the pit,
indicates excessive evaporation.
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Figure 7 Distribution of a) Oxygen-18 and b) Deuterium in Water Samples.

The regression equation representing the global precipitation is given as 8D=80'%+10. The equation
for the site, known as local meteoric line is found as 8D=80'%+16. The surface waters and the water
collected from the sumps at bottom of the pit, plot on a evaporation line (fig.8).
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Figure 8 Meteoric Lines Obtained from Isotopic composition of Water Samples.

A plot of 8'%0 vs altitude suggested that the precipitation is depleted with respect to this isotope at a
rate of 0.33%o per 100 m of change in altitude (fig.9). Using this information, the recharge area of the
groundwater at the mine site was found to be located at higher elevations (450-480 m amsl) and at a
distance of about 8 km from the mine site. The direct recharge from precipitation over the mine site
was found insignificant compared to the regional recharge. Based on this information the
hydrogeological model of the mine site was completed with a clear definition of the site-specific water
balance and boundary conditions.
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Figure 9 Change of Oxygen-18 of Precipitation With Elevation.
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Hydrogeological Conceptual Model

Based on the information obtained from hydrological, hydrogeological and evaluation of isotope data,
a hydrogeological conceptual model was constructed for the mine site. According to the model, an
unconfined, fractured hard rock aquifer exists in the mine site. The aquifer is mainly recharged from
the highlands and the recharge from direct precipitation is insignificant. The annual recharge from
highlands is about 5.5 x 10° m®. This amount is less than 10 % of the total precipitation. More than 40
% of the precipitation is direct runoff at the surface and contributes to the dam reservoir. The dam
reservoir forms the southern, southeastern and southwestern boundaries of the flow domain at the
mine site. A block diagram illustrating the hydrogeological conceptual model is given in Figure 10.
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Figure 10 Block Diagram lllustrating the Hydrogeological Coceptual Model at the Mine Site.

Conclusions

Mining commonly requires large excavations below the water table where groundwater inflow to
excavations may cause serious problems of dewatering and depressurization. Regardless of type of the
problem, whether related to shortage or excess of groundwater, construction of a representative
conceptual hydrogeological model has an essential role in achieving practical and effective solutions.
However, conceptualization and characterization of groundwater systems, particularly in geologically
complicated areas is not straightforward and various techniques need to be applied in combination
with conventional methods. The use of isotopic techniques is proved to provide an effective tool in
this regard. The value of this tool stems from the fact that it contributes to the understanding of how
the groundwater occurs and circulates by tracing the water starting from the recharge area until it
reaches a point of interest in the flow domain. This knowledge is of significant importance in
construction of a representative conceptual model of the site.

Having been bordered by a dam reservoir, the Ayazmant mine site was studied in detail to construct a
hydrogeological conceptual model that is required for further numerical analyses. The magmatic rocks
were found to form a single, unconfined aquifer that may yield significant groundwater inflow to the
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mine site. Stable isotope analyses of water samples collected from the mine site and the surrounding
area revealed that the recharge of the aquifer occurs at highlands at a distance of about 8 km from the
mine site. In some of the sampled piezometers, the mixing with reservoir water was detected,
suggesting that the water ingress should be expected from the bordering dam reservoir.
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Abstract

A coal mine named Pangzhuang in Xuzhou, China was recently closed and the groundwater
hydrogeochemical evolution process will be studied. The groundwater system has a very complicated
structure, that so much work has to be done (parameter estimation, permeability measurements),
before chemical analysis for the transport modelling. There are four main aquifers, named Q, 7S, C, O,
in the area. Because of the partly lack of data the numerical model has to be simplified.

To solve this problem, onsite sampling work and laboratory tests were conducted. Core samples from
a nearby coal mine were transported to Germany for laboratory tests. Multi-Chamber Testing Method
(Mohammed 2015) was used to measure both permeability and porosity of the cores.

From the results of the above work, comparisons among different datasets are addressed including
investigations reports from other coal mines in this large mining region. It can be concluded that there
are huge differences between the permeability values from lab tests and the literature values. Some
may differ to several orders of magnitudes. The lab tests results show a significant feature which
indicate some aquifer cores are not homogeneous, but heterogeneous media. While the values from
literatures are obtained by pumping tests and field drillings, the differences indicated that,
groundwater in even limestone aquifers in this area is somewhere driven by fissure flow. The values of
porosity also prove this conclusion in some of the samples.

Research work in this paper may indicate that groundwater flow in those target aquifers are multiply
controlled by different mechanics not only by porous and karst structures but also by fissures. It is
helpful for the further investigation work in this area and more accurate scenarios for further-on
transport modelling.

Key words: Data shortage, hydraulic conductivity, Multi-Chamber Testing Method, fissure driven flow

Introduction

In the recent few decades, coal mines in China are having closure problems (Liu 2011). Pangzhuang
coal mine which locates in Xuzhou, Jiangsu, was one of the closed mine in this large coal producing
area. The whole mine was closed in 2013 with some shafts (Dongcheng Shaft) shut down in 2010.
However, there are four active mines around and the closure may have impacts on the regional
groundwater system. Therefore, a subject about mine closure groundwater evolution is settled. The
groundwater system has a very complicated structure with four main aquifer groups named Q, 7S,
C(L4 and L2), O(03) included. Much of basic work such as parameter estimations should be finished
before transport modelling. Unluckily, the subject is suffering from a partly shortage of data, for
example, important hydraulic parameters-permeability is only a range of values according to local
investigation reports. To solve the data shortage problem, this paper employed some methods and
tests. And significant results and new clues are found to improve further modeling set up.
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Laboratory test method

The saturated hydraulic conductivity of water in soil and sediments can be measured both by onsite
and laboratory tests. Onsite tests may include pumping test, slug tests, DPIL, DPST and so on. For
laboratory tests, this paper used a new method named Multi Chamber Testing developed by Drilling
and fluid mining Institute, Technische Universitdt Bergakademie Freiberg (Mohammed 2015).The
method is designed to determine the permeability of tight rock samples and the interpretation of data
using this method allows the permeability, effective porosity and Klinkenberg effect (Klinkenberg
1941) to be quantified by means of a single measurement run. In an operating transient two chamber
method test rig porosities and permeabilities of up 10-24 m? can be determined on cylindrical samples.

The test rig is shown schematically in Figure 1. It consists of two stainless steel pressure chambers for
the test gas (Vinlet and VOutlet) and one core holder for the test samples. The maximum test pressure
may afford maximum 200 bars. The volume of the pressure chambers is about 165 ml each including
the line volume. The pressure sensors at the measuring chambers have a measuring range of 0-250
bars, the maximum error of the display is smaller than 0.1 %. In addition, it is desirable to perform the
tightness test on fresh core samples when possible (Mohammed 2015).
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Figure 1 Set up of Multi-Chamber Testing Method and the resulted chart (Mohammed 2015).

