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Underground Pumped-Storage Hydro Power Plants with
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Abstract The Asturian Central Coal Basin in northern Spain has been an exploited coal mining area for
many decades and its network of tunnels extends among more than 30 mines. Parts of this infrastructure
will soon become available for alternative uses since most of the underground coal mining facilities in
Spain will fade out in 2018 (EU 2010/787/UE). The network of tunnels in closed-down mines has been
suggested as a possible lower storage for the development of an underground pumped-storage project.
This infrastructure can hold approximately 200,000 m3 at depths that range between 300-600 m.

Keywords Hydroelectricity, mine water, pumped storage.

Introduction

The Asturian Central Coal Basin (ACCB) is located in northern Spain (Figure 1). It has been
exploited for more than 200 years through open pit and underground mining, with indoor
mining predominating in the last decades. It was one of the most important economic ac-
tivities in the Principality of Asturias and an outstanding source of employment creation,
which therefore contributed to the current development of the surrounding towns.

Figure 1. Asturian Central Coal Basin location

PRINCIPALITY OF ASTURIAS

Underground coal mines have a depth of up to 300-600m, with a main infrastructure com-
posed of one or several vertical shafts, used for mineral extraction and for access of person-
nel and materials. It has a network of horizontal tunnels at different levels, with an average
separation between levels of 80-100m (Figure 2).
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Figure 2. Typical scheme of shafts and tunnels network in coal mines

The mineral obtained is used as fuel in thermal plants for the generation of electrical energy.
This being one of the most outstanding energy sources within the national energy mix in
recent years, with an average participation of 15%. Although on a much smaller scale, the
coal produced was also used in the manufacturing of steel.

In recent years there has been a decline in the production of national coal, motivated among
other factors by the implementation of European policies focused on the reduction of green-
house gas (GHG) emissions, as well as on a low competitiveness of national coal marked by
a continued decline in the price of international coal, which is also of higher quality than
the national coal.

In 2016 coal-fired power generation in Spain accounted for 56% of CO, emissions, with
more than 35 Million tCO,, but it only accounted for 13.7% of the electricity demand cover-
age. The evolution of CO, emissions in the generation of electricity with thermal coal since
2007 in Spain, is reflected in Figure 3.

Figure 3. CO2 Emissions from coal fired thermal power plants (REE)
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On the other hand, one of the main conditions of the mining exploitation occurs on the
water network. The long history of the Asturian mining has caused a strong alteration in
the potentiometric levels and in the natural flow of the aquifers in the affected areas. The
exploitations have generated to a triple porosity aquifer (Pendas et al. 2002). Where pre-
viously there were small aquifers in sandstone of a small-scale multilayer system, mining
tunnels and fractured zones have now been created, that work as aquifers assimilable to the
karsts (Pendés and Loredo, 2006). In fact, all the gaps caused by coal mining in the Asturian
Central Basin operate as a large underground water reservoir.

Most of the mining work, whether open or underground, intercepts the piezometric level
and forces the establishment of a pumping system, which, if interrupted after the closure of
the activity, will bring with it a partial or total flood of the mining tunnels.

Presently, the pumping of the infiltrated waters is considered an important cost for the
mines, with an average flow of 40 Mm3 per year. Before this, to optimize the use of the eco-
nomic resources, a first option of cessation of the pumping in the closed shafts was studied,
proceeding to the flood of the mining hole. However, this solution is not always applicable
due to the uniqueness of the mines, the interconnections created during the exploitation
phase and the proximity of the mines to populated areas.

Pumped-Storage Hydroelectricity (PSH)

Pumped hydroelectric energy storage is a large, mature, and commercial utility-scale tech-
nology currently used at many locations in the world. Pumped hydro employs off-peak elec-
tricity to pump water from a reservoir up to another reservoir at a higher elevation. When
electricity is needed, water is released from the upper reservoir through a hydroelectric
turbine into the lower reservoir to generate electricity.

Because most low-carbon electricity resources cannot flexibly adjust their output to match
fluctuating power demands, there is an increasing need for bulk electricity storage due to
increasing adoption of intermittent renewable energy. This technology can be the backbone
of a reliable renewable electricity system.

The first idea of exploiting a disused mine as an underground reservoir dated from 1960
(Harza, 1960) and it was developed by several studies and technical reports but not accom-
panied by functioning pilot projects (Pickard, 2011).

Mount Hope project, located in northern New Jersey was initially proposed in 1975. It in-
tended to use the facilities of an abandoned iron mine as a lower reservoir but it was never
developed (Dames and Moore, 1981).

The feasibility of using some of the current coal mining facilities in the Ruhr region as lower reser-
voir for a pumped storage project has been currently analyzed by a group of five partners in Ger-
many (University Duisburg Essen, Ruhr University Bochum, Rhine Ruhr Institute for Social Re-
search and Political Consultancy RISP, RAG AG and DMT), supported by the European Union.

8 Wolkersdorfer C, Sartz L, Sillanpaa M, Hakkinen A (Editors)
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Madlener and Specht (2013) presented an extremely interesting techno-economical analy-
sis of the possible construction of underground PHES in Abandoned Coal Mines in the Ruhr
area (Germany). Also in the Ruhr area, Alvarado et al. (2016) presented a project of the
possible construction of underground pumped storage power plant in Prosper Haniel mine
in Bottrop (North-Rhine Wesphalia), using existing coal mine infrastructure.

This storage concept presents several advantages in comparison with conventional PHES,
as for example the higher possibility of social acceptance and the larger number of potential
sites. From a technical point of view, even though the construction of an underground stor-
age reservoir is possible, the main limit is the need of competent rock, especially at reservoir
depths.

An interesting unconventional pumped hydro project, proposed in Estonia (Project ENE
1001, 2010), is that of Muuga whose completion is expected in 2020. The peculiarity of this
project is that it combines two different unconventional reservoirs: the sea as upper res-
ervoir and underground chambers, resulting from granite excavations, as lower reservoir.
As regards the worldwide situation, with over 150 GW, pumped hydro storage power plants
represent around 99% of the world’s electrical energy storage capacity. Currently Japan is
the worldwide leader but China expands quickly and is expected to surpass Japan in 2018.
Table 1 shows the 10 countries with the most installed capacity.

In the future, as the renewable revolution gains momentum worldwide, hydropower looks
to become an even more strategic player. The International Renewable Energy Agency
(IRENA) conducted a technology roadmap (Remap) until 2030, and hydro capacity could
increase up to 60%, and the pumped hydro capacity could be doubled to 325 GW from the
150 GW installed in 2014.

Table 1. Installed PHS capacity worldwide (IHA 2015)

Country Installed PHS Capacity (MW)
Japan 27438
China 21545
United States of America 20858
[taly 7071
Spain 6889
Germany 6338
France 5894
India 5072
Austria 4808
South Korea 4700
Description

The tunnel network of a mining facility has an unusual geometry for a storage system. Nev-
ertheless, such storage volumes, combined with the depths at which some of these facilities

Wolkersdorfer C, Sartz L, Sillanpaa M, Hakkinen A (Editors) 9
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are located and the high flows of mine water, can be sufficiently appealing to establish a PSH
project with a Francis turbine-pump. The most relevant technical aspect is related to the
storage structure for the lower reservoir.

In a typical hydropower pumped storage project, the two reservoirs are located on the sur-
face level. In contrast to a conventional PSHP plant, the upper reservoir of an Underground
PSH power plant is the smaller problem, as it can basically be established on the surface. If
an abandoned coal mine is envisaged, the (potentially large) area of the former mine may
be available for use In the generally densely populated Asturian Central Coal Basin, at least
small- and medium-sized storage reservoirs on the surface, may often be done without too
much conflict with settlement areas. In the surroundings of the shafts there exist buildings
that are protected as industrial heritage, which cannot be demolished.

The lower reservoir inevitably has to be established subsurface and in great depth. An ob-
vious candidate solution is the use of existing cavities. The dominant mining method in the
Asturian Central Coal Basin is the long-wall mining technique, which involves a controlled
collapse of the sediments. The use of remaining cavities from coal mining must therefore be
excluded, leaving us with the following three options: (1) to excavate and secure additional
caverns; (2) to make use of existing drifts; or (3) to dig new tunnels (Alvarado et al. 2015).
The Figure 4 shows a general scheme of the project with the main components, and the
Figure 5 reflects the underground power house with the penstock, the inlet valve, the draft
tube, the Francis turbine-pump with vertical axis and the synchronous motor-generator.

Figure 4. Schematic Figure 5. Power house scheme(Alstom)
configuration of main components

UPPER RESERVOIR E\
11
=

PENSTOCK
o12m

LOWER RESERVOIR
170,000 m* NEWACCESS

The conclusion for lower reservoirs is that the use of natural caverns is not possible; the
artificial extraction of large cavities is technically demanding and financially expensive and
thus does not seem to be very reasonable (Alvarado et al. 2013). In certain cases, existing
drifts may at least be partly usable, e.g. after additional extension measures. However, for a
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Lappeenranta, Finland Mine Water and Circular Economy IMWA 2017

general concept, considerations have to be based on the fact that the drifts for a rib-shaped
storage system in the completion stage, would have to be built totally new.

The penstock is located inside the main shaft. It is a vertical pipeline. If the diameter of
the penstock is reduced, the load losses increase. If the penstock’s diameter is reduced, the
head and the output of the turbine are reduced also. The switchyard would be located on the
surface, and the rated voltage would be 11,000-30,000 kV.

The initial approach is to use the main shaft to introduce the hydraulic and electric equip-
ment and materials. If the dimensions of the shaft are not enough, we can make a new ac-
cess drift, between the outside and the power house (Figure 4). The dimensions of this drift
would be 5 meters wide and 4.5 meters high.

The pumping period takes 9 hours and the turbine period takes 6 hours. Also we can run
the turbines at a 50% capacity and produce the same energy in double the amount of time,
than if it were to run at 100% capacity. As we want to increase the profitability of the project,
we can participate in a secondary electricity market, offering our availability. If we run the
turbine during 12 hours at 50% capacity, we can run up and down the turbines output, be-
tween the rated output (100%) and the minimum technical output (40% rated output). Nine
projects have been studied in mines that are not currently flooded. The main characteristics
of a project type, are reflected in the Table 2.

Table 2. Main characteristics and cost assessment

Characteristic PSH
Total Cost (M€) 40
Cost/kW (€) 1701
Lower Reservoir Length (m) 5700
Cross Section Lower Reservoir (m?) 30
Net Water Head (m) 300
Reservoir Volume (m?) 170000
Flow (m*/s) 8
Turbine Power (MW) 23,52
Production time 100% Capacity (h) 6
Energy/cycle/MWh 141

The economic feasibility of the project was analyzed taking into account two energy markets
in Spain. These markets are the Spot Market (for energy trading) and the secondary control
power market (providing electricity balancing services) (Budeux, S. et al. 2016). In Spain
the energy managed in the balancing services in 2016 was 21,351 GWh (Figure 6), with a
very outstanding participation by the pumped storage plants, due to its dual role of genera-
tion and consumption of energy.

Wolkersdorfer C, Sartz L, Sillanpaa M, Hakkinen A (Editors) 11



Lappeenranta, Finland Mine Water and Circular Economy IMWA 2017

Figure 6. Balancing services in electricity markets in Spain 2016 (REE)
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Conclusions

The implementation of an underground PSH project using coal mine facilities, is an appeal-
ing option for energy storage, particularly in Spain where the underground mining is cur-
rently phased out, with an expected closure date at the end of 2018. Also, the significant re-
duction of the adverse impacts on the landscape and local residents, could be an advantage.

The water necessary for the initial filling of the reservoirs as well as for the replacement of
the losses by evaporation, will be taken from the runoff of the mine, so a public water course
is not necessary

The most relevant technical aspect is related to the storage structure for the lower reservoir.
Based on the techno-economic evaluation, it has been concluded that it is necessary to build
a new network of tunnels for the lower reservoir.

PSH can provide many services to the power system, as flexibility of operation and speed to
vary the power delivered to the grid. This aspect is fundamental to deal with the variations
in production due to fortuitous failures in the thermal power plants and of any significant
variations in the production of intermittent renewable power generation.

PSH facilities are the most technologically advanced, widely available resources to provide
balancing and integration of variable renewable technologies, such as wind and solar. In
addition to the benefits provided by peak power production, pumped storage can generate
when the wind is not blowing or the sun is not shining.
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Abstract The microbial consortia in sulphate-reducing bioreactors with different operating conditions
were studied and compared to the sulphate reduction efficiencies. The results showed vast differences
in microbial communities among the reactors. The fraction of sulphate-reducing bacteria correlated
with the bioreactor performance. This study sheds new light to the biological sulphate-reducing process
applied in bioreactors, which is traditionally seen as a black box.

Key words sulphate-reducing bacteria, bioreactor, sulphate removal, microbial communities, mine
water treatment

Introduction

In biological sulphate reduction, sulphate is converted to sulphide in anaerobic conditions
by sulphate-reducing bacteria (SRB) that utilize an external carbon source and electron do-
nor. Simultaneously, alkalinity is produced in the form of bicarbonate (Eq. 1) (Vestola and
Mroueh 2008).

2 CH,0 + S0?~ —» H,S+2HCO0; (Eq.1)

This process enables the treatment of acidic, sulphate-containing waste water streams.
These features are typical to waste waters of the mining industry, and substantial research
and development are conducted in the biological treatment of such mining effluents (Bi-
jmans et al. 2011).

Most of the SRB belong to the class Deltaproteobacteria, including genera such as Desulfo-
vibrio, Desulfobulbus and Desulfomicrobium, with some representatives in other groups,
e.g. phylum Nitrospirae and the Firmicutes class Clostridia (Muyzer and Alfons 2008).
Most known SRB are mesophiles, and the highest sulphate reduction efficiencies in biore-
actors are usually obtained in the temperature range of 30 — 45 °C (Bijmans et al. 2011). A
pH range of 7.0 — 8.0 in the bioreactor is considered optimal for SRB (Moosa and Harrison
2006), although efficient sulphate removal has also been obtained at lower pH of 4.0 — 5.0
(Santos and Johnson 2017). However, a minimum redox potential of at least -150 mV is
required for biological sulphate reduction to occur (Barton 1995).
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Substrates used for biological sulphate reduction can be simple compounds, such as hy-
drogen or lactate, or more complex organic waste materials, such as woodchips or manure.
The advantages of simple substrates include wide suitability for SRB, good availability and
ease of dosing, whereas organic wastes can be a lower cost and more sustainable option
(Bijmans et al. 2011). Full utilization of complex substrates requires co-operation among
different microbial groups, and the microbial communities present in bioreactors operated
with complex substrates can be expected to be more diverse than in bioreactors operated
solely with simple substrates (Hiibel et al. 2011).

In this study, the microbial communities of the effluents of four different laboratory scale
sulphate-reducing bioreactors were compared. The substrates used were either complex
compounds (woodchips, hay, cow manure) or a combination of complex and simple (lactate,
crude glycerol) compounds. Three of the bioreactors were operated in South Africa (SA) and
one was operated in Finland (FIN). The effect of reactor configuration and substrate on mi-
crobial communities and subsequent sulphate reduction performance is discussed.

Methods

Bioreactors and sampling. The biological systems in this work included two down-flow anaero-
bic flooded reactors (T1, T2), a continuous stirred-tank reactor (CSTR) (T3) and an up-flow an-
aerobic sludge blanket (UASB) reactor (T4) (Tab. 1). The bioreactors were operated with either
only complex (T1), or a combination of complex and simple substrates (T2, T3, T4). The operat-
ing temperatures ranged from 21°C to 30°C while the influent sulphate concentrations ranged
from 1.1 g L to 4.5 g L. In addition, T2 and T3 received ammonium and phosphate added to
the feed. Hydraulic retention times (HRT) varied from one day to 21 days (Tab. 1). Samples
for both chemical and microbial analyses were taken from bioreactor effluents after achieving
steady operation (after 100 — 300 days of operation). The results of chemical measurements as
well as the main microbial findings in the bioreactor effluents are included in Tab. 1.

T1 and T2 were inoculated with cow manure, and T3 with a SRB culture maintained at Mint-
ek, South Africa. Bioreactor T4 was inoculated with the Mintek SRB culture and fresh cow
manure, which also served as the sludge blanket for microbes.

T1 simulated a passive system packed with woodchips, wood shavings, hay and manure in
a 40/20/20/20 ratio, whereas T2 and T3 contained woodchips and were fed waste glycerol
obtained from the biofuel industry (5 ml L*). T4 was fed with cow manure and lactate in a
mass ratio of 75/25 based on the carbon content, with a total substrate excess of 50% for
biological sulphate reduction. It was assumed that one mole of sulphate (96 g/mol) requires
two moles of carbon (12 g/mol) for biological reduction (Eq. 1), and thus the required or-
ganic carbon is one quarter of the sulphate to be reduced. Substrate mixture was added to
T4 periodically, with a sufficient substrate dose every 3 — 4 days, as a continuous dosing of
manure was not technically possible.

Chemical analyses. Effluent pH and redox potential levels in T1, T2 and T3 were measured
with a Metrohm pH sensor and Hamilton redox sensor (mV, vs Ag/AgCl). In T4, pH and
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Table 1. The operating conditions, influent specifics, location and results of the effluent analyses of
the bioreactors in this work.

T1 T2 T3 T4

Bioreactor type Down-flow Down-flow CSTR UASB
anaerobic anaerobic
flooded column flooded column
Operating T (°C) 23 24 30 21
Substrate Woodchips, hay, Woodchips, crude Woodchips, crude  Manure, lactate
manure glycerol glycerol
Added nutrients None 1.29/L (NH,),S0,, 1.2g/L (NH,),SO,, None
0.4g/L H,PO, 0.4g/L H,PO,

Influent sulphate 2.7 4.5 4.5 1.1
(gL
HRT (d) 21 9 4 1
Location (SA/ SA SA SA FIN
FIN)
pH 8.04 7.05 7.62 7.40
Redox potential -236 -399 -396 -176
(mV)
Relative sulphate 95 83 82 59
removal (%)
Total sulphate 122 145 923 572
removal rate (mg
L d'1)
Relative abun- 1.1 5.4 10.2 8.7

dance of SRB (%)

redox potentials were measured with a Consort multi-parameter analyser C3040 equipped
with Van London-pHoenix Co. electrodes (Ag/AgCl in 3M KCI). Sulphate concentrations
were analysed with the barium sulphate method (Clesceri et al. 1998).

Microbial analyses. The microbial communities in the effluents of the four different bioreac-
tors were characterized with high throughput amplicon sequencing targeting the prokaryotic 16S
rRNA gene. The primers used were Bact_0341F/Bact_805R (Herlemann et al. 2011; Klindworth
et al. 2013), targeting the variable region V3-V4 of the 16S rRNA gene. For T4, amplicons were
prepared for sequencing on the Iontorrent PGM platform from the forward primer, and T1, T2
and T3 were paired-end sequenced on the Illumina MiSeq platform. The Iontorrent sequences
were trimmed and quality checked as described in Rajala et al. (2016). The MiSeq sequences were
paired using the default quality score values assigned in QIIME version 1.9 (Caporaso et al. 2010).

The sequence data were subsequently analysed with the QIIME software, chimeric sequence
reads were removed from the dataset with the USEARCH-algorithm (Edgar 2010) by de
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novo detection and through similarity searches against the Greengenes reference dataset
(Version gg_13_8) (DeSantis et al. 2006). Sequence reads were grouped in to Operational
Taxonomic Units (OTUs) at minimum 97% sequence homology using the open OTU picking
method in QIIME. Taxonomic assignments for the OTUs were based on the Greengenes
(gg_13_8) reference database.

Results

Chemistry. The pH of the effluent was similar in all bioreactors, but the redox potentials
were significantly lower in T2 and T3 than in T1 and T4 (Tab. 1). T1, T2 and T3 had higher
relative sulphate removal efficiencies compared to T4, but according to the total sulphate
removal rates, T3 had the highest sulphate removal, followed by T4, T2 and T1 (Tab. 1).

Microbiology. The number of prokaryotic 16S rRNA gene sequences obtained from the dif-
ferent bioreactors varied between 6996 reads for T3 and 39727 reads from T4.
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Figure 1 A) The relative abundances of prokaryotic Phyla observed in bioreactor effluents based
on the high throughput sequencing, and B) the relative abundances of SRB genera in the bioreactor
effluents in detail.
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Figure 2 A) The relative abundances of sulfur-oxidizing bacterial genera, and B) the relative
abundances of archaeal genera in the bioreactor effluents.
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The majority of the microbial community in T1 consisted of Bacteroidetes, Clostridia,
Lentisphaera and OD1 bacteria (Fig. 1A). In T2, the most abundant bacteria belonged to
Firmicutes and Proteobacteria, and in T3 to Planctomycetes, Proteobacteria, Tenericutes,
Verrucomicrobia and WWE1 bacteria. T4 had a high abundance of Proteobacteria, but es-
pecially Bacteroidetes, Firmicutes and WWE1 bacteria were abundant. In these samples,
the sulphate reducers mostly belonged to the class Deltaproteobacteria (Fig. 1B). Deltap-
roteobacterial SRB were abundant in T2, T3 and T4. In T2, SRB belonging to the order
Desulfovibrionales contributed with 5.1 % of the whole microbial community. In T3, the
deltaproteobacterial SRB community consisted of the orders Desulfobacterales, Desulfo-
vibrionales and Desulfuromonadales, contributing with 2.9 %, 7.4 % and 5.5 % of the total
number of microbial sequence reads in the sample. In T4, the SRB community mainly con-
sisted of Desulfobacterales and Desulfovibrionales, contributed with 5.1 % and 3.6 % of the
microbial community. SRB belonging to the Firmicutes phylum (order Clostridiales) were
not detected (Fig. 1B). Instead, T2 had a high abundance of bacteria belonging to the order
Syntrophomionadaceae (10.5 % of the total sequence reads). Sulphide-oxidizing Epsilon-
proteobacteria were abundant in T4 (Sulfurospirillum 1 %, Sulfuricurvum 17.4 %, Sulfu-
rimonas 2.3 %) in T4 (Fig. 2A). Sulfuricurvum was also abundant in T1, T2 and T3 (4.7
%, 1.4 % and 2.2 %, respectively). The archaeal abundance detected with the primers used
was generally low, with the exception of T3, for which 5.1% of the obtained sequence reads
belonged to metanogenic Archaea of the genera Methanomethylovorans (4.5 %) and Meth-
anosarcina (0.5 %)(Fig. 2B).

Discussion

All of the tested bioreactors achieved functional sulphate reduction. Although relative sul-
phate removal was the highest in T1, long HRT caused the total sulphate removal rate to
be the lowest of all tested bioreactors. The total sulphate removal rate increased in the ex-
periments as HRT decreased, but in T4 the HRT was most probably too short for efficient
sulphate removal. T3 had the best conditions for efficient sulphate removal: sufficient HRT,
the highest tested temperature, a suitable mixture of simple and complex substrates and a
reactor configuration enabling an effective contact between substrates and bacteria.

The bioreactor effluents contained different microbial consortia. In T1, the most abundant
bacteria belonged to the Lentisphaera, Bacteroidetes and OD1 phyla. These bacterial groups
are heterotrophic fermenters (Bauer et al. 2006; Choi et al. 2012; Wrighton et al. 2012).
In addition, some Bacteroidetes have been shown to have a wide variety of hydrolytic en-
zymes with which they can degrade high molecular weight organic matter, such as plant
polysaccharides, and the OD1 bacteria reduce sulphur. In the other bioreactors, Proteo-
bacteria were the most abundant bacterial groups. SRB did not form the most abundant
microbial group in any of the bioreactors. However, in T3 and T4 the relative abundance of
SRB reached 10.2 % and 8.7 %, respectively (Tab. 1), whereas in the other bioreactors their
relative abundance stayed below 5.5 %. The total sulphate removal rates went according
to the order of SRB fractions, as higher SRB fraction resulted in a more removed sulphate.
Interestingly, the relative abundance of sulphide-oxidizing bacteria was high, especially in
T4, where their relative abundance was over 21 % (Fig. 2A). The abundant sulphur oxidizing
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Epsilonproteobacteria in T4 might have oxidized the sulphide produced by the SRB, con-
verting it back to sulphate, and thus decreasing the sulphate removal efficiency. The reason
for the abundant sulphide oxidizers is not clear, but it may be an effect of the shorter HRT
and lower operating temperature of T4 compared to the other bioreactors.

SRB generally utilize simple substrates more efficiently than complex organic matter, which
usually contains slowly degradable compounds that require a long retention time in con-
tinuously operated bioreactors for efficient sulphate removal (Gibert et al. 2004). In this
study, the effect of substrate on sulphate removal efficiency was difficult to differentiate,
as other factors, such as HRT, had a greater influence on the bioreactor performance. T1
received only complex substrates, but the HRT was enough for an efficient relative sulphate
removal. However, long HRT may have caused the depletion of sulphate early in the biore-
actor, resulting in a decrease in the total fraction of SRB and an increase in the abundance
of fermenting bacteria.

T4 had the lowest sulphate load, highest redox potential, lowest operating temperature,
shortest HRT and no woodchips as carrier material for biofilm formation and long-term
storage of carbon source. The presence of decaying woodchips may provide a steady source
of small carbon compounds feeding the microbial consortia in the other bioreactors. Thus
intervals of pulses of high concentrations of substrate and times of starvation may be avoid-
ed. This may produce a more stable sulphate-reducing consortium than when the bioreactor
is fed at intervals of a few days. All SA bioreactors were operated at longer HRT than what
was used with T4. The reason for short HRT used in T4 was the effort to optimize an ap-
plication that would be as efficient as possible, so that the circulation of water in the mine
would be swift. A fast turnover would be preferred, because it might not be feasible to store
large amounts of water in the mine, although longer HRT could provide a high relative sul-
phate removal, as seen in T1. Whether the aim is to achieve a certain sulphate concentration
in the effluent or a high total sulphate removal rate, the HRT among other parameters can
be adjusted accordingly.

Based on these results, the fraction of SRB is a good indicator for sulphate-reducing biore-
actor performance. However, the bioreactors of this study were so different that thorough
comparison is difficult, as each bioreactor developed a unique microbial consortium over
time, and a detailed analysis of the interactions is difficult to conduct. The relationship be-
tween microbiology and reactor performance requires more research. For example, exper-
iments on identical bioreactors with varying operation parameters (such as temperature or
HRT) should be conducted to suggest appropriate measures, for example, for decreasing
the fraction of unwanted microbial groups and increasing the fraction of SRB. In addition,
samples from the sludge blanket could help to characterize the microbial population in the
bioreactor more accurately.

Conclusions

We found significant differences in the microbial community composition in the different
bioreactor effluents based on the high throughput sequence analysis. In the bioreactor with
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the highest total sulphate removal rate, the highest relative abundance of SRB was detected.
In addition, we showed that the general microbial community composition of the bioreactor
with the longest HRT differed significantly from the other bioreactors. Characterizing the
microbial communities in detail gives us a tool to follow the development of the micro-
bial consortia in the bioreactors and obtain information about what factors are especially
important for the development of a well performing bioreactor. It is a more sophisticated
tool than the ‘trial and error’ approach when altering bioreactor configuration or operation
parameters for enhancing the sulphate removal efficiency. With more research, even sin-
gle methods for removing specific groups and enhancing others could be identified, which
would greatly assist in improving sulphate-reducing bioreactor performance universally,
regardless of the system configuration in question.
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Abstract Modern technological solutions make it possible to carry out environmental monitoring in
real time. By doing so, environmental impact information is available immediately. Early alarm options
through automation system ensure minimising environmental hazards and enhance the occupational
safety.

Many water-quality parameters, for example: pH, conductivity, turbidity, COD, BOD and up to 5
different metals can be analysed online. Also, online weather and water balance monitoring, which are
important to the mine industry, are available.

Online monitoring is also more accurate than traditional manual sampling and in conjunction with
laboratory analysis makes the environmental load calculations more reliable.

Background

Water quality can change frequently over time, necessitating frequent, repeated meas-
urements to adequately characterise variations in quality. Modern technologies make it
possible to implement environmental monitoring mainly by sensors. Operation of a wa-
ter-quality monitoring station provides a nearly continuous record of water quality that
can be processed and published or distributed directly to the Internet. The water-quality
record provides a nearly complete record of changes in water quality that also can serve
as the basis for computation of constituent loads at a site. Data from the sensors also can
be used to estimate other constituents if a significant correlation can be established, often
by regression analyses. The early alarm options as well are important parts of the concept
to be presented. The traditional environmental monitoring practices are too slow and not
accurate enough for today’s industries’ needs and for the people and organisations that are
connected to them.

The new concept: Environmental Monitoring and Safety Concept, EnMonCon

The environmental monitoring concept where most of the measurements are automated
was developed by EHP with its international partners. Mines, as well as other industries; are
the core users of the solution. The concept includes online weather (rain, wind, air pressure,
temperature and so on), water level, for example in basins or lagoons, and water quality
monitoring options, flowing in rivers, ditches and/or in pipelines.

EnMonCon is an answer to a new Environmental Protection law and regulations that re-
quire actors and industrial companies to focus on proactive actions to preserve the envi-
ronment. Implementation of EnMonCon is also the BAT solution for environmental safety
monitoring and environmental risk management.

The concept emphasises online measurements instead of manual sampling and laboratory
analysis. Almost all the most important parameters can be automated. Through the auto-
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mation system, the alarm option minimises the environmental hazards and ensures envi-
ronmental and occupational safety. The concept also includes laboratory analysis of water
samples and field measurements data saved in digital format.

Real-time data from measurements makes load calculations more accurate thus making
optimisation of processes easier, ensuring increased productivity and cost savings. Envi-
ronmental impact reporting can easily be implemented to the authorities through the cloud
server, which may speed up the application process for an environment permit. In addition,
everyday environmental measurement information can be read from the server by comput-
er or handheld / mobile device. The user-interface for the accessing the data is through an
internet browser.

The Environmental Monitoring Concept, EnMonCon, (the full concept is shown in Fig.
1) including all needed environmental monitoring and reporting options and functions is
ready to be offered and delivered to industrial clients. This is an optimal solution for mines
and industries that have a number of water and weather related measurement requirements
to make their operation safe and efficient.

EnMonCon
database Reporting

1A e

Online monitoring Manual sampling, Manual
stations laboratory analysis measurements

Figure 1. The Environmental Monitoring and Safety Concept, EnMonCon

What parameters can be measured online?

Majority of the water quality parameters can be analysed online as well as the water flow
and level in different locations at the mine/industry area and at its environment. Several
water quality parameters, for example pH, conductivity, turbidity, COD, BOD and oil-in-
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water can be included to the system. Additionally, up to 5 different metals can be continu-
ously monitored by the system. Copper, zinc, nickel and lead are familiar to EHP to be mea-
sured online at mine environments, for example. The metal monitoring solution technology
is based on a voltammetry principle. Electrochemistry presents good specificity, excellent
stability, high sensitivity and low limit of detection for trace metal analysis. The detection
limit may be as low as 1 ug/L with typical measuring accuracy of + 10 % at level 10 pg/L,
depending on a parameter.

Automated trace metal monitoring systems were tested in-field in an industrial site cooper-
ation with University of Oulu (Mahosenaho et al.) Electrochemical measurement was per-
formed by differential pulse anodic stripping voltammetry (DPASV) for Zn determination.
Comparison of online measurement data and reference laboratory analysis results (total
trace metal analysis by ICP-MS) for Zn is shown in Fig. 2. According to the results elevat-
ed concentrations can be detected using online measurement system. Sudden peaks would
have been missed when monitored by laboratory samples. It must though be taken into
account that comparing those results is challenging due to the fact that online system de-
tects only electrolabile fraction, not the total concentration of the metal to be measured.
Ratio between electrolabile and total concentration of the metal depends on the content of
complex-forming compounds present in the sample. Also relatively large measurement un-
certainty value (+ 20%) of ICP technique makes it difficult to compare the results. Despite
the mentioned facts, the online metal monitoring system can ideally be used as an early
warning system.

ATMS - Znvs. ICP - Zn (total)

B /n-Tot

—_—n ATMS

15.9.2015 16.9.2015 17.9.2015 18.9.2015

Figure 2. Comparison of online measurement data for Zn with online analyser and reference
analysis results for total Zn concentration.

Total measurement uncertainty

Uncertainty of measurement is the most important single parameter that describes the
quality of measurements. This is because uncertainty fundamentally affects the decisions
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that are based upon the measurement result. Uncertainty that originates in the analytical
portion of the measurement is usually known. It has become increasingly apparent that
sampling is often the most important contribution to uncertainty and requires equally
careful management and control. The uncertainty arising from the sampling process must
therefore be evaluated. The total measurement uncertainty of online measurements, man-
ual sampling and laboratory analyses have been studied by VIT Technical Research Cen-
tre of Finland Ltd (Ojanen-Saloranta 2016). The measured parameters were pH, turbidity,
suspended solids and COD. Simultaneously to online measurements, sampling was carried
out by two certified sampling persons representing different organisations. The laboratory
analysis were carried out by two accredited laboratories. The results of both monitoring
systems are quite equal (even if measurement uncertainties are not taken into account) as
can be seen from Figure 3, where pH results of online monitoring and laboratory results are
plotted as an example.
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Figure 3. pH results of online measurement (solid line) and laboratory analysis of manual water
samples (marked as rhombus and square representing different laboratories)

The main findings of that research were that the manual sampling plays an important role in
total measurement uncertainty and online measurements, when properly maintained and
calibrated, are more accurate than manual sampling and laboratory analysis.