Core samples preparation

As described, the data shortage is restricting the topic for gathering useful parameters. In the target
closed coal mine, it is however now very difficult to operate new drilling work or boreholes to get
cores since it has been abandoned. Thus, a nearby coal mine named Sanhejian was chosen as a
substitute to get core samples. It is feasible because the two coal mines are both in the same regional
geological unit with very similar geological structures and layers. Figure 2 shows the location of the
coal mine which is only 70km away.

\
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Figure 2 Location of the substitute coal mine site for cores sampling

In Aug, 2014, 5 core samples were collected from this coal mine with different labels representing
different aquifer layers-7S, Ls, L2 and O, as well as an clay layer-7C. 7S is a sandstone aquifer while
7C is claystone. They are both the direct roof strata of coal seam 7. L4 and L, are key floor limestone
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aquifers of the mined layer. O is supposed to be the largest and thickest limestone aquifer in the
whole large region. Table 1 shows the detailed information about these layers.

Table 1 Profiles of the core samples from Sanhejian coal mine (Regional close to Pangzhuang)

Label  Corerock Depth Formation Stratum Description K(m/s)
number  property (m) Name thickness(m) (Literature)
Aquitard, Low
7C Clayand  -300- Pis: i permeability and the i
mudstone  -400  (Permian) layer is the direct roof
rocks for coal seam 7
Low permeability and
75 Sandstone -300- Pis: Ave:35.64 the layer is the direct 3.472¢-
-400  (Permian) Min:0.79 roof rocks for coal 8~7.963¢-6
seam 7
The thickest and most
karst fracture
. 370- Cst . 5.65-15.88 deve!ope.d limgstone 3.172e-
L4 Limestone  ° 470 (Carboni- Ave:10.7 aquifer in Taiyuan 5~2.13e4
ferous) o Formation, floor ave:1.445¢e-4
aquifer of coal seam 7
and 9
Karst fracure
Cst developed, thin but is 4.514e-
L Limestone _150%_ (Carboni- 132-285 the direct roof and 7~9.166e-5
ferous) o floor aquifer for coal  ave:4.605e-5
seam 20 and 21
0, Thickest, strongest
0, Limestone -500- (Ordo- 450-530 aquifer in the region. 5.243e-
-650 vician) ave:484 Karst fracure very 12~0.0010677

developed

*The core samples are listed according to the order of the depth increase (from shallow to deep).

*Label name is defined due to the naming regulation of Chinese coal mining rock layers.
*Depths showed above are illustrated from the regional cross section diagram which is only a range, not so accurate as well
as the thickness. Other parameters are also from regional geological investigation reports.

Results and discussions
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Figure 3 Test results of core sample 7S and 7C
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Figure 5 Test results of core sample O;

Figure 3-5 show the tests results of the permeability values. Then, the equation below (Frieder, et al.
1985) was used to transfer the kgas(£) value to K. After calculation, the results are compared with other
local coal mines literatures and some geological investigation reports which are shown in Table 2.

K= I’i
Py
where
e fi is the permeability, m?
s J{ is the hydraulic conductivity, m/s
s [Lis the dynamic viscosity of the fluid, ka/(m-s)
e [2is the density of the fluid, kg/m®
» {is the acceleration due to gravity, m/sZ.

Table 2 Permeability values Comparisons between lab tests and literatures*

Core Lab Measured Literatures Literatures Literatures
label results(m/s) Pangzhuang(m/s) Zhangshuanglou(m/s) Wanbei(m/s)
7S 1.73E-10 3.47E-8~7.96E-6 1.62E-8 7.64E-8~1.68E-5
7C 2E-10 -
L4 3.3E-12 3.17E-5~2.13E-4 6.92E-5~1.51E-4 1.88E-4
ave:1.45e-4
4.51E-7~9.17E-5
L12 3.3E-11 ave-d 61E-5 8.66E-6~1.33E-4 5.47E-5
02 1,5E-11 5.24E-12~1.07E-3 3.72E-6~5.6E-5 2.73E-5~6.97E-4

*Literature values collected from several different related reports listed in references
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Figure 7 Cross section surface of core sample L;:(left) and Oz (right)
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Figure 8 Porosity test results of each core

The table 2 shows clearly that there are huge differences of the lab obtained permeability values
compared with those from literatures and reports. Some of the samples may differ from several
magnitudes, for example, L4 and Li>, literature values are 10° or even 10® times larger. Only 7S and O»
have relatively similar values but still too small as aquifers.

Additionally, those cross section surface pictures also indicate, most of the matrixes collected from the
nearby coal mine are to some extent heterogeneous with very compact properties. This could be
verified from the Figure 8 which demonstrates all of the cores’ porosity measured values. These values
range from 0.01 to 0.08 are all not typical or representable for aquifers because normally a permeable
aquifer should have a much higher value.

Therefore, the possible reasons why there are such differences between lab tests and literatures may lie
on several different points:

1) The mine site is not exactly the right coal mine those literatures described although they are all
in the similar region, the characteristics of the hydrogeology may vary locally.

2) Lab test method is generally used for matrix measurements while those literatures values were
obtained mostly from a site pumping or slug tests. They have different scales and represent
various aspects of the strata properties.

3) Another reason that could be spoken is that the groundwater hydraulic behavior in those layers
are also driven by fissure flow or fractures flow not only porous and karst flows. This could be
a conclusion for this paper and the proof may also be seen from both tests results and pictures

139



Proceedings IMWA 2016, Leipzig/Germany | Drebenstedt, Carsten, Paul, Michael (Eds.) | Mining Meets Water - Conflicts and Solutions

of the cross section surfaces. Most of the cores are not homogeneous but heterogeneous. The
large ranges of K values from the literatures may also indicate this.

4) Those core labels may not be so accurate since these cores samples were not collected from
the very drilling scene or sites. Thus they may be not so reliable to measure with.

Conclusions

To overcome the data shortage difficulty, this paper adopted several different methods, some of them
are developed by TU Freiberg. This Multi Chamber Testing is a reliable and accurate method to
measure the permeability values of the cores which is feasible to avoid some technical errors and
influencing effects. However, the measured values of the tests showed a large difference with those
written in related reports and literatures, some may differ to certain magnitudes. Together with the
analysis of the core samples cross section surface pictures, the matrixes appearances seem to be more
heterogeneous instead of homogeneous. All of the comparisons, values of permeability themselves and
matrixes surfaces pictures lead to one conclusion: the hydraulic behavior may be not only driven by
karst or porous power, but also to some extent by fractures and fissures which is contained in those
aquifer rocks. On the other hand, the huge differences between literature and lab tests may result from
several potential reasons: distance from the target coal mine, the incorrect labels written in the cores
and so on.