It can be seen in Figure 4a and Figure 4b that in this study the sampling is more significant
uncertainty contribution for the suspended solids measurement than the laboratory analy-
sis. For turbidity and COD measurements, the uncertainties due to sampling and laboratory
analyses are of the same order of magnitude. For pH measurement, sampling contributes to
the combined uncertainty, but the analysis is the most important contribution.
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Figure ga. Uncertainties for turbidity, suspended solids and COD.
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Figure 4b. Uncertainties for pH.

Online Water Balance Management solution for the mine

The online water balance management-function is one essential part of the system. The
seepage through dams, that is quantity and quality (e.g. pH, conductivity, turbidity/sus-
pended solids) of the seepage water, can be monitored continuously by the system. Ad-
ditionally, piezometers for bore water pressure online monitoring and inclinometers for
monitoring the earth movements can be included to be part of the system to bring the safety
monitoring of the dams in modern online level.
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By connecting all essential monitoring devices to the EnMonCon data system, it is possible
to automate the water balance monitoring as well as the other monitoring needs, including
environmental monitoring data collection and reporting to the authorities.

For predicting and modelling the future situation of the water balance, EHP operates with a
partner to provides this information, which is also available online. Water Balance Manage-
ment at mines has been under careful investigation in Finland during the last years. Online
monitoring technology and solutions offers many benefits to follow, report and manage the
Water Balance. It also ensures the environmental safety of the mine and prevents environ-
mental hazards.

Conclusions

Online monitoring is an excellent way to know an environmental load in real time. It also
significantly reduces costs compared to manual sampling and laboratory analysis, especially
when monitoring is required on weekly or even a daily basis. Early warning systems and
water balance monitoring enhances environmental and occupational safety. Almost all of
the critical parameters can be monitored continuously. By combining all the environmental
data to a cloud server, the handling of data is made easier. It also makes the environmental
performance more transparent to the stakeholders and authorities and the data is available
for key persons globally all the time, where-ever they are located.
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Development and Application of Series Physical
Simulation Test Equipment for Water Inrush in Coal Mine

Shichuan Zhang!, Wenbin Sun?, Weijia Guo*

State Key Laboratory of Mining Disaster Prevention and Control, Shandong University
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Abstract With the increase of the depth and intensity of coal mining, the mine has faced a number
of challenges such as floor water inrush, roof water inrush and structural water inrush. Different
types of water inrush mechanism and disaster mode are difficult to carry out the research by means
of the field, so indoor test has become an effective means to solve this problem. The simulation
test system for floor water invasion in coal, the simulation test system for water and sand inrush
across overburden fissures and the true triaxial rock test system of coupled stress-seepage were
developed.

Keywords physical simulation, non-hydrophilic material, water inrush phenomenon, geological
structure, data monitoring

Introduction

Mine water-inrush hazards account for the major proportion in the numerous disaster
accidents occurred during the mine production and construction. There were 1089 water
in-rush accidents with the casualty of 4329 from 2010 to 2011(James W 2014), while the
hydro-geological environments in the mine production will be more complicated along with
the continuously deepening mining depth and improving mining intensity in the recent
years. Based on the deep mineral resources which account for 27% of the national coal re-
serve, scholars have to take up various challenges like water-inrushes from mine floors,
floors and structures in the fight against water hazards.

Due to the concealment of underground mining engineering, simulation experiment
inside the mining laboratory turns to be the effective means to solve such problems
for the different types of water-inrush mechanisms and catastrophe modes are difficult
to research by means of on-site monitoring etc. Many scholars have made researches
on this aspect earlier, Liu (2009) adopted the similar physical model experiment sys-
tem for water-inrush mechanism in deep mining to research the stresses, deformation
(displacements) and failures in surrounding rock influenced by factors i.e. water pres-
sure, mining and complex stress. Li (2010) developed the physical model experimen-
tal system for water-inrush (water-inflow) in underground engineering, they adopted
the similar materials to simulate the water-inrush supporting during the underground
tunnel engineering and successfully explored the catastrophe evolution process for the
roadway water-inflow.

Sui (2008) adapted the TST-70 permeameter and conducted simulation test research
on the top caving zone of mining working surface for mine production and the seepage
deformation failure characteristics of rocks in the fissure zone . Yang (2012) developed
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the experimental device for mixed water and sand flow and inrush to reveal the var-
iation characteristics of pore water pressure at the different positions in the fracture
channels. Hu (2007)developed the simulation test-bed for3D solid coupling to simulate
the mining above aquifer and provide the theoretical and experimental basis for wa-
ter-inrush control.

However it can be seen by analyzing the above device that this kind of equipment fails to
realize the simulation of the whole process of incubation, development and occurrence
for the mine water-inrush hazards; or simulate the complex crustal stress in sealed en-
vironment; or directly observe the evolution of the water-inrush channel in the mining
process. At the same time, despite the extensive researches(Chang Z 2004, Chen W
2009) the scholars have made focusing on the stress-seepage coupling of the fractured
rocks, there is still lack of research on the experimental objects i.e. Large-size test piece
(40ommx200mmx200mm) and high seepage pressure etc in addition to the rare re-
searches realizing the tracing monitoring to the expansion and evolution process of the
test-piece fractures.

To solve the above problems, Shandong University of Science and Technology has inde-
pendently researched and developed a series of test equipment such as the similar sim-
ulation experiment system for water-inrush from the mining coal seam floor, roof water
and sand inrush of mining simulation system as well as the true triaxial rock test system of
coupled stress-seepage. It has also established the research lab for water-inrushes and re-
alized the exploration of mine water-inrush by means of lab test; this is of pretty important
significance at the same time of providing the multiple means for obtaining the diversified
information in the evolution process of mine water-inrush hazards. In this article, it mainly
introduces three groups of experiment device, expatiates characteristics of the systems and
lists part of the test applications so as to provide the new methods for the researches on the
mine water-inrush.

Similar Simulation Experiment System for Water-inrush From the Mining
Coal Seam Floor

System Compositions

The similar simulation experiment system for water-inrush from the mining coal seam
floor(Sun W 2015 2017, Zhang SC 2017) adopts the 3D solid coupling simulation and com-
puter control technology to obtain the evolution law of the floor mining seepage field under
the effects of high water pressure and high confining pressure so as to provide the new
research methods for the research on instability and fracture disaster-causing mechanism
of seepage channels. The simulation experiment system consists of four subsystems; water
pressure control system, servo laoding system, test-bed system and intelligent monitoring
system as shown in Fig. 1.
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Fig. 1 Similar Simulation Experiment System for Water-inrush From the Mining coal seam floor

Fig. 2 Water-tank Pad

The laying dimension of test-bed model can be as large as 9goommx500mmx8oomm
(LxWxH). The crustal stress of the simulation mining field during the experiment is reali-
zed by the vertical loading system and lateral loading system with the two loading methods
of displacement control and load control; the maximum load of the loading unit is 300kN,
the displacement sensor range can be 3omm; loading rate of the two subsystem loads shall
be 0.01=100kN/s while the displacement loading rate shall be 0.01=100mm/min.

The water pressure control system is connected with the test-bed water-tank by the high-
pressure hose; the water injection tube and ram-type pump are also connected by the high-
pressure hose so as to inject the water into the model from the water-tank through the pad
outlet hole (Fig. 2) on top of the water-tank, the maximum water pressure can be 1.5MPa.
The front and rear of the test-bed are the new high-strength sealing material--organic glass
plate, the adjacent glass plates are closely joined with gasket cement so that the simulation
confined water cannot flow out of the model in between the glass plates; in the meanwhile,
the whole process of internal water-inrush and fracture evolution can be observed through
the organic glasses. 96 fiber optic sensors are equipped on the pad outlet holes on top of the
test-bed water-tank in the model to monitor the variations of water pressure and deduce
the variation law of the seepage field on the coal seam floor according to the water pressure
variation data collected by sensors in combination with the rock fracture positions.

System Characteristics

The similar simulation experiment system for water-inrush from the mining coal seam floor
has the following characteristics:

(1) Full process.

The various phenomena during the simulation of water-inrush from the floor i.e.confined
water rise, water-resisting floor failure, water-inrush fracture coalescence, formation and
evolution as well as formation of structural water-inrush channels etc can be directly obser-
ved through the transparent glass plates on both sides of the test system;
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(2) Variety.

The diversity of system is seen at the simulation of multiple water-inrush types, multiple-
mode control and loading of displacement stress as well as the various ways of data collec-
tion. Simulate the different types of water-inrush mode like fracture water hazards, goaf
water hazards and surface water hazards by closing the water bags and water manifolds;
adopt the different loading modes to simulate the different stress field conditions i.e. sub-
marine tunnel engineering and in-dept exploration etc;

(3) Reliability.

The system is capable of realizing the simulation of water-inrush from the floor under the
factors such as different floor structures, mining technologies and water-resisting floor pro-
perties etc; through biaxial loading and restraints of organic glass plates, it could realize the
simulation of effective crustal stress; by means of water pressure control system, it realizes
the pressure preservation of confined water and dynamic water pressure effect in the state
of high water pressure; with the help of soil pressure and water flow, the sensor could moni-
tor the variations of stress and seepage field all-around with high precision.

Roof Water and Sand Inrush of Mining Simulation System
System Compositions

Roof water and sand inrush of mining simulation system(Guo W 2016) makes use the closed
3D mining and diversified data acquisition to obtain the overlying strata deformation and
failure characteristics, fracture development law, formation of water and sand channels and
inrush parameters on the working surface during the mining process, intuitively displays
the overlying strata space and the distributional patterns of the water and sand inrush chan-
nels after mining the coal, represents the simulation research on the whole process of water
and sand inrush hazards on the working surface. This system mainly consists of 7 systems:
main bearing support, test chamber, pressure-bearing water tank, mining device, water
pressure-water volume dual-control servo system, displacement-stress dual-control servo
system and diversified data acquisition system as shown in Fig.3.

fual control

Pata acauisition srste

Fig.3 Roof water and sand inrush of mining simulation system

Fig. 4 Coal seam drawing board
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The effective simulation dimension of the test chamber in the test system is 1200
mmx700mmx400 mm (LxWxH); the water pressure-water volume dual-control servo
system could provide the water pressure required by the design as large as 0.8MPa while
maximum measuring range of the flow meter is 150L/h and the monitoring precision is
+1.0%; the displacement-stress dual-control servo system could carry out the multiple-mo-
de control of displacement and stress, maximum stroke of the loading device is 400mm, the
monitoring precision is 0.01mm and the maximum load is 1000kN; in order to reduce the
influences of the non-mining factors on the test, the simulated coal device is designed and
made, the coal seam drawing board is as shown in Fig.4; variations of overlying strata stress
and water pressure in the overlying strata fractures during simulating the mining process
on the working surface are directly monitored by the BX-1 soil pressure sensor with the spe-
cification of 0.8MPa and the BS-1 osmometer with the specification of 2.5MPa respectively.
To maintain the test conditions of stable water pressure and water flow, energy storage tank
is installed in between the water pressure system and test system, the pressure-bearing
water tank connected to it is evenly distributed with 28 outlet holes in the bottom with the
diameter of 4gmm.

System Characteristics

(1) Whole process.

Through the totally-closed and digitized control of this system, the structure, shape and di-
mension of the water and sand inrush channel under the mining and water pressure effects
form spontaneously, conduct the whole-process monitoring on the overlying strata defor-
mation and failure characteristics, fracture development law, formation of water and sand
inrush channels as well as the inrush parameters by means of system displacement, mine
pressure, water pressure and flow sensor;

(2) Visibility.

The structural configurations formed in the overlying strata space and the distributional
patterns of the water and sand inrush channels can be intuitively displayed through the
entire piece of transparent glass plate so as to reveal the formation mechanism of the water
and sand inrush hazards on the coal working surface and provide the quantitative support
for the water and sand inrush hazard evolution mechanism and basic theories estimating
the water and sand inrush hazards;

(3) High sealability.

The entire piece of glass plate used in this test, the pressure-bearing water tank and test
chamber are sealed by the high-pressure seal ring so that the environment of simulated
mining field is fully sealed to realize the flexible loading to the overlying rocks.

True Triaxial Rock Test System of Coupled Stress-seepage
System Compositions

The true triaxial rock test system of coupled stress-seepage(Yin L 2014) makes use of the
acoustic emission detection technology to trace and observe the fracture expansion and evo-
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lution of the large-size rock test piece in real time under the 3D high-stress and high seepage
water pressure effects. The test system consists of 6 major parts: the axial loading subsy-
stem, lateral loading subsystem, high-pressure water flow subsystem, acoustic monitoring
subsystem, data acquisition and control subsystem and triaxial test box subsystem(Fig.5)
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Fig. 5 True Triaxial Rock Test System of Coupled Stress-seepage

The maximum load of the axial loading system can be 1600kN while the two lateral exerted
loads can be as large as 1000 and 500kN. The test piece used in this test is rectangular; put
the test piece inside the cubic test box made of rigid-flexible hybrid structure, seal the test
piece with gasket cement all around evenly; use the high-pressure water seepage subsystem
to conduct the water-addition test on the test piece from below. The maximum sealed water
pressure can be 5MPa, the stand-up pressure time of the seepage pressure is 10d and the
measuring range of water flow is 0.001-2mL/s. Paste 6 sonic probes on the positions of the
test piece where the minimum stresses are exerted, arranged in 3D space so as to trace and
monitor the acoustic emission events during the test and describe the process of fracture
expansion and evolution.

System Characteristics

(1) True triaxial.

It could realize the independent 3D stress loading and deformation displacement measure-
ment on three directions and the true trixial test is realized by regulating the servo control-
ler so as to change the triaxial principal stress.

(2) Large dimension.
The test system has the test boxes in three different dimensions, the corresponding rock test dimen-
sions are 400mmx200mmx200mm, 300mmx150mmx150mm and 200mMmx100mMmx100mim;
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(3) High seepage water pressure.
The system could provide the maximum sealed water pressure as 5MPa;

(4) Acoustic monitoring and tracing.

During loading and unloading the test piece, the sensor will monitor the micro cracks inside
the rocks in real time and transform them into electrical signals to be transmitted to compu-
ters and realize the analysis and quantitative description of the fracture expansion process.

Conclusion

(1) The similar simulation experiment system for water-inrush from the mining coal seam
floor realizes the simulation of the floor rock failure and evolution under high water pres-
sure and high stress effects, obtains the disaster-causing evolution law and internal mecha-
nism of water-inrush from floor by monitoring the multiple-field information during the
evolution of floor water-inrush channels.

(2) Roof water and sand inrush of mining simulation system realizes the research on the ca-
tastrophe characteristics of the water and sand inrush on the mining roof under the water-
rock coupling effects, through the testing machine, it clearly displays the structural configu-
rations formed in the overlying strata space and the distributional patterns of the water and
sand inrush channels after mining the coal.

(3) The true triaxial rock test system of coupled stress-seepage provides the deep loading
environment of high stress and high water pressure as well as the 3D stress controlled by
the independent servo for the rock test, it realizes the fully-digitized process of data acqui-
sition and obtains the expansion and evolution law of rock fractures as well as the acoustic
emissions in the failure process.
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Emergent membrane technologies for mine water
purification
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Abstract Membrane technologies were studied to purify neutralising pond water for high water
recovery and quality. Reverse osmosis produced good flux until it decreased rapidly at a recovery of
60%. Even 80% recovery could be obtained by forward osmosis, except when ammonium carbamate
was used as a draw solution and scaling already occurred at the early-stage of filtration. The flux in
membrane distillation was good and stable until scaling occurred. If calcium was removed water
recovery could be increased to 93%. The order of metal rejection efficiency of the technologies was
membrane distillation > reverse osmosis > forward osmosis.

Keywords Mine water, purification, reverse osmosis, forward osmosis, membrane distillation

Introduction

Given the limited availability of water in many countries, water reuse in industry is in-
creasing. On the other hand, the mining industry can have a strong environmental im-
pact. Wastewater from the mining industry needs to be purified before discharging it to
surrounding water faces. The limits for metals and sulphate vary from site to site but there
is a trend towards tighter limits in the future. The most used practice at mines is to raise
the pH to alkaline to precipitate dissolved metals and sulphate before discharging excess
acidic water from mine area. This is usually done by lime or limestone in neutralising ponds
(Johnson and Hallberg, 2005). Precipitated particles, such as a metal hydroxides and cal-
cium sulphate (gypsum), settle down and the solution, neutralising pond (NP) water, will
overflow. The used pH and other present dissolved substances, such as sodium chloride,
have an effect on solubility of precipitates (Li and Duan, 2011), thus also on the metal sul-
phate contents of overflow.

When additional treatment is required for reuse or discharge, either nanofiltration (NF) or
reverse osmosis (RO) membranes may be required. Both, NF and RO, produce good water
quality, but due to scaling, productivity of the RO process can be quite low, i.e. a water
recovery of 50-60% (Shenvi et al. 2015; Kyllonen et al. 2016). When mine waters contain a
lot of sulphate and are treated by lime, there is a great risk of gypsum scaling on the mem-
brane. Scaling occurs on the membrane surface when sparingly soluble salts are concen-
trated beyond their solubility limit, and leads to significant flux reduction and salt rejection
impairment, and limits the water recovery of the desalination process (Zhao et al. 2017). In
RO, the use of antiscalants is the widely adopted technique to prevent scaling by calcium
carbonate and gypsum. Also pre-treatment of the feed by pH adjustment, ion exchange,
NF/UF, and precipitation softening may help in reducing scaling (Shenvi et al. 2015). Pre-
cipitation softening through the use of a variety of chemicals, such as sodium carbonate or
sodium hydroxide and carbon dioxide together, has been utilised for the removal of calcium
and magnesium ions from feed water (Zhao et al. 2016).
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Due to the very low hydraulic pressure required, forward osmosis (FO) is considered to have
a lower fouling tendency than a pressure driving membrane processes (Zhao et al. 2012).
The driving force of the FO process is the osmotic pressure created by a salinity difference
between a feed water and draw solution which are separated by a FO membrane. Ammo-
nia—carbon dioxide and ammonium bicarbonate (NH4HC03) are considered as promising
draw solutions in the FO desalination process, since the fresh water can be recovered from
the diluted draw solution by moderate heating (Li et al. 2015). If waste heat is available,
the process can be economical. The scaling in the FO process can be induced by both con-
centration polarization and reversely diffused ions from draw solutions. For example, if
NH4HCO3 is used as a draw solution and the feed contains calcium-ions, CaCO3 scaling
can be formed when carbonate from the draw solution and calcium from the feed meet in
membrane pores (Li et al. 2015).

In thermally driven desalination technology, MD, the increased water vapour pressure from
the higher temperature drives vapour through the pores of the hydrophobic membrane,
where it is collected on the cooler permeate side. Because only vapour is allowed to cross
through the membrane, MD is more fouling resistant than RO and has a potential 100%
rejection of ions and macromolecules (Warsinger et al. 2015). In MD, temperature and con-
centration have a polarisation effect on scale formation. The scaling can cause wetting and
thus result in contamination of the permeate by the feed (Warsinger et al. 2015).

Methods

The feed was sand filtered and microfiltered NP from mine water. Feed water and perme-
ate were characterised by pH, conductivity (A), suspended solids (SS) and element content
measurements (Table 1). The pH and the conductivity were measured using standard hand
held meters VWR pH 100 for pH and VWR EC 300 for conductivity. SS was determined
using a WHATMAN ME25 (0.45um) filter drying the solids at 105°C overnight. Chemical
elements were analysed by ICP-OES (Inductively Coupled Plasma Optical Emission Spec-
trometry). The procedure was carried out using a standard SFS-EN ISO 11885. Sulphur,
sodium and calcium were the dominating elements in NP water (Table 1).

Table 1 pH, conductivity, osmotic pressure, suspended solids and ICP-OES analysis results of the
studied NP water. Variations of the analysed results were within 8 %.

A n SS Ca Mg Mn Na K S Fe Al
pH

mS/cm  bar mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L
9.7 6.9 2.0 <0.3 480 5 <0.05 1400 40 1300 0.39 0.18

Reverse osmosis of NP water was carried out using XFRLE (Dow, USA) at 10 and 15 bar
pressure. The fluxes calculated based on the permeate flow measurements were all nor-
malised to a temperature of 25°C. Pure water flux for the XFRLE membrane was 68 + 5
LMH at 10 bar pressure and 25°C temperature. Magnesium sulphate (MgSO),) rejection for
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the membrane was 99.6 + 0.4% and sodium chloride (NaCl) rejection 98.0 + 0.4%. In FO,
a Toray FO (Toray, Korea) membrane and either sodium chloride NacCl, MgSO4, or ammo-
nium carbamate (NHQCOONH4) were used as draw solutions. FO membrane was character-
ised with pure water using 1 M NaCl as a draw solution. The average flux was 35 LMH + 8
LMH when five pieces of membrane were studied. In direct contact membrane distillation,
called MD in this study, a PTFE o.2um membrane (Sterlitech, USA) was used. Pure water
was used at the permeate side so the temperature difference was 60°C feed/20°C permeate.
Pure water flux for MD membrane was 35 LMH.

Osmotic pressures (Table 2) of the draw solutions were analysed using a Vapro 5600XR
osmometer from Wescor, Inc. The calibration was done for the osmolality range 100 — 1000
mmol/kg (2.4 -24 bar). The osmotic pressure of NP water was measured 2.0 bar (Table 1).

Table 2. The properties of draw solutions used in FO process.

Cc pH Conductivity Osmotic pressure bar
g/L mS/cm

NaCl (1M) 57 8.0 88 40

MgSo, 180 7.4 60 43

NH2COONH4 98 10 96 41

In scaling control studies, calcium was precipitated before membrane filtration by increas-
ing the pH of the NP water up to 12.3 using 5M sodium hydroxide (NaOH) and after that by
dispersing carbon dioxide (CO,) through a ceramic microfilter into the NP water when the
pH was 10.2. pH was kept above 10 until the precipitate was filtered using a pore size of 10
um. Using this procedure, calcium content for the NP water decreased from 430 mg/L down
to 6 mg/L. pH was lowered for filtration and kept below 8.0 during filtration by sulphuric
acid in order to prevent calcium carbonate scaling.

Results and discussion

The flux in using XFRLE RO membrane decreased at 10 bar pressure from 45 LMH to 28
LMH when water recovery increased to 50%. The decrease was reasonable taking into ac-
count the osmotic pressure increase of the NP water. The gypsum precipitates started to be
formed in the concentrate and flux started to decrease more rapidly after water recovery
(WR) of 65% (Fig. 1). The flux decrease was seen in a significant increase of permeate con-
ductivity. The flux decrease was clearer when a pressure of 15 bar was used. Then the scaling
started to form earlier and the flux decreased dramatically at a WR of 57%. RO filtration
could not continue after WR.
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Figure 1. Fluxes and permeate conductivities in RO of NP water at 10 and 15 bar as a function WR.

Good permeate quality and rejections were obtained using a XFRLE membrane for the
main components in the NP water, i.e. calcium, sodium, and sulphate. Rejections for them
were more than 97% (Table 3).

When the NP water was filtered using ammonium carbonate as a draw solution the flux
started to decrease at an early stage of filtration, WR of 10%, due to calcium carbonate
scaling. The carbonate ion could transfer from the draw solution side to the feed side. pH
adjustment of the feed below 8 did not help in scaling prevention. The flux decrease was not
seen when other draw solutions were used or when a pure 1% sodium solution with no calci-
um was filtered. Similar flux decline was obtained when the NP water was first concentrated
up to a WR of 60% using RO and filtered by FO (Fig. 2). The flux started to decrease imme-
diately with ammonium carbamate while other draw solutions, NaCl and MgSO,, produced
stable flux and good water recoveries, 79% and 83% respectively. FO could be continued,
though gypsum started to precipitate. However, FO membranes were also occasionally bro-
ken by scaling. The flux with MgSO, was very low compared to fluxes in RO and FO using
NaCl as a draw solution.

NaCl -e-MgS0O4 -+-NH2COONH4

Flux, LMH
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*
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Figure 2. Fluxes of RO concentrate as a function of WR in FO using three different draw solution.
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Sulphate rejection for the Toray FO membrane was good, over 97% (Table 3). When the
draw solution was MgSO, there was back diffusion of salts, 70 mmol/m*h, from the draw
solution side to the feed side and sulphate rejection was not determined. Back diffusion
was clearly seen when using other draw solutions as well. The rejection of calcium was only
moderate, 76% or more, for both NP water and RO-concentrate when using the studied
draw solutions. In all cases, rejections of monovalents, i.e. sodium and potassium, were very
low for the studied membrane.

MD produced very stable flux until at a water recovery of 50% the flux decreased dramati-
cally due to gypsum scaling (Fig. 3). Permeate quality was very good. All the measured com-
ponents were below detection limit except sodium (Table 3). However, rejection for sodium
was also very good, more than 99.9%. The membrane was not wetted during the short lab
test and if unbroken it could be used again when rinsing with water.
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Figure 3. Flux and permeated conductivity in MD of NP water.

Table 3. Measured permeate qualities (mg/L) of NP water in RO and MD. The quality of FO
permeates using ammonium carbamate as a draw solution is calculated. <LOD means under limit

of detection.
Ca Mg Na K S
RO (XFRLE) 1.1 0.2 28 0.3 15
FO (Toray FO) <LOD 1.8 1400 29 6.8
MD (PTFE 0.2 pm) <LOD <LOD 1.1 <LOD <LOD

All the filtration methods studied suffered from scaling caused by either gypsum or calcium
carbonate. When used sequentially, the highest WR, 93%, was achieved when calcium was
removed and the NP water was concentrated first by RO followed by MD. The concentration
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factor in this case was 15 (Fig.4). Fluxes were good and scaling was not seen in either of the
concentrates. Osmotic pressure of the feed increased and was finally 18 bar in RO. Thus,
the hydraulic pressure at the end of filtration was too low and an even higher pressure than
20 bar should have been used. The flux in MD was stable up to a concentration factor of 15
when the hydrate form of sodium sulphate seemed to precipitate and the flux decreased
dramatically. In the filtration of calcium removed NP water permeate qualities were very
good in both RO and MD concentrations. Rejection of the main components was over 99%.
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Figure 4. Concentration of calcium removed NP water using RO and MD technologies

Conclusions

Membrane technologies, as well as the emergent technologies of FO and MD, suffer from
scaling in mine water purification, which hinders their ability to achieve high WR and con-
centration factors. The main scalant in NP water is gypsum. FO of NP water also suffers
from calcium carbonate scaling when ammonium carbamate is used as a draw solution.
High WR and concentration factor can already be obtained by using conventional mem-
brane technology, RO, when the main scalant cause, calcium, is removed. MD produces
good fluxes even with a highly concentrated feed. Good quality water can be produced in RO
and MD while permeate quality in FO was poor when using the studied membrane.
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Abstract Novel sorbents for acid mine water treatment were developed from industrial solid waste,
such as iron sand. The surface of raw materials was modified by atomic layer deposition (ALD) of
TiO2 and Al203 at the growth rates of approximately 1 A for each metal oxide. Adsorption properties
of synthetic sorbents were studied for the removal of nickel, copper, zinc, iron and sulphate from the
synthetic and real acid mine water. It was proved that the deposition of the thin films of metal oxides
on the sorbent surfaces increased the removal of ion pollutants compared to original materials. The
sorption capacity follows the order of Fe>Cu>S04>Zn>Ni for unmodified and both modified sorbents.
The maximum adsorption capacities of the modified adsorbents were founded at approximately
650, 220, 200, 150 and 100 mmol g-1 for sulphate, iron, copper, zinc and nickel ions, respectively.
In addition, the produced sorbents can be successfully used for the real AMD treatment, achieving
removal efficiency of metal ions to 80%.

Keywords Adsorption; metal ions removal; sulphate ions removal; metal oxides coating.

Introduction

Minimisation of water consumption and search for new solutions for effective and low-
cost water treatments are challenges for industries and environmental science (Cousin
& Taugourdeau, 2016). Mining is one of the largest water consumers for the exploration,
extraction and ore processing (Lei et al. 2016; Mudd, 2008) and produces various waste-
waters. One of them is acid mine drainage (AMD). Most part of AMD pollutants are iron,
copper, zinc and nickel in the sulphates forms (Lei et al. 2016).

Removal of both metal and sulphate ions is the main task for efficient AMD treatment. Such
treatment can be active and passive methods (Wolkersdorfer, 2008). Compared to other
methods of acid mine drainage treatment, adsorption is one of the cheapest and widely
applied for removal of various pollutant compounds (DiLoreto et al. 2016). The choice of
sorbents for removing metal ions and sulphates is one of the challenges for purification of
AMD. Many methods are based on preliminary neutralization of acid mine water followed
by removing of contaminating ions. However, AMD neutralization can lead to precipitation
of metals as insoluble salts that increase the amount of solid wastes. A sorbent that will be
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able to remove a large amount of ions from wastewater with complex composition without
precipitation would be a good solution for this problem.

Modified sorbents based on iron compounds from solid industrial wastes have a good ca-
pacity for removal of metal ions and some cations from acid solutions without precipitation
(Reddy & Yun, 2016; Theiss et al. 2016; Flores et al. 2012; Iakovleva et al. 2016).

In this study, we employed atomic layer deposition (ALD) to deposit metal oxides on the
surface of granulated adsorbents, as modification method of sorbent surfaces. ALD is based
on chemical interaction between gaseous reactants and active sites on the substrate surface.
The method features a fine control on the film thickness and coating uniformity for the
flat surfaces (George, 2010; Puttaswamy et al. 2016), making it ideal for coating complex
shape substrate including powders (Iakovleva et al. 2016; Kilbury et al. 2012; KuKkli et al.
2016; Tiznado et al. 2014). In this study, deposition of aluminum oxide and titanium diox-
ides, such as more reactive oxides (Borai et al. 2015), on iron content sorbent surfaces were
applied for increasing strenght of granules and sorption capacity. The modified sorbents
with ALD will be checked for effective capture of ions (Cu, Zn, Fe, Ni and sulphate) from
synthetic and real AMDs.

Materials and methods
Solid waste iron sand, named RH, was obtained from Finnish company Ekokem Ltd. The
chemical composition and physical properties of raw and modified material are presented
in Table 1.

Table 1. Chemical composition of raw and modified RH.

Chemical composition, w% RH RH_AILQ, RH_TiO,
Si 5.0 5.0 5.0

S 17.6 17.6 17.6

K 0.3 0.3 0.3

Ca 14.4 14.4 14.4

Fe 7.2 7.2 7.2

Al - 1.5 -

Ti - - 2.8

Synthetic AMD solutions of SO,*, Fe?*, Cu**, Zn** and Ni**, were prepared from analytical
grade FeQ(SO4)3-5H20, CuSO,-5H,0, ZnSO,-H,0, and NiSO4-6H20, respectively (obtained
from Merck). The concentration of metal ions in stock solutions were 1000 mg L* with pH
1.5. All solution were prepared with ultrapure water.

Real mine water were obtained from a sulphide mine in Finland from 700 m depths.
The chemical composition of real and synthetic AMD before and after adsorption tests was
determined by inductively coupled plasma atomic emission spectroscopy (ICP-OES) and
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high-performance liquid chromatography (HPLC) for metal and sulphate ions, respectively.
The elemental composition of real mine water is shown in Table 2.

Table 2. Chemical composition of real AMD.

Level Cu Zn Fe Ni Sulfate  Redox pH Cond.
m mg L’ mg L"’ mg L’ mgL"’ mg L’ E ms m’
720 4.4 242 52.6 8.1 3470 422 3.2 481

Raw and modified sorbents were characterized with nitrogen sorption at 196 °C using TriS-
tar 3000 (Micromeritics Inc., USA); ZetaSizer Nano ZS, Malvern, UK; XRD, PANanalytical
Empyrean powder diffractometer, UK; FTIR, Bruker Vertex 70v spectrometer; SEM, Nova
Nano SEM 200, FEI Ltd.

Batch adsorption tests were conducted by mixing RH and modified forms with 45 mL of
synthetic and real AMD solutions with known concentrations in a range of 10-300 mg L™ for
all metal ions, according to experiments. All batch experiments was carried out in triplicate.
The systematic error of results did not exceed 3%. The mixture was shaken in a mechanical
shaker ST5 (CAT M.Zipper GmbH, Staufen, Germany) from 30 min to 72 h, and 10 mL of
the solution were taken from the flasks at certain time intervals and then filtered, using 0.20
um polypropylene syringe filter. The temporal evolution of the solution pH was monitored.

The percentage adsorption (%) was calculated as
%Adsorption = (C, - C)x100/ Ci, (1)

where, C, and C, are the concentrations of the metal ions in the initial and after treatment
solutions, respectively.