To summarize, this paper has investigated the closed coal mining area with some of the lab tests and
analysis to solve the data shortage problem encountered in the topic and the conclusion is showing a
special properties of the aquifers in this region. The aquifers are to some extent a heterogeneous
structure and the hydraulic behavior inside may not only be driven by normal porous or karst media
but also by lots of fissures and fractures. This information is of great importance for further modelling
process. And the investigation has also given critical comments on the rock cores sampled from the
nearby mine site. It is therefore quite beneficial for future research work even to set up a more reliable
and more representative groundwater flow model.
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Extended Abstract

Extreme geophysical and water environments found at many mine sites can present unique challenges
in controlling the quantity and quality of mine impacted water. Our poster will explore the difficulties
presented in designing a complex water management system at a mine site (open pit, process plant and
tailings management facility) proposed for the extraction of a low grade auriferous deposit. Issues which
had to be overcome included a steeply sloped site with limited natural water storage areas; operating in
close proximity to a superficial aquifer used for potable water supplies; operating adjacent to a protected
river; challenging regulations; and patterns of extreme rainfall events.

The Feasibility level design of the water management facilities had been based on a high level
understanding of the annual water balance at the site and did not allow for the temporal separation of
high evaporation and high runoff generation periods. Resolving this issue at the detailed design stage
required expansion of water storage facilities despite the steep topography and limitations imposed by
European dam regulations; this required a novel approach tailored to the local restrictions. In parallel to
the volume management issue, water quality regulations limited the ability to remove excess contact
water from the system. In order to address these restrictions, the relative hydraulic performance of lining
and capping systems had to be interrogated, and the likely environmental impacts assessed. A
sophisticated, probabilistic water management model of both water quantity and water quality
throughout the water management system was built to drive the design with the model results predicting
“zero operational discharge” for the life of mine.

Some of the key improvements in Mine Design included:

e Water Management Dam embankment height was reduced while increasing overall capacity
through the adoption of a dual storage approach;

e Careful separation of mine water streams (contact vs non-contact) meant that a large proportion
of the contact water generated on site could be utilised for operational and environmental
purposes and not just constrained to supplying the process plant;

e A thorough understanding of the system performance across a wide range of likely operating
conditions was gained through use of probabilistic water balance modelling;

e Enhanced evaporation techniques:

e (ritical design parameters of a mandated water treatment plant was optimised using the
probabilistic model.
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The two water storage facilties are linked

conditions allow to maintain |
storage capacity within the SWOR | | |

Evaporation units

Plant Area

Figure 1: Schematic illustrating the challenging site water management

Some of the techniques used during the detailed design stage of the mine have clear applications within
the wider mining industry. The particular approach taken to dual storage and judicious separation of
water streams increases the efficiency of operational water management while optimising the cost of
water treatment, providing both financial and environmental incentives for developers. The application
of Monte-Carlo [1] simulation tool allows for transparent and sensible risk assessments to appraise
differing water management strategies under a wide range of conditions. The integrated approach to
mine water management focused on water recycling whilst limiting the volumes of generated mine
impacted water and its release to the environment under normal operating conditions. Operators should
be encouraged to develop sophisticated water management tools much sooner in the mine design process
to avoid unnecessary regulatory restrictions and reduce costs.

Key words: Mine water, modeling, water balance, mass balance
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Abstract

The introduction of brines from salt mining into nearby running waters is still a prevalent method of
disposal. These salt waste waters often originate from processing of salt-containing rocks and drainage
of the residue heaps. Hereby salt waste waters may still accumulate for a long time after shutdown of
the mines.

Indeed it has early been reported that elevated salt concentrations as caused by this disposal method may
damage the aquatic communities of the running waters afflicted. The question in which way salinisation
of running waters affects aquatic communities was answered by means of a case study. It was performed
along the Wipper river (Central Germany) where salt inputs from 4 residue heaps along the river cause
an increase in salinity thus forming a salt gradient (95 km stretch). Monitoring data of 7 sampling sites
(31 — 1,286 mg Cl7/1) of the period 2008 to 2014 were analysed for salts, nutrients and changes in the
benthic macroinvertebrate and diatom communities. Benthic macroinvertebrates responded to elevated
salt concentrations with decrease in species numbers and diversity. Development of r-species and
spreading of neozooa was favoured, whereas salt-sensitive groups declined. Freshwater species were
replaced by more salt-tolerant forms. Similar effects were observed in view of benthic diatom
assemblages. Numbers of reference species decreased, and shifts in the diatom assemblages took place
whilst the proportion of salt-tolerating (meso- and polyhalobic) taxa increased.

Key words: diatoms, macroinvertebrates, salinisation, Wipper river,

Introduction

Salinisation may affect running waters seriously. A number of reasons are in line for anthropogenic
salinisation, among them salt mining (Canedo-Argiielles et al. 2016). In this case, salt brines from
mining and/or production are often discharged into nearby rivers, causing elevated salt concentrations
here which may influence structure and function of the afflicted aquatic ecosystems distinctly (Canedo-
Argiielles et al. 2013).

The catchment area of the Wipper river (Northern Thuringia, Germany) forms an example for this. Here
salt brines are especially rich in single ions such as potassium which is reported to have toxic effects on
aquatic organisms (Ziemann & Schulz 2011) and magnesium. Besides this anthropogenic salinisation
saline tributaries of geogenic origin join in. This paper presents a case study of the Wipper river
catchment area. It focuses on the question in which way aquatic communities are influenced by
salinisation by special reference to benthic macroinvertebrates and benthic diatoms.

Methods

Sampling area and locations

The catchment area of the Wipper river is situated in Northern Thuringia (Central Germany, fig. 1). It
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Fig. 1: Catchment area of the Wipper river. Map design: Thomas Sommer, Dresden (Germany)

is a tributary river of the Unstrut river (rivers Saale, Elbe). Its total length is 95.3 km, the catchment area
is 649.1 km?, mean discharge 3.5 m s! and average low discharge 1.1 m s™'. The headwater is a small
coarse substrate dominated calcarous highland river (German WFD classification: type 7), the lower
course is a mid-sized fine to coarse substrate dominated calcarous highland river (type 9,1, all data;
Thuringian State Institute for Environment and Geology, Jena, Germany).

Four potash mines and their affiliated factories (Sollstedt, Bischofferode, Bleicherode and
Sondershausen) discharged their salt brines into the Wipper river and its tributary creek Bode during the
potash mining period from 1893 to the early 1990s. Since shutdown in the 1990s, still drainage waters
from the stockpiles left behind accumulate, are stocked up in two storage basins (near Wipperdorf and
Sondershausen) and are and discharged into the river Wipper during periods of sufficient runoff. Salt
springs below the river bed and a few tributaries rich in electrolytes cause an additional increase in
salinity (Thuringian State Institute for Environment and Geology, Jena, Germany).