Sorbents modification

Raw material was granulated befor modification by wet-granulation with polyvinyl acetate
(PVAc) as a binder. To improve the strength of the granules and their adsorption capacities,
modification of their surface with ALD was used. TiO2 and Al203 thin films were deposited
on the surface of the granules using a TFS500 ALD reactor (Beneq Oy, Finland). For the
TiO2 ALD process, the adsorbent surface was exposed to TiCl4 and H20 vapors intermit-
tent with inert gas (N2) pulses in order to purge the reactor. The pulse time of TiCl4 and
H20 was 0.6 and 0.25 seconds respectively. In turn, Al203 film was synthesized by sequen-
tial pulses of trimethylaluminium (TMA) and H20 into the reactor with a pulse time of 1
and 2 seconds respectively. The ALD process was carried out at 350 °C for TiO, and 200 oC
for Al,O, under pressure of 1 mbar. 300 ALD cycles were used for this material. The silicon
substrates <100> (Si-Mat, Germany) were used to control the film thickness of both metal
oxides.
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Results and discussion
Characterisation of raw and modified adsorbent materials

The adsorbent chemical compositions were obtained with XRD and ED-XRF analyses. The
raw RH material contains around 14% of Ca, 7% of Fe and 17% of S. A large amount of sul-
phur may cause secondary pollution due to desorption during water treatment. However,
previous studies have shown (Iakovleva et al. 2016; Iakovleva et al. 2015a), the presence of
sulfur is not observed on the surface of the sorbents after modification. FTIR results also
confirm the absence of sulphur compounds on the surface of modified sorbents (Table 3).
The new bending vibrations corresponding to aluminum oxide at the peak between 980 —
1000 and 610 — 611 cm?, and titanium oxides with the peak between 450 — 800 cm™ were
observed after modification of original RH with TMA and TiClg, respectively. The peak from
sulphur compounds (1120 — 1160 cm™) was observed only from raw RH (Table 3).

Table 3. Band assignment of the FTIR spectra of raw and modified materials.

Adsorbent Wave number, cm™’
0-S-0 Si-0-Si  0-Si-0 H-O-H O-Ti-O Al-0 0-Al-0
1120-1160 600-661 466-473 1620-1690 450-800 980-1000 610-611
RH + + + +
RH_TiO, + + + +
RH_ALO, + + + + +

The average pore size and specific surface area of unmodified and modified sorbents are
presented in Table 4. The pore size of modified sorbents is decrised, hovewer, specific sur-
face area incrises about twice compared with unmodified one (Table 4).

Table 4. The pore size and specific surface area of unmodified and modified sorbents from this and
previous experiments (Iakovleva et al. 2016).

Sorbent Specific surface area, Pore size, nm pH
m2g’!

RH 62 180 2.5

RH_TiO, 125 3 3

RH_ALO, 115 20 2.8

SEM images showed changes in the surface structure of both modified sorbents (Figure 1b
and 1¢) compared to raw RH (Figure 1a). The distinctive fine-pored layers of TiO, and Al O,
on the surface of RH can be observed (Figures 1b and 1c). Film thickness measurements on
reference Si substrate showed that the growth rates were 1.10 A/cycle and 0.63 A for Al203
and TiO2, respectively, and correlated with previous publication (George, 2010).
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Figure 1. SEM images of a) unmodified RH, b) modified RH with TiO2, c¢) modified RH with Al203.
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The presence of metal oxides on the surface of the modified sorbents was also confirmed by
XRD as well (Figure 2). The peaks (011), (013) and (122) indicate the orthorhombic kap-
pa—A1203, while the peaks of (011) and (020) correspond to anatase-TiO, (Figure 2).

RH Original
psum CaSO_2H O
[020]

o

[02-1]

RH TiO, [011]
* Antase TiO,

an

RH ALO,
* Kappal A1 O,

[011] 013

Figure 2. Figure 5. XRD profiles of unmodified and modified RH sorbents.

Optimisation of adsorbent amount for AMD treatment

An optimal mass of modified sorbents for the maximum removal of metal ions and sul-
phates from synthetic AMD was found at 2 g L, 20 times less than that of unmodified RH.

Contact time optimisation

Contact time optimisation of adsorbents and adsorbates was found under the following con-
ditions: the initial concentration of SO,* was 3470 mg L Ni2*, Zn**, and Cu** was 100 mg
L* and 1000 mg L for Fe3*. The initial amount of both adsorbents was 10 g L*. The equi-

48 Wolkersdorfer C, Sartz L, Sillanpaa M, Hakkinen A (Editors)



Lappeenranta, Finland Mine Water and Circular Economy IMWA 2017

librium was reached after 48 h for both sorbents. The pollutants removals were similar for
both modified sorbents and amounted around 70% for sulphate cations and 99% for metal
ions (Figure 3). The solution pH was found to be changed from 3.5 to 4 slowly (Iakovleva et
al. 2016; Silva et al. 2010; Tang et al. 2002).
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Figure 3. Removal of sulphate and metal ions with modified adsorbents (a) RH_TiO2 and (b)
RH_Al203 (c).

A pH of initial solution was 2.5 and it increased during adsorption process after about 12
h to 5. The maximum adsorption efficiency for all ions was achieved in the same time. The
pH affects to ionisation of metals and surface charge. All four metal ions removal increased
when the solution pH higher than the pH of sorbents. Because initial sorbents pH is around
3 (Table 4), the pH of treated solution should be higher than this value for better removal of
metal ions. However, better sorption capacity for sulphate ions was observed at 5 pH also.
The similar effects were observed by many researchers (Bartczak et al. 2015; Boonamnuay-
vitaya et al. 2004; Gen¢-Fuhrman et al. 2016). It could be due to the effect of competitions
between sulphate and metal ions in complex solution.
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Adsorption isotherms

The equilibrium between the adsorption of pollutants on the sorbent surface at a constant
temperature was described by Langmuir (Eq. 2) adsorption isotherm.

_ qmKLCe
Qe = 1 ik.c @)
L%e
where g,and g, are sorption capacities (mmol g*) at equilibrium and maximum, respec-
tively; C, is concentration of pollutant ions in the solution (mmol L) at equilibrium; K, is
Langmuir constant related to the sorption energy.

The parameters were calculated with minimisation of the error distribution between exper-
imental and predicted data by Marquardt’s percent standard deviation (MPSD):

2
Ge.exp—le,cal
?:1( eexp—Yeca c) (3)
i

Geexp

Langmuir isotherm parameter g, shows the number of adsorbent site that actively in-
teracts with the pollutant ions (Allen et al. 2004). This parameter increases for all pol-
lutants after modification of raw RH with both methods. The number of sites which
participate in the adsorption of ions is much higher for SO * (around 600 mmol g").
For other ions it is around 200 mmol g, expect for nickel ions (around 100 mmol g*)
(Table 5).

The K coefficient is the affinity between sorbate and adsorbent. According to Langmuir the-
ory the affinity between the adsorbents and adsorbates is:

Fe** > Cu?* > SO42’ > 7Zn** > Niz*

This order is confirmed by many researchers (Alcolea et al. 2012; Aziz et al. 2008; Takovleva
et al. 2015a; Iakovleva et al. 2015b).

The complexation and ion-exchange mechanisms take place during the metal and sulphate
ions removal in this experiments. The unmodified and modified RH contain silicate com-
pounds, which can react with ions by following reactions:

Si0O" +H* + P+ OH~ - SiOP+ H* + OH™ (4a)

Me* MeOH

Fe?* + OH™ + S03™ + —— —> FeS0, + ———

(4b)
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Table 5. Isotherm parameters for unmodified and modified RHs during AMD treatment process.

C. e exp e model q, K, R?
(mmolL') (mmolg’) (mmolg') (mmolg') (Lmmol’)
Langmuir
RH S0, 47.4 11.72 11.24 11.37 18.68 0.74
Ni2* 1.69 0.11 0.10 0.12 9.01 0.70
Zn%* 1.54 0.20 0.19 0.17 12.03 0.75
Cu? 1.56 0.39 0.40 0.38 21.09 0.82
Fed* 1.78 0.75 0.72 0.74 25.12 0.87
RH_ALO, S0, 47.4 650 622 637 20.15 0.82
Niz* 1.69 98 100 99 10.17 0.85
Zn? 1.54 150 145 152 12.05 0.84
Cu? 1.56 201 204 199 20.22 0.87
Fe3* 1.78 225 215 218 26.30 0.90
RH_TiO, S0,> 47.4 623 620 625 21.30 0.95
Ni2* 1.69 85 83 87 9.6 0.85
Zn% 1.54 137 136 138 12.5 0.85
Cu? 1.56 190 185 187 20.3 0.90
Fes* 1.78 215 210 217 25.7 0.93

The addition of aluminium and titanium oxides onto the surface of sorbent allows a significant
increase of ion removal. It can be due to the appearance of additional functional groups, which
also participate in the removal of ions from solution. As it is known that activated alumina
(ALO,) is a highly porous commercial sorbent with a surface area more than 200 m* g* used
for the removal of various pollutants (Gulshan et al. 2009; Han et al. 2013). Titanium dioxide
has a lower chemical reactivity than activated alumina, however, its porosity and big surface
area also contribute to application for the removal of various pollutants from water (Borai
et al. 2015). Therefore, the increase of pollutant ion removal depends on the increase of the
sorbent surface area and the presence of additional functional groups. Modified sorbent with
alumina oxide has slightly better adsorption capacity for removal of sulphate and metal ions
from synthetic AMD compared to the sorbent modified with titanium dioxide (Table 5). Wet-
tability tests of unmodified and modified granules shows a better strength and stability of the
modified granules to the aqueous medium compared to the unmodified ones.
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Real AMD treatment with modified RHs

Removal of ions from real AMD was conducted by the batch method at ambient temper-
ature for 720 h with 2 g L* of both modified sorbents. Removal efficiencies of sulphate,
nickel, zinc, iron and copper ions for both sorbents were 50%, 75%, 80%, 99% and 90%,
respectively which are lower compared to adsorption from the synthetic AMD (Fig. 4).

Increasing adsorbents concentration and sorption time did not increase removal efficiency.
Equilibrium occurred at the optimal sorption time (48 h) and sorbents concentrations of
2 g 1. The lower sorption capacity of both sorbents for real AMD compared to synthetic
solutions could be due to complex composition of real AMD. Other ions can act as compet-
itors during the adsorption process, such as chloride, ammonium and some trace amount
of metal ions.

Conclusions

Novel iron-containing sorbents from an industrial solid waste were produced with ALD
technology for TiO, and Al O, coating. The optimal sorption parameters were estimated
with synthetic AMD. The optimal time (48 h) and sorbent concentration (2 g L*) were de-
termined with a batch method. The maximum sorption capacities of RH_Al O, and RH_
TiO, were around 600, 200, 200, 150 and 100 mmol g-1 for removal of SO, Fe*, Cu**,
Zn?* and Ni**, respectively. The sorption process was carried out using complexation and
ion-exchange mechanism. The deposition of TiO, and Al O, on the surface of granules suf-
ficiently increased the sorption capacities of raw material for real AMD treatment. The both
produced sorbents could be used for real AMD treatment with a high capacity for some
pollutants. The optimisation of modification process with ALD for cost decreasing while
maintaining modified sorbents properties could be recommended for the further research.
Increasing sulphate ions removal from complex solution should be taken into account also.
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Valorisation of Separated Solids from Mine Water Treatment

Tommi Kaartinen, Petteri Kangas and Mona Arnold
VIT Technical Research Centre of Finland Ltd P. O. Box 1000 02044 VTT Finland

Abstract This paper describes two concepts for simultaneous recovery of magnesium and removal
of sulphate from mine effluent. Treatment of mixed gypsum sludge generated in sulphate removal by
lime precipitation containing roughly 2/3 of gypsum and 1/3 of magnesium hydroxide was treated with
CO2 to separate Mg from Ca. Another concept utilizes selective precipitation of Mg before any sulphate
removal measures to recover as pure magnesium hydroxide as possible. In terms of Mg recovery, the
latter concepts seems more promising, but it has impacts on sulphate removal with regards to increased
chemical consumption.

Key words sulphate removal, magnesium, valorisation, recovery

Introduction

Solid residues generated in the treatment of mine process waters reflect the quality of the
feed to the water treatment as well as chemicals used in the treatment. The most common
treatment for sulphate laden water is precipitation with lime. In such case the solids often
contain high concentrations of gypsum, but also other minerals that have dissolved in mine
processes and precipitate together with gypsum. For instance magnesium, which is present
in many metal ores, dissolves into the process water and often precipitates as magnesium
hydroxide in the same pH-window with gypsum. Sustainable mining calls for maximal re-
cycling of water and solid materials to be used again in the mine processes. Therefore, it is
necessary to search for cost-efficient methodologies to separate solid and liquid streams
with different properties from each other to best utilize each of these secondary resources.
Moreover, the amount of wet gypsum residuals generated can be substantial and challeng-
ing from a disposal point of view. This paper concentrates on magnesium recovery from
mine effluent and a mixed sludge of gypsum and magnesium hydroxide. The global market
of magnesium has recently seen a rapid increase in demand and production, whereas the
production is very heterogeneously distributed (Cipollina et al. 2014). EU has classified Mg
among the 14 most critical raw materials.

Recovery of magnesium from mixed gypsum sludge by bubbling with carbon dioxide is de-
scribed in the literature (Rukuni et al. 2015). Similar technology is also proposed earlier
(Bologo et al. 2009). However, these papers do not give clear description whether magne-
sium is dissolved from gypsym as carbonate or sulphate. If Mg was dissolved as sulphate, it
could be crystallized by evaporation and further roasted to form MgO and sulphurous acid
gas that could be used in sulphuric acid production (Ozaki et al 2014) Another concept for
recovery of magnesium would be selective precipitation of magnesium hydroxide before a
mixed gypsum sludge is formed. Cipollina et al. (2014) proposed a reactive crystallization
process for concentrated brines, in which magnesium is precipitated with sodium hydroxide
to form magnesium hydroxide. They suggested, that the process could be economically via-
ble, if magnesium sulphate with high purity was generated. A drawback in sulphate bearing
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water would be the generation of very soluble sodium sulphate, which would not be remov-
able through lime treatment.

This paper describes laboratory scale experimental efforts coupled with thermodynamic
multi-phase modelling for recovery of magnesium and removal of sulphate from mine ef-
fluent. Two concepts for magnesium recovery are assessed, and a qualitative comparison is
made between these concepts together with their possible impacts on sulphate removal, an
angle from which the proposed magnesium recovery concepts have not been looked before.
The ettringite process, consisting of chemical sulphate precipitation as low-soluble mineral
ettringite with the use of lime and aluminium salt, was chosen as the sulphate removal
technique in combination with Mg recovery. With the ettringite process very low residual
sulphate concentrations are possible to reach, and the process has also been applied in in-
dustrial scale (Tolonen et al. 2016).

Materials and methods
Mine effluent

Mine waste water with main characteristics shown in Table 1 was used for the experiments.

Table 1. Major substances in mine effluent

Parameter Mine effluent
pH 70-75
Sulphate SO,%, mg/L 9200
Calcium Ca, mg/L 450
Magnesium Mg, mg/L 1900
Potassium K, mg/L 120

Sodium Na, mg/L 220

Studied concepts for magnesium recovery and sulphate removal

Figure 1 shows the flow-sheets of the compared concepts in the study. In concept A a mixed
gypsum sludge is formed in the first reactor to remove most of the sulphate. The sludge is
then treated with CO, for the separation of Ca and Mg. Dissolved Mg is then crystallized by
evaporation. In concept B the first step is precipitation of Mg(OH), with NaOH followed by
gypsum precipitation in the next phase. Both concepts include the ettringite precipitation
(addition of Al-salt and lime) as the last sulphate removal step, after which neutralization
of the treated effluent takes place to meet effluent discharge pH-criteria (often pH10 at
Finnish mines).
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Figure 1. Studied concepts for Mg recovery and sulphate removal.

Computational assessment

Opportunities of recovering magnesium and removing sulphate from mine waters were as-
sessed using thermodynamic multi-phase modelling (Pajarre et al. 2016b) where Pitzer for-
malisms (Harvie et al. 1984; Holmes and Mesmer 1986) were applied for describing the ac-
tivities of solute species in the aqueous media. More details of applied database and models
are given in the literature where mine water and hydrometallurgical processes are studied
(Pajarre et al. 20164, c; Koukkari et al. 2017).

Multiphase chemical system of Na-K-Ca-Mg-Al-SO,-CO, was utilised for modelling the
mine water chemistry. Here ideal mixed gaseous phase, aqueous phase based on Pitzer
formalism and pure precipitated phases were included. This thermodynamic database is
applicable for elevated temperatures up to 90 °C and up to molality = 10 mol/kg. For
modelling purposes following compositions of mine waters and gypsum where applied,
Table 2.

Table 2 Composition of treated stream and mixed gypsum sludge (ppm) used for thermodynamic
modelling. The elements are converted to respective salts for the thermodynamic multi-phase model
(e.g. Na2SO4, K2504, CaSO4-2H20, MgSO4 and Mg(OH)2). Note. Slight differences in water
composition in comparison to Table 1, because data from different batch of water was used as
starting point for modelling.

Na K Ca Mg SO,
Water before gypsum precipitation 240 130 470 1900 9200
Mixed gypsum sludge 400 200 190000 120000 450000
Water after gypsum precipitation 210 120 850 1,0 1700

Experimental work

All the reactor tests (Figure 1) were performed as batch tests in room temperature in contin-
uously stirred reactors, in which the volume of mine effluent was 10 litres when entering the
first stage. In all precipitation steps, water was first added to the reactor, mixing was started,
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and the reagents were added as one-time dose into the reactors. In all precipitation tests the
duration of experiment was 30 minutes, after which the stirring was ceased and the mixture
was filtrated through 0,45 pm membrane filter. CO _-bubbling of filter cake from lime pre-
cipitation step in concept A was performed in 1 litre reactor for 60 minutes, after which the
mixture was also filtrated (0,45 pm). The final CO, neutralization of ettringite precipitation
effluents was monitored with pH meter and ceased when pH was below 10.

Lime was added as 10 % solution (100 g analytical grade Ca(OH)2 (>96 %) in 1000 mL).
Lime dosing was based on pH in steps were only lime was used, and on pH and stoichi-
ometry in ettringite precipitation steps. Extra-pure anhydrous AlCl, (>99%) was used as
the aluminium source in ettringite precipitation. AICl, was first solubilized, and added as
a solution of 25% (25 g in 100 ml). AlCl3 dosing was based on stoichiometry (molar ratio
of sulphate and Al). NaOH was added as 4 M solution, and the dosing was based on pH
shown by modelling. CO, was added to the treatment step of mixed gypsum sludge as
pure CO, through a glass sinter, and the dosing was adjusted with a rotameter to 1 litre
per minute.

All the filter cakes except for the CO,-neutralized effluents from ettringite precipitation
(small amounts) were characterised for inorganic elemental composition by X-ray fluores-
cence (XRF). All water samples (mine effluent + samples after filtration) were analysed for
sulphate by ion chromatography (IC) and Ca, Mg, K and Na by inductively coupled plasma
optical emission spectrometry (ICP-OES). Additionally, for process control purposes sul-
phate was analysed with Hach Lange DR3900 spectrophotometer and LCK 353 Kkits. Also
pH, conductivity and redox values of all water samples were determined.

Filter cakes from CO, treatment of mixed gypsum sludge and NaOH precipitation were
washed on the filters in liquid to solid ratio of 5 after collecting the first filtrate. Washing was
done to remove dissolved substances from the filter cakes and thus 1) increase the recovery
of dissolved Mg in the CO, treatment and to 2) purify the Mg(OH), recovered in the selective
precipitation. The filtrates from filter cake washing were also analysed for same substances
than other water samples.

Effluent from CO, treatment from mixed gypsum sludge in concept A was dried overnight
at 105 °C in order to evaporate water and crystallize magnesium sulphate. The formed solid
was also characterised by XRF.

Results
Computational assessment

Figure 2 shows the results from computational assessment performed in order to suggest
the dissolving species of magnesium in CO, treatment of mixed gypsum sludge (concept A).
The composition of mixed gypsum sludge is given in Table 2 and the amount of gypsum is
100 g per 1000 g of water. Applied temperature is 25 °C and pressure is 1 bar.
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Figure 2 Appearance of magnesium (left), sulphur (centre) and calcium (right) species within
the chemical system during the carbon dioxide treatment of mixed gypsum sludge. Here the
composition of raw material is 25% of Mg(OH), and 75% of gypsum. Amount of water is 1000 g per
100 g of solids.

Based on the thermodynamic analysis, the magnesium is dissolving from the gypsum due to
the reaction with carbon dioxide. However, the sulphate ion is dissolving respectively. Thus,
the gypsum is transforming to the calcium carbonate and dissolved species is magnesium
sulphate. The optimal charge of carbon dioxide is 20 g per 100 gram of treated solids.

Figure 3 shows the results from computational assessment for concept B, where NaOH is
used in the first stage to selectively precipitate Mg(OH),. The composition of treated mine
water before precipitation with NaOH is given in Table 2.
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Figure 3 The precipitated phases (left) and dissolved metals (centrhbﬂ'ng the neutralisation of
mine water by caustic soda. The precipitated phases (right) during the neutralisation of remaining
water by lime milk.

Computational assessment, Figure 3, illustrates that Mg(OH), could be selectively precipi-
tated at pH level 9.3 — 10.0. Some gypsum precipitates simultaneously. However, the draw-
back here is the extensive usage of caustic soda resulting in high level of soluble sodium
sulphate in treated water. According to the computational assessment, the sulphate level
will remain > 6000 ppm even after lime treatment if magnesium is selectively precipitated
with caustic soda.

Experimental work

Concept A
Table 3 shows the concentrations of studied substances in liquid fractions collected at dif-
ferent stages of the process in concept A. Table 4 shows the concentrations of same elements
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in solid matrices generated in this concept. Sulphate concentrations in lime treatment de-
creased to below 2 000 mg/L like expected. Subsequent ettringite precipitation further de-
creased sulphate concentrations to 3.9 mg/L. In CO, treatment of mixed gypsum sludge,
plenty of sulphate was released to water phase being in accordance with predictions from
the modelling work. Magnesium concentrations in the filtrate of CO, bubbled sludge were
roughly 4.5 times the concentrations in the mine effluent giving justification to this concen-
tration stage. Not much Mg was left in the sludge after CO, treatment, whereas Ca retained
in solid form in the CO, treatment also being in accordance with model prediction. Sulphate
ends up mainly in 1) washed sludge after CO, bubbling 2) Evaporation residue and 3) et-
tringite sludge. Some sulphate is also released to the wash water of the CO, treated sludge,
which would still have to be treated.

Based on Mg concentrations in the mine effluent, amounts of generated solids and Mg
concentrations in the solid, some 55 % (w/w) of input Mg was found in crystallized evap-
oration residue from CO, bubbled sludge — filtrate. 9.5 % was retained in the solid form
in the CO, bubbling, and some Mg (<10 %) was also lost in the washing water of the CO,
treated sludge. However, mass balance calculations do not reach even close to 100 % in
the case of Mg, which most likely is a consequence of the different analytical techniques
used for liquid and solid phases and the semi-quantitative nature of the XRF analysis.
Based on the concentration of Mg in the evaporation residue from CO, bubbled sludge
— filtrate, the highest possible purity of the Mg product from concept A, magnesium sul-
phate, is 84 %.

Overall chemical consumptions for concept A were 10 g Ca(OH), (pure) and 2.7 g AIClL,
(pure) per litre treated water. CO, was dosed in surplus, but modelling work proposed a
dose equivalent to 3.4 g CO, of one litre treated water. Additional lime and possibly Al-salt
would be needed to precipitate sulphate from the filter cake wash water.

Table 3. Water quality in different stages of the concept A.

Parameter Mine After lime Treated water CO, bubbled  CO, bubbled
effluent treatment  (ettringite precip.  sludge — sludge — filter
+ neutralization)  filtrate cake wash water
pH 7,0 12,2 72 7,7 7.8
Sulphate, 9200 1700 39 19 000 10 000
mg/L
Ca, mg/L 450 850 980 83 500
Mg, mg/L 1900 13 0,16 8900 2800
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Table 4. Characteristics of solids formed in different stages of concept A.

Parameter Mixed Washed Crystallized evaporation Ettringite
gypsum sludge after  residue from CO, sludge
sludge CO, bubbling  bubbled sludge - fil-

trate

Amount generated (dry), 17 9.0 6.2 8.6

grams per litre treated water

S, % 15 11 13 6,9

Ca, % 19 31 2,0 21

Mg, % 13 2.0 17 0.17

Concept B

Table 5 shows the concentrations of studied substances in liquid fractions collected at dif-
ferent stages of the process in concept B. Table 6 shows the concentrations of same elements
in solid matrices generated in this concept.

As predicted by modelling, NaOH precipitation removes most of Mg while other major com-
ponents are passed on to next phases. Lime treatment of NaOH treated water results in
slight decrease in sulphate concentrations also in accordance with the model, and ettringite
precipitation takes care of the rest of sulphate.

From the input Mg, some 72 % was found in washed precipitate from NaOH precipita-
tion. Sulphate ends up mainly in ettringite sludge. Based on the concentration of Mg in
the washed NaOH precipitated sludge, the highest possible purity of the Mg product from
concept B, magnesium hydroxide, is 94 %.

Overall chemical consumptions for concept B were 5.3 g NaOH (pure), 20 g Ca(OH), (pure)
and 4.5 g AICI, (pure) per litre treated water. Additional lime and possibly Al-salt would be
needed to precipitate sulphate from the filter cake wash water.

Table 5. Water quality in different stages of the concept B.

Parameter Mine After NaOH  After lime Treated water NaOH-preci-
effluent treatment treatment (ettringite precip. pitated sludge,
+ neutralization)  wash water

pH 7.0 10.2 12.6 6.8 8.0
Sulphate, mg/L 9200 8200 5600 48 5 600
Ca, mg/L 450 450 630 740 260
Mg, ma/L 1900 100 <0.15 <0.15 210
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Table 6. Characteristics of solids formed in different stages of concept B.

Parameter Washed NaOH- Ca(OH), precipitated  Ettringite
precipitated sludge sludge sludge

Amount generated (dry), 35 11 12

grams per litre treated water

S, % 1,0 0.86 84

Ca, % 0,14 47 26

Mg, % 39 1.2 0.16
Conclusions

Based on the computational assessment, it can be concluded that i) magnesium sulphate
is dissolved from mixed gypsum waste by carbon dioxide treatment, ii) magnesium can be
selectively precipitated by caustic soda but simultaneously the residual sulphate in effluent
does not obey lime treatment.

Laboratory scale experimental work was done to validate the findings from computational
assessment. The overall conclusion is that modelling and experimental results were in good
agreement in this study. Selective precipitation of magnesium with NaOH before any sul-
phate removal measures led to recovery of quite pure (94 %) magnesium hydroxide and also
giving better recovery of Mg (72 %) making this concept more promising for Mg recovery.
However, this led to increased chemical consumption in subsequent sulphate removal steps
that possibly worsens the economic feasibility of the concept.
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Abstract Tailings dams have failed at alarming rates compared to water storage dams. Failures are
often due to human-controlled design, construction and operation actions which can result in tailings
flows, life and property loss, and negatively impact the environmental, social license, company value
and industry sustainability. Several technologies are used to help better understand tailings dams,
reduce their failure risk, and add value to tailings management. These include the use of electrical
current to find seepage paths under a dam. This paper describes this technology by case studies and
how it enabled designs to be updated to reduce the failure risk.

Introduction

Tailings dams and storage facilities are unique and are different to water supply dams for
many reasons: they store tailings (waste liability) versus water (resource asset); their con-
struction and design evolve as the facility develops and tailings volumes increase while
codes, regulations and technologies change; they embrace tailings properties, disposal
methods and water management in dam design; and they store tailings in perpetuity.

Properly planned, designed, constructed, operated and maintained tailings dams provide
safe and effective tailings storage facility (TSF) structures. Dams are raised by optimizing
upstream, centerline and downstream methods to fit site conditions, land constraints and
mine operations. TSFs use a host of tailings and water management methods to optimize
storage space, reduce operation costs, protect the environment, and maintain indefinite
dam stability and safety.

Tailings dams are dynamic structures that grow in size and complexity over their operating
life and must be maintained after closure. Their designs evolve with time and not always as
originally planned because of global events that mine owners have no control over, to local
operation, community, environment, and other challenges.

Evolving designs continue to combine proven existing and new (disrupt mining) technolo-
gies to enhance the positive, progressive and collective ability to effectively manage tailings
dams and TSFs. For example, several new non-intrusive technologies are now being used
to help designers such as a method to identify seepage paths at depth through, under and
around tailings dams that helps in the design of TSF and tailings dam stabilizations, expan-
sions, and closures.

64 Wolkersdorfer C, Sartz L, Sillanpaa M, Hakkinen A (Editors)



Lappeenranta, Finland Mine Water and Circular Economy IMWA 2017

Circuit Wire

Power Supply

| Tailings Pond Tailings Dam
Electrode J
A

Tae Electrade
|/

Distribution of Electric Current T Electric Current Concentrates in
through Subsurface Study Area Magnetic Field Preferential Seepage Flaw Paths
Beneath Dam

Figure 1. Survey setup

Non-Intrusive Investigative Technology

This paper describes a geophysical technology that uses a low voltage, low amperage, alter-
nating electrical current to energize subsurface water by electrodes placed in tailings water
and seepage discharge (Williams et al. 1996 and Kofoed et al. 2011). With one electrode
placed in the tailings and the other placed in contact with water below the tailings dam, an
electrical circuit is established between the two water bodies (Figure 1).

As with all alternating electrical currents, this circuit generates a magnetic field that is
measured and mapped from the surface. This collected data is used to render two- and
three-dimensional (2D and 3D) maps and Electric Current Distribution (ECD) models of
seepage paths (Figure 2). The technology maps and models preferential groundwater flow
paths like an angiogram that lets doctors to “see” blood vessels in a human body.
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Figure 2 Steps to get data results and two-dimensional maps
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The application of the technology to tailings dams is based on the principle that water in-
creases the conductivity of earth materials through which it flows. As the signature electric
current travels between electrodes strategically placed upstream and downstream of the
tailings dam, it concentrates in the more conductive zones, or highest transport porosity
areas, where tailings water preferentially flows out of the TSF as seepage through, under,
and around the dam.

An electric circuit is established in the water of interest. Measuring the resultant magnet-
ic field at the surface reveals the electric current flow and distribution. Data is processed
and compared to a predicted magnetic field from a theoretical homogenous earth model to
highlight deviations from the “uniform” model. 2D maps and 3D models are generated and
combined with known sub-surface data to enhance preferential seepage path definitions
(Figure 2).

The graphic shading in the following black-and-white figures is shades of gray. Actual sur-
vey report graphics range from purple (dark gray) to green (medium gray). Dark gray shows
actual flow that is less than flow predicted by the “uniform” model. Medium gray shows
actual flow that is more than flow predicted by the “uniform” model, so it likely represents
a seepage path.

This paper uses three tailings dam studies to illustrate the procedures, findings and bene-
fits of this technology. Results range from confirming design decisions to identifying new
seepage paths. In the latter case, designs were updated based on new data in line with the
observational approach (Peck 1969) to provide a more safe and stable tailings dam and
reduce risk of failure.

Tailings Dam Study 1

Tailings Dam Study 1 involves a TSF where seepage was suspected in left and right abut-
ments (Figure 3). A dike separates the cells. A settling pond and open pit are near the new

dam.
N R

Left Abutment

Tailing Storage Facility
B -

Figure 3 — Valley fill tailings storage facility and dam.
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Seepage had been observed at both right and left abutments of the main dam. The seepage
flow was not excessive and there was no sign of turbidity. However, the mine decided to
investigate further using the electrical-based technology due to its non-intrusive nature and
ability to identify the full seepage pathway in plan and elevation.

Six surveys were planned, three each in the left and right abutment areas. Each survey used
a slightly different electrode placement on the tailings side of the dam while the electrode
downgradient of the crest remained static for each set of three surveys. Each survey covered
a different geography with overlap between surveys to confirm any observed anomalies.

No preferential seepage paths were identified in the left abutment area. The electric current
through the area was observed to be uniform and evenly distributed in all three surveys. At
the right abutment, the electric flow was observed to be more varied. Two seepage paths were
observed in each of the three surveys, each providing confirmation of the next (Figure 4).
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1 Surveys 4-6 indicate generally stronger

but diffuse electric current flow in this area,
with two subtle preferential paths manifesting
slighly above the diffuse background flow.
| All is below native ground level.

Legend

+  Measurement
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= = Toe Drain
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at 1460 ft msl
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Figure 4 — Identified seepage paths shown in black with elevations posted at dam’s crest.

Both seepage paths were found to be located in the native foundation materials beneath the
dam (Figure 5). In addition, both of these seepage paths followed the alignment of a fault
that had been identified earlier by the mine.