Sampling and sample processing

Data presented in this case study were collected as part of the governmental sampling to fulfil the
monitoring requirements of the EU-Water Framework Directive. The sampling period considered in this
study involved the years from 2008 to 2014. Chemical sampling was performed once a month. Water
samples were taken, preserved if necessary, cooled and transported to the laboratory where analyses
were conducted. Involved were salts (ions: K, Mg"™*, Cl, SO47), nutrients (NO3, total phosphorous TP)
and carbon (TOC).

Biological samples were taken once a year. Samples of benthic invertebrates were taken by means of
substrate-specific multi-habitat kick-sampling, preserved in EtOH (96%) and stored at 4°C in the dark
in the laboratory until processing according to Meier et al. (2006). For evaluation the
ASTERICS/PEROLODES software was used. The following metrics were used for interpretation: No.
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of taxa, diversity (Shannon-Weaner-index), 1/K ratio, proportion of neozoa, proportion of EPT and
EPTCBO taxa, percentage of freshwater, oligo- and mesohaline species, resp.

Sampling and evaluation of the diatoms followed the PHYLIB procedure by BayLfU (2006ff). For the
calculation of the final result the metrics proportion of reference species, trophy index according to Rott
and Halobion index are necessary which at once give valuable insights into structure and loads of diatom
assemblages.

Statistical calculations followed Sachs (1982).

Results and Discussion
Chemical parameters
Concentrations of carbon, nutrients and salts are compiled in table 1 and illustrated in fig. 2 and 3.

Table 1: Carbon, nutrient and salt concentrations of 7 sampling locations along the Wipper river. Values given
are average concentrations and corresponding standard deviations of the sampling period 2008 — 2014 (12

samples/a).
serial no. 1 2 3 4 5 6 7
location Worbis | Wilfingerode | Sollstedt [Bleicherode| GroRfurra | Hachelbich [Sachsenburg
river km km 85.6 73.2 68.7 62 43.8 29.2 0.4
TOC mg/l | 2.45+0.93 4.63+0.50 4.58+0.55 | 4.64+0.32 | 4.83+0.47 | 4.83+0.50 | 4.49+0.51
TP pg/l 60+10 400+60 400+50 300+30 230+30 220+30 180+20
NO;-N mg/l | 6.11+0.34 5.76+0.39 5.59+0.51 | 5.29+0.31 | 5.17+0.67 | 4.95+0.58 | 4.59+0.70
K* mg/| 2.1+0.30 7.3+0.43 20+2.31 30+3.23 67+7.32 75+4.47 61+5.77
Mg** mg/| 20+0.53 23+0.52 28+2.45 56+6.37 94+4.42 110+5 101+3
cr mg/I 31+9.68 84+3.99 196+20 471460 1004+365 1286+107 1024+113
er'y mg/| 90+5.64 21348 222+12 305+21 351+18 370+16 455+33
Wipper river: Nutrients and Carbon Wipper river: Salt Concentrations
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Fig. 2 Nutrient and carbon concentrations Fig. 3 Salt concentrations. Average means
Average means of the years 2008 — 2014. of the years 2008 — 2014.

The data show that TOC concentrations are lowest below the source near the village of Worbis. Further
down they increase and remain comparatively stable afterwards. In contrast to this, NOs3-N
concentrations are highest near the source and decrease slightly furthermore. Regarding the phosphorous
concentrations they are lowest below the spring, leap distinctly between Wiilfingerode and Sollstedt and
drop beneath.

Salt concentrations show different patterns. Regarding the concentrations of potassium, magnesium and
chloride, three sections may be distinguished: A slightly salanised section extends until the village of
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Sollstedt where the first heap is situated. Here the moderately salanised part begins where the Wipper
river receives salt waste waters from (i) the abandoned mine of Sollstedt, (ii) the dead mine near the city
of Bleicherode, (iii) the tributary creek Bode polluted with waters from the disused mine of
Bischofferode and (iv) geogenic sources emitting below the river bed (Sommer and Stodolny 2012).
Further down between the sampling locations Bleicherode and Grof3furra (situated just above the city of
Sondershausen, fig. 1) brines of the storage basin near the village of Wipperdorf are discharged causing
a strong increase in salinity. This is the third section being strongly salanised that extends up to the oulet
near the village of Sachsenburg. Along this section salt concentrations decrease only slightly due to the
freshwater dilution by a few creeks flowing in. — Sulfate concentrations increase from spring to outlet
over the whole transect. The reason for this are mostly geogenic inputs (76%) whereas mining inputs
are less important (24%, Sommer and Stodolny 2012).

Based on the effects of elevated salt concentrations on aquatic communities, sensitivity groups can be
distinguished. From field data Coring et al. (2016) identified 5 chloride classes for benthic
macroinvertebrates (< 200; 200 — 600; 600-1,100; 1,100 — 2,000; > 2,000 mg Cl7/l, annual mean). A
comparison of these concentration ranges with the values from table 1 suggests that impacts of
salinisation on the aquatic communities are to be expected whereas the threshold value above which
changes take place is probably considerably < 200 mg/l (Halle and Miiller 2013, Pohlon and Schulz
2016).

Biological parameters

Results of the macroinvertebrate metrics are given in table 2 and figure 4. The metrics no. of taxa and
diversity indicate the integrity of a biocoenosis, unaffected invertebrate communities being
characterised by high species numbers and low abundances. Numbers of macroinvertebrate taxa were
highest at the freshwater-marked sampling location near the city of Worbis. In the following section
numbers dropped slightly, a distinct decrease was found for the strongly salanised section below the
storage basin near Wipperdorf between Grof3furra and Sachsenburg. At Hachelbich, macroinvertebrate
numbers increased a little (fig. 4, top left). An explanation for this may be that the creek Hachel flows
in somewhat above the sampling location and transports animals into the Wipper river. Number of
macroinvertebrate species were inversely correlated with chloride (r= -0.7912) and moreover sulfate
(r=-0.9370). These findings are in contrast to the observation that slightly salanised river sections often
display enhanced species numbers probably due to a faciliated osmoregulation of many aquatic insect

Table 2: Macroinvertebrate metrics. Values are given as average means of the years 2008 to 2014 and the
corresponding standard deviation. Parameters are number of taxa, diversity (SWI, Shannon Weaner Index),
percentage of neozoa, percentage of sensitive species (EPT=Ephemeroptera, Plecoptera, Trichoptera,
EPTCBO= Ephemeroptera, Plecoptera, Trichoptera, Coleoptera, Bivalvia, Odonata), r/K proportion,
percentage of freshwater, oligo and mesohaline species.