No discrete seepage paths were observed between the TSF and the seepage that had been
observed in the left abutment. All three of the south abutment surveys identified the same
preferential flow paths in the foundation materials leading to the observed seepage.
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Figure 5 — 3D model with lines showing the location and depth of the identified seepage

Tailings Dam Study 2

Tailings Dam Study 2 involves a newly constructed tailings dam downstream of an original
active TSF and upstream of the open pit (Figure 6). While the new dam was being built,
seepage was observed at its downstream toe. A seepage survey was conducted to delineate
the seepage paths and any risks that they might pose to the new dam and the open pit.

Active
tailings pond

former lake 4 ; Divider

contours = Reclaim dike
3 water pump

Tailings cell (inactive until
October 2015)

Seepage pump
outlet

] (constructionin progress) ;
=

Figure 6 — Tailings facility seepage area site plan
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Two survey layouts were used with the same upstream electrode in the new tailings pond.
For Survey 1, the downstream electrode was in the seepage discharge at the toe of the new
dam. For Survey 2, it was in the seepage discharge in the open pit east of the dam.

Survey 1 identified primary and secondary seepage paths under the dam (Figures 7 and
8). The plan and profile views show seepage path widths and depths. The green (medium
gray) shading indicates seepage paths. The black lines are interpretations of seepage paths
between the two electrodes.

Primary Secondary
Seep Path Seep Path
1 1

i
Interface of Dam g1 620m | Sta, 580m

5ta, B30 Sta. T80m 3. A,

T s and Subsurface |

Figure 77 — Two seepage paths under dam Figure 8 — Seepage path elevations

The results confirmed that there are no other seepage paths of any significance through or
under the dam. This provided confidence that piping and internal erosion were not con-
cerns for the dam itself because the identified seepage paths are in the foundation materials
under the dam and not in the dam structure itself. So the geotechnical investigations for
piping potential could be focused on the foundation materials under the dam and not on the
dam structure itself.

A geotechnical investigation was completed by drilling into the seepage path target areas
identified by the survey. The drilling confirmed the survey findings. Remedial measures
are now being planned that will be significantly less in cost than if the survey had not been
completed and seepage paths not found because the investigation was targeted on the areas
of concern.

Tailings Dam Study 3

Tailings Dam Study 3 involves a TSF with a tailings dam in a valley. A seepage collection
pond is downstream of the tailings dam. A waste rock dump occupies one of the valley sides
of the TSF. A 2-kilometer long drainage collection trench is aligned along the toe of this
dump (Figure 9).

Seepage from the TSF collects in a collection system and is pumped back to the TSF. Addi-
tional contribution to the pumped back water is surface runoff from the collection system
catchment area. There was concern that some “surface runoff” could also be seepage from
the TSF through the left abutment of the tailings dam, and that there could be seepage from
the TSF flowing under the collection system and to the environment.

Wolkersdorfer C, Sartz L, Sillanpaa M, Hakkinen A (Editors) 69



Lappeenranta, Finland Mine Water and Circular Economy IMWA 2017

Figure 9 — Tailings facility and waste rock dump

Water that escapes from the waste rock dump drainage collection trench also enters the
TSF. However, over time as the TSF rises, the hydraulic gradient could switch from the TSF
to the waste rock dump.

The survey was conducted in two phases: Phase 1 to identify and delineate seepage patterns
through, under, and around the tailings dam and seepage collection dam to enable them to
be stabilised if necessary, for raising the tailings dam; and Phase 2 to identify any deeper
seepage paths that might pass under the waste rock dump drainage collection trench and
flow to the TSF.

During Phase 1, a seepage path was unexpectedly found into the TSF under the wing wall
part of the tailings dam (Figure 10). The seepage path is broad at first but narrows down.
This seepage path conveys drainage into the TSF from the east hillside under the wing wall 5
to 6 meters below the ground surface in what was confirmed to be a buried former drainage
channel.
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Figure 10 — Surveys with flow paths Figure 11 — Plan View of seepage paths

Seepage out of the TSF originates in original drainages under the TSF, converges to a rock
under-drain in the original creek channel under the highest part of the dam, and flows
through the underdrain to the seepage collection pond (Figure 10). The survey confirmed
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that the TSF and seepage pond were performing as designed with no seepage out of the
seepage pond.

A third drainage path unrelated to TSF seepage was identified. Originating from the right
hillside just downstream of the dam, this drainage conveys water to under the dam’s right
mitre (Figure 10). Some of this water exits out from under the dam below the mitre. Some
drainage mixes with seepage from the TSF. All seepage and drainage were found to be cap-
tured in the seepage pond.

No other seepage paths were identified through, under or around the tailings dam and seep-
age collection pond areas. The survey confirmed the design assumptions and performance
expectations, and enabled planning to start for future tailings dam raisings and collection
pond relocations to accommodate the increased footprint of an expanded tailings dam.

For the Phase 2 survey, solid lines are primary seepage paths. Light dash lines are secondary
seepage paths. Dashed circles show electric current preferentially flowing through and under
the trench. Primary seepage paths were found to align with original drainages (Figure 11).
Secondary seepage paths are under the trench but are shallower than primary seepage paths.

The survey found that seepage from the waste rock dump was flowing under the dump
along the drainage collection trench on the original ground surface. The model identified
the depths of the primary seepage paths in the trench (Figure 11 and 12). Figure 13 shows
the seepage paths.
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Figure 12 — Plan view of seepage paths Figure 13 — Cross section of survey layout
Conclusions

The three tailings dam studies show how non-intrusive methods can be used in an obser-
vational approach manner to supplement known geological, geotechnical, hydrological and
groundwater information to enhance the knowledge of the dam’s seepage, stability and in-
tegrity conditions..

This knowledge can then be used to cost-effectively support the design of tailings dam sta-
bilizations and future tailings dam raising including for ultimate closure and post-closure,
and to provide long-term safety and stability for TSFs and tailings dams.
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Abstract A hydrological forecast model was developed for simulating and forecasting water balance
in Yara Siilinjarvi mining area. The purpose of the model was to provide a tool for mining operators for
better water management in the mining site. The resulting model is fully operational forecast system,
which uses real time meteorological and hydrological data to simulate water balance, water level,
discharge, snow and other quantities for each basin in the area. It is currently used by Yara Siilinjarvi
mine for operational forecasts.

Key words mine, water balance, modelling, real time simulation, forecast

Introduction

Mining companies face several environmental challenges regarding water management in
mining areas: risks caused by excess water are serious and can lead to flooding and dam
breaches, as well as spilling substances into downward water ways. Predictive water man-
agement is required to forecasts such events and reduce risks at mining site.

In order to address these problems and to provide a tool for mining operators, a hydro-
logical model was developed for simulating and forecasting water balance. The model was
developed in Finnish Environment Institute (SYKE) as a TEKES project with collaboration
of YARA Siilinjarvi mine, which was used as a pilot area. The model itself is based on the
Watershed Simulation and Forecasting System (WSFS), also developed in SYKE. The WSFS
consists of a hydrological, runoff and discharge models, and it monitors and forecasts the
water levels and discharge of lakes and rivers in real-time. It is the main tool in national
flood forecasting, and it has been used for operational water quality modelling as well as
climate change research (Vehvildinen 1992, 1994, 2000, Veijalainen 2012). A number of
hydrological variables such as precipitation, evaporation, runoff, soil moisture, groundwa-
ter storage, and snow pack, etc. are simulated for all catchments in Finland. A wide range
of hydrological and meteorological observations are utilized in the operation of the model
System.

The hydrological mining site model

Siilinjarvi mining site model is a modified version of the WSFS model. Schematic diagram
of the model is shown in Figure 1. All hydrological process models that simulate the water
balance, as well as most of the data assimilation routines, are the same as in the nationwide
operational model. Implementation of the model to the mining area required a catchment
description of the site. That is, sub-basins, reservoirs and discharges in the area had to
be determined and modelled. This was established by using elevation data, public maps
GIS-data, and reservoir data from Yara and the expertise of hydrologists in SYKE and local
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mine personnel. The division into sub-basins was made for the mining area as well as some
of the immediate mine surroundings. GIS information consisting of basin areas and loca-
tions, outlets, streams, lakes and ponds was derived with the help of a Finnish watershed
database available to SYKE. This catchment division is shown in the map in the user inter-
face, shown in Figure 2.

Siilinjarvi site was divided into 28 sub-catchments, most of which contain one lake or pond.
The hydrological model describes water balance and inflow in each pond. The water bal-
ance of the open mining pit is also included in the model, in order to provide estimates
for required pumping capacity in future. The hydrological model uses daily meteorologi-
cal observations and forecasts to simulate precipitation, evaporation and percolation to the
groundwater. The runoff model describes the water flow from the land area into lakes, and
the discharge model describes the water flow from one lake to another.

Meteorological data, such as temperature, precipitation and snow depth are available via
Finnish Meteorological Institute (FMI) from the meteorological measurement stations lo-
cated nearby. The Siilinjarvi snow line water equivalent data is also used. On-site snow
depth and density measurements conducted during the project by SYKE and Geological
Survey of Finland (GTK), were included in the model. Real-time meteorological forecasts
are applied to provide daily hydrological forecasts. Furthermore, weather data from the last
50 years is used to produce a long-term climatological forecast. These observations and
weather forecasts are received, read and assimilated automatically into the system.

Water level, discharge and pumping data was retrieved from the mine management system
by the mine operator about once a month and sent to SYKE in excel format. Automatic
and continuous retrieval of measurement, which would provide more accurate real time
forecasts, can be included into the system later. However, the continuous measurement
data from the in situ devices installed during this project were automatically retrieved and
processed into the modelling system.

Model contains a number of free parameters, which were calibrated against the measure-
ments. Moreover, the WSFS also includes a correction model which corrects model inputs
(precipitation and temperature) in order to get hydrological quantities (water equivalent of
snow, discharge and water level) to better fit the hydrological observations. As temperature
and precipitation observations might not be representative for large areas, this method cor-
rects the model state in order to ensure the best possible initial condition for the model on
the forecast day.

Results and operation of the system

As a result, a functional WSFS model was obtained for the Siilinjarvi mining area. It works
relatively well for the areas where reliable water level and discharge (or pumping) observa-
tions are available, as well as for the natural state lakes. However, some difficulties were met
when simulating areas where observations are unreliable or not available. As the model can
be operated without direct discharge observations using the regulation schedule (as done in
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the forecast period), or using a combination of observations and regulation schedule to limit
drastic changes in water level, one is still able to obtain sufficiently reasonable results for the
areas where reliable observations are missing.

The WSFS mine site model is operated via a web-based interface (Figure 2). It features a
clickable map which is used to navigate into different areas and to view their forecasts. All
the observations and forecasts are updated automatically, but additional observations can
be filled manually via the interface. The simulation is run automatically daily, but can be run
also manually, if necessary. Numerical data produced by the system can also be exported
into other systems.

Actual operation of the system is controlled using discharge forecasts and regulation sched-
ules. Using the interface operator can set desired values for pumping and discharge from
ponds. These discharge forecasts will be then be used for given period of time. Additionally
operators can use regulation schedules to specify how much water will be pumped or dis-
charged at certain water levels. The system then automatically adjusts discharges accord-
ingly, and subsequent forecasts will be based on these settings.

Results are presented graphically on the interface web page. Hydrological quantities, such
as water level, discharge or pumping, precipitation, evaporation, runoff etc., are all pre-
sented as graphs by time for each sub-catchment (in practice for each lake/pond). Example
images for water level and pumping of one of the ponds, Vesiallas, are shown in Figure 3.
Forecasts for each pond are shown as a coloured band, different colour for each probability
fractile. Long term forecast based on historical observations can be used to make probability
forecasts for water level and outflows. These results can be used for discharge planning and
preparation for various events, such as spring floods.

As the model can be modified for both catchment setup and forecasts, different alternate
scenarios can be studied as well. For example, when the mining site is being developed,
new reservoirs build and pumping lines installed, their effects to the water balance and dis-
charge can be simulated in the WSFS model. Moreover, weather forecasts can be modified
to take account possible climate change scenarios in the future, and to estimate their effect
on runoff and discharges. Using different modifications can thus be used to study various,
possibly worst case scenarios and addressing possible problems in water management be-
fore they appear. This could help minimizing costly risks at the mining site.
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Figure 1 Schematic diagram for the WSFS model. The model consists of the actual hydrological
water balance model and a watershed description (lake and channel system), shown in the middle.
It uses hydrological observations (water level, discharge, pumping, etc.) as well as weather
observations and forecasts as starting and reference points for simulation. Model then produces
forecasts for all the lakes and ponds in the area. Additionally, numerical data can be extracted from
the WSFS to be used in other applications and by other parties.
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Figure 2 Web interface for WSFS model. Clickable map shows the watershed description in the
mining area and in some surrounding area. Clicking the map opens water balance pictures of the
area. Some relevant graphs are on the right side of the map. Menu on the left side bar contains
entries for entering observations, regulations schedules and discharge forecasts.
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Figure 3 Water level (on the left) and pumping (on the right) of Vesiallas pond are shown here as
an example. Vertical dashed blue line shows the simulation date. Green, red and yellow bands on the
right of it shows probability fractiles (50, 70, 90, 100 %) of forecasts.

Conclusions

A hydrological forecast model for Yara Siilinjarvi mining site was developed for simulating
and forecasting water balance in the area. This model aims to provide a tool for mining op-
erators for better water management in the site. It works relatively well in the areas where
discharge and water level observations are reliable, but there some difficulties in the areas
where observations might be unreliable. Yara is currently using the system and evaluating
its usefulness for further development.
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Assessment of the effects of mine closure activities to
waste rock drainage quality at the Hitura Ni-Cu mine,
Finland
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!Geological Survey of Finland, P.O. Box 1237, FI-70211 Kuopio, Finland,
teemu.karlsson@gtk.fi

2Geological Survey of Finland, P.O. Box 96, FI-02151 Espoo, Finland

Abstract Choosing right management methods is essential for efficient closure and design of mining
waste facilities. To assess potential effects of mine closure activities to waste rock drainage quality
at the Hitura Ni-Cu mine in Finland, a surface water investigation and filled-in lysimeter tests were
performed. According to the results, current environmental effect on the surface water quality caused
by the waste rock piles is relatively small, but disruption of the mica schist pile e.g. by shaping might
cause additional mobilisation of harmful elements, especially Ni. Instead, the mica schist pile could be
shaped and covered with the serpentinite waste rock material which has significantly lower element
mobility and alkaline drainage.

Key words lysimeter, static tests, waste rock utilisation, element mobility

Introduction

After mining operations, mineral waste material dumps are left behind that may cause det-
rimental effects on the environment if closure is not done appropriately (Kauppila et al.
2013). Thorough planning, field investigations and characterisation of materials are crucial
for the selection of suitable closure methods. Desired closure objectives may not be achieved
due to inappropriate closure activities, or the environmental impacts may even get worse as
a result of undesired mobilization of potentially harmful elements.

The effects of closure activities on waste rock facilities and possibilities for waste rock uti-
lization were assessed at the Hitura Ni-Cu mine, which is currently facing closure. Two
different waste rock piles are situated at the Hitura mine site: a serpentinite pile and a mica
schist pile. The planned closure activities would include shaping and landscaping of both
piles. In this study, the current environmental effects on surface waters around the mine
site caused by the rock piles were investigated through field measurements and water qual-
ity analyses. The waste rocks were characterised chemically and mineralogically, and field
scale lysimeters were constructed to assess leaching of potentially harmful elements from
disturbed weathered rock material, and to study the potential use of serpentinite as a cover
material on the mica schist pile.

Study area

Hitura mine is located in Nivala, Finland (fig. 1). The mine operated in several periods dur-
ing 1970-2013. The main products were Ni and Cu, which were extracted from an ultramaf-
ic sulphide deposit. The operations started as open pit mining shifting to underground min-
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ing in 1991 (Heikkinen et al. 2002). The last mining company was declared bankruptcy at
the end of 2015 and final closure of the site was initiated including plans to shape the waste
rock piles.

The Hitura deposit consists mainly of serpentinite and, in lesser amounts, amphiboles and
mica schists (Papunen 1970). Waste rocks have been deposited in two separate piles during
1970-1993: the serpentinite pile (2.2 Mm3) and the mica schist pile (3.5 Mm?) with addi-
tional 3 Mm3 of overburden of Quaternary sediments (Ahma ymparisto 2013). Mine waters
from the Hitura mine site flow through a ditch system to the nearby Kalajoki River (fig. 1),
which discharges to the Bothnian Bay of the Baltic Sea around 70 km northwest.

Materials and methods

The current environmental effects on the water quality of the ditches surrounding the
waste rock piles were investigated through field measurements and water quality analyses
in June 2016. Field measurements were repeated in April 2017. The water samples were
taken from the ditches Hituranoja (WS1) and Tollinoja (WS2), upstream of the mica schist
waste rock area representing background water quality, from seepage water discharging
from the mica schist pile (WS3), and from the ditch of the joined Hituranoja and Téllinoja
ditches downstream of the mica schist waste rock pile (WS4) (fig. 1). Representative sur-
face water sampling points could not be found around the serpentinite pile, therefore only
field measurements were performed. The field analyses were performed with a portable
YSI multiparameter sonde, and included pH and electrical conductivity (EC). Laboratory
analyses included total concentrations of dissolved elements with ICP-OES/MS from fil-
tered (0.45 pm), preserved (1 M HNOB) samples, and anion concentration analyses with
ion chromatography from untreated samples.

Field scale lysimeters were applied to investigate longer term leaching of the waste rock ma-
terials in natural conditions to simulate the impact of disturbance of the mica schist waste
rock pile by earthworks and the usability of serpentinite in covering the mica schist pile.
The samples for the lysimeters (1 m3 of serpentinite, LY1, and 2 m3 of mica schist, LY2) were
collected from the weathered surface parts of the waste rock piles with an excavator (fig. 1).
The grain size distribution of the samples was heterogeneous with the largest rocks up to 10
to 20 cm. Rocks larger than that were removed manually.

The lysimeter test setup consisted of four 1 m? lysimeters, which were constructed on De-
cember 2015 at the premises of the Geological Survey of Finland (GTK) in Kuopio, eastern
Finland. One lysimeter was left empty for background water analysis and to monitor poten-
tial contamination of the lysimeter containers, one was filled with serpentinite (LY1.1), and
two with mica schist (LY2.1 and LY2.2). The filled-in lysimeters contained around 800 L of
waste rocks, weighing approximately 1600 kg. The mica schist lysimeter LY2.2 was covered
with a 15 cm layer of serpentinite in April 2016 to further evaluate suitability of serpentine
as a cover material for mica schist. The cover was placed five months after the construction
to ensure equal starting levels for both mica schist lysimeters and applicability of lysimeter
LY2.1 as a control lysimeter for the cover material test.
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Figure 1 The location and setting of the Hitura mine site and sampling points. WS = water
sampling point, LY = sampling point for lysimeter tests. (Basemaps © National Land Survey of
Finland.)

During the filling of the lysimeters, 10 L samples were taken from the serpentinite and
mica schist for the chemical and mineralogical characterisation. The chemical character-
isation included analyses of total element concentrations of pulverised samples with XRF
and assessment of acid production potential with modified ABA-test (standard CEN EN
15875:2008). Total sulphur was determined using high temperature combustion method
and IR detection (ISO15178, Leco-furnace method). Chemical analyses were performed in
the accredited laboratory of Labtium Oy. Mineralogical composition was measured from
the ground samples with field-emission scanning electron microscope (FE-SEM, JEOL JSM
7100F Schottky) at the GTK Geolaboratory.

The amount and quality of lysimeter seepage waters were measured periodically. Seepage
waters were collected in plastic canisters and analysed for pH, EC, anions and dissolved
elements. The pH and EC were measured in the field with a portable YSI-meter, and anions
(from untreated samples) and dissolved elements (from filtered (0.45 pum), preserved (1
M HNO,) samples) were determined in an accredited laboratory by Labtium Oy using ion
chromatography and ICP-OES/MS, respectively. Field duplicates, field blanks and labora-
tory duplicates were used to ensure quality in the sampling and the analysis.
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Results and discussion
Surface waters

Surface waters in the ditches around the Hitura mica schist waste rock pile were mainly
neutral (fig. 2). In June 2016, the pH value in the water discharging from the waste rock
pile area was practically the same (6.8) as in the background measurement points in the
Tollinoja and Hituranoja ditches (6.9) suggesting negligible input of acidity from the waste
rock pile. This was despite the seepage waters of the pile were acidic with pH around 4.
However, the EC of the seepages was around 300—-500 mS/m, and an increase in the EC of
the Téllinoja ditch (from around 12 mS/m upstream of the pile to around 35 mS/m down-
stream of the pile) indicated minor input of ARD affected waters into the ditch. Water in the
ditch flowing around the serpentinite waste rock pile altered from circumneutral (pH 6.5) to
alkaline (pH 7.6-8). The field measurements in April 2017 showed similar pH tendencies in
the surface waters as observed in June 2016, but the pH values were overall slightly lower.
For instance, the To6llinoja background pH value dropped from 6.8 in June 2016 to 6.1 in
April 2017. This might be due to the seasonal water quality changes as the April samples
were taken after the snow melt period.

As suggested by the EC, some metal loading occurred from the mica schist pile into the ditch-
es with Ni and Cu as primary metals. The dissolved metal concentrations in the mica schist
pile seepage water (WS3) were high, the water containing 4520 ug/L of Ni and 245 pg/L of
Cu (fig. 3). However, the Ni concentrations in the Té6llinoja ditch increased from 3.3-6.3 pug/L
of the background (WS1 and WS2) only to 94 pg/L in the downstream sampling point of the
waste rock area (WS4). In addition, increase in the Cu concentration in the T6llinoja ditch
was negligible, from 2.1-2.8 to 3.7 ug/L (fig. 3). Obviously, small flow rates of the seepages
compared to those of the T6llinoja ditch result in dilution of the metal concentrations.

Despite the dilution, the nickel concentration in the discharge point of the mica schist waste
rock area in the Toéllinoja ditch (94 pg/L) exceeded the average annual Ni limit value of
20 ug/L set by the European environmental quality standard (EQS) applicable to surface
waters (EC 2008). Nevertheless, the effect caused by the ditch water is considered overall
insignificant, as the average flow of the Kalajoki River, the receiving water body of the Hi-
tura waste rock discharge, is relatively high, 164 m3/s (Savolainen & Leiviskda 2008), com-
pared to the flow in the T6llinoja ditch, 0.2 m3/s (Heikkinen et al. 2004). In fact, no marked
change was observed in the EC of the Kalajoki River water between the sampling points
located upstream (EC 4.4 mS/m) and downstream (EC 4.8 mS/m) of the discharge from
the waste rock area. In addition, pH remained circumneutral in the Kalajoki river below the
discharge point even though a minor change in pH was recorded between the two sampling
points (from 7.0 to 6.7).

Lysimeter tests

Mineralogical and chemical characterization of the mica schist and serpentinite used in the
lysimeter tests were carried out to assess their environmental properties and ARD poten-
tial. Based on the results, the mica schist (LY2) is composed of quartz (24.3%), plagioclase
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(21.1%), biotite (14.5%) and muscovite (5.1%) with accessory sulphides and very low car-
bonate content (calcite 0.01%). The primary sulphides include pyrrhotite (1.41%), pyrite
(0.89%), pentlandite (0.18%) and chalcopyrite (0.15%). The main contaminants in the mica
schist are Ni and Cu, which showed high concentrations: 2290 and 771 mg/kg, respectively
(tab. 1). Based on the ABA test and the mineralogy, the mica schist (LY2) is potentially acid
producing (NPR = 0.2 and neutralizing minerals << acid producing minerals) (tab. 1).
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Figure 2 pH values measured in the surface waters around the Hitura mine site in June 2016. SRP
pile = serpentinite pile, MS pile = mica schist pile (Basemap © National Land Survey of Finland.)
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Figure 3 Dissolved Ni and Cu concentrations in the Hituranoja and Té6llinoja ditches in the
background sampling points (WS1 and WS2), seepage point (WS3) and in the ditch downstream of
the mica schist waste rock area (WS4).
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The serpentinite (LY1) is mostly composed of serpentine (70.0%) and talc (13.7%) and con-
tains only small amount of sulphides (pyrrhotite 0.02% and pentlandite 0.01%) but notable
carbonates (calcite content 0.96%). Similar to the mica schist, the primary contaminants
in the serpentine are Ni (1009 mg/kg) and Cu (169 mg/kg) (tab. 1). The ABA test and the
mineralogy indicated that the serpentinite is not potentially acid producing (NRP = 28.5
and neutralizing minerals >> acid producing minerals) (tab. 1).

Following the characterization, a total mass of the main contaminants in the lysimeters was
estimated based on the total Ni and Cu concentrations and the estimated mass of rock ma-
terial in the lysimeters (1600 kg). The calculations showed that the serpentinite lysimeter
(LY1.1) contains less than half the amount of Ni (1.6 kg) and Cu (0.3 kg) than the mica schist
lysimeters (LY2.1 and LY2.2; Ni 3.6 kg and Cu 1.2 kg).

Table 1 Ni and Cu concentrations, and parameters for acid production potential calculations of the
lysimeter rock materials.

Ni Cu S AP NP NPR
XRF XRF Leco
mg/kg mg/kg % kg CaCO,/t kg CaCO,/t
LY1 / serpentinite 1009 169 0.14 4.4 124 28.5
LY2 / mica schist 2290 77 2.28 7 15.7 0.2

AP = acid production potential, NP = neutralization potential, NPR = neutralization potential ratio

Altogether 9 water samples were collected from the lysimeters during a one-year moni-
toring period (fig. 4). In accordance with the characterization results, the seepage water
from the serpentinite lysimeter (LY1.1) was alkaline (pH around 8.3 on average) with low
metal contents (Ni 4-15 pg/L, Cu 0.8-30 pg/L) and EC (53 mS/m), whereas the seepag-
es from the mica schist lysimeters (LY2.1 and LY2.2) were acidic (average pH=4.5) and
contained high amounts of dissolved metals (average EC=250-240 mS/m), especially Ni
(24300-120000 pg/L) and Cu (400-2000 pg/L). In addition, the SO, concentrations of
the mica schist lysimeter seepages (620—3100 mg/L) were tenfold compared with those
of the serpentinite (95—-220 mg/L) indicating considerable sulphide oxidation in the mica
schist and only minor oxidation in the serpentinite. The leached metal concentrations from
the mica gneiss lysimeters were notably higher than observed in the actual seepage water
of the waste rock pile. This underlines that disturbance of the pile may result in excess
release of ARD from the pile.

The released loads of metals and SO, were calculated for the whole observation period based
on the amounts and metal concentrations of the seepage waters (fig. 4). The results show
that the release of Ni and Cu from the serpentinite with good buffering capacity (lysimeter
LY1.1; 0.8 mg of Ni i.e. 0.00005% of the total Ni mass in the lysimeter) is negligible com-
pared to those of the oxidized mica gneiss with low acid buffering capacity (lysimeter LY2.1:
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4030 mg of Ni and 74 mg of Cu i.e. 0.1% Ni and 0.006% Cu of the total masses; lysimeter
LY2.2 4046 mg of Ni and 60 mg of Cu i.e. 0.1% Ni and 0.005% Cu of the total masses), even
though the amounts of Ni and Cu were also high in the serpentinite material. Overall, the
loads of the metals and SO, from the lysimeters were the highest in the beginning of the
lysimeter tests (fig. 4). This is likely due to the mobilization of metals from secondary min-
erals and weathered mineral surfaces as especially the collected mica schist samples were
strongly weathered.
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Figure 4 Amounts (mg) of Ni, Cu and SO4, and pH leached out of the lysimeters during the
observations period. LY1.1 = serpentinite, LY2.1 = mica schist, LY2.2 = mica schist with 15 cm of
serpentinite on top. The dashed line represents the date when LY2.2 was covered with a 15 cm layer
of serpentinite.

The addition of 15 cm of serpentinite on top of the mica schist lysimeter (LY2.2) five months
after the initial set up of the lysimeter tests did not have any significant effect on the seepage
water pH or the metal and SO, loads during the observation period, despite the alkalinity
of the serpentinite (fig. 4). This is most likely because the sulphide oxidation is difficult to
cease once started. In addition, the observation period after the placement of the cover was
quite short.

Conclusions

Both waste rock piles at the Hitura mine site, the serpentinite and mica schist piles, contain
high concentrations of potentially harmful elements, especially Ni and Cu. In addition, the
mica schist is potentially acid producing. According to the field investigations, the current
environmental effect on the surface water quality caused by the waste rock piles is neverthe-
less relatively small. Even though the seepages of the mica schist pile are acidic and contain
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high Ni, Cu and SO,, the outflow water from the waste rock area is neutral with low metal
contents as a result of e.g. dilution with background stream waters, and the existing impact
on the receiving water body, the River Kalajoki, seems to be insignificant.

According to the lysimeter test results, disturbance of the weathered mica schist waste rock
pile surface, e.g. by shaping the slopes, is likely to result in excess production of ARD and
in degradation of the surface water quality discharging from the mine site. On the other
hand, the lysimeters showed that the serpentinite is producing alkaline waters with low
input of metals, and could therefore provide a potential cover material for the mica schist to
decrease ARD. Monitoring of lysimeters will be continued to evaluate the use of serpentinite
as a cover in longer term.
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Monitoring of mine water

Michael Drobniewski, Holger Witthaus
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44623 Herne

Abstract Observation of mine water level and chemical composition of water is one of the most
important tasks today and in a long term view for German hard coal mining. The main aspect is the
control and proof of avoiding any damage on public life and nature by former mining activities, as far it
is possible by state of the art measures.

A wide range of monitoring measures is realized in a deposit of hardcoal, which was mined out for more
than 2 centuries by underground mines in levels up to a depth of more than 1500 metres.

Key words Mine water monitoring, Post-mining water management, hard coal mining

Introduction

This paper gives an overview to the measures of monitoring in the area of active and closed
mines. The requirements to the monitoring system are results of knowledge and experience
ragarding geological parameters, influence of mining activities to the ground, aims of envi-
romental protection in the densely populated areas of mining in Germany, as well as state
of the art in technological research.

Scope of monitoring:
The monitoring includes:
« Level of mine water in every local section
+ Amount of mine water flow in former mining areas underground
« Pumping activities and quantity of emission to rivers
« Chemistry of mine water at the point of emission
+ Chemistry of mine water in the underground
 Industrial loads in mine water
+ Observation of deep ground water levels above carboniferious strata package
« Observation of deformation and subsidence of former mining areas
« Observation of seismic activity potentially caused by rising minewater level.

In addition measures are taken for proofing the long term composition of pumping activi-
ties. In an exemplary description a view on modern technology of shaft and pipeline mon-
itoring is given.

Monitoring of mine water level

As an example the area of Ruhr district is shown in a map view. The whole area extents over
app. 400 km2 and currently 11 pump stations and districts of different mine water levels.
The districts are combined in departments according to actual mine water levels (fig. 1).
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© Pump station

© Observation shaft
@ Observation borehole

Figure 1: Ruhr area with districts, pump stations and points of water level observation.

In the mining area the mine water level is measured periodically by plumbing in shafts and
plumbing pipelines in former shafts. Figure 1 includes the overview of located measurement
points in the map view (RAG AG 2014).

The technique of plumbing is applied as mechanical plumbing using a sensor for signal of
water level and a rope released by a wind for documenting the length — or stational probes
installed below the minewater level and determination the water load above by measure-
ment of pressure (fig. 2) and send that signal to a central observation headquarter (fig. 3).

Figure 2: Example of stational probe for mine water level observation — recovered to surface.
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Figure 3: Headquarter of observation — exemplary documentation of water level.

The left side of fig. 3 shows an overview to all pump stations of observation. The red collumn
shows a shaft that is not observed due to installation work. The right part shows a typical
well station observation in the upper part, the lower part an underground pump station and
structure.

Amount of mine water flow and pumping activities

The final documentation of a closed mine includes all located water inflow points and quan-
tities. In addition pumping activities are reported and documented on a daily bases. By
comparing the amounts of lifted water volume to prospected inflow to the water station the
basic of risk management are documented.

Results of the forecasted mine water level in each district can be compared to actual meas-
uring results and is analysed for interpreting the function of gateways in the underground
and recallibrating of modelling in iterative processing and intense information transfer to
experts.

Chemistry of mine water underground and at point of emmission

The evaluation of mine water is based on regulations by the mining administrative. Five
categories of standard tests are presently used. Usually they are elements of a test every 6
months, additional examination was done every year or every 3 years (according to previous
results of testing).

One aim of testing is proofing the influence on water quality of emission and following the
legislatve restricted limits of water quality. Another aim is to proof the results of predicted
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concentrations based on numerical modelling. A permanent recalibration of the param-
eters of influence is possible and a continous improvement of modelling takes place. The
modelling is described in another report at this conference (Ch. Klinger, DMT) with the
background of additional monitoring of industrial loads.

Communication

In addition to specific demands of reporting and documentation an online platform gives
information to the public at the RAG website (RAG 2017). This follows the aim of RAG strat-
egy, to be a loyal and transparent partner for public, administration and industry in every
way the company can do.

Fig. 4 gives an example as map view to the Ruhr area and a choice of information. The map
shows an area of appr. 100 kilometers extension from East to West. The green markings
show points of mine water level observation. The purple dots aligned to rows are points of
measurement to document ground movement. The blue triangle marks are points of seismic
sensoring. They are concentrated in the area of still active mining panels. By a click on a
point of interest the user can get more information — including history of data development.
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Figure 4: Online information at RAG platform (BID, basic map by ©google) (RAG 2017).

Modern monitoring methods

Modern methods are used in several terms of observation eg. monitoring of the ground
movement at surface. Euopean satellite program provides aeral photos and physical data
which are analyzed for additional survey.

The latest expansion of the monitoring system is the conception and test run of under-
ground probes especially developed for the environment in closed mines.

Standards of measuring in industry fail in this application, because there is no chance of main-
tenance or repair. Also the probes have to face the conditions of mine water contact for a long
term. Figure 5 shows on the left side the principle construction and sensors of that probe.
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Figure 5: Underground probe for long term observation in closed mines.

On the right side an installed probe, using a specific development of safety construction is
figured. The development is done in an ongoing research project with partners from Technical
University of Bochum, DMT company and Sea&Sun Technology company (SST). The probe is
based on deep sea observation by SST and has to be modified for underground specification.

Current research work is done in cooperation between RAG, DMT company and DLR com-
pany for stereophogrammetric oberservation of shafts and well-pipelines. The application
gives three dimensional models of shaft structure by using a probe. High resultion of this
modelling allows observation of deformation, incrustation or damage of the structure. Fig-
ure 6 shows a basic instrumentation developed by DMT for laser-scanning probes on the left
(a.), the centre picture a model of development (b.) and on the right a graphic example of
present documentation by laser scanning (c.) (annual report research RAG 2014).

a. b. c.

Figure 6: Current model for shaft and well-pipe observation.
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Conclusions

RAG fulfils a wide range of monitoring measures. Observation is applied in every way of
state of the art technology to prevent any risk from actual and former mining activities. Un-
derground hard coal mining for more than 200 years in Germany includes risks of mine wa-
ter rising, gas exhausting from abandoned areas, surface deformation and seismic events.
Based on third party expertise RAG operates any requested monitoring system as a reliable
partner for mining administration and public institutions. In addition RAG communicates
any results to the public in an open and transparent way. This work will continue in a long
term duration, even if the last hard coal mine in Germany will close in the year 2018. The
future work concentrates on optimizing the mine water management by safe and economic
concepts and technologies.
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Development and installation of an underground
measurement technique at the pilot mine “Auguste
Victoria” for a mid- to long-term monitoring of the mine
water level rise
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Abstract Monitoring mine water level rise in a coal mine after its closing is an important issue.
Therefore, a measurement technique will be established in the mine to provide direct and continuous
recordings of different measured parameters. The development and installation of such an underground
measurement data logging system for short- and long-term observation of the mine water level rise at
the mine “Auguste Victoria” (Germany, Marl) allows to gain in situ measurement data. This information
leads to a better understanding of the mine water level rising process.

Key words IMWA 2017, underground measurement, data logging system, mine water level rise

Introduction

After the activity of German hard coal mining, the mine water level will rise. For a better
understanding of the rising process, the concept must include the determination of suitable
locations for the installation of the measurement system and the specification of suitable
water and air parameters. Therefore, a sturdy and failsafe system must be adjusted to the
underground conditions and has to pass a testing period in a laboratory and at surface con-
ditions before it is installed in the underground mine “Auguste Victoria”. With the help of
this measurement logging system, data of the mine water level rise can be attained in its
spatial and temporal progression. By doing so, the target state can be permanently com-
pared to the actual one. The evaluation of the obtained data has to give evidence of the
successive rebound of mine water in existing mine facilities after mine closure and supple-
mented existing monitoring systems(RAG 2014).

Best practice
System requirements

The monitoring parameters were selected regarding both the recording of the mine water
level and the chemical analysis of the mine water. Likewise, there was the plan to meas-
ure the methane concentration and the air pressure response in the underground workings
during the mine water rise. Where the recording of the mine water level in abandoned mine
workings is concerned, measuring the water pressure plays a crucial part. The pressure
of the in-situ water column corresponds with the mine water level. Therefore, the exact
mounting heights of the pressure transducers have to be documented. Furthermore, the in-
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dividual pressure transducers ensure that the hydraulic potential of the mine working is re-
corded directly, something which allows to determine the flow direction of the mine water.
Moreover, the flow speed of the mine water was to be measured. Regarding the recording of
the chemical composition, it was required to record the mine water temperature as well as
the specific electrical conductivity (Melchers & Dogan 2016).

To develop a suitable monitoring system, product information was evaluated and possible
solutions were discussed with renowned mining companies and companies of the chemical
and deep sea business. Specific technical concepts had to be developed in order to measure
the parameters mentioned above. One key requirement on the monitoring system to be de-
veloped was its longevity — the system had to last as long as possible. This requirement was
fulfilled by constructing an electrical component design of a most simple structure using as
few components as possible. In addition, direct connections were chosen where possible
between the actual probe and the evaluation system. This resulted in the parallel connection
concept selected, i.e., every single probe is connected by a separate conductor. If one probe
fails or the pertinent transmission cable to the surface is damaged, then only one measuring
probe stops working. Power to all underground system components is supplied from the
surface. These reflections resulted in the system diagram shown in figure (1):

evaluation

electrical supply system

electrical supply
converter [

CH,/p,; probe |

[ T/0/V/P,.uier Probe | |

Figure 1 system overview of the entire concept

Other requirements on the system components were due to the extreme environmental
conditions underground. Only such components were chosen for installation at the colliery
“Auguste Victoria” which — as they would be located under water later — withstand a water
pressure of 100bar. Those components include the water sensors, the enclosure of the water
probe including its gaskets and the connecting cables and their bushings. They were select-
ed because they are robust and resistant to mine water and mechanical strain. The power
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supply and the communication have to overcome a distance of several kilometres. To ensure
that the sensors intended for air pressure and methane concentration would be of a long life,
they were chosen for use in an environment of high humidity. Moreover, all sensors have to
work maintenance-free and all components that are either installed underground or have
an interface to underground installations must be of intrinsically safe design and explosion
prevented typification checked in an individual detailed expertise by a third party. The fol-
lowing tables (1 and 2) summarise the measuring parameters.

Table 1 Water measuring parameters

Parameters Range Resolution Accuracy
temperature [°C] 10-60 0.01 +/-0.05
water pressure [bar] 0-100 0.003 +/-0.15
specific electrical conductivity [mS/cm] 0-200 0.004 +/-0.1
flow rate and direction [m/s] +/-3 0.002 +/-0.03

Table 2 Air measuring parameters

Parameters Range Resolution Accuracy
atmospheric pressure [hPa] 0-2000 1 +/-2
methane concentration [vol.%) 0-100 0.01to 0.1 +/-5

Selection and test of system components

The market research undertaken showed that the system components available on the mar-
ket did not fully meet those requirements. As this system has to be installed at short notice
as part of this project, components had to be selected and modified that were principally
suitable. Here, the particular challenge was that the measuring components had to be sup-
plied with low electrical power over a very long cable distance. This low electrical energy is
one of the requirements of the explosion protection standard. For the air sensors, compo-
nents were found which met nearly all requirements, so only slight modifications were nec-
essary. The data transmission components, however, were completely newly developed for
this system. The electrical power supply could also be established using components which
only needed minor modifications. For monitoring the water measuring values a deep-sea
probe was modified. As only few experiential tests were available for the mine water use of
this probe, and there is no opportunity of a fault analysis with subsequent improvements in
case the probe fails later, several test were conducted; these tests tested the probe approxi-
mating real conditions in mine water at the surface and underground.

For the first test runs of the system, a not modified probe was used which was equipped with
the sensors required, including an inductive conductivity sensor, a temperature sensor, a
pressure sensor and an X-Y flowmeter. The first test environment was located at the surface
mine water channel at the water treatment plant “Gravenhorst” of the colliery “Ibbenbiiren”.
This mine water has a high iron content, and the probe remained in the water for c. two
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weeks. The next test run was done at another surface mine water channel at the colliery “Ib-
benbiiren”, i.e. a mine water channel of the water treatment plant “Piisselbiiren”. This mine
water had a high salt content and again the probe remained in the water for c. two weeks.
After the test runs had been completed, the probe was returned to the manufacturer who
performed a functionality test on the probe. After it had successfully passed this functionality
test, the probe was tested further in underground conditions. The test environment chosen
was that of a suitable location at the colliery “Auguste Victoria”. In this case, the probe re-
mained for about six months in the mine water. After this test, the probe was again submitted
to a functionality test by the manufacturer and no malfunctions of the sensors or the probe
were identified. The middle electrode of the flow sensor was strongly affected by corrosion,
but, according to the sensor manufacturer, this would not impair the functionality of the flow
sensor. The probe suspension, made of V4A, disintegrated due to corrosion; thus, it became
clear that the suspension had to be modified as well for the probe to be developed. Moreover,
the examinations showed the response of the entire probe and its sensors and connecting
plugs in mine waters. Even the thickness and impact of settlements as well as the impact of
corrosion on the probe enclosure, the sensors and the connecting plugs and gaskets could be
examined. In addition, where possible, the values measured in the tests were compared with
those measured in the laboratory for the pit and thus checked for plausibility. Furthermore,
the automatic data recording and processing were examined and optimised for permanent
operation. The experience gathered here was utilised in the concept that was implemented
later and contributed to an overall improvement of the system.

The system that was finally implemented benefited from the experience and reflections made
here. Now, the probe is suspended on a rack that will protect it against broken stone and
parts floating in the water. Here, the probe is suspended to move freely within the rack so
that any inclination caused by any level convergences can be offset by realigning the probe.
The installation and fastening of the cables is largely done at the ceiling of the gallery to avoid
possible damage caused by rock fall. For each individual measuring location, the cable path
was chosen with due diligence and accuracy by carrying out a number of mine visits.

The rough selection of the locations for recording the mine water level and its rise were
done based on the rise concept devised by RAG for the colliery “Auguste Victoria”. Mutual
mine visits of all measuring locations helped to determine the exact measuring points. Such
measuring points were intended for all main waterways as well as the influent and effluent
points in the pit. These points include in particular the overflow from the coal field “Hal-
tern” [1W], the influx from the colliery “Brassert” [2W], the influent and effluent points
of the colliery “Lippe” [3W], and the main waterway [4W]. The selected locations allow a
direct recording of the most important mine waterways and thus essentially of the major
waterway. On the other hand, the locations selected also ensure an area measurement of the
worked field at the colliery “Auguste Victoria”.

The location of the measuring components for recording the air pressure and the methane
content is intended at below sea level in the shaft 3/7 [13L] at the “Auguste Victoria” location
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at a depth of 841.6m. By doing so it can be ensured that this measuring point will be flooded
at a very late point in time and that the measurement can be carried out for a very long peri-
od. The following tables (3 and 4) and plans of the mine workings (2 and 3) provide an over-
view of the measuring points. All details were determined in close collaboration with RAG.

Table 3 Location of measuring points for the water parameter

No Operating point Name Pressure sensor Direction

below sea level [m] from to
1W  0205/0205 C301/RS6S030 1106.1 AV3 Haltern
2W 0215 C215/Q5SW38 9914 AV1/2 Wulfen
3w 0513/0505 D 440/ DB NW 60 1111.6 AV8 Waulfen
4W 0513 C513/Q6 NO 60 11131 AV8 Wulfen

Table 4 Location of measuring point for the air parameters

No Operating point Name Below sea level [m]

13L 0131 Tipper loading side, 4" level, AV3 north 841.6

shaft3

Zentralbunker 214

Figure 2 Measuring points in the worked field 20/30
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shaft 9

SchachtWulfen 2

Figure 3 Measuring points in the worked field 50

Conclusions

The monitoring system was successfully installed at the colliery “Auguste Victoria” in spring
2017. It is expected that its commissioning will be completed by summer 2017 and first
measuring values will be available. After this, the in-situ measurement technique will pro-
vide direct and continuous recordings of the parameters. And with its help the obtained data
will give evidence of the successive rebound of mine water in existing mine facilities after
mine closure. The rise of the mine water at the mine “Auguste Victoria” will take several
years. According to statutory approval the rise has to be realised stepwise. In the following
figure (4) you see one of the water measuring probes inside the frame.

The measurement data logging system will be installed in further mines once the pilot in-
stallation has been successfully tested in field. By applying the monitoring system in dif-
ferent mines, it is possible to build up a comprehensive database. The data complements
conventional mine water level rise monitoring at drill holes and shafts in order to optimise
current planning processes.
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Figure 4 water measuring probe with frame

References

Melchers C, Dogan T (2016) Study on Mine Water flooding that occurred in Hard-Coal Mining Areas in
Germany and Europe. In Kretschmann J, Melchers C (Eds) Done for good. Challenges of
Post-Mining. Anthology by the Research Institute of Post-Mining, Bochum: 147—152

RAG (2014) Konzept zur langfristigen Optimierung der Grubenwasserhaltung der RAG
Aktiengesellschaft fiir Nordrhein-Westfalen. 29 pp

100 Wolkersdorfer C, Sartz L, Sillanpaa M, Hakkinen A (Editors)



Lappeenranta, Finland Mine Water and Circular Economy IMWA 2017
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Abstract A case study identified the impact of the Schliisselstollen, the main drainage tunnel of the
abandoned copper slate deposit within the Mansfeld syncline, on the transport of pollutants into the
rivers Saale and Elbe with the aim of estimating the impact of potential measures on surface waters
and to derive recommendations for action. This was done first for a huge abandoned metal mining
area in Germany and the methodology proposed in this case study can be used for valuation of other
(abandoned or active) mining sites.

Key words Water Framework Directive, Mine Water, Mine Closure, Mass-flow-reduction

Introduction

Besides other protocols, the Water Framework Directive (WFD 2000) defined the ”aim of
achieving good ecological potential and good surface water chemical status by the latest”
2015 which was challenging for water bodies draining huge abandoned mining sites. Fol-
lowing an inventory and assessment of the then current state of the flooded mine work-
ings and the drainage system of the Mansfeld syncline, suggestions for technical solutions
should have been made to reduce mass flow of metal pollutants, especially of particle-bound
potentially toxic metals in the receiving rivers. The following goals were defined for the case
study, which was carried out between 2011 and 2013:

« Balancing of discharge and concentration of pollutants based on long-term measurements
« Data evaluation of particle-bound pollutants from the Schliisselstollen drain water

« Additional analyses on potentially toxic metals for verification of available chemical analyses
« Comparison between the solute load and total load

« Sedimentation tests with suspended solids in sweet and salty water

« Assessment, valuation and derivation of measures for mass flow reduction with due regard
« to the requirements of the Water Framework Directive

Overview about Mine Works and Mine Flooding

For about 800 years copper slate has been mined within the Mansfeld and Sangerhausen
synclines south of the Harz Mountains in the middle of Germany. It was in the 16th century
when the first drainage tunnels were driven in the Mansfeld syncline and since 1879 the
whole Mansfeld copper slate mining area has been drained by the Schiisselstollen drainage
tunnel. This level tunnel is 31.06 km long and one of the longest levels in Europe. It drains
into the Saale River via the Schlenze River (see Fig. 1).
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After the active mining was closed in 1969 all extraction space was flooded until 1981 and
from 1982 until 1992 high saline mine water from the adjacent Sangerhausen mining area
was additionally discharged into the mine works via a pipeline and one of the central shafts
in the syncline (Bolzeschacht). By the end all the mine water was discharging into the
Schliisselstollen at the so called “overflow point Gliickhilfsschacht” (see Fig. 1).

In total within the Mansfeld syncline 44 million m3 of mined space was flooded and about
150 million m3 of natural underground space. Mining was carried out up to a depth of about
1,000 m and the mining galleries have a total length of about 1,000 km. The surface of the
flooded water body comprises an area of about 150 km2. Between 1915 and 1968 the average
inflow into the mine works was about 30 m3/min where 84 % was salty water from the level
below the Schliisselstollen and about 16 % was sweet water from the level above (ARGE GFE

1992).

Schllisselstollen

‘Sigrsleben

% ostermansfeld

‘Hedersleben

Gimmelburg Eisleben

‘Blankenteim
Underground
mining area

Overflow point

Figure 1 Course of the drainage tunnel ,,Schliisselstollen” and course of the river Schlenze and Saale
in der Mansfelder Mulde. Google Earth

The type and quantity of the ores mined from the copper slate as well as the geological con-
ditions of the deposit determine the type and quantity of pollutants which are discharged
together with the mine water into the receiving rivers.

Discharge of the Schliisselstollen and Mass Flow

Average discharge of the Schliisselstollen is between 20 and 26 m3/min but can jump up to
50 m3/min in the case of heavy rainfalls.
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Figure 2 Discharge and average salinity in mine waterof the Schliisselstollen, 1876 — 2011

The flooded mine water table dips slightly from about 81—78 m NN at Eisleben (see Fig. 1)
to about 74 m NN at the overflow point. An overview about the development of discharge
over the time is shown in Fig. 2.

Annual chemical analysis is available for Na, Ca, chloride and sulphate since 1967 and for
some metals (Pb, Cu and Zn) since November 1979. Monthly chemical analysis is available
since August 1981 for metals As, Pb, Cd, Cu, and Zn. After termination of the salt water
transfer pipeline in 1992 water sampling started for all relevant metals (As, Pb, Cd, Cr, Cu,
Ni, Hg and Zn) on quarterly basis. A detailed overview about the distribution of metals in
water from different mine adits of the Mansfeld syncline is given in (PLEJADES 2012).

Besides the potentially toxic metals the salt load in the mine water is of major importance
for the environment: the annual salt load is about 350,000 t of mainly sodium chloride.
Because of the sulfidic origin of the deposit and the high salt concentration potentially toxic
metals are transported mainly in dissolved form. Based on a proven methodology (LHW
2012)in years with higher than average discharge (2010, 2011) metal loads of mine water
up to 160 t/yr and salt loads up to 600,000 t/yr have been ascertained. Loads for single
metals are as follows: 150 t/yr Zn, 3 t/yr Pb, 2.5 t/yr Cu, all other metals (As, Cd, Cr, Ni)
about 2 t/yr (PLEJADES 2012). Mercury was also analysed but not detected. Because of an
approximate constant concentration of metals and salt in the mine water the mass loads
vary accordingly to the discharge of the Schliisselstollen.

Because of the fact that the discharge of the direct receiving river Schlenze (about 0.1 m3/s)
is less than one third of that of Schliisselstollen the environmental impact on the Schlenze
River is tremendous. The annual average environmental quality standards (EQS-AA) for
water and sediment are exceeded for Cd, Pb, Zn, Cu, Ni and As and the maximum allowable
concentration (EQS-MAC) is exceeded for Cd. In contrast the impact on Saale River is neg-
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ligible for some of the metals because of a significantly larger discharge of about 100 m3/s.
Consequently in the Saale River an exceedance of the EQS-AA was only measured at two
gauge stations for Zn and Cd.

Description of the Mine System: Flooded Mine Works — Drainage Tunnel

Based on the chemical composition of the groundwater (within the flooded mine works)
and of the drainage water along the Schliisselstollen and at its level mouth, the Mansfeld
syncline mine system can be characterised as follows (see Fig. 3):
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Outcrop
Connectivity gpen Shsafts l
to Surface Xygen Supply
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Mine Water Table = et 3
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Lower Mine Water Body
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o Anhydrite, Gypsum, (Stone salt), (partly sub eroded, with Cavities)

Copper Slate Seam with Zechstein Limestone

Figure 3 Flooded Mansfeld syncline — schematic view of the flow conditions in the mine system

» Groundwater recharge: Zone above the flooded mine works (level of Schliisselstollen),
highly saturated with oxygen and with relatively low primary mobilisation of metals. In-
teraction with the Upper flooded mine water body.

« Upper flooded mine water body above -70 m NN: Zone below the mine water table but
above the saturated zone with high concentrations of metals and salt, but not saturated
brine. Advective interaction with groundwater recharge and possibility of significant mo-
bilisation of metals.

« Lower flooded mine water body below -70 m NN: Zone flooded with saturated brine, there-
fore negligible convection and interaction with the upper zone; stable density layering.

The main source of metals is the geogenic sulphide ore deposit. The process of oxidation of
water-insoluble sulphides into soluble sulphates is supported by atmospheric oxygen which
accelerates the mobilisation of metals. In the high saline mine water the metal sulphates
are converted into readily soluble metal chlorides. Atmospheric oxygen supply is caused by

104 Wolkersdorfer C, Sartz L, Sillanpaa M, Hakkinen A (Editors)



Lappeenranta, Finland Mine Water and Circular Economy IMWA 2017

groundwater recharge and mine ventilation in a small part of the mine works which is still
open for control and maintenance. The Schliisselstollen system therefore can be described
as a quasi-stable state (with natural fluctuations) with permanent and everlasting mobil-
isation and emission of geogenic potentially toxic metals.

Measures of Mass Flow Reduction

According to the Water Framework Directive (WFD 2000) a “good status” had to be achieved
by 2015 at the latest. In case the EQSs are exceeded the causes have to be found and meas-
ures have to be proposed / realised. In case of point sources (such as mine adits/drainage
tunnels) best available techniques (BAT) should be implemented (Article 10, WFD).

Definition of Planes of Action

Generally we can define three planes of action for measures which should be assessed in a
first step (PLEJADES 2013):

Plane 1: Measures with direct impact on the source
(Release of pollutants directly from the ore deposit Mansfeld syncline,
“up-stream/source”)
Measures at the source

Plane 2: Measures with impact within the subsurface migration path
(Mine works and hydrogeological environment within the Mansfeld
syncline,
“in-stream”)
Measures within the migration path

Plane 3: Measures with impact outside the mine works and adits
(After discharge off the level mouth, down-stream/end-of-pipe”)
Measures on the protected (natural) resource

Furthermore an additional — fourth plane of action can be defined which is an administra-
tive measure that describes the existing and achievable status.

Plane 4: Toleration of the status achieved so far and of the future status based on
reduced environmental quality standards, if necessary with restrictions
for water quality and water usage
(Continuation of recent measures which ensure the operational reliabili-
ty of the drainage system Schliisselstollen)

Toleration of the (achieved) status quo

Assessment and Valuation of Measures

Before starting the assessment all measures which were theoretically possible have been de-
scribed for each plane of action (planes 1-3). Then, in a first step, each measure was assessed
individually based on the following main criteria:
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« Technical feasibility

« Effort

« Approvability

« Time line for implementation
» Achievement of objectives

» Appropriateness

Daily business shows that, de facto, in most cases approvability determines feasibility
of measures. Therefore approvability is mandatory for any valuation of appropriate and
technically feasible measures. For a better assessment of the appropriateness invest-
ment cost and maintenance cost (potentially everlasting cost) had to be examined. Further-
more, for better evaluation of the achievement of objectives and finally the approvability
additional ecological / environmental criteria were used which show the possible impact on
environmental sustainability:

» Impairment of overall appearance of the landscape
» Impairment of habitat quality

« Danger of remobilisation of pollutants

« Necessity and possibility of disposal

« Improvement of public good

« Evaluation of sustainability

Based on these results, in a second step, a comparative and qualitative evaluation was made
for comparison of the measures. Only three measures remained for further assessment:

« Limited feasible measures with a limited impact: chemical immobilisation

« Feasible measures with low or no impact: reduction of (suspended) solids, direct
pipeline to the Saale River

» Accompanied measures with low impact: Acquiescence

All other measures had to be excluded from further assessment because of the following
reasons:

» Measures which are not executable and measures which are executable but with
substantial risk and/or which can only be realised with excessive cost and limited
impact:

- Removal of the source

- Inclusion of the source

- Hydraulic immobilisation

- Reduction of dissolved pollutants

- In-situ measures of water treatment

« Disproportionate measures (effective technical measures but with excessive cost):
- Ex-situ measures of water treatment
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To ensure an objective evaluation of the appropriateness of measures the ratio between
benefit (impact on reduction of pollutants) and effort (cost) was assessed considering the
prorated mass flow from the Schliisselstollen and the total mass flow in the receiving rivers
Schlenze and Saale. It also became obvious that all measures which implicate the closure of
the drainage tunnel had to be excluded from further assessment:

« Closure of the Schliisselstollen would cause the outlet of polluted mine water
into other water bodies (via other drainage adits on higher levels) and therefore a
significant deterioration of the current situation.

« Furthermore the closure of the Schliisselstollen would lead to a rise of the
groundwater level that would cause uncontrollable water outflows in depressions
and lowlands and the weakening of soluble near-surface rocks. This would lead
to a hazard or damage of existing infrastructure (roads, buildings) and to possible
additional emissions of pollutants.

Deduction of Feasible and Appropriate Measures

As a result of a detailed evaluation (see internet link: PLEJADES 2013) preservation of the
status quo (acquiescence) was defined as the only realisable solution. Consequently the fol-
lowing measures were defined for attainment of the best possible status:

« Reduction of oxygen supply to the open mine works (termination of active venti-
lation and closure of the remaining shafts and adits in the rear part of the mine)
and therefore reduction of the potentially toxic metals loads within the frame-
work of mine closure.

 Reduction of particle-bound mass flow using a sediment trap at the level mouth.

« Preservation of the Schliisselstollen from the overflow point to the level mouth
(about 12 km) with active maintenance to ensure everlasting drainage of the
Mansfeld syncline.

Conclusions

Preservation of the Schliisselstollen drainage tunnel in combination with termination of
active ventilation and closure of remaining mine openings is the only reasonable measure
which ensures a targeted and controlled drainage of the Mansfeld syncline and prevents a
deterioration of the current situation. An accompanying monitoring program would help to
adjust the environmental quality standards in the Schlenze and Saale Rivers.
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Abstract This paper describes the first full scale, containerized VFR operating in Finland. Other than
previous installations published, the VFR is sized such that all the mine water discharging from the
abandoned Metsdmonttu mine site can be treated. The design criteria allow treatment of 1 to 35 L/
min of circum-neutral mine water. During a 6 weeks small scale experimental VFR operation, the iron
removal rate, flow and the on-site parameters were measured regularly. Based on these data, the full
scale reactor was constructed and all before mentioned parameters were measured. In addition, a
tracer test with NaCl to evaluate the mean residence time in the reactor and an on-site oxidation text
with the mine water was conducted.

The experimental reactor removed more than 80 % of the iron in the mine water. The full scale VFR
meanwhile removes 95 % of the iron and about 80 % of the arsenic in the mine water. Electrical
conductivities ranged between 250 and 1300 uS/cm, pH between 7.0 and 7.9 and the redox-potential
between 140 and 360 mV. Inflow total iron concentrations ranged between 6.3 and 10.7 mg/L and the
outflow concentrations 0.2 and 10.0 mg/L. The tracer test revealed a mean residence time of 10 + 1 h,
which is substantially below the design criteria of 48 hours. Oxidation of the mine water reached 9o
% after 1 h, staring form an initial oxygen saturation of 30 %. No removal of sulphate or a statistically
significant decrease of the mine water’s mineralisation was observed.

Key words vertical flow reactor, Finland, passive treatment, Metsdmonttu, abandoned mine

Introduction

Mine water treatment at abandoned mine sites is often challenging (Wolkersdorfer 2008;
Younger et al. 2002). It is therefore important to provide mine water treatment techniques
that can operate independently, which is often the case for passive mine water treatment
options (Brown et al. 2002; Gusek 2013; Younger 2000). One of these is the vertical flow
reactor (VFR) that was first introduced about a decade ago (Sapsford et al. 2006) and has
been described and used at various locations (Florence et al. 2016; Yang et al. 2011; Yim et
al. 2014) since then.

Simplified, a vertical flow reactor consists of a tank and a coarse substrate at the tank’s
bottom that allows microorganisms to grow (“schmutzdecke”) and iron sludge to settle. It
works similar to a slow sand filtration system, in which polluted water is filtered through
coarse gravel and a layer of sand above it. Water flows gravity driven vertically downward,
at velocities depending on the size of the gravel bed. To remove Fe from circumneutral mine
water, VFRs work more effectively under aerobic conditions (Sapsford et al. 2007).
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The precipitation of Fe3*-ochre on the surface is due to adsorption of Fe** on the existing
ochre particles, which is then followed by the auto-catalytic oxidation forming even more
ochre (Barnes 2008). Once the ochre bed is building up, the filtration effect and removal
properties for Fe of the VFR increase.

So far, VFRs used in the UK, China and Korea are specifically designed tanks for treating
mine water on a chosen mine site. Though the Taff Merthyr pilot scale plant was construct-
ed using pre-manufactured parts for a “commercially available bespoke steel panelled water
tank” (Sapsford et al. 2005) and other sites used intermediate bulk containers (Dey et al.
2003), they were not in itself containerized VFRs. The new approach described here is us-
ing a modified container which allows easy access and removal of the sludge as well as the
gravel bed.

The aim of the project was to show that a containerized VFR can be used at the Metsimonttu
mine site and that the mine water can be treated to an environmentally better quality than
without the VFR.

Description of mine site

Metsamonttu (“forrest pit”) is an abandoned underground copper-zinc-lead-silver-gold
mine in Aijala, situated in the Salo municipality (formerly Kisko) of the Salo sub-region of
Southwest Finland (Varsinais-Suomi). Mining in this area dates back to the 17 century,
but the Metsdmonttu deposit was only discovered in 1945. A first drill hole was started in
1946 and the mine was operated from 1952—-1958 and 1964—1974. As rich ore reserves were
discovered, Outokumpo Oy started mining in 1951, initially with an open pit exploration but
subsequently, a 3 x 4 m shaft I was sunk to a depth of 135 m (Turunen 1953; Varma 1954)
and later deepened to 235 m. Based on the production data, shaft IT, which is located 280
m south of shaft I, was very likely sunk between 1961 and 1962 and reached a depth of 545
m. Both shafts are connected with each other through the +190 m level. In the vicinity of
the Metsdmonttu mine, three other abandoned mines are located: the Aijala, Aurums-Aijala
and the Hopeamonttu mines, which operated during various times between the 17" and 20™
century (Mikela 1989; Papunen 1986; Puustinen 2003). Though the ore processed was still
high, the mine was finally closed in 1974. Production numbers vary from source to source,
but are around 1.1t Au, 20 t Ag, 45 kt Zn, 7.1 kt Pb, 1.6 kt Cu and 113 kt S (Geological Survey
of Finland (GTK) 2016; Nurmi and Rasilainen 2015).

Tectonically and genetically, the mine belongs to the Orijarvi-Aijala area (Aijala subarea
sensu Eilu) of the Uusimaa Belt and is classified as a Zn-Cu+Au volcanic massive sulphide
(VMS) deposit (Eilu et al. 2012; Hanski 2015; Latvalahti 1979). It is characterised by felsic
to mafic volcanics and chemical sedimentary sections. Usually, the volcanics are intensely
altered with an increase of K, Fe and Mg and a decrease of Na and Ca with gneisses of vary-
ing composition and skarn, all of them highly metamorphosed (Eilu et al. 2012). According
to Latvalahti (1979), this alteration results in “dolomitization, silicification, sericitization
and magnesium-iron metasomatism” of the ore deposit. This nearly vertical deposit has a
maximum thickness of 20 m, but mostly it is less than 10 m thick and the ore itself is located
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within dolomitic limestones and skarns as well as quartz and cordierite-anthophyllite wall
rocks in disseminated or breccia deposits. Typical main ore minerals are pyrrhotite, pyrite,
chalcopyrite, sphalerite and galena with a large number of secondary minerals.

Figure 1 Iron staining at the uncontrolled mine water discharge of the Metsdmonttu site (2015-07-02).

No details about the flooding period of the Metsdmonttu mine are known and eventually the
mine water started to discharge from the abandoned and decommissioned shaft. Using the
iron staining and sludge build up as an indicator (fig. 1), it can be assumed the mine water
flooded the cellar of the mine building and discharged form their into a northern direction
into waste rock and a natural wetland area. Downstream of the mine, no more iron staining
can be observed.

Methods and Material

Initially, a commercially available, 100 L tank was used to identify if the iron concentration
of the Metsdmonttu mine water can be reduced by means of a VFR. The flow was controlled
with a valve to range around 1 L/min and the iron concentration as well as the on-site pa-
rameters measured regularly for 38 days. Thereafter, a 20 ft container was modified of-site
into a VFR and transported to the Metsdmonttu site where it was filled with a gravel bed and
the inflow and outflow adjusted to take all the water discharging from shaft 1 (fig. 2). Flow
was measured with a van Essen CD Diver through a calibrated %2 V-Weir.

Water analyses were conducted daily to monthly and on-site parameters pH, temperature,
redox-potential, oxygen concentration and electrical conductivity (EC) measured with
HACH probes. Iron concentrations were measured on-site with a Hach photometer and
alkalinity and acidity with a Hach digital titrator. Filtered (0.45 um membrane filters) and
unfiltered samples were analysed with ICP-MS and discrete analysers at Ramboll Oy in Lah-
ti. All containers were rinsed three times and the filtered samples acidified with ultra-pure
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HNO,. Samples were kept cool at below 6 °C after sampling in cooler boxes or fridges and
transported to the lab as soon as logistics allowed.