serial no. 1 2 3 4 5 6 7
location Worbis Wilfingerodd Sollstedt |Bleicherode| Grolkfurra | Hachelbich |Sachsenburg
river km km 85.6 73.2 68.7 62.0 43.8 29.2 0.40
no. of taxa 29.7+3.5 26.6+5.0 26.7+3.3 26.5+3.2 22.7+2.8 24.3+3.8 19.3+1.3
SWI 2.1740.40 | 2.11+0.42 | 2.22+027 | 257018 | 217024 | 1.99+059 1.41+0.36
neozoa % 0.68+0.76 1.2+2.25 1424173 | 3.35+3.55 | 8.14+6.64 | 9.41+7.64 | 4.16+3.48
EPT % 39.6+6.34 | 33.0+14.11 39.2+7.29 | 43.6+5.01 23.4+5.19 | 11.8+9.92 15.86+5.14
EPTCBO % 14.00+43.63 | 13.29+1.83 | 13.00+1.93 | 14.00+1.53 | 9.86+.217 | 11.00+2.78 | 7.00+1.31
r/K ratio 9 0,131:0,03 0. 1550,03 0.16+003 | 0.14+003 | 017+0.05 | 0.18+0.06 | 0.24+003
freshwater % 41.1413.9 | 50.2410.2 | 51.2#8.8 | 33.3+39 | 27.8+83 | 421+189 | 23.8+13
oligohaline % 05403 | 05t05 | 05:04 | 09:09 | 52+33 42 13+1.0
mesohaline % 0.140.1 0.5+0.5 0.3+03 0.7+0.7 0.3+0.3 1.2+1.49 0.8+0.6
no data % 56.6+14.2 | 49.1+10.2 48+8.5 65.1+4.2 66.7+10.5 | 51.2+23.8 | 74.1+13.9

species (Kefford et al. 2016 and observations of the author). However, this pattern can be observed with
regard to the diversity (Shannon Weaner Index): The index showed increased values in the moderately
and dropping ones in the strongly salanised section (fig. 4, top right).
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Fig. 4: Macroinvertebrate metrics: Total number of species (top left), diversity/Shannon Weaner Index and r/K
ratio (top right), percentage of neozoa (middle left), percentage of sensitive (=EPT and EPTCBO taxa, middle
right) and salinity preferences.

The 1/K proportion describes the ratio between pioneer and climax species. Data show that r-species

increased with rising salt concentrations, namely sulfate. They benefit the occurrence of species
characterised by short generation times, small body sizes and high indivudual numbers (“r-species”).

A suppression of the authochtonous fauna by increasing salt concentrations favours the spreading of
neozoa due to their tolerance of salinity and further environmental parameters (Canedo-Arguelles et al.
2015). The proportion of neozoa is usually low in unaffected, stable communities. This is consistent
with the observed distribution of neozoa species: Except for the last sampling location their percentage
increases continually (fig. 4, middle left), thus following the concentrations of potassium, magnesium
and chloride.

Aquatic macroinvertebrates may differ considerably in their salt sensitivity. Especially among the
mayflies, stoneflies and caddis flies (Ephemeroptera, Plecoptera, Trichoptera) being typical for near-
natural running waters ecosystems, are many sensitive taxa. A high proportion of EPT taxa indicates
undisturbed conditions. In reference to the Wipper river low values were found in the strongly salinised
section (Grofifurra — Sachsenburg). Here salt conctrations obviously exceed the salt thresholds tolerable
for many species. Percentage of EPT taxa was inversely correlated with the concentrations of potassium,
magnesium, chloride and sulfate (r=- -0.8495, -0.8620, -0.8720, -0.7448, resp.). Interestingly the
percentage of EPT taxa of the moderately salanised section exceeds that of the unsalanised reference
site Worbis in at least one case (Bleicherode). Here a pattern similar to the above mentioned becomes
visible: Slightly elevated salt concentrations may favour the occurrence of EPT species on the whole
although it must be taken into account that a number of strongly salt sensitive species may have been
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eliminated already. Even though beetles, mussels and dragonflies (Coleoptera, Bivalvia, Odonata) are
included ( — % EPTCBO) higher vales of the un- and slightly salanised section were opposed to lower
values of the strongly salinised part (fig. 4, middle right). In this case also negative correlations between
macroinvertebrates and salts are given (potassium r=-0.7727, magnesium r=-0.7995, chloride r=-0.7688,
sulfate r=-0.8345).

The PERLODES software designates the macroinvertebrates to one of the following salinity groups:
freswater, oligohaline, mesohaline, polyhaline and euhaline species. The proportion of freshwater,
oligo- and mesohaline species indicates the salt tolerance focus of a given invertebrate community. In
the present evaluation neither poly- nor euhaline species were found. The percentage of freshwater
species was highest in the un- and slightly salanised part and lowest in the strongly salanised section.
Increasing salinities were followed by a decrease of freshwater species and elevated proportions of
oligo- and mesohaline species (fig. 4, bottom). This means that salt sensitive freshwater taxa were
replaced by more salt resistant forms.

Table 3: Diatom metrics. Values are given as average means of the years 2008 to 2014 and the corresponding
standard deviation.

serial no. 1 2 3 4 5 6 7
location Worbis Wiilfingerode Sollstedt Bleicherode| GroRfurra | Hachelbich [Sachsenburg]
river km km 85.6 73.2 68.7 62 43.8 29.2 0.4
no.of ref. species % 53.0+17.1 35.7+4.6 26.7+48.1 29.249.1 15.8+3.8 | 16.8+11.1 [ 25.5+11.8
Trophy Index (Rott) 2.67+0.2 3.01+0.1 3.05+0.1 2.99+0.1 3.04+0.1 3.07+0.1 3.06+0.1
Halobion Index 2.6+2.1 6.5+2.6 14.3+4.4 18.0+6.7 28.1+7.3 34.5+6.8 33.4+6.0
Reference Species and Halobion Index vs. Salts Trophy Index (Rott) vs. Salts and TP
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Fig. 5: No. of reference species and Halobion Index vs. salts (left) and the Trophy Index according to Rott vs.
salts and total phosphorus (right)

Results from the diatom metrics are presented in table 3 and fig. 5.The proportion of reference species
gives a measure for the conformance of a given diatom assemblage with type-specific reference
assemblages and was highest by far at the salt-free sampling location near the city of Worbis. This
indicates that under conditions free of anthropogenic salt inputs the composition of the diatom
assemblages were most similar to that of reference conditions. Further down (section Wiilfingerode to
Bleicherode) the proportion of reference species dropped to values between 35.7 and 26.7%. A further
increase of salt concentrations (sampling locations at Groffurra, Hachelbich and Sachsenburg)
coincided with another decline of reference species reflecting changes in the composition of the diatom
communities. There was a distinct negative correlation between the proportion of reference species and
concentrations of chloride (r=-0.7985), sulfate (r=-0.8108), potassium (r=-0.8234) and magnesium (r=-
0.7495) visible. The opposite pattern occurred with respect to the Halobion index which indicates the
biological impacts of salinisation, especially osmotic pressure and relative ion composition, on benthic
diatom communities (Ziemann & Schulz 2011). Values around 0 indicate freshwater, values from +10
to +30 indicate elevated salt concentrations, values > +30 ibdicate moderate and > +50 strong
salinization (Ziemann 1999, BAYLfU 2006). The Halobion Index values increased nearly continually
over the total transect. They were lowest at the unsalanised locations near Worbis and Wiilfingerode
(2.6/6.5, resp.), slightly elevated near Sollstedt and Bleicherode (14.3 and 18.0. resp.) and peaked at
GroBfurra and below (28.1 to 34.5). Values were strongly correlated with the concentrations of
potassium (r=0.9796), magnesium (r=0.9824), chloride (r= 0.9749) and sulfate (r=0.9419). Data suggest
that increasing salt concentrations led to shifts in the species structure whilst haloxenic taxa were
replaced by halophilic, meso- and polyhalobic forms.
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The trophy index according to Rott describes the trophic condition of a running water, In contrast to the
reference species metric the trophy index remained rather balanced over the transect and did hardly
reflect changes in nutrient concentrations. This is a surprising result and the reasons are still not
understood. Probably elevated salt concentrations overlay the effects of other stressors.

Conclusions

As demonstrated by the case study salinisation may affect the aquatic communities of running waters in
several ways. In general, benthic macroinvertebrates responded to elevated salt concentrations with a
decrease in species numbers and diversity. Development of r-species and spreading of neozooa were
favoured, and salt-sensitive groups declined. Freshwater species were replaced by more salt-tolerant
forms.

Similar effects were observed in view of benthic diatom communities. Numbers of reference species
decreased, and shifts in the diatom assemblages took place whilst the proportion of salt-tolerating (meso-
and polyhalobic) taxa increased.

References

BAYLfU (2006ff): Instruction Manual for the Assessment of Running Water Ecological Status in Accordance
with the Requirements of the EG-Water Framework Directive: Macrophytes and Phytobenthos. Current
edition. Bayrisches Landesamt fiir Umwelt, Munich, Germany. 196 pp.

Canedo-Argiielles M, Kefford BJ, Piscart C, Prat N, Schéfer RB, Schulz CJ (2015): Salinisation of rivers: An
urgent ecological issue. Env Poll 173: 157-167.

Canedo-Argiielles M, Hawkins CP, Kefford BJ, Schéfer RB, Dyack BJ, Brucet S, Buchwalter D, Dunlop J, Froer
0, Lazorchak J, Coring E, Fernandez HR, Goodfellow W, Gonzalez Achem AL, Hatfield Doods S, Karimov
BK, Mensah P, Olson JR, Piscart C, Prat N, Ponsa S, Schulz CJ, Timpano AJ (2016): Saving freshwaters
from salts. Science 351(6276): 914-916.

Coring E, Bithe J, Dietrich N (2016): Indikation der Salinitdt von FlieBgewéssern auf der Grundlage des
Makrozoobenthos. Korrespondenz Wasserwirtschaft 2/2016: 102-106.

Halle M, Miiller A (2013): Korrelation zwischen biologischen Qualitdtskomponenten und allgemeinen chemisch-
physikalischen Parametern in FlieBgewédssern. Projekt O 3.12 des Landerfinanzierungsprogramms ,,Wasser,
Boden und Abfall“. Essen Velbert (Germany). 89 pp.

Kefford BJ, Buchwalter D, Canedo-Arguelles M, Davis J, Duncan RP, Hoffmann A, Thompson R (2016):
Salinized rivers: degraded systems or new habitats for salt-tolerant faunas? Biol. Lett. 12:1072.

Meier C., Haase P., Rolauffs P., Schindehiitte K., Schéll F., Sundermann A., Hering D. (2006): Handbuch zur
Untersuchung und Bewertung von FlieBgewissern auf der Basis des Makrozoobenthos vor dem Hintergrund
der EG-Wasserrahmenrichtlinie. Duisburg Essen, Germany.

Pohlon E, Schulz CJ (2016): Bewertung und wasserwirtschaftliche Klassifizierung salzbelasteter FlieBgewésser.
Korrespondenz Wasserwirtschaft 2/2016: 99-101.

Sachs, Lothar (1982): Statistische Methoden. Springer Verlag Berlin Heidelberg New York. 5th ed.

Schulz C.-J., Baumgart J., Karrasch B., Baborowski M. (1997): Effects of salinization on the structure and function
of bacterio- and phytoplankton of the salt-loaded river Wipper (Thuringia, Germany). Limnologica 27(1):
43-53.

Sommer T., Stodolny U. (2012): Bewertung des zukiinftigen Umgangs mit Haldenwéssern der GVV.
Gewisserokologische Untersuchungen. Dresden. 67 pp.

Ziemann H., Nolting E., Rustige K.H., (1999): Bestimmung des Halobienindex. In: von Tiimpling W., Friedrich
G. (Ed.): Biologische Gewdsseruntersuchung. Methoden der Biologischen Gewésseruntersuchung 2: 309-
313. Vol. 1.

Ziemann H., Schulz CJ (2011): Methods for biological assessment of salt-loaded running waters — fundamentals,
current positions and perspectives. Limnologica 41: 90-95.

150



Proceedings IMWA 2016, Leipzig/Germany | Drebenstedt, Carsten, Paul, Michael (Eds.) | Mining Meets Water - Conflicts and Solutions

Iron-Hydroxide-Removal from Mining Affected Rivers

Felix Bilek!, Felix Moritz', Séren Albinus?

!DGFZ Dresdner Grundwasserforschungszentrum e.V., Meraner Str. 10 01217 Dresden, Germany, fbilek@gfi-
dresden.de
2LMBYV Lausitzer und Mitteldeutsche Bergbauverwaltungsgesellschaft mbH, Knappenstr. 1, 01968 Senftenberg,
Germany, Soeren.Albinus@Imbv.de

Abstract

Oxic and ferric iron hydroxide rich river waters are evolving in the Lusatian mining district due to discharge of
ferrous iron rich ground waters. These river waters are characterized by small hydroxide flocs which show a very
slow sedimentation. To stop pollution of downstream ecosystems flocculation and sedimentation of the
hydroxides has to be accelerated. Addition of flocculants like polyacrylamides into the rivers is effective but
shall be avoided because of unknown ecological consequences. Liming is also effective but demands
technological infrastructure and ongoing supply with lime milk. To reduce technical infrastructure and to
integrate ferric hydroxide retention in the river systems, alternative technologies are being developed. It is the
aim to supply the stakeholders with easy to maintain techniques for the years to come to protect the downstream
parts of the rivers from severe iron hydroxide pollution.

Key words: iron hydroxides, polluted rivers, remediation technology, groundwater discharge

Introduction

The Lusatian mining district is one of the three large lignite mining districts in Germany. After
reunification a large part of the mines was closed due to economic and ecological reasons. The
remaining mines are still in operation. After closing the mines in the nineties the pitlakes were flooded
and the former groundwater level is currently being reestablished in and around the abandoned mines.
Today the groundwater level has reached its natural level in many parts of the mining area and the
groundwater starts to discharge into the local river systems again.