The experimental tank was filled with commercially available, white inert granodiorite of
0.5 to 1 cm diameter (purchased from a garden centre), whilst the full scale containerized
tank was filled with 32—64 mm mica gneiss.

A NacCl tracer test was conducted with commercially available food salt (Meira Jodioitu
Ruokasuoala) of 2089.79 g mass. EC was measured every minute with a van Essen CTD
diver and the EC—NaCl relationship established with a calibration of the mine water and
the food quality salt.

Sludge of the experimental VFR was dried and sent for XRF as well as SEM-EDS analysis at
LUT in Lappeenranta.

Figure 2 Picture of the Metsimonttu VFR at the end of the initial filling period (2016-08-08), before
the installation of the aeration device.

Results and Discussion

Though the on-site parameters of the Metsdmonttu shaft 1 discharge are fluctuating
throughout the year, the chemical parameters are relatively constant (tab. 1). From an envi-
ronmental point of view, the mine water can’t be described as polluting, though the iron pre-
cipitates leaves an unesthetical staining around the former, uncontrolled point of discharge
(fig. 1). Downstream the mine site, natural attenuation reduces the potential contaminants
As and Fe to 1.3 ug/L and 92 ug/L, respectively. These values can be explained by the cir-
cum-neutral characteristic of the mine water, with a pH between 6.9 and 7.9, caused by the
buffering capacity of the carbonate wall rock of the ore deposit. The mine water sometimes
has a slight aromatic smell, which is caused by the PAHs Fluorene (5 pg/L) and Pyrene (7
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pg/L), which are usually originating from gasoline, diesel fuel, and heating oils (Ibanez et
al. 2007; Weiner 2010) used in the underground mine workings. As the mine water is dis-
charging directly form the shaft, the redox-potential and the oxygen saturation are usually
low, with average around 150 mV and 5%, respectively.

Table 1 Mine Water Quality of the Metsamonttu mine water discharge between 2015 and 2016.

Parameter (n = 8) Value
Temperature, °C 70-119
Electrical conductivity, uS/cm 579 — 1288
pH, - 6.9-7.9
Redoxpotential, mV (SHE) 100 — 290
Fe,, mg/L 6.7 -15.6
As, pg/L 52 - 55
U, ug/L 27-35
S0,%, mg/L 230 — 290
HCO,, mg/L 180 — 292
0,, mg/L 0.1 -18.3
Q, L/min 0.6 —34.6

Mine Water from the shaft discharge was partly diverted into the experimental VFR for 38
days. Inflow and outflow pH ranged between 7.2 and 7.5, inflow E, between 70 and 9o mV,
while outflow E, ranged from 150 to 300 mV. Inflow Fe_, was between 6 and 11 mg/L, while
the outflow Fe , ranged between 0.4 and 10 mg/L, resulting in a removal rate starting at 11
% and reaching a value as high as 96 % towards the end of these 38 days (fig. 3). This result
was promising enough to design a full scale VFR based on a 20 ft open container, which
was commissioned on August 5%, 2016. Removal rates for Fe,, increased from about 20 %
to above 85 %, but substantially decreased during the winter months of 2016/2017, which
might be contributed to reduced microbial activity during that time of the year. Another
reason could be that the redoxpotential of the mine water stayed too high or that the partly
frozen aeration system was not capable of oxygenating the mine water high enough. In an
on-site aeration experiment it could be shown that the oxygen content of the mine water
could rose from about 31 % to 90 % within 1 h, but the redoxpotential stayed low between
90 and 100 mV, which is not high enough to oxidize all of the ferrous iron.

In order to identify the mean residence time of the mine water within the VFR, a tracer test
with food quality NaCl was conducted. A recovery rate of only 37% was achieved, as the trac-
er test might have been stopped to early. Based on the tracer test results, the mean residence
time in the VFR is 10 h 17 min, which can be considered too low for all the iron oxyhydrate to
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Metsamonttu VFR Performance
16 experimental VFR full scale VFR 100%

—e—Fetot in, mg/L

Fe?+in, mg/L 90%
—e—Fetot out, mg/L
Fe?+ out, mg/L 80%

—e—Removal Rate Fe tot

20%
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Figure 3 Performance of the experimental and the full scale VFR between June 2016 and March 2017.

settle or react. This might be another cause for the reduction in the removal rate over time.
Further investigations will be done during the summer months of 2017.

Besides the Fe, also As was removed in the VFR, which is very likely a result of co-precipita-
tion with the Fe oxihydrate. Other semi-metals and metals did not show a statistically signif-
icant change in concentration. In the SEM EDS analysis, As could not be found, but the re-
sults clearly show that the sludge is primarily iron oxyhydrate with some single particles in
the sample showing carbonates (tab. 2). XRF analyses only showed amorphous substances.

Table 2 Results of SEM EDS analysis of the sludge in the experimental VFR and related image.
Averages from area and single particle analysis.

Element Average, % Standard deviation,% n

c 12.3 14.1 8
0 38.9 6.1 8
Mg 0.4 0.2 5
Al 07 0.8 5
Si 5.4 6.8 8
S 4.4 7.7 5
Ca 2.1 0.9 8
Fe 34.3 17.4 8
Na 6.4 - 1
Zn 21.3 - 1
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Conclusions

The two experimental and full scale vertical flow reactors proved that it is possible to treat
circum neutral mine water with this technique and when using correct design criteria, re-
moval rates of up to 95 % can be achieved. The project also proved that it is possible to con-
tainerize a VFR so that it can easily be constructed of-site and transported to the treatment
site. It could also be shown that the relatively low mean residence time of the mine water
in the reactor seems not to affect the removal rate, which might be due to the fact that the
water can be oxidised relatively quickly. No precise explanation can be given for the low
removal rates during the winter months, but very likely the design needs to be changed so
that the aeration system will not freeze in winter.

Another reason for the decreased performance might be that the gravel used in the con-
tainerized VFR is too coarse and that the high initial removal rates are an indication for the
first sludge that build up. No removal of sulphate or a statistically significant decrease of
the mine water’s mineralisation was observed and is neither expected nor needed for the
relatively low mineralized water.

Acknowledgements

The authors thank Tekes for funding the FiDiPro Chair at Lappeenranta University of Technology
(CW) and Lappeenranta University of Technology Research Foundation Committee for co-financing
the research visit through a grant to BQ. We also thank the owners of the Metsdmonttu mine site,
Martti Antero and Riku Bergroth, for their assistance. Timo Ruskeeniemi identified the rocks used in
the containerized VFR and Toni Vakiparta conducted the XRD measurements on the experimental VFR
sludge. Special thanks to the stakeholders within the iMineWa project and all colleagues and friends
who helped during sampling or preparation of the site.

References

Barnes A (2008) The rates and mechanisms of Fe(ll) oxidation in a passive vertical flow reactor for the
treatment of ferruginous mine water. Cardiff University

Brown M, Barley B, Wood H (2002) Minewater Treatment — Technology, Application and Policy. IWA
Publishing, London

Dey M, Sadler PJK, Williams KP (2003) A novel approach to mine water treatment. Land Contam
Reclam 11(2):253-258. d0i:10.2462/09670513.822

Eilu P, Ahtola T, Aikiis O, Halkoaho T, Heikura P, Hulkki H, Iljina M, Juopperi H, Karinen T, Kirkkiinen
N, Konnunaho J, Kontinen A, Kontoniemi O, Korkiakoski E, Korsakova M, Kuivasaari T,
Kyldkoski M, Makkonen H, Niiranen T, Nikander J, Nykédnen V, Perdahl JA, Pohjolainen
E, Rédsdnen J, Sorjonen-Ward P, Tiainen M, Tontti M, Torppa A, Vasti K (2012) Metallogenic
Areas in Finland. Special paper — Geological Survey of Finland 53:207-342

Florence K, Sapsford DJ, Johnson DB, Kay CM, Wolkersdorfer C (2016) Iron mineral accretion from
acid mine drainage and its application in passive treatment. Environ Technol 37(11):1428-
1440. doi:10.1080/09593330.2015.1118558

Geological Survey of Finland (GTK) (2016) Metsamonttu. In: Mineral Deposit Report. http://tupa.gtk.
fi/karttasovellus/mdae/raportti/578_Mets%C3%A4monttu.pdf Accessed 2017-04-14

Gusek JJ (2013) A Periodic Table of Passive Treatment for Mining Influenced Water — Revisited. In:
Brown A, Figueroa L, Wolkersdorfer C (eds) Reliable Mine Water Technology. International
Mine Water Association, Golden, p 575-580

Hanski E (2015) Chapter 2 — Synthesis of the Geological Evolution and Metallogeny of Finland. In:
Maier WD, Lahtinen R, O’Brien H (eds) Mineral Deposits of Finland. Elsevier, p 39-71

Wolkersdorfer C, Sartz L, Sillanpaa M, Hakkinen A (Editors) 115



Lappeenranta, Finland Mine Water and Circular Economy IMWA 2017

Ibanez JG, Hemandez-Esparza M, Doria-Serrano C, Fregoso-Infante A, Singh MM (2007)
Environmental Chemistry — Fundamentals. Springer, Heidelberg

Latvalahti U (1979) Cu-Zn-Pb ores in the Aijala-Orijarvi area, southwest Finland. Econ Geol 74(5):1035-
1059. doi:10.2113/gsecongeo.74.5.1035

Mikeld U (1989) Geological and geochemical environments of Precambrian sulphide deposits in
southwestern Finland. Ann Acad Sci Fenn A 3 Geol Geogr 151:1-102

Nurmi PA, Rasilainen K (2015) Chapter 11 — Finland’s Mineral Resources: Opportunities and challenges
for future mining. In: Maier WD, Lahtinen R, O’Brien H (eds) Mineral Deposits of Finland.
Elsevier, p 753-780

Papunen H (1986) Geology and ore deposits of southwestern Finland. In: Gaal G (ed) 17e Nordiska
Geologmétet 1986 — Excursion guide, excursion C 3 — Metallogeny and ore deposits in South
Finland. vol Guide 16. Geologian Tutkimuskeskus, Espoo, p 8-18

Puustinen K (2003) Suomen kaivosteollisuus ja mineraalisten raaka-aineiden tuotanto vuosina
1530—2001, historiallinen katsaus erityisesti tuotantolukujen valossa, Geological Survey of
Finland, Report M 10.1/2003/3, Espoo, 578 p

Sapsford DJ, Barnes A, Dey M, Liang L, Williams KP (2005) A novel method for passive treatment of
mine water using a vertical flow accretion system. In: Loredo J, Pendéas F (eds) Mine Water
2005 — Mine Closure. University of Oviedo, Oviedo, p 389-394

Sapsford DJ, Barnes A, Dey M, Williams K, Jarvis A, Younger P (2007) Low Footprint Passive
Mine Water Treatment: Field Demonstration and Application. Mine Water Environ
26(4):243-250. d0i:10.1007/s10230-007-0012-6

Sapsford DJ, Barnes A, Dey M, Williams KP, Jarvis A, Younger P, Liang L (2006) Iron and Manganese
Removal in a Vertical Flow Reactor for Passive Treatment of Mine Water. Paper presented
at the ICARD 2006, St. Louis, 7:1831-1843 [CD-ROM].

Turunen E (1953) Aijalan ja Metsamontun kaivokset [The Aijala and Metsdmonttu mines].
Vuoriteollisuus — Bergshanteringen 11:16-28

Varma A (1954) The copper-zinc ore deposits of Aijala and Metsdmonttu. Geol Tutkimuslaitos 55:20-24

Weiner ER (2010) Applications of Environmental Aquatic Chemistry — A Practical Guide, 2 edn. CRC
Press, Boca Raton

Wolkersdorfer C (2008) Water Management at Abandoned Flooded Underground Mines —
Fundamentals, Tracer Tests, Modelling, Water Treatment. Springer, Heidelberg

Yang S, Wu P, Zhang R, Dong H (2011) S IEE T RO ALY B MEpE 7K [Treatment of
acid mine drainage using aerobic baffled vertical flow reactor]. ¥ T #2-fF [Chin J Environ
Eng] 5(4):789-794

Yim GJ, Cheong YW, Hong JH, Hur W (2014) The role of each compartment in a two-compartment
vertical flow reactor for ferruginous mine water treatment. Water Res 62(10):11-19.
doi:10.1016/j.watres.2014.05.016

Younger PL (2000) The adoption and adaptation of passive treatment technologies for mine waters in
the United Kingdom. Mine Water Environ 19(2):84-97. doi:10.1007/BF02687257

Younger PL, Banwart SA, Hedin RS (2002) Mine Water — Hydrology, Pollution, Remediation. Kluwer,
Dordrecht

116 Wolkersdorfer C, Sartz L, Sillanpaa M, Hakkinen A (Editors)



Lappeenranta, Finland Mine Water and Circular Economy IMWA 2017

Exploration of Cambrian limestone groundwater runoff
zones based on underground tracer tests
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Abstract To detect the occurrence conditions of Cambrian limestone (CL) groundwater runoff zones in
Pingdingshan Coalfield No.2 mine and Wuzhai mine, the underground tracer tests of CL are investigated.
The results show that groundwater velocity and permeability coefficient of CL aquifers is up to 3 011 m/d and
3 4233 m/d, which proved the existence of groundwater runoff zones. Reverse fault and fault fracture zone on
both sides of No.2 mine fault is a key factor affecting the spatial distribution of runoff zone in CL aquifers. The
determination of CL runoff zone lays the foundation for controlling water hazard from coal floor.

Key words Cambrian limestone groundwater, Intensive runoff zone, Tracer tests, Permeability coefficient.

Introduction

In the North China Coalfield (NCC), Ordovician or Cambrian limestone (CL) aquifers are the
main water disaster threat in the process of overlying coal seam mining. Pingdingshan Coal-
field is located in the NCC, the water disaster in the process of 2, and 1_coal mining is the floor
CL aquifers, with large thickness, high temperature, high pressure and uneven karst devel-
opment. By the influence of complex fault distribution and groundwater flow in coalfield, the
runoff zones of the CL aquifers are developed. The runoff zones play an important control role
in the CL water pressure, water temperature, and water inflow and water inrush. Therefore,
the study on the distribution and water control characteristics of runoff zones will have the vi-
tal significance to the prevention and control of coal seam floor limestone water hazard.

Based on the connectivity test and mine geological data of No.2 and Wuzhai mine of the
Pingdingshan Coalfield, the distribution characteristics and formation mechanism of the
concentrated runoff zones of CL aquifers is analyzed to provide a theoretical basis for the
prevention and control of mine floor water disaster.

Background of the research area

The No.2 mine and Wuzhai mine is located in the southwest wing of Likou syncline, the
footwall of Guodishan fault (Fig. 1). The stratum trends at 100°- 120°and plunge at 10°-30°,
while the dip angle is 8°- 12°.There are 9 large and medium sized faults exposed in No.2
mine and Wuzhai mine field. Except for No.2 mine reverse fault, the vertical displacement
of the other faults is small and short, which have little effect on coal mining. The No.2 mine
reverse fault is located in the south centre of No.2 mine and Wuzhai mine. The hanging
wall (northern part) rose and the footwall (southern part) dropped, striking at 90°- 145°,
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plunging at 0°- 55, with an extent of 5 km. The dip angle is 25°- 50, with a 5- 40 m vertical
displacement, which increased with the decreasing of depth.

- | Reverse fault) —.  Nermal foukt
~+ ansicline ~—+ syacline
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Figure 1 Geological structure and buried depth distribution of the CL in Pingdingshan Coalfield

The thick CL aquifers accept the ground water recharge from overlying Quaternary strata
(with thickness of 20 — 50 m) near the Zhugemiao anticline. After that, the groundwater
flowed along the direction of rock tendency from shallow to deep or along the fault fractured
zone to the north east. Then, the drawdown funnel was formed in No.2 mine and Wuzhai
mine, due to the control of draining depressurization.

Arrangement of traces tests

The tracer test is an effective method to detect the water conductivity of faults, the hydraulic
connection between different aquifers, the movement state of the limestone groundwater, the di-
rection of the extension of the runoff zone and estimate the groundwater flow velocity. To detect
the distribution of runoff zones of the CL aquifers in No.2 mine and Wuzhai mine, 2 tracer tests
were carried out in the mine from December 4 to 7, 2013 and March 14 to 15, 2014. The launching
point (LP) is located in the fracture zone of No.2 mine main roadway west at an elevation of —86
m. Six receiving points (RP) were set in the underground water outlet in the first experiment, 4
of them are located in No.2 mine, and the other are located in Wuzhai mine (Fig. 2). The target
layers are the CL aquifers, and the groundwater samples were collected from the receiving point
of the CL aquifers. The launching and receiving data of tracer tests are shown in Tab. 1.

Iodide ion was used as a tracer because this element was undetectable in the CL groundwa-
ter prior to testing. The concentration of potassium iodide released at the LP was 250 mg/L,
and the iodide ion concentration was 184.028 mg/L. Two hundred and sixty four water
samples were collected during the two tests, and water samples were sent to the laboratory
to determine the iodide ion content using ICS-1100 ion chromatography system. Tracer
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concentrations at RPs as well as travel times from the LP to RPs are presented in Tab. 2.
Obviously, the iodide ion was detected in varying degrees from each RP.
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Figure 2 Location of the launching point and receiving points of the tracer tests

Table 1 Location and parameters of the LP and RPs

. . Water level elevation Distance to LP Water surface
Test point Location

of CL (m) (m) slope
Lp -86m main roadway in -86 0
No.2 mine
RP1 23170 air alley in No.2 mine -395 3162.54 0.0977
RP2 The intersection of 23130
air alley and Geng.3 main 320 254823 0.0918
haulage roadway in No.2
mine
RP3 23170 haulage alley in No.2 -400 3003.81 0.1045
mine
RP4 The intersection of 31010
air alley and Geng? main 500 358775 01154
haulage roadway in No.2
mine
RP5 21020 haglage alley in -400 379179 0.0828
Wuzhai mine
RP6 -320 m main haulage road- -330 404057 0.0604

way in Wuzhai mine
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Table 2 Time and traces concentration of the LP and RPs

The first time The second time
Testpoint  concentration Time (h) Concentration Time (h) Note

(mg/L) (mg/L)
LP 184.028 0 184.028 0 The first time is 10:30

a.m., February 6, 2013;

RP1 0.008 50.00 0.073 1850  The second time is 9:30
RP2 0.376 52.00 0.007 16.50 a.m., March 14,2014
RP3 0.017 45.50 0.095 17.50
RP4 0.009 70.83 0.003 22.50
RP5 0.011 30.50 No samples
RP6 0.008 16.50 No samples

Connectivity test of concentrated runoff zone
The CL groundwater velocity, using the distance between the LP and RPs, and the tracer
travel time was calculated (Tab. 3). The estimated groundwater velocity is between 1 176 and

5 877 m/d, and its mean value is 3 011 m/d. The velocity value of No.2 mine and Wuzhai
mine are respectively 2 656 m/d and 4 430 m/d.

Table 3 Calculated values of groundwater velocity and permeability coefficients

The first time The second time
Mine name  Location Velocity Permeability Velocity Permeability
(m/d) coefficient (m/d) (m/d) coefficient (m/d)
No.2 mine RP1 1518 15537 4102 41993
RP2 1176 12 811 3706 40 376
RP3 1584 15162 4119 39 421
RP4 1215 10534 3826 33162
Wuzhai RP5 2983 36 035 - -
mine
RP6 5877 97 304 - -

According to the hydraulic gradient and groundwater velocity, permeability coefficient of
the CL aquifers in No.2 mine and Wuzhai mine could be calculated by using Darcy’s law
(Tab. 3). The estimated permeability coefficient is between 10 534 and 97 304 m/d, with a
mean value of 34 233 m/d. The permeability coefficient of No.2 mine and Wuzhai mine are
respectively 26 124m/d and 66 669 m/d.

According to the existing research results, when the permeability coefficient is greater than
50 m/d, it can be defined as the strong permeability aquifer. The permeability coefficient
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of the CL in No.2 mine and Wuzhai mine is far greater than 50 m/d, which illustrates the
existence of runoff zones in CL aquifers. The field geological survey shows that the visual
width of the LP is about 30-60 cm, which extends from north to west. Its extension is very
deep and can be heard to contain water flow, which can prove the existence of the runoff
zones in CL aquifers.

Genetic analyses of the runoff zones

The 3 middle size normal faults on both sides of the LP, which are parallel to each other,
are distributed in the range of 600 m. It strike at north-west and plunge at north-east, with
15 m displacement. The northwestern part pinch out in the southern part of the No.2 mine
reversed fault. At these composite zone of fault and thin out site, the strata are fractured and
karst landscapes are developed. Therefore, it becomes a fractured zone with strong water
permeability. The strike of the LP fracture zone is consistent with the medium normal fault,
which could be caused by the medium normal fault. In brief, the fractured zone in the me-
dium normal faults laid the foundation of the concentrated runoff in the CL groundwater,
which in the south part of No.2 mine reversed fault.

As can be seen from Fig. 3, the CL aquifers at both sides of No.2 mine reversed fault were
not entirely disconnect by the fault, and still maintained a certain continuity, which has no
effect on groundwater flow. According to drilling data, in 29 boreholes, with the CL exposed,
50% of them are distributed on both sides of the No.2 mine reverse fault. This illustrates
the CL karst landscapes were relatively developed on both sides of the fault. Therefore, the
hydraulic connection of the CL aquifers on both sides of fault is close. The exposed informa-
tion in the tunnel at the north side of No.2 mine reverse fault and the working face illustrat-
ed that small faults were well developed in the Geng2 mining area, with zonal distribution
(Fig. 3). The average density of faults was 73 strip/km?. These small faults mainly strike
at NE, with the larger dip angle. This made the CL extremely broken, and also provided a
channel for the groundwater flow from southwest to northeast and from shallow to deep.

According to the distribution of faults and fracture zones, the movement mechanism of iodide
tracer could be obtained. The tracer injected into the site first flowed westward along the frac-
ture zone. After flowing through the No.2 mine reverse fault, it flowed along the fault zone to
the northeast. Then the iodide tracer could be detected when arriving at No. 1, 2, 3, 4, 5, 6 RPs.

The results of the tracer tests and the analysis of the fault fracture zone shows that the CL
groundwater runoff zones were developed at both sides of No.2 mine reverse fault. The
runoff zones are: from the LP at -86 m main roadway to the working face 23130, 23170 of
No.2 mine and working face 21020 of Wuzhai mine. But at the RP4 (elevation of -500 m),
the iodide concentration was the lowest of the 2 tracer tests, which illustrated the hydrau-
lic connection between deep groundwater and shallow groundwater of the CL is not close.
That means the groundwater runoff zone has not reached the depth of -500 m. Plane and
vertical distribution of the CL groundwater runoff zones in No.2 mine and Wuzhai mine
could be further determined by geophysical prospecting, hydro-geological boreholes and
the exposed condition of tunnel.
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Figure 3 Section map of inverse fault in No.2 Mine of Pingdingshan Coalfield

Conclusions

The groundwater velocity of the CL groundwater in No.2 mine and Wuzhai mine estimated
by the tracer test is 3 011 m/d. The permeability coefficient of the aquifers is 34 233 m/d.
The above results proved the existence of the CL groundwater runoff zones.

Within No. 2 mine, small faults are well-developed, and have an average density of 73 strip/
km2. Well-runoff tunnels are developed within these fault zones. Indeed, small faults con-
trol the runoff of the CL groundwater.

The runoff zones provide a well channel for the CL groundwater in No.2 mine and Wuzhai
mine that flow from southwest to northeast and the flow from shallow to deep plays an im-
portant role in the process of disaster prevention in coal mine.
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Similarities in Mine Water Management Challenges in
Polar and Desert Climates: Two Case Studies
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Abstract Water resources availability and management in extreme climates are usually challenging
for mining projects. The present paper focuses on two extreme conditions: the desert and the polar
(Tundra subtype) climates. Despite the obvious difference between these two extreme conditions, water
resources availability and management for mines in both climates show some striking similarities that
may seem surprising. Such similarities relate to the following aspects especially:

- Atmospheric precipitation patterns

- Water inflows into mines

- Tailings management

- Water supply and groundwater quality

This paper illustrates the above similarities with two case studies.

Key words Extreme Climate, Permafrost, Desert, Mine Water Management, Water Supply.

Introduction

Water management in polar and dry climates (Belda et al. 2014) entails specific challeng-
es to mining projects. The rainfall scarcity and sharp seasonal fluctuation in these climate
conditions make mine water supply difficult and therefore the mine project development
requires rigorous measures to minimise the use of water and maximise its recycling to fulfil
the water demand. Such stringent requirement has a direct effect on the selection of the ap-
propriate approach to tailings management, as well as the identification of the water supply
source.

To illustrate the mine water management challenges and similarities in these two climates,
this paper presents a polar climate project in Russia and a dry climate project in the Sahara
Desert. To ease reference for the reader, since the project in Russia is in a polar (Tundra
subtype) climate with a thick permafrost layer present, the project will be referred to here
as the “permafrost” project and the second project will be referred to as the “desert” project.

Discussion
Project location and summary

The locations of the two projects presented in this paper are shown in Figure 1 and photo-
graphs of the landscape of each site are presented in Figure 2. This paper is based on the
findings of the mine development Feasibility Study (FS) for both projects.

The permafrost project (the Mangazeisky Silver Project) is located some 400 km north of
Yakutsk in Russia (Figure 1). It is a combined open pit and underground mining operation
with the open pit mining comprising a small open pit of approximately gom depth and a few
narrow trenches up to 30 m deep. Topographic elevations in the project area range from ap-
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proximately 1240 m above sea level (masl) at the high ridge near the proposed mine, to 840
masl at the adjacent valley floor (Figure 2). The streams are characterised by steeply dis-
sected valleys. The site catchment belongs to the basin of the Yana River, which flows north
into the Laptev Sea. Surface water flow in the area ceases during the winter season due to
the freezing temperatures, which cause the formation of ice along the river and stream beds.

Permafrost project
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Figure 1 Approximate locations of the two projects

The desert case study is the Nahda Tungsten underground mine Project, located in the bar-
ren Tanezrouft region of far southern Algeria, a region that extends along the borders of
Niger and Mali, west of the Hoggar mountains. The terrain of the desert project is generally
flat and sandy with some rocky outcrops in the north-western part of the concession (Figure
2). The elevation of the permit area varies between 545 and 728 m above mean sea level
(masl). Wadis in the local area serve as witness to historic water erosion when the Sahara
Desert’s climate was wetter. Wind erosion is currently the main driver of the landscape
structure and due to the absence of dense vegetation the landscape is more prone to erosion.

Figure 2 Views of the two sites: (a) the permafrost site in February and (b) the desert site in
January. (source: Author’s photos from site visits)
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Atmospheric precipitation pattern

A global map showing the pattern of average annual precipitation worldwide is presented
in Figure 3 (Evans 1996). This map illustrates the striking similarities between the desert
and polar Tundra subtype climates with respect to atmospheric precipitation over the year
which is very low in both regions.

Accordingly, the desert climate, which occurs in arid areas such as the Sahara, is charac-
terised by high air temperature and low atmospheric precipitation. The permafrost areas,
which have a polar type of climate in cold regions such as Siberia and north of Canada and
Alaska, also show low atmospheric precipitation but low air temperature. Weather station
records show that the amount of rainfall is less than 250 mm per year in both the permafrost
and desert areas. The annual average rainfall in the Algerian Desert is generally below 100
mm in the northernmost part. The scarcity of rainfall is aggravated by its irregularity. The
presence of slow but constant winds exacerbate the dryness and aridity of the Sahara by
causing enhanced rates of evaporation.
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Figure 3 Global map of average annual precipitation
(source: http://www.fao.org/docrep/w5183e/w5183e01.,jpg).

The nearest weather station precipitation and temperature data from the Global Historical
Climatology Network (GHCN) were used in the analysis for both projects. The data were
obtained via the U.S National Oceanic and Atmospheric Administration (NOAA) website
(NOAA, 2015).

In the permafrost project area the two weather stations of Sebyan-Kuel and Syuryen-Kyuyel,
located 45 and 80 km respectively from the project, are the nearest stations with longterm
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precipitation records. The average annual precipitation at the Sebyan-Kuel and Syuryen-
Kyuyel weather stations is 203 mm and 337 mm, respectively. More than 60% of the precip-
itation occurs during the warm season. The highest average amount of precipitation occurs
in June and July (59 mm and 76 mm, respectively) and the lowest in the winter months,
from November to March.

Table 1 Average monthly precipitation for both projects, based on the nearest station data, mm.

Station Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year

Permafrost Project 3 3 3 8 12 59 39 31 25 13 3 4 203
(Sebyan-Kuel)
Desert Project

114 09 2 3 52 132 157 8 209 O 0 0 803
(In Guezzam)

The climate characterization for the desert project was based on data from the nearest sta-
tion, In Guezzam, located some 140 km south of the project site. The data consist of a total
of 20 years of monthly climate data and 20 years of daily rainfall data. The average monthly
and annual precipitation recorded in the nearest weather stations for both projects are pre-
sented in Table 1.

The estimated magnitudes of 24h storm events for both project are shown in Table 2. 24h
storms are commonly less than 25 mm in the permafrost project area and are not expected
to be much higher than 60 mm for events of 50-year return period or more. For the desert
project the maximum 24h rainfall recorded over the 20-year monitoring period from 1996
to 2015 was 60 mm. The frequency analysis suggests a maximum 24h rainfall magnitude
of around 70 mm for 50-year return period and 90 mm for 100-year return period events.

Table 2 Estimated extreme Event 24-hour Rainfall Storms for both projects

Estimated 24-hour Extreme Rainfall Depths (mm)
Return Period (year)

Desert site Permafrost site
5 22.6 36.24
10 34.5 43.15
20 48.5 49.77
50 70.6 58.34
100 90.4 64.76

Expected water inflows into the mine

Because of the scarcity of atmospheric precipitation (and the presence of an impervious per-
mafrost layer in the case of the polar site) inflows of groundwater and surface water runoff
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into mines in these two climate conditions are commonly low and therefore manageable
using in-pit sump pumps rather than active dewatering from outside the mine.

Permafrost project

The hydrogeology of the site is characterised by the presence of the following formations:

 An active layer, where the temperature levels during the warm season reaches
thawing point;

« The underlying permafrost layer: the permanently frozen ground; and

« Bedrock beneath the permafrost, which has the potential to contain groundwater.

The measured downhole temperature profiles, obtained from full year temperature moni-
toring, indicate a maximum thawing soil thickness of 1.75 to 2.75 m, reached in late August.
Such a thin active layer, which remains frozen for most of the year, has a very limited stor-
age capacity.

Using a geothermal gradient obtained from the temperature monitoring in deep boreholes,
the thickness of the permafrost layer was estimated to be between 190m in the river valley
to 400m in the top of the hills. Considering the significant thickness of the permafrost in
the project area, the sub-permafrost aquifer is located far below the weathered layer, and
groundwater flow seems to be mainly driven by geological structures (faults and fracture
networks).

Six deep boreholes were drilled to investigate the sub-permafrost aquifer along the river
valleys, and airlift and pumping tests carried out to assess the aquifer potential and esti-
mate its hydraulic parameters. The results showed that the aquifer is highly confined, with
all boreholes being artesian. The highest pumping rates achieved ranges from 1 L/s to less
than 3 L/s (10 m3/h).

Due to the pit and underground mine being located fully in the permafrost layer, ground-
water inflow into the mine was estimated to be negligible. The average surface water runoff
into the proposed pits over the mine life was estimated to vary between 440 and 1700 m3/
day due to rainfall events in the summer time.

Desert project

Hydrogeological investigations in the desert site revealed the existence of a small confined
aquifer comprising a fractured horizon in the crystalline bedrock. The recharge area for the
aquifer is believed to be the Atakor mountains, which are located more than 250 km north
of the site at an altitude of 2000 masl, whereas the approximate elevation of the project area
is 500 masl.

Of 44 boreholes drilled at the early stage of exploration on site only 9% were hydraulically
productive. The borehole tests indicated a strong anisotropy of the fracture network. The
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most productive well, where the static groundwater level was recorded at 52 meters below
ground level, produced an average flow rate of 126 m3/day (1.45 L/s). A pilot mine shaft of 6
m? section constructed in the past at the site to a depth of 100 meters showed a static water
level of 40m below ground. The shaft was hydraulically tested at a rate varying from 15 to 37
m3/day, inducing a drawdown of 18 m; a level that did not stabilise indicating low aquifer
yield and limited storage capacity. The aquifer properties, the low rainfall in the area and
the remote location of the recharge zone indicate that aquifer yields and therefore ground-
water inflows into the proposed mine will be very low.

Tailings management

Ore processing for the permafrost project is expected to produce some 805,000 tons of
tailings over the 8 years Life of Mine (LoM). For the desert project the amount of tailings
expected from ore processing over the 6 years of mine life is around 900,000 tons. Due to
the difficulties of water supply for ore processing all year round, water conservation in both
projects is an important driver in selecting the tailings disposal technology. Based on such
criteria, a filtered tailings design was developed for both projects. The similarity of the tail-
ings Feasibility Study design criteria for both projects is illustrated in Table 3 (SRK, 2016
and 2017).