The mining dumps but as well the surrounding unworked sediments contain sulfides, which have been
partly oxidized during the period of groundwater drawdown. The oxidation products partly remained
in the unsaturated zone and were dissolved in the rising groundwater. Sulfide-rich but temporarily
aerated swamps release additional amounts of ferrous iron to the groundwater. The groundwaters thus
became rich in ferrous iron showing concentrations up to 400 mg/L even outside the dumps [3].

By discharging into the rivers the ferrous iron rich anoxic groundwaters mix with the oxic river
waters. The ferrous iron loads oxidize in the presence of oxygen and form iron hydroxides. Iron
hydroxide formation releases protons by hydratation of ferric iron. Due to the natural buffer capacity
of most river waters of the region of 1 to 1.5 mmol/L most waters keep their neutral pH. Nevertheless
it takes several hours up to several days to completely oxidize the whole iron load [1]. Thus the river
waters in the mining area are characterized quite often by a combination of ferrous and ferric iron,
total iron loads reaching more than 100 mg/L.

Hydroxide formation results in an elevated turbidity of the river water and high sedimentation rates
which impair the living conditions of the Macrozoobenthos. The sludge reduces photosynthesis and
oxygen uptake as well as food supply for the fish population. The riverbeds are clogged by the sludge.
Last but not least the optic impression of the surface waters is considered to be a major drawback for
the evolving tourism in the region.

It is the common aim of the mining industry and the authorities to prevent the deterioration of large
parts of the rivers by iron hydroxide loads. Two strategies are currently tested and implemented:

1) The iron loads are stopped downstream of the sources right in front of areas which have to be
protected from the iron sludge. A well known example is the Spreewald area, an alluvial forest
of high touristic and ecological value downstream of the mining region. The advantage of this
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strategy is that a few “core areas of hydroxide retention” next to the dominant zones to be
protected would be sufficient to stop the hydroxide load. The disadvantage is that many of the
upstream rivers will stay polluted with the iron hydroxide sludge, will suffer under low
ecological conditions and just serve to transport iron hydroxide loads. Iron hydroxide sludge
has to be removed from these parts of the rivers periodically to avoid clogging of the river
beds [2]. This is why the local population and authorities demand the retention of the iron “at
its source”.

2) So a more desirable strategy might be the retention of the iron loads next to their sources still
in the underground (Hildmann et al. 2015) or at least in the upstream parts of the rivers next to
the areas of exfiltration. In this way the downstream rivers could be protected from the iron
loads. However ferrous iron release from groundwater into the rivers occurs in a diffuse
manner and is distributed widely along large parts of the riverbanks. Therefore it is difficult to
detect and to treat the “hot spots” of exfiltration. Local measures, like pumping wells and
ditches next to the rivers are tested to keep the iron rich groundwaters away from the rivers.
Many of these local measures would have to be taken to stop the overall iron load.

State of the art technologies for iron removal rely on the control of the flocculation process by liming,
by catalysed ferrous iron oxidation in contact with already existing flocs at elevated pH-values
between 8.0 and 9.0 and by the use of flocculants. By creating large flocs in technical plants fast
sedimentation of the produced solids within 1 to 2 hours is possible (Bilek, 2013). Yet the conditions
in the river waters differ from those in classic treatment plants which treat water which is typically
rich in ferrous iron:

e The river waters are already oxidized and the pH is still in the neutral range in most cases even
after complete iron oxidation due to their natural buffer capacity and the low
groundwater/river water mixing ratio.

e Neutral pH-values and abundant oxygen result in fast iron oxidation kinetics at least in
summer. Hydroxide formation is more or less completed within a few hours.

o The flocs stay small due to pH-values below 7.5, low density of solids and no artificial
flocculants present. Therefore their sedimentation rate is rather slow. Field observations show
that sedimentation may take several days up to two weeks even in still water [1].

e Conditions for sedimentation are bad due to the tractive forces of the rivers and due to the
constantly changing flow velocities and fluxes during the year.

This shows that the possibilities to influence the flocculation and sedimentation process by classic
technical means are limited. Iron hydroxides stay in suspension for many kilometers and pollute large
parts of the rivers.

Liming the rivers and even adding flocculants can increase the sedimentation of the iron hydroxides.
However out of ecological considerations, local large pH-increases and addition of flocculants in
natural environments should be avoided. Besides that application of flocculants leads to sludges with
rather high water contents which rapidly clog the riverbeds and are not favorable for further sludge
processing. By creating rather dense iron hydroxide sludges their volume can be kept low and removal
intervals from the river beds can be kept larger.

Sometimes artificial basins next to the rivers are available which can be used as sedimentation ponds
for the whole river. Due to the large retention times of several days large basins or stillwater areas are
required to guarantee permanent ferric iron hydroxide sedimentation.

Currently new technologies are under development to accelerate the sedimentation process and to
minimize the size of additional sedimentation pond volumes which have to be provided along the
affected rivers even without adding large amounts of chemicals. It is the aim to provide methods to
retain and remove the iron hydroxide loads which need less technological effort and should be
applicable also for small rivers. They should be better integrable into the natural environment of the
affected river systems than classical treatment plants.
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One way to intensify the flocculation is to temporarily increase the turbulence of the water by applying
mixing energy. This technique serves to intensify the contact between the already existing flocs. The
probability of coagulation is increased that way. On the other hand turbulence does not have to be too
large. Otherwise already existing flocs will be disintegrated again.

Another technique which may be applicable to intensify sedimentation and increase sludge density is
the high density sludge technique, which is well known in mine-water treatment [Aube’, Coulton,
2003]. Iron-hydroxide sludge, which already settled, is pumped back into the reaction zone to serve as
a reactive surface for the oxidation and coagulation reactions. The presence of hydroxide solids in
turbulent water in combination with additional liming is used to accelerate ferrous iron oxidation and
coagulation of already existing small flocs. Sedimentation of the larger flocs now is faster and a much
more dense sludge can be created. This process is currently adopted to river waters and its potential to
increase the flocculation and intensify the sedimentation process is tested.

Methods

In a first step laboratory tests have been performed to identify various combinations of pH-control,
mixing energy input and sludge recirculation. In these tests the river water was firstly mixed with
various amounts of lime, stirred with various velocities and then was transferred to settling vessels to
examine the settling process. The sedimentation process was observed for about 1.3 days. After certain
time intervals the supernatant water of each batch was sampled repeatedly for the remaining total iron
content. The iron hydroxides were completely redissolved in nitric acid and analyzed in aqueous phase
with ICP-OES.

A bench scale treatment plant (figure 1; left) consisting of two reactors was set up to test various
combinations of liming, application of mixing energy and increased floc density. In the first reactor
lime, air and mixing energy could be added. In the second reactor also mixing energy could be applied
and higher sludge densities were achievable by adding sludge. The settling process was observed in
column-like vessels, which were filled with the runoff from the reactors after a steady state flow
through process was established.

A pilot plant next to a river is currently set up to test the most promising combinations in the field
(figure 2).

Natural river water was used for all tests because also other suspended components besides iron
hydroxides like clay and organic particles are found in the water and may influence the flocculation
and the precipitation process.The water shows a pH between 6.6 and 7.0 and a total iron concentration
of 3 to 20 mg/L. Its total solids content ranges between 20 and 50 mg/L, its electric conductivity lies
between 900 and 1100 uS/cm. The used river water is representative for many mining influenced
waters of the region.

Results

The laboratory tests showed that increase of the pH helps to increase the size of the flocs and thus
improves the settling process even if all iron is already present as ferric hydroxide colloids (Koinzer,
2014). Even a small pH-increase from 6.7 (original river water) up to 7.0 allows for a significantly
faster removal of total iron from the water column (figure 3).

In a second test the influence of turbulence was tested. At first the influence of the duration of mixing
with a propeller mixer (2, 5 and 15 minutes; 300 rpm) was investigated at various pH-values. Figure 4
shows the remaining total iron concentrations in solution of pH 7.5 at various times after stopping the
mixing process. It can be seen that also mixing leads to a faster removal of iron. Iron removal is faster
when mixing 15 minutes instead of 5 minutes whereas mixing for 30 min did not improve the settling
process any further (results not shown). This result was confirmed for all pH-values between 6.7 and
8.5.

In bench scale air injection, a propeller mixer with 450 r.p.m. and a paddle mixer 20 r.p.m. were tested
as a means of crating turbulence (figure 1 and 5). Mixing energy input was higher with the propeller
mixer than with the paddle mixer (Moritz, 2015). The tests showed that better results were achieved
with the fast working propeller mixer than with the slow working paddle mixer. Air injection showed
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comparable results to the propeller mixer. Increasing the pH improved the sedimentation rate in any
case and under any combination of propeller mixer and paddle mixer. Increase of energy input
improved flocculation and sedimentation in any case.

. Propeller
Mixer

Sludge
inflow

- Low speed [
. paddle
mixer

Figure 1 Left: Bench scale plant with two coupled reactors to test the sequential influence of mixing energy
input on flocculation process. Right top: Propeller mixer (405 r.p.m.). Right bottom: horizontal paddle mixer (8

r.p.m.)
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Figure 3 Investigation of sedimentation at different pH-values. Change of total iron concentration with time.
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Figure 5 Investigation of different ways of energy input. Change of total iron concentration with time.

The bench scale plant was also used to test sludge recycling using mining affected raw waters with
high ferrous iron contents up to 100 - 160 mg/L. A large improvement was achievable by sludge
recycling in combination with liming. The flocs became much larger (diam. 2-3 mm) and settled
within 30 min. Figure 6 shows the mass balance calculated for the field application.

However, sludge recycling without liming did not improve total iron removal for the low concentrated
river waters (Fe(Ill) ~16 mg/L). No growth or coagulation of the existing flocs was observable. The
addition of lime proved to be a prerequisite to support coagulation. It is assumed that the change of the
surface charge of the hydroxides due to pH-change is the prerequisite for further floc growth.

156



Proceedings IMWA 2016, Leipzig/Germany | Drebenstedt, Carsten, Paul, Michael (Eds.) | Mining Meets Water - Conflicts and Solutions

The remaining total iron concentration could not be lowered below 1.0 to 0.5 mg/L with any of the
tested techniques in all laboratory and bench scale tests. After having reached an iron concentration of
1.0 to 0.5 mg/L only very little additional concentration decline was observable in all tests (figure 3 to
5). It is assumed that further reduction of the total iron concentration is only possible with filtration
techniques. Yet it is not necessary to lower the iron concentration below this concentration because all
current regulatory limits for discharge are met with these concentrations. Furthermore total iron with
this concentration is not visible any more.

Inflow raw water iron in the reaction zone

Volume flux 3000(L/min Volume flux 3487.5|L/min
Fe-concentration 100[mg/L Fe-mass flux 3900|ge/min
Fe-mass fraction 40% Fe-concentration 1.12|g/L
Fe-mass flux 300|gr/min fh-mass flux solids 9750|g. o1/ Min
fh-mass flux solids 750|8h-soig/ MiN relation to inflow 13

3900 g¢./min

300 g;./min \ .

= Reaction
3000 L/min basin

3450 L/mln 2962’5 L/m n runoff sedimentation basin
y Volume flux 487.5|L/min
h
/ / Fe-mass flux 3900|g./min
. 3900 min 487,5 L/min ) : :
450 L/mln gFe /fh mass flux solids 9750|8fp-solig/ MiN
. fraction of solids 20|8¢-soria/ L
3600 gFe/mln v 300 gFe/min equals 2[%
Sludge @ 37,5 L/min
recirculation sludge thickener
Volume flux 450[L/min runoff sludge
Fe-mass flux 3600|g¢./min Mass fraction solids 2|%
fh-mass flux solids 9000|gf-soig/ Min Fe-mass flux 300]gr/min
relation to inflow 12 fh-mass flux solids 750 8ih-solia/ MiN
sludge flux 37.5|L/min

Figure 6 Example of volume and mass fluxes of iron using the high density sludge technique (fh: Ferric
hydroxide)

Conclusions

Sedimentation of iron hydroxides in natural environments has to be accelerated to facilitate the
maintenance of ferric hydroxide polluted rivers. To increase floc size and reduce sedimentation time
liming is even useful for fully oxidized waters, which are characterized by ferric iron hydroxide
colloids and neutral pH-values. Flocculation and sedimentation are intensified by increased pH.
Application of mechanic energy can also be used to accelerate flocculation and sedimentation.
Flocculation is increasing with higher energy input.

Mixing energy can by applied to the water by different methods (among them stirring with propeller
and paddle mixer and air injection). Sludge recycling does very much improve ferric hydroxide
retention as long as it is combined with lime addition. Otherwise no improvement was detectable so
far. The most effective and energy saving technique will be identified in pilot tests in the field.

It seems that ongoing growth of flocs is inhibited by their surface charge which repels other particles.
It is assumed that changing the pH results in a change of the surface charge of the hydroxides and thus
enables further coagulation. This is why increase of pH is not only helpful to accelerate ferrous iron
oxidation but also to coagulate already existing ferric iron hydroxide flocs.

The results imply that distinct zones of turbulence (e.g. created by rapid of cascade like structures) in
the riverbeds could be used to agitate the river waters to increase flocculation. Sedimentation of these
flocs could be focused in stillwater areas. Maintenance of the river beds could be limited on zones of
iron hydroxide sludge formation. The pilot tests in the field will serve to investigate this approach in
more detail.
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