Table 3 Tailings management Feasibility Study design criteria for the two projects

Tailings Management Design Criteria Permafrost project Desert Project
Tailings Deposition Type Fillt.er press dewatere’d FiIFgr press dewatere’d
tailings or ‘filter cake'. tailings or ‘filter cake'.
Tailings Facility Capacity 805,000 tons 900,000 tons
Tailings Facility Design Life 8 years 6 years
Tailings Moisture Content 15% 15%
Tailings Deposited Dry density 1.77 t/md 1.4t/m?
Tailings Design Storm (considering 65 mm 90 mm

100y return period 24h duration)

Filtered tailings are typically produced in a two-step process using a high-density thickener
and vacuum or pressure filters in series. This allows the solids content by mass (w/w) of the
tailings material to be raised above 85%. Using this method allows a recovery of up to 95%
of the process water in the tailings. Furthermore, filtered tailings material present a lower
risk of instability and environmental impact compared to wet tailings, and they are typically
transported by trucks or conveyors and deposited in successive lifts to form a dry stack.

Water supply and groundwater quality

Owing to the thickened tailings technique and water recycling, the estimated fresh water
demand for the desert and permafrost projects were reduced to around 130 m3/day and 260
m3/day, respectively, including the processing plant and mine camp water requirements.
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Due to the precipitation and temperature patterns in both desert and polar climates, water
supply must rely on a groundwater resource, which is often ‘“fossil’ (paleo) water due to min-
imal recharge of the aquifers. Over the years such low recharge has led to an increase in salt
concentration in groundwater.

The sub-permafrost aquifer is the only potential water source for the permafrost project
during the cold period of the year when surface waters are frozen. Using aquifer parameter
data obtained from borehole tests, in addition to geological and permafrost information, a
groundwater model was developed and scenarios of long term borehole pumping for water
supply simulated to assess the availability of the required amount of water in the aquifer for
various pumping rates and patterns. The model results indicated the existence of enough
water storage to supply the mine for the project life with the required amount of water.
Subsequent testing of actual water supply wells, which is still ongoing, is corroborating such
findings.

Borehole tests at the desert project suggested very low storage capacity of the small local
aquifer. Therefore, water supply is envisaged from another groundwater source some 80
km from the site. In such a location, historic water wells have been operating for a long time
and appear to guarantee the water supply for the project. Due to the selected tailings man-
agement technique, water recycling is maximised and the water supply needs are reduced to
the minimum. Therefore, the small amount of makeup water required for the project over
such a distance will be transported to site by track.

pH and salinity of groundwater at both sites are shown in Table 4 (SRK, 2016 and 2017).

Table 4 Summary of groundwater quality

Groundwater quality parameters

Site
pH Salinity (TDS) mg/L Comment
Permafrost site  7.3-7.5 ~2.270 Water can be used for ore processing but
needs treatment to become drinkable
Desert site 6.7 2.260-2,550 Water can be used for ore processing but
needs treatment to become drinkable
Conclusions

The water management elements in a mining project are linked through the project water
balance, which often reflects either a need for additional water supply, water treatment or
discharge into the environment. This paper illustrated the striking similarities that can be
observed in both the polar (Tundra subtype) and desert climate conditions using two case
studies.

Whilst the scarcity of both rainfall and groundwater (and extreme temperature fluctua-
tions) in the permafrost and desert locations result in low and manageable inflows of water
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into the mines, this also leads to a shortage in water resources and dictates specific water
management measures to be taken to fulfil the mine project needs. Thus, the use of filtered
tailings was envisaged in both the presented case studies to maximize process water re-
covery within the processing plant and reduce makeup water demand. Fossil groundwater
remains the main source of water supply for these mine projects, but due to its high salinity
such water requires treatment before it can be used as a potable supply.
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Abstract In the case of the Metsamonttu Zn-Cu-Pb-Au-Ag-mine in Finland, which was closed in the
1970ies, the mine water chemistry, isotopes, flow and the stratification in the mine was measured for a
duration of two years. Based on the results, a still ongoing tracer test was initiated. The reason for this
investigation was to understand which hydrodynamic and chemical processes are occurring in a closed
underground mine and how this knowledge can be used for future mine closures or in-situ remediation
options as so far no general conclusions can be reported.

It was found that the mine water shows no substantial vertical stratification but that a horizontal
stratification occurs which causes the water in the two shafts to be of different chemical and isotopic
signatures. While the electrical conductivity in shaft 2 was low, close to low mineralized ground water,
the electrical conductivity in shaft 1 was higher, showing an interaction between the ore deposit and the
water. The current results of the tracer test also show that the mine water velocity seems to be very slow
as no tracer was found after 3 months of operation of the tracer test.

Key words hydrodynamics, geochemistry, Metsdmonttu, abandoned mine

Introduction

In the times of economic down turn, when resources deplete or political decisions require
the closure of underground mines, the question arises of how to conduct mine closure. This
paper will address this question. In the past, the underground mines were simply allowed to
flood by turning the mine pumps off and allowing the groundwater alias mine water table
within the mine to rise (Wolkersdorfer 2008). Once the inflow and outflow quantity of the
mine water equalised or the mine water reached the lowest point of discharge, the mine wa-
ter either entered the receiving water courses or was directed into a mine water treatment
plant (“pump and treat”). Yet, changing environmental standards and social awareness of
potential problems relating to polluted or acid mine drainage demands a more thorough
planning of the flooding and mine closure process (Stacey et al. 2010a, b). Recent and cur-
rent examples, where mine flooding resulted or will result in thorough planning are the Ger-
man hard Coal mines (Coldewey et al. 2014; Rosner 2011), the Witwatersrand gold mines
(Coetzee 2016) or the Cape Breton Island hard coal mines (Shea 2009), and in many cases a
vertical stratification in the shafts was observed (Wolkersdorfer et al. 2016).

The abandoned Finnish Metsdmonttu mine with two shafts was chosen as a case to study
mine water chemistry, hydrodynamics and the stratification within the mine water body.
For two years, chemical water data was collected, isotope studies conducted and a tracer
test initiated. This proceedings paper describes the first results of these investigations. A de-
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scription of the mine water treatment experiments is given in another paper of this author
in this proceedings volume.

Description of mine site

The following description of the mine site is taken from Wolkersdorfer and Qonya (2017).
Metsamonttu (“forrest pit”) is an abandoned underground copper-zinc-lead-silver-gold
mine in Aijala, situated in the Salo municipality (formerly Kisko) of the Salo sub-region of
Southwest Finland (Varsinais-Suomi). Mining in this area dates back to the 17" century,
but the Metsamonttu deposit was only discovered in 1945. A first drill hole was started in
1946 and the mine was operated from 1952-1958 and 1964—1974 (figures differ). As rich
ore reserves were discovered, Outokumpu Oy started mining in 1951, initially with an open
pit exploration but subsequently, a 3 x 4 m shaft I was sunk to a depth of 135 m (Turu-
nen 1953; Varma 1954) and later deepened to 235 m. Mining was conducted using shrink-
age-stoping with longitudinal stopes and partly cut-and-fill stoping (Matikainen and Sarkka
1982; Varma 1954). Based on the production data, shaft IT, which is located 280 m south of
shaft I, was very likely sunk between 1961 and 1962 and reached a depth of 545 m (fig. 1).
Both shafts are connected with each other through the +190 m level. In the vicinity of the
Metsamonttu mine, three other abandoned mines are located: the Aijala, Aurums-Aijala
and the Hopeamonttu mines, which operated during various times between the 17" and
20" century (Makela 1989; Papunen 1986; Puustinen 2003). Though the amount of ore
processed was still high, the mine was finally closed in 1974. Production numbers vary from
source to source, but are around 1.1t Au, 20 t Ag, 45 kt Zn, 7.1 kt Pb, 1.6 kt Cu and 113 kt S
from a total of 1.5 Mt of ore mined (Geological Survey of Finland (GTK) 2017; Nurmi and
Rasilainen 2015).

Tectonically and genetically, the mine belongs to the Orijarvi-Aijala area (Aijala subarea
sensu Eilu) of the Uusimaa Belt and is classified as a Zn-Cu+Au volcanic massive sulphide
(VMS) deposit (Eilu et al. 2012; Hanski 2015; Latvalahti 1979). It is characterised by felsic
to mafic volcanics and chemical sedimentary sections. Usually, the volcanics are intensely
altered with an increase of K, Fe and Mg and a decrease of Na and Ca with gneisses of vary-
ing composition and skarn, all of them highly metamorphosed (Eilu et al. 2012). According
to Latvalahti (1979), this alteration results in “dolomitization, silicification, sericitization
and magnesium-iron metasomatism” of the ore deposit. This nearly vertical deposit has a
maximum thickness of 20 m, but mostly it is less than 10 m thick and the ore itself is located
within dolomitic limestones and skarns as well as quartz and cordierite-anthophyllite wall
rocks in disseminated or breccia deposits. Typical main ore minerals are pyrrhotite (18—20
%), pyrite (9—10 %), sphalerite (7 %), chalcopyrite (0.25 %) and galena (0.12 %) with a large
number of secondary minerals (Turunen 1953; Warma 1975, Table 1).

On the first visit in 2015, ferrous mine water with a circum-neutral pH was discharging
from shaft 1 into the cellar of the abandoned shaft housing and from there into the receiving
environment. After about 50 m of surface flow, where substantial ochre deposits have been
build up since the mine closure, the mine water seeped into a waste rock pile north of the
shaft building. At the point of discharge from the shaft into the cellar, H2S could be smelled
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Figure 1 Left: Cross section of the Metsdmonttu mine site with shaft 1 on the right and shaft 2 on
the left. Indicated are the two mining phases (from Warma 1975). Stirros: fault, louhittu: mined.
Right: shaft 1 and part of the flooded open pit lake in the foreground (2015-07-02).

and white filaments, very likely sulfur reducing bacteria, could be observed. In shaft 2, the
mine water was standing 11.63 m below shaft bank and a 20 ¢cm (1 m3) thick layer of badly
smelling oil, grease and fat was encountered. This was later removed from a specialised
company. In both shafts, the mine water has a distinctive aromatic smell of PAHs.

Methods and Material

Mine water samples were taken in filtered, acidified (0.2 pym) and unfiltered aliquots and
analysed in the accredited Ramboll Lahti laboratory using ICP-MS and discrete analysers.
k, and k, were analysed in the field with a Hach digital titrator and on site parameters mea-
sured with the relevant Hach electrodes connected to a Hach HQ40D. Stable isotope ratios
60 and 6°H were sampled in 2 mL glass vials with septum screw caps were complete-
ly filled with water samples and analyzed at the Institute for Groundwater Management,
Technical University of Dresden, Germany by a stable isotope mass spectrometer MAT 253
(Thermo Fisher Co., Bremen, Germany) after pyrolysis in a high temperature pyrolysis de-
vice at 1450 °C (HEKAtech Co, Wegberg, Germany). §*0 and §°H ratios were estimated
by an average of a fourfold analysis and calibrated by the IAEA-standards VSMOW2 and
SLAP2. Temperature and electrical conductivity measurements in the shafts were conduct-
ed once using a Heron Conductivity Plus 300 m dipper (the instrument failed to work prop-
erly after the first measurements). Depth dependent water samples were taken with a 1 L
plastic depth sampler. While shaft one could be sampled up to its maximum depth of 210
m, shaft 2 had an obstacle in a depth of 290 m and could not be sampled to the maximum
depth. Flow was measured with the bucket and stopwatch method.

Results and Discussion

Water is discharging from shaft 1 at a flow rate of 0.6 — 34.6 L/min, with an average of
9.3 L/min (n = 66). pH values are circumneutral between 6.0 and 7.9 with an average of
7.0 and electrical conductivities range from 209 to 1300 uS/cm with an average of 550 uS/
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cm. No water discharges from shaft 2, as the mine water level is 13 m below surface. Based
on the production data, the mine has a volume of 500 — 600,000 m3, which would result
in an average theoretical flooding time of 100 years. As this is obviously wrong, the mine
water make during production and the flooding period must have been higher, but no data
is known hitherto, and the first flush period can therefore not be calculated.

All chemical and isotope data show that the mine waters in the two shafts of the Metsamonttu
mine are slightly, but statistically significantly different (Tab. 1 and Fig. 3). In general, the
mine water in shaft 1 is higher mineralised than that of shaft 2. Isotopic analysis show that the
samples in shaft 1 are heavier compared to those of shaft 2, but are not on one of the local me-
teoric water lines of Finland. Yet, as mine water in shaft 2 is clearly precipitation influenced,
this water falls within the range of isotope signature typical for rain water in Finland, as re-
ported by Kortelainen (2007). The difference between these two isotopic compositions could
be related to winter or summer isotope signatures in the two shafts, an isotopic fractionation
of mine water in shaft 1 or mixing with water showing heavier isotope ratios. Detailed studies
to understand these differences are still ongoing. From the depth depended temperature and
electrical conductivity measurement in shaft 1, two distinctive water bodies can be identified,
whereas the upper one is characterised by lower temperatures and electrical conductivities,
compared to the lower water body. As would be expected, the separation occurs at one of the
main levels connected to shaft 1 (+83 m level, 80 m below ground). Interestingly, this differ-
ence is not mirrored in the chemical composition of the mine water at different depths, which
can either be related to a malfunctioning of the dipper or the depth depended samples were
not taken in the depth indicated. Thought the chemical analysis also show a tendency to high-
er mineralisation with depth, it is not as obvious as in the dipper measurements.

Some of the most distinct difference between the two shafts is the trace metal concentration.
While shaft 2 is generally lower mineralised then shaft 1, there are some, hitherto unex-
plained differences: Al, Cd, Cu and Zn are higher in shaft 2 then in shaft 1. As the average pH
in both shafts is similar, one reason might be the redox potential, which is around 105 mV
in shaft 1 and 275 mV in shaft 2. Most metals are less mobile in lower redox conditions than
in higher ones, which partly might explain this difference. One of the main reasons for the
higher mineralisation in shaft 1 is the fact that the water flows through large parts through
backfilled stopes, while the mine water in shaft 2 is predominantly rain or ground water
flowing into the shaft. The higher sulfate concentrations in shaft 1 are an indication of pyrite
weathering, but the protons are buffered by the prevailing carbonates in the ore body. Only
in the lowest part of shaft 2 the shaft is connected with the ore body, but cannot be samples
due to obstacles in the shaft.

Interesting is the relatively high As-concentration in the mine water of shaft 1, which is due
to the occurrence of elemental As and As minerals in the ore body, as described by Warma
(1975). This is an indication that the mine water discharging at shaft 1 either flows through
the backfilled stopes or the unmined ore body, whereupon the first option is more unlikely
due to the waste rock—cement mixture used for backfilling.
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Table 1 Results of the depth dependent chemical analysis in the shafts 1 and 2 between 2015-08-20
and 2016-12-21. n = 4. The relative standard deviation for most of the parameters is around 11%.
Ion balance from PHREEQC (WATEQ4F database) calculation.

Shaft 1 Shaft 2

15m 65 m 145 m 210 m 13m 95 m 220 m 290 m

Ca, mg/L 110 107 110 113 37 37 42 46
Mg, mg/L 9.3 9.3 9.7 9.6 1.6 16 2.4 36
Na, mg/L 1.7 1.4 125 125 5.2 5.1 6.9 10.6
K, mg/L 2.2 2.2 2.2 2.3 1.4 13 1.3 1.4
Sr, mg/L 0.2 0.2 0.2 0.2 0.0 0.0 0.1 0.1
Li, pg/L 5.0 5.3 5.4 5.0 1.4 15 1.7 1.8
NH,, mg/L 0.2 0.2 0.2 0.1 <0.006 <0.006 0.02 0.01
HCO,, mg/L 160 160 160 160 95 95 9% 9%
S0, mg/L 198 198 208 215 28 28 53 48
Cl, mg/L 3.1 2.9 3.1 3.2 2.5 2.4 2.7 47
F, mg/L 15 1.4 1.4 1.4 0.2 0.2 0.2 0.2
Fe, mg/L 7.7 7.7 8.0 8.0 0.6 0.6 1.0 13
Mn, mg/L 07 0.6 0.7 0.7 0.0 0.0 0.1 0.1
As, ug/L 51.5 51.3 52.0 51.0 1.7 1.7 2.8 3.1
Al, ug/L <10 <10 <10 <10 118 120 120 115
Ba, pg/L 9.9 9.8 9.9 9.9 8.3 8.1 8.2 8.3
Cd, pg/L <0030 <0.030 <0.030 <0.030 0.4 0.4 0.4 0.4
Cu, pg/L 1.4 <1.0 <1.0 <1.0 6.0 6.1 5.9 5.9
Pb, ug/L 1.1 0.9 1.1 2.2 2.8 3.0 3.0 2.8
Si, mg/L 7.7 7.4 7.5 7.4 45 4.4 4.6 47
U, pg/L 3.2 3.3 3.4 3.4 1.1 1.1 13 1.8
Zn, pg/L 8.0 9.3 9.4 125 210 208 208 200
lon balance, % 184 060 0.83 0.72 1.40 131 -1.42 7.95
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Figure 2 Vertical electrical conductivity (EC) and temperature measurements in the Metsamonttu
shaft 1 (2016-08-22). Superimposed is a cross section of shaft 1.
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Figure 3 Depth dependent stable isotope compositions in the Metsamonttu mine. LMWL: various
local mean water lines from Finland. Left lower cluster from shaft 2, right upper cluster form shaft
1. MPD: Metsamonttu pipe discharge (shaft 1) and MSD: Metsamonttu shaft discharge (shaft 1)
Local Meteoric Water lines (LMWL) from Eskelinen et al. (2015) and Kortelainen (2007). Espoo and
Pori are the closest to the mine site.
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Conclusions

This investigation shows that there is a chance to flood mines such that the discharge of po-
tential pollutants is kept to a minimum. This requires a control of the mine water hydrody-
namics to ensure that the surface pollution is minimised. Yet, the results of the investigation
do not allow establishing a hypothesis of what causes the stratification to occur at a given
position in the shaft. As the two shafts are connected with each other at the +190 m level,
it would have been expected that the separation of the two mine water bodies would occur
around this depth, but it occurs at the level +83. It is also unknown so far why the strati-
fication measured with the temperature-EC-dipper is not clearly mirrored in the chemical
composition of the mine water. What can be concluded is that the mine water discharging at
the Metsamonttu mine shows a relatively low mineralisation and that the only constituents
of environmental concern are As and Fe, both of which are successfully removed in a passive
mine water treatment scheme (Wolkersdorfer and Qonya 2017).

These investigations once again show that natural stratification can occur in abandoned,
flooded underground mines. Yet, stratification, as has been shown in other investigations
(Wolkersdorfer 2008; Wolkersdorfer et al. 2016), does not occur in all flooded mines. Be-
cause stratification can be considered a result of hindered hydrodynamic mixing in a flood-
ed mine, it will be beneficial if mines are technically modified before mine closure to prevent
an overall circulation of the water in the to be flooded mine.
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Leachate generation and nitrogen release from
small-scale rock dumps at the Kiruna iron ore mine

Roger Herbert, Albin Nordstrom
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Abstract Two small-scale waste rock dumps have been constructed in Kiruna, Sweden to investigate
the dynamics of leachate generation and nitrogen release over the course of several years. The rock
dumps have been constructed of low sulfur rock waste which is not acid generating. The results of the
study indicate that, for the two years of this study, water is only discharged intermittently from the
rock dumps during snowmelt and during more intense rainfall events. During 2016, concentrations
of nitrate and ammonium in the discharge waters ranged up to 46 and 0.14 mg N/L, respectively. The
average leachate composition (n = 25) was pH 7.8, alkalinity 55 mg/L HCO,” and 1011 mg/L SO *,
which is quite similar to the composition of water in the clarification pond at the mine site.

Key words neutral mine drainage, nitrate, ammonium, waste rock, sub-arctic

Introduction

The ultimate source of most of nitrogen cycling at a mine site is the ammonium nitrate — based
explosives used in the excavation of the mine. Waste rock, a by-product from the excavation
of non-metalliferous rock in mining activities, often contains adsorbed nitrogen compounds
(ammonium and nitrate) that are residues from the detonation of the explosives. Once the
rock waste is deposited on the ground surface, the percolation of rain and snowmelt through
the deposit will leach the nitrogen compounds, potentially impacting local recipients.

All mining activities within the European Union are affected by the Water Framework Di-
rective (WFD), which is locally enforced by legislation within member countries. Since the
nitrogen compounds originate from the nitrogen-based explosives used for mining, virtu-
ally all mines in Europe will have nitrogen discharges; complying with national environ-
mental regulations will hence be an issue for most actors in the raw material sector using
explosives. From the perspective of mining in northern Sweden, the release of ammonium
is of primary concern as ammonia has potentially toxic effects on aquatic ecosystems; eutro-
phication is of secondary importance.

The presence and release of nitrogen compounds from waste rock dumps has received in-
creasing attention over the past 20 years, especially in northern Europe (e.g. Forsberg and
Akerlund 1999, Karlsson and Kauppila 2015, Lindestrém 2012, Morin and Hutt 2009, VIT
2015, Zaitsev et al. 2008). Bailey et al. (2013) published data from the first large-scale study
where the dynamics of nitrogen leaching from waste rock over a period of several years was
investigated.

This paper presents the interpretation of two years of monitoring data from small-scale
rock dumps. The rock dumps have been constructed with the objective to investigate the dy-
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namics of leachate generation and nitrogen release over the course of several years. This is
one of the first studies in Scandinavia that studies nitrogen leaching from rock waste above
the Arctic circle, and is important for understanding the potential release of nitrogen into
nutrient-poor aquatic recipients.

Construction of waste rock dumps

Between July and September 2014, two small waste rock dumps (called hereafter south and
north waste rock dump) were constructed at the Kiruna iron ore mine site in northern Swe-
den. Prior to construction, the ground surface was prepared by filling a pre-existing pond
with waste rock. The ground surface was graded so that the elevation decreased by approx-
imately 0.5 meters over the base of the rock deposit (35 meters) and in the direction of the
basal drainage outlets (Figure 1). The basal footprint of the rock dumps were 35 m x 35 m.
Each rock dump was completely surrounded by a 2 m high berm consisting of waste rock.
Each berm was approximately 5 m wide. The basal areas and berms were covered with an
impermeable HDPE geomembrane (1.5 mm thick). To enhance drainage to the corner dis-
charge pipes, perforated pipes were installed along two of the sides of both of the waste rock
deposits (Figure 1). Drainage water was then led from the corner drainage pipes to two ex-
ternal leachate collection wells which contained V-notch weirs for the quantification of flow.

Mound 'WRD base
I
35m
WRD1 So WRD2
Perforated pipes
I 5m
Drainage pipes

Figure 1 Dimensions of the basal area of waste rock deposit with drainage. Light gray surface is the
inner area, while the dark grey borders are the berms.WRD1 = south dump, WRD2 = north dump.

After the installation of the geomembrane and overlying geotextile, the basal areas of the
waste rock dumps were carefully covered with approximately 30 cm of fine-grained waste
rock (0-30 mm diameter), so as to avoid puncturing the geomembrane with more coarse-
grained material. The perforated drainage pipes were placed on top of this material. The
dumps were then built up by the alternating deposition of 0-30 mm waste rock and 0-200
mm waste rock.

The two waste rock deposits were built to an approximate height of 8 m over the basal liner,
by a combination of end-dumping, push-dumping, and free dumping. Waste rock was un-
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loaded using dumpers, either directly at the crests of the waste rock piles (and distributed at
the sides by gravity) or at their side and later moved to the crests using a wheel loader. The
technique used for construction of the waste rock piles can give rise to structural features
that can influence water flow.

Methods

The water level on the upstream sides of the V-notch weirs was measured using pressure
transducers that also measured water temperature. Two Campbell Scientific CS451 pressure
transducers were connected to a CR1000 data logger in May 2015, and set to store average
water levels every 30 minutes. In order to establish a relationship between water level and
discharge, the discharge at each weir was manually measured on 27 occasions during May
— August 2016 and coupled to a corresponding water level. The measured discharges were
used to establish rating curves for both weirs (showing discharge as a function of water
depth) by fitting the measured values with the following equation:

Q= [ f—S)-y-tan lal-Zg-n¥?

where 1 is the weir constant, a is the angle of 90°, g is the gravitational constant, and h is the
water depth in the v-notch. However, because of the high variability in measured discharge
and water level, it was not possible to accurately fit one distinct rating curve to the measured
values. Instead, a stochastic method was applied where 2000 rating curves were construct-
ed by varying the weir constant p. For each realization, the absolute sum of the residuals
between the measured and modeled values was calculated; lower residuals were accredited
with better fits and are color-coded accordingly in the resulting rating curves. The rating
curve for the north rock dump weir is depicted in Figure 2.
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Figure 2 Rating curve for discharge from the north waste rock dump. Lighter blue indicates the
lowest absolute sum of residuals, i.e. the best fit to data, while the darker blue is a poorer fit.
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When water flow occurred from the waste rock deposits, waste rock leachate was sampled
and analyzed once a week for NOS', NO,, NH, SO42', Cl- and pH. Water samples were ana-
lyzed by LKAB’s accredited water chemistry laboratory.

Results and discussion
Leachate generation

During the period from May 2015 to October 2016, leachate only flowed intermittently from
the waste rock dumps (Figure 3). During the first operational year, leachate discharge was
very low from both rock dumps; since the rock waste was deposited in a relatively dry state
in 2014, most of the infiltrating water during 2015 accumulated in the pore spaces until
the field capacity for the material was exceeded. During the second operational year, when
water content was significantly greater in the rock dumps (data not shown), peak flows from
the dumps were at least an order of magnitude greater (see Figure 3). This is further illus-
trated in Figure 4 where the cumulative leachate generation is much greater during 2016
than during 2015.

It should be noted that leachate generation is much greater from the south dump compared
with the north dump (Figures 3 and 4), even though the discharges should be very similar.
During the construction of the rock dumps, the intention was that the basal slope of each
dump was to be graded so that basal drainage from the rock dumps would be directed to the
vertical drainage pipes (Figure 1). However, because of inadequate grading, it is likely the
water along the base of the north rock dump does not flow directly to the drain, but rather
to the eastern side of the rock dump. This requires that a large quantity of leachate must
accumulate along the base of the north rock dump before it flows to the basal drain.

The total leachate production from the south waste rock dump is in the range 390 — 800 m3
for two hydrological years (cf. Light blue areas on Figure 4). For the Kiruna mine site, the
average annual precipitation is 490 mm/year (Kiruna airport, 1961 — 1990). Precipitation
falling over an area of 35m x 35m (basal footprint of rock dump) would produce a water
volume of 600 m3/year. Considering that most infiltrating water accumulated in the rock
dumps during the first year, and that evaporation from the rock dumps is relatively low in
the subarctic climate of the region, the measured and calculated leachate production values
are in good agreement with each other.

Nitrogen release

The concentrations of dissolved constituents in the rock dump leachate varied over time but
did not exhibit any identifiable trend. Average leachate concentrations for the 2016 opera-
tional year are shown in Table 1. The leachate concentrations are similar to the concentra-
tions of dissolved constituents in the Kiruna clarification pond (see Nordstrom and Herbert,
2017, this volume).

Over the two year period reported in this study, 2.4 — 3.2 kg N and 12.3 — 25.3 kg N were
leached from the north and south waste rock dumps, respectively; the range of values re-
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Figure 4 Cumulative leachate generation from north and south waste rock dumps. Color-coding
is based on rating curves where lighter blue indicates the lowest absolute sum of residuals, i.e. the

best fit to data.

flects the uncertainty in the rating curve for discharges from both deposits. If each rock
dump contains ca. 3267 m3 of material, then these exports correspond to a leaching of 0.74
—0.98 and 3.77 — 7.70 g N/m3 waste rock
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In contrast to the results of intermittent sampling during the entire 2016 field season (see
above), focused sampling during snowmelt in 2016 identified an apparent cyclicity in both
leachate generation and nitrogen concentrations. As shown in Figure 5, leachate generation
follows the daily cycles in air temperature, with roughly a 12 hour lag time. Maximum flow
rates are measured in the late afternoon / early evening when air temperatures are declin-
ing, suggesting that a certain amount of time is needed for snowmelt pulses to propagate to
the rock dump drains.

Nitrate concentrations in waste rock leachate also exhibit a cyclical pattern during snow-
melt (Figure 5), although the relationship with air temperature is not as apparent as it is for
air temperature.

Nitrogen transformations in mining environments

Mine water data from a number of Swedish mines (Lindestrom 2012, LKAB unpublished
data, Nordstrom and Herbert 2017) generally indicate that >95% of total nitrogen occurs in its
most oxidized form, nitrate, in surficial mine drainage. Within an underground mine, a great-
er proportion of nitrogen may be present as ammonium (LKAB unpublished data), but nitrate
is still the predominant nitrogen species. Even though ammonium nitrate explosives contain
equal molar amounts of oxidized and reduced nitrogen, the detonation process and oxidizing
environment of the mine site favor the occurrence of the more oxidized nitrogen species.

Once released to a surface water environment, either as process water or waste rock lea-
chate, nitrate concentrations will not decrease unless affected by dilution or biological pro-
cesses (e.g. plant uptake, microbial denitrification). However, denitrification is not expected
to be an important process in aerated water. Ammonium concentrations have been shown
(Lindestrom 2012) to decrease in mine waters during warmer periods as the result of nitri-
fication, which is a strongly temperature-dependent microbial process.

Conclusions

The results of this study clearly demonstrate that waste rock is a source of nitrogen in min-
ing environments. Nitrate concentrations as high as 45 mg N/L were detected in waste rock
leachate, while ammonium was detected at concentrations < 0.15 mg N/L. In the subarctic
climate of the field site, leachate generation is greatest during snowmelt and in connection
with intense rainfall events during the summer. Total annual leachate production is compa-
rable with the annual precipitation falling on the rock dump.

Table 1 Average leachate concentrations during 2016 operational year. n = 25 samples.

Constituent Concentration Constituent Concentration
pH 7.8 NO, 32 mg N/L
Alkalinity 55mg HCO,/L NO, 0.07 mg N/L
cr 33 mag/L NH,* 0.07 mg N/L
S0,> 1011 ma/L F- 0.6 mg/L
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Figure 5 Left: Leachate discharge from north and south rock dump during snowmelt in 2016.
Leachate discharge has been fitted with a sine curve to illustrate the cyclicity in discharge, relative
to air temperature (right axis). Right: nitrate concentrations during snowmelt.

Acknowledgements

We are grateful to Johan Johansson who coordinated the construction of the waste rock dumps from
start to finish and was a key person in the field activities. Many thanks are also extended to Sofia
Eckersten who stayed for long hours at the mine site in order to collect water samples. The comments
of anonymous reviewers are acknowledged for their input. This project has been funded by VINNOVA
grant 2014-01134.

References

Bailey BL, Smith LJD, Blowes DW, Ptacek CJ, Smith L, Sego DC (2013) The Diavik waste rock project:
Persistence of contaminants from blasting agents in waste rock effluent, Appl. Geochem. 36:
256 — 270.

Forsberg H, Akerlund H (1999) Nitrogen and explosive residues in LKAB’s ore, waste rock, and product
flows, MSc thesis, Report 1999:258, Luled University of Technology (in Swedish).

Karlsson T, Kauppila T (2015) Release of explosives orginated nitrogen from the waste rocks of a
dimension stone quarry. Proceedings, 10th International Conference on Acid Rock Drainage
and IMWA Annual Conference.

Lindestrom L (2012) Nitrogen releases from the mining industry. Swedish industry association of
mines, mineral and metal producers. SveMin report (in Swedish). http://www.svemin.
se/?file_download&file=980 (Accessed April 11, 2017).

Morin KA, Hutt NM (2009) Mine-water leaching of nitrogen species from explosive residues.
Proceedings, GeoHalifax2009. 1549 — 1553.

Nordstrom A, Herbert R (2017) Field-scale denitrifying woodchip bioreactor treating high nitrate mine
water at low temperatures (these proceedings).

VTT, Technical Research Centre of Finland Ltd (2015) Solutions for control of nitrogen discharges at
mines and quarries: Miniman project final report. VIT Technology report 225, Espoo,
Finland. 117 p.

Zaitsev G, Mettidnen T, Langwaldt J (2008) Removal of ammonium and nitrate from cold inorganic
mine water by fixed-bed biofilm reactors, Minerals Engin. 21: 10 — 15.

146 Wolkersdorfer C, Sartz L, Sillanpaa M, Hakkinen A (Editors)



Lappeenranta, Finland Mine Water and Circular Economy IMWA 2017

Evaluation of mine water rebound processes in European
Coal Mine Districts to enhance the understanding of
hydraulic, hydrochemical and geomechanical processes

Sebastian Westermann!, Tansel Dogan’, Bastian Reker?, Peter Goerke-Mallet?,
Christian Wolkersdorfer>3, Christian Melchers!

University of Applied Sciences TH Georg Agricola, Research Institute of Post-Mining,
Herner Strafe 45, 44787 Bochum, Germany
2Lappeenranta University of Technology, Laboratory of Green Chemistry, Sammonkatu
12, 50130 Mikkeli, Finland, christian@wolkersdorfer.info
3South African Research Chair for Acid Mine Drainage Treatment, Tshwane University
of Technology (TUT), Private Bag X680, Pretoria 0001, South Africa

Abstract The mine water table has been rising in many hard coal mining areas. Important insights
have been gathered concerning the hydrodynamic, hydrochemical and geomechanical changes that
accompany a mine water rebound. This contribution provides an overview of a current survey. This
survey aims at developing a deeper understanding of the processes which allows to derive generally
applicable causal relationships based on it. Such interdependencies are then to be transferred to the
Ruhr area in order to contribute to an improved forecast regarding the possible impact a mine water
rebound will have on the environment.

Key words mine closure, mine water rebound, hard coal mining, Ruhr area

Introduction

Germany looks back at a long tradition of mining. Currently, approx. 180 Mt/a of lignite are
being extracted in open-pit mines and more than 500 Mt/a of minerals are being mined,
too (VRB 2016). Coal, salt and ores have been mined for centuries at different depths in
underground mining. In 2018, when the last two collieries will close in North-Rhine West-
phalia, the hundreds of years of hard coal mining in Germany will be history. The end of
the active exploitation of hard coal, however, does not mean the end of the mining opera-
tor’s responsibilities. In the future, the operator will be responsible for a sustainable and
environmentally acceptable mine water management. In Germany, the expressions ‘per-
petual burdens’ or ‘perpetual tasks’ are two terms that express the scale of this responsi-
bility. Those include the long-term retention of the mine water table at an environmentally
acceptable level, poldering measures to regulate the ground water table close to the surface
as well as the decontamination of ground water at formerly contaminated colliery sites
(e.g. caused by former coking plants). For many years now, concepts have been developed
by the mining companies to solve those issues and to continuously enhance those solutions
(RAG 2014).

Mine water management in both active and closed mines

Often, as in the Ruhr area, mines are, connected by an underground network of galleries and
drifts. Mine water retention does not only mean to keep the mine workings dry where the
resources are won, it also means to protect the mine workings at productive mines against a
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mine water inrush from closed mines nearby. For that purpose, mines are compiled to form
water districts which are hydraulically interconnected.

Depending on its morphological location and the hydrogeological properties of the deposit
and its overlying rock, the dewatering of a mine is done by enabling a free drain of mine
water via the adits or by actively removing mine water using pumps. Thus, the dewatering
in the southern former coalfield of the Ruhr area has been done by draining mine water over
the galleries into the river Ruhr and its tributaries (Melchers et al. 2015, 2016), whereas in
the central and northern parts of the Ruhr coal mining area, the geomorphological condi-
tions require the mine water to be actively pumped from the shafts.

Mine water rebound in underground mines

Once the exploitation of resources is abandoned and the closure of the mine is complet-
ed, the removal of the mine water can be reduced or even finished, provided the (hydro-)
geological, mining and ecological circumstances allow for that. The water which continues
to flow into the open underground mine workings, but is no longer pumped, results in the
mine water table to rise therein and in the overlying rock. The spatio—temporal process of
the mine water rebound depends on the geological and hydrogeological properties of the de-
posit and its overlying rock, the changes of both caused by the mining activities, and finally
the geometry of the mine workings. Most of these effects have been extensively studied and
described in Wolkersdorfer 1996 and 2006.

This rise in the mine water table can result from the reduction or cessation of the pumping
activities and is then called “passive” or “internal flooding”. Yet, mine water rebound can
also be initiated and even accelerated by the influx of water, which is called “active” or
“external flooding”. Generally, the course of the mine water rebound can be controlled by
means of pumps that either remove the mine water, so to slow down the rising velocity or
by pre-setting the height of the mine water table. If no pumps are kept on site and no per-
manent draining adits are in place, there will be an uncontrolled mine water table rebound
up to a level, where the inflow and outflow volumes equalize. In Germany, legal stipulations
were implemented more than twenty years ago that prohibit an uncontrolled rise of the
mine water table (BBergG 1980).

Example of a mine water rebound

The presented example of a mine water rebound (fig. 1) can be divided into three stages.
The first commences after the decommissioning or reduction of the pumping rate; it can
be identified by a quick rise of the mine water table (initial phase’). During the ongoing
course, there is a more or less even rise of the mine water table provided the hydrodynam-
ic conditions of the mine workings to be flooded are homogeneous (‘intermediate phase’).
Changes of the hydrogeological properties, e.g. once the mine water reaches the base of the
overlying rock, are reflected by the course of the graph (‘heterogeneities). With the growing
decrease of the potential difference between the current and the natural water tables, the
speed of the mine water rebound decreases successively, too (‘final phase®). The mine water
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Figure 1 phases of a mine water rebound

table ceases to rise once it has reached equilibrium between inflow and outflow or the level
of a dewatering adit.

Potential influence on the environment as part of a large-scale mine water rebound

The rise of mine water table can be accompanied by risks for people, ecology and infrastruc-
ture. Especially, if this rise is not controlled as regulating mechanisms have not been estab-
lished or if this is not noticed as no measuring points have been defined. Figure 2 shows a
selection of possible areas and their challenges which mining companies, authorities and
scientists will have to tackle after closing a mine but also in respect of the mine water table
rise (Kretschmann 2016, Kretschmann & Hegemann 2016).

ground
(uplift & subsidence)

tailing pond

Figure 2 Action fields connected to post-mining
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In order to make the potential environmental impact predictable and thus manageable, a
deeper understanding of the processes which are occurring is needed. This process under-
standing has three parts:

» Hydraulics & hydrodynamics,
» Hydrochemistry,

« Geomechanics.

In the following section, the essential foundation of those processes will be outlined; this
description is by no means exhaustive.

Hydraulics & hydrodynamics

The speed of the mine water rebound is mainly influenced by the cumulative flows of the
deep water and the infiltration water and by the cavity volume that can be used as storage.
With the ongoing mine water rebound, the rise velocity decreases successively as the cumu-
lative flows of e.g. deep water are gradually suppressed by the rising mine water. There, the
spatial distribution and the temporal development of the cumulative flows might affect the
formation of a density layering in the mine workings that is stable over a long period of time
(Melchers et al. 2015, Wolkersdorfer 2016).

Looking at finished or highly advanced mine water rebounds, it can be shown that the (hy-
dro-) geological properties of the deposit and its overlying rock have immediate influence
on the hydrodynamic processes which are going on underground due to the mine water
rebound. For example, observations from the Ruhr area have shown that the rebound speed
of the mine water pressure level increases with reaching the base of the low-permeable clay
marl rocks of the Emscher formation (Upper Cretaceous), as the cavity volume that can be
used for storage decreases (fig. 1).

One effect of a mine water rebound is the migration of gases (including methane). The low
dissolution quality of gases in liquids means that gas floating freely in the mine workings
and the adjacent rock mass is displaced by the trapped mine water and can discharge at the
surface, e.g. at shafts or faults. According to recent insights from the Ruhr basin, the release
of gas stops once the seam-bearing layers have been flooded (Melchers 2008).

Hydrochemistry

Due to its genesis, mine water commonly has a higher mineral content than ground water
close to the surface. Mine water in hard-coal mining areas often has substantially increased
levels of iron and sulphate due to the oxidation process of disulphides (pyrite, marcasite,
chalcopyrite). The temporal development of the hydrochemical composition shows in most
cases, after the mine water rebound has been completed, an early rise of iron and sulphate
concentrations which fall again to their background values (“first flush”) after their maxi-
mum values have been reached (usually after decades or centuries) (Younger 1997).
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Where the mine water table rises, the higher mineralised mine water can come into contact
with drinking water resources used in water management and supply if hydraulically active
connections between the mine workings and the overlying strata exist (e.g. via exploration
boreholes or inappropriately abandoned shafts); such contact may cause drinking water
contamination. Due to the (hydro-)geological properties of the deposit in the central and
northern part of the Ruhr basin, where thick and impermeable clay marl rock layers of the
Emscher formation exist, a rise of the mine water table into the overlying strata of the Em-
scher formation is highly unlikely (Hahne & Schmidt 1982, Baltes et al. 1998, Coldewey et
al. 2016). Thus, the risk of the drinking water and groundwater reservoirs being negatively
influenced by rising mine water has been drastically reduced in areas where thick and hy-
draulically effective geological barriers are in place (Heitfeld & Rosner 2015).

Geomechanics

The mine water rebound causes an increase in the buoyancy forces and also to a swelling
and subsequent increase in volume of clays. In many former mining areas ground heavings
caused by those phenomena can be observed. The heaving movements usually occur at large
scale and — according to the observations so far — make up a one-digit percentage figure
of the subsidence volume (Preufle et al. 2015). In most cases, the ground heavings occur
evenly and are not linked to damage-relevant effects. The only damage on structures caused
by a mine water rebound known so far was observed in the Erkelenz coalfield in Germany.
The reason for this was a flood induced reactivation of a large fault which led to heaving
differences of both sides of that fault (Baglikow 2010). Another case was reported by Ober-
ste-Brink (1940), where ground heaving was observed in the Wittener Mulde, Germany.

Study to evaluate the processes of mine water rebound

Currently, a study at the University of Applied Sciences TH Georg Agricola (Research Insti-
tute of Post Mining, Germany) is supposed to provide the basis for a deeper understanding
of the scientific foundations needed for a sustainable concept to ensure long-term and envi-
ronmentally acceptable mine water rebound in the hard coal mining areas of North-Rhine
Westphalia and Saarland. This evaluation will provide a systematic, uniform and compre-
hensive analysis of closed and ongoing processes concerning mine water rebound in Euro-
pean hard coal mining areas. This study is based on the initial results published in Melchers
& Dogan (2016).

In a first step, coalfields in the following European areas will be examined in detail regard-
ing the experience made with processes of mine water table rises:
» Germany (southern Ruhr area, Saar area, Ibbenbiiren, Aachen-Erkelenz, Saxony),
« United Kingdom (East Fife, Northumberland, East Pennines),
« France (Lorraine),
« Netherlands (South Limburg) and

« Poland (Upper Silesia).
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In a second step, the evaluation can be applied to other hard coal mining areas (e.g. in
Spain) or other types of deposits (e.g. spar or ore). Regarding the hard coal mining areas,
the key parameters of (hydro-)geology, mining activities and mine water rebound will be
recorded systematically.

The evaluation focuses on the analysis of the spatio—temporal course of the mine water
rebound and the related influences and interdependencies on the following: both the quan-
titative and qualitative changes of the mine water to be drained; the ground movements
caused by the processes, and gas migrations close to the ground surface. This overall eval-
uation intends to identify generally applicable causal relations of mine water rebound, to
separate the locally specific conditions and to transfer the insights to other hard coal mining
areas where mine water table rises are imminent. This objective applies in particular to the
Ruhr area, the Saar hard coal mining and the Ibbenbiiren colliery.

Conclusion and outlook

The insights gained and the deeper understanding of the course mine water rebound takes
help to develop strategies and measured for long-term mine water management that can be
optimised in alignment with sustainable, environmental and economic aspects. Any recom-
mendations for a comprehensive monitoring will be agreed accordingly.
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Pit Lake Modelling at the Aitik Mine (Northern Sweden):
Importance of Site-Specific Model Inputs
and Implications for Closure Planning
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Abstract The large volume of pit lakes and their potential role in mine water management make
them a focal point of closure planning. In this paper, the modelling of pit lake physical structure and
water quality for the Aitik Pit (Aitik Mine, northern Sweden) is used to illustrate: 1) the importance of
developing robust site-specific model inputs for the development of defensible pit lake predictions; and
2) how pit lake water quality predictions can be used to inform and refine mine closure plans.

Key words meromixis, waste rock, tailings, water management, modelling

Introduction

Pit lakes are a common feature of the post-closure landscape at mine sites, where open pits
are allowed to fill with various inputs including groundwater, pit wall runoff, precipitation,
and surface runoff from the surrounding catchment. Due to the oxidation of exposed sulfide
minerals on pit walls, the flushing of soluble metals during pit filling, and in many cases,
the input of drainages from waste storage facilities (e.g., tailings and waste rock), many pit
lakes are characterized by poor water quality (Gammons and Duaime 2006). Further, the
large volume of pit lakes and their potential role in water management make them a central
focus of closure planning. Given the implications for environmental protection, regulatory
compliance and potential long-term environmental liability of pit lakes, considerable atten-
tion has been given to their characterization, prediction and remediation (Castro and Moore
2000; Martin et al. 2003).

Boliden Mineral AB owns and operates the Aitik open pit copper mine and concentrator 17
km east of Géllivare in northern Sweden. Climate conditions at the site are subarctic in na-
ture, with a mean annual temperature of 0°C and mean annual precipitation of ~600 mm.
Since 1968, the mine has exploited copper-, gold- and silver-bearing ores through the devel-
opment of the Aitik Pit. During the closure period, the pit will flood to form a pit lake ~1 km
wide, 3.5 km long and 525 m deep. Under the final closure configuration, the Aitik Pit will
serve as the primary discharge location for mine waters to the receiving environment (Lina
River). As part of an integrated closure planning process for the site (Eriksson 2017), the
evolution of pit lake physical structure and water quality was modelled to support pit lake
management as well as water quality predictions for downstream receptors. In this paper,
key pit lake model inputs are described followed by an evaluation of pit lake model results
for two closure options for the site. The discussion emphasizes the importance of developing
robust model inputs which can then allow for the generation of defensible pit lake water
quality predictions and closure plans.
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Pit Lake Model Description

Pit lake model simulations were conducted using PitMod, a one-dimensional numerical
hydrodynamic model used to predict the spatial and temporal distribution of tempera-
ture, density, dissolved oxygen and water quality parameters in lakes (Dunbar 2013). The
principal physical processes simulated by PitMod include: 1) heating of the lake surface
by incident long- and short-wave solar radiation; 2) sensible heat exchange between the
atmosphere and the lake surface; 3) heat loss through black body radiation; 4) wind-driven
mixing; 5) convective mixing; 6) ice formation and melting; 7) evaporation; and 8) input
of various inflows (direct precipitation, pit wall runoff, surface runoff and groundwater
inflow). The biogeochemical component of PitMod incorporates PHREEQC (mineral/gas
equilibria, redox reactions) and dissolved oxygen (DO) consumption. A primary strength
of PitMod is that it has undergone rigorous verification using empirical data collected from
modelled sites in Canada, including the Island Copper Mine and Equity Silver Mine (Crusi-
us et al. 2002; Dunbar and Pieters 2008).

Pit Lake Model Inputs and Scenarios

Inputs to the Aitik Pit during the filling period will include treated effluent (for period of
55 years), Tailings Management Facility (TMF) runoff from the Clarification Pond, TMF
seepage, seepage/runoff from the potentially acid forming (PAF) waste rock storage facili-
ties (WRSFs), non-PAF WRSF seepage/runoff, runoff from natural ground, pit wall runoff,
groundwater recharge, and direct precipitation to the pit lake surface. Inputs to the Aitik Pit
are illustrated conceptually in fig. 1.
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Figure 1 Conceptual figure illustrating the various inputs reporting to the Aitik Pit during the filling
period. Illustration shows partially reclaimed Tailings Management Facility (TMF) and Potentially

Acid Forming Waste Rock Storage Facilities (PAF WRSFs). WTP = Water Treatment Plant.
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Key to the pit lake modelling exercise was the development of defensible flow and water
quality values for all inputs. In this regard, extensive studies of the WRSFs, TMF and pit
were conducted to support the development of robust flow and chemistry predictions. As
part of model input development, site-specific data (flow, seepage water quality, groundwa-
ter quality, mineralogy, etc.) were used to the maximum extent possible in the development
and calibration of flow and water quality models. Pit lake model inputs that underwent
rigorous development included:

« Climate: A synthetic 200-year climate dataset (extending from 2025 to 2225) was used
as a common source of input to the models in support of the pit lake, WRSFs and TMF.
The dataset was scaled to account for predicted climate change in the region, as descried
in Fraser et al. (2017);

« TMF and WRSF seepage inflows: Detailed hydrogeochemical modelling for the TMF and
WRSFs included water/load balance development, seepage flow modelling, and geo-
chemical modelling (described in Eriksson 2017). The use of site data (flow, seepage wa-
ter quality, groundwater quality, mineralogy) were maximized to develop and calibrate
flow and water quality predictions. For both the TMF and PAF WRSFs, modelling results
demonstrate that the quality of seepages is predicted to improve markedly following cov-
er system placement;

« TMF surface runoff: At the beginning of mine closure, surface runoff from the TMF will
be diverted to the Aitik Pit for a period of 10 years. A combination of water balance and
geochemical modelling was used to generate flow and water quality predictions for this
term;

 Pit wall runoff: Pit wall drainage chemistry was based on site water quality data for pit
sump samples. The increase in sulfur content with depth on pit wall exposures was used
to develop elevation-dependent terms, with pit wall runoff quality improving as the pit
lake fills; and

« Groundwater inflows: A function describing the relationship between groundwater in-
flow and the water level in the pit lake was developed using pit dewatering records.

Two model scenarios for the Aitik Pit were evaluated based on two engineered cover system
options for the PAF WRSFs:

« Base Case Scenario: Under the Base Case scenario, the engineered cover system for the
PAF WRSF consists of 0.3 m highly compacted till, underlying 1.5 m compacted till,
underlying 0.3 m vegetation growth medium (illustrated in fig. 1). This configuration is
designed to reduce oxygen ingress into the waste rock, thereby decreasing the potential
for sulfide mineral oxidation and acid generation.

« Bentonite Scenario: The merits of this option were evaluated for the same cover config-
uration as that described for the Base Case, with the addition of 2-5 wt.% bentonite to
the compacted till layer. The addition of bentonite can improve material water retention
characteristics, increase the degree of saturation, and decrease oxygen ingress, thereby
further decreasing the potential for sulfide mineral oxidation.
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Both scenarios include a treatment period of 55 years (equivalent to the filling period) that
entails lime treatment of recoverable seepages associated with the PAF WRSFs and the TMF.
During the treatment period, treated effluents are discharged to the surface of the Aitik pit lake.

Results and Discussion

Water balance model results illustrate the addition of bentonite contributes to a reduction in
PAF WRSF seepage to the Aitik Pit as compared to the Base Case. However, the pit filling peri-
od (55 years) and average annual discharge (~270 L/s) are the same for both scenarios (fig. 2).

The evolution of lake physical structure is not appreciably affected by changes to the wa-
ter balance that result from the addition of bentonite to the cover systems. Specifically,
the Base Case and Bentonite scenarios are characterized by a common evolution in water
column density structure, with both showing the development of a permanently stratified
(meromictic) water column. In turn, permanent stratification promotes the development of
suboxic conditions below a mixed layer that extends seasonally to a depth of ~30 m (results
for Base Case scenario shown in fig. 3).

Water quality predictions for the bentonite scenario show significantly higher concentra-
tions of trace elements (e.g., Cu and Zn) in lake surface waters at the time of pit overflow
as compared to the Base Case (fig. 4). Cu, for example, which represents a parameter of
potential concern, shows a mean concentration of 0.5 mg/L at the time over overflow for the
Bentonite Scenario (compared to 0.12 mg/L for Base Case). The benefits of bentonite with
respect to lake surface water quality are not realized until several decades post filling. Spe-
cifically, lower steady-state values for trace elements in pit lake discharges are not observed
until Year 80-100 (fig. 4).
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Figure 3 Base case model output showing the vertical and temporal evolution of total dissolved
solids and dissolved oxygen for the Aitik pit lake (200 year model period). The evolution of the pit
lake surface (as measured from the pit bottom) shows the gradual filling of the pit, with pit lake
overflow occurring in year 55.

The higher trace element concentrations at the time of pit lake overflow observed for the
Bentonite scenario can be linked to the longer transition period in drainage quality im-
provements associated with the PAF WRSFs. For a higher net percolation scenario (Base
Case Scenario), PAF WRSF seepage quality improvements are realized prior to pit lake over-
flow, due to the more rapid flushing of soluble oxidation products stored in the WRSFs. Spe-
cifically, the rapid improvement in drainage quality for the Base Case allows the bulk of the
stored load in the PAF WRSFs to be isolated in the bottom of the stratified pit. For a lower
net percolation scenario (Bentonite Scenario), PAF WRSF seepage quality improvements
extend over a longer period. This longer transition period allows for a greater proportion of
the stored load to mix into the lake surface and be released as overflow, resulting in consid-
erably higher metal concentrations in pit lake discharges.

Following the cessation of treatment after 55 years, water quality conditions for the Ben-
tonite Scenario temporarily worsen in the pit lake surface due to the input of relatively poor
quality PAF WRSF seepage to the pit lake surface. This is illustrated for Cu and Zn, both of
which show a rebound in concentration upon termination of treatment (fig. 4).

Conclusions and Implications for Closure Management

Overall, the pit lake model results highlight that the water quality of lake surface waters at
the time of pit lake overflow is sensitive to the rate of improvement in PAF WRSF seepage
chemistry. Under conditions of higher net percolation (Base Case Scenario), PAF WRSF
seepage quality improvements are realized early in response to the rapid flushing of stored
oxidation products. This allows the bulk of the waste rock load to be stored (and isolated) in
the pit bottom. In contrast, under conditions of lower net percolation (Bentonite Scenario),
the rate of PAF WRSF seepage quality improvement is slower. This results in the release of
stored waste rock loads to the pit lake surface at the time of pit lake overflow, in turn result-
ing in higher metal concentrations in pit lake discharges.
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Figure 4 Temporal evolution of dissolved Cu and Zn in surface waters of the Aitik pit lake for Base
Case and Bentonite scenarios, both with an assumed treatment period of 55 years. Data represent
mean monthly concentrations over the 200 year model period. Timing of pit lake overflow (year 55)
is indicated.

The results presented here specifically demonstrate that the benefits of a bentonite cover
are limited, and are only realized in the long-term (after 80-100 years). This is perhaps
a non-intuitive conclusion, that was only made possible through the development of ro-
bust pit lake model inputs. In particular, considerable efforts were required to: 1) quantify
the abundance and mineralogy of stored oxidation products, acid-generating minerals and
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neutralizing minerals within the WRSFs; 2) predict net percolation into the WRSFs for con-
trasting engineered cover systems; and 3) predict how seepage quality responds to varying
flushing rates.
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Coal mine flooding in the Lorraine-Saar basin:
experience from the French mines

Soazig Corbel, Jo€l Kaiser, Serge Vicentin

BRGM (French Geological Survey), DRP/DPSM/UTAM Est, 2 avenue de la Moselle,
57800 Freyming-Merlebach, France, s.corbel@brgm.fr

Abstract Coal mining in the Lorraine-Saar basin started in the nineteenth century. The coal deposit
was mined both in France and in Germany. On the French side, mining ceased in 2004 after 150 years of
activity, and as a consequence, the French coal mines got progressively flooded. This study presents the
results of the entire monitoring plan for the different mine water reservoirs of the Lorraine coal basin.
The actual speed of mine flooding is compared to prediction studies, mine water quality is detailed and
content evolution of iron, manganese and suspended solids is discussed for the different mine reservoirs.

Keywords hard coal, mine flooding, water quality, Lorraine-Saar basin

Introduction

Coal mining in the Lorraine-Saar basin started in the nineteenth century. The last French
coal was mined in April 2004, and once mining stopped, the water that was infiltrating from
groundwater to underground mine workings was no longer pumped out to the surface by
the mine operator, Charbonnages de France (CdF). From 2006, mine workings got progres-
sively flooded, creating mine water reservoirs (Figure 1 — Mine workings and mine water
reservoirs of the Lorraine-Saar basin.).
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Figure 1 — Mine workings and mine water reservoirs of the Lorraine-Saar basin.
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Before its dissolution in 2007, CdF planned and financed remediation operations, including
studies to understand mine flooding and its consequences. Following transfer of responsi-
bility for CdF’s facilities to the French State in 2008, the Mine Safety and Risk Prevention
Department of the French Geological Survey has been managing this remediation activity.

Mine flooding

In 2001, the mine operator CdF started investigating the mechanisms of mine flooding and
its consequences. Although coal mines were still operating in the Lorraine basin, planning
ahead for post-mining remediation turned out to be necessary.

Mine flooding predictions

Mine flooding assessment was carried out in two phases: volume computation of the re-
sidual mining voids and simulation of the mine flooding. The first phase started in 2002 to
end in 2005, with a team dedicated only to that task. First, all mine workings maps were
digitized, including coal seams and galleries of all exploitation levels for the different ex-
ploitation fields. In 2002, CdF used an isolated exploitation field as a case study, to deter-
mine coefficient for residual voids depending on the depth of the mine workings and the
backfilling methods (Degas 2002). Then from 2003 to 2005, residual mining voids were
computed using the residual voids coefficients and the digitized maps, block after block,
level after level, for all the mine workings.

The simulation of mine flooding was done in 2006. At that time, CdF was still pumping out
water from the underground mine workings. The flow rate of each mine block was assessed
and used for the simulation. They were considered equivalent to the flow rates of infiltrat-
ing water from the above groundwater. CdF also assessed the state of all galleries linking
exploitation fields to each other, concluding that the main galleries were still open. At last,
using the residual mining voids, the flow rates of infiltrating water of each block and the
connections between each exploitation field, CdF used a simple computation to make mine
flooding predictions.

Predictions versus reality

Mine flooding predictions were made for each exploitation field. The example of the For-
bach exploitation field, in the Central-Eastern mine water reservoir, is presented Figure 2 —
Mine flooding of the Forbach exploitation field.. Two mine flooding scenarios were studied
by CdF. The first scenario considered that infiltrations would stay constant until all the mine
workings would be flooded, up to the semi-permeable geological layer of the Permian. The
second scenario considered that the infiltrations would decrease once the mine flooding
reached the last hundred meters of the mine workings.

The mine flooding predictions made all over the Lorraine basin turned out to be pretty accu-
rate, as shown on Figure 2 — Mine flooding of the Forbach exploitation field.. For the Forbach
exploitation field, the speed of flooding for the first 500 meters was overestimated by only a
month, probably due to an inaccuracy of the residual voids coefficient. Out of the two scenar-
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ios studied by CdF, the scenario taking into account a decrease in the infiltrations is the most
realistic. However, the speed of flooding for the last 150 meters before reaching the Permian
layer was also overestimated, by just over a year. As the shallow mine workings date from ear-
ly 1900’s, the residual mining voids were not easy to assess. The inaccuracy of the prediction
of the last 150 meters is most probably due to an inaccurate residual voids computation.
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Figure 2 — Mine flooding of the Forbach exploitation field.

Feedback on mine flooding predictions

Although CdF used a straightforward way to predict mine flooding for the coal mines of the
Lorraine basin, the predictions were quite accurate. The key of mine flooding predictions
is not sophisticated computations, but obviously data gathering. Only staff member of the
mine operator were able to properly assess residual mining voids and the conditions of the
galleries connecting exploitation fields. However, even with the experience, those miners
had trouble assessing old mine workings, and as discussed previously, this inaccuracy im-
mediately lead to an overestimation of the speed of mine flooding.

Mine water quality

To prevent mine water from contaminating the above groundwater once the mine water level
has reached the Permian layer, three mine water pumping stations associated to treatment
schemes have been built on the Lorraine coal basin. Those pumping stations enable to keep
mine flooding under control. They are run by the BRGM as part of their post-mining missions.

Mine water quality monitoring

Water sampling and water analysis are run on the three pumping stations. The pumping sta-
tions are installed in old mine shafts, with access to the mine workings. When the coal mines
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closed, all the underground mining facilities stayed in place, including machinery, electri-
cal and hydraulic installations. Industrial toxic products such as oils and resins also stayed
underground. As a consequence, the water quality is closely monitored, especially regarding
dangerous substances. Water analysis for dangerous substances are done every three months.

The dangerous substances analysed are the following: ammonium, cyanide, arsenic, cadmi-
um, chromium, copper, nickel, lead, zinc, phenol index, total hydrocarbons, BTEX (4), HAP
(16), formaldehydes, isocyanates, PCBi, COHV.

Mine water quality results

The treatment scheme of La Houve is located in Creutzwald, it treats mine water from the
Western mine water reservoir. The treatment scheme has been operating since Novembre
2009. In the first two years, cyanide and a few HAP and BTEX were found in raw mine water
at concentrations higher than the environmental quality standards (EQS). Since then, no
dangerous substances have been quantified at concentrations higher than the EQS.

The treatment scheme of Simon treats mine water from the Central-Eastern mine water
reservoir. The scheme is located in Forbach and has been operating since Novembre 2012.
Copper and zinc have been found in raw mine water at concentrations higher than the EQS,
since the beginning of pumping. The other substances have not been quantified at concen-
trations higher than the EQS.

The treatment scheme of Vouters also treats water from the Central-Eastern mine water
reservoir, like the treatment scheme of Simon. The scheme is located in Freyming-Merle-
bach and has been operating since July 2015. Copper and zinc have also been found in raw
mine water at concentrations higher than the EQS, since the beginning of pumping. The
other substances have not been quantified at concentrations higher than the EQS.

Content evolution of iron and manganese

While pumping stations enable to keep mine flooding under control, treatment schemes
enable to lower the raw mine water content in iron, manganese and total suspended solids
(TSS), before discharging the treated mine water in local rivers. To be able to design water
treatment schemes, predictions of mine water content is compulsory.

Mine water content predictions

Predictions of iron and manganese evolution in the raw mine water were made using the
work of Younger (Younger 2000). Predictions were made for the different pumping stations
and water treatment schemes using similar hypothesis.

As an example, the main hypothesis for iron evolution were:
- pic concentration of 98 mg/L (+ 14 mg/L) and stabilization at 5 mg/L (+ 1,25 mg/L)
- kinetics based on a mine water emergence with a constant flow rate
- 10 % of the volume of the mine reservoir to be leached out by water circulation
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Predictions versus reality

Iron and manganese evolution at the pumping station of La Houve are presented Figure
3 — Iron and manganese evolution at the pumping station of La Houve..
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Figure 3 — Iron and manganese evolution at the pumping station of La Houve.

The predictions for iron and manganese evolution at the pumping stations turned out to be

wrong. Concentrations were supposed to be high at the start of the emergence, but decreas-
ing quite strongly in a short time. Looking at the real data, it appears that the concentration
did not go that high, but they decrease in a much slower way. A major issue regarding these
predictions, is that the predictions were used to design the water treatment schemes.

However, predicting iron and manganese evolution is not an easy task. Furthermore, at the
time CdF did that study, the pumping stations were not yet an option, and an emergence
was supposed to set up instead. Using the work of Zeman (Zeman 2009), predictions were
updated to make sure the water treatment scheme had appropriates design.
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Figure 4 — Updated iron prediction at the pumping station of La Houve.

While the initial study predicted that raw mine water would reach an iron concentration
above 10 mg/L by 2013, the new prediction clearly shows that even in 2020, the iron con-
centration will not have reached the 10 mg/L threshold.
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Mine water content predictions feedback

The main issue with the predictions mad using Younger work, was the use of a constant flow
rate. Indeed, the mine water pumping stations run at a variable pumping rate, that keeps
increasing over the years and will reach its maximum at around 2050. As shown in Figure 4,
iron concentration tends to increase with the flow rate. Once the flow rate is stabilized, the
iron concentration decreases.
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Figure 5 — Correlation between variations in flow rate and iron concentration at La Houve
pumping station.

Conclusions

Looking at the example of the French coal mine flooding, it appears that for mine flooding
predictions, collecting and computing accurate data is the key element to keep in mind.
Regarding the water quality of the two mine water reservoirs of the Lorraine basin, also a
few toxic substances were quantified above the EQS at the start of the La Houve treatment
scheme, nowadays only copper and zinc are still higher than the EQS in the Central-Eastern
mine water reservoir. At last, predicting water quality evolution in terms of iron and man-
ganese is still a difficult task. However, using accurate flow rates increases the chances to
get better predictions.

References

Degas M (2002) Bassin houiller de Lorraine. Détermination du volume des vides miniers résiduels —
Cas du bassin de Faulquemont. Houilléres du Bassin de Lorraine et Deutsche Steinkohle,
reference INERIS-DRS-04-46846/Ro1

Younger PL (2000). Predicting temporal changes in total iron concentrations in groundwaters flowing
from abandoned deep mines: a first approximation. Journal of Contaminant Hydrology,
44(1), pp- 47-69.

Zeman J, Cernik M, and Supikova I (2009) — Dynamic model of long term geochemical evolution of mine
water after mine closure and flooding. Water Institute of Southern Africa & International Mine
Water Association: Proceedings. International Mine Water Conference. Pretoria, pp. 828-836.

166 Wolkersdorfer C, Sartz L, Sillanpaa M, Hakkinen A (Editors)



Lappeenranta, Finland Mine Water and Circular Economy IMWA 2017

Sediment And Pore Water Properties Across The
Chemocline Of A Mine Water-Impacted Boreal Lake
During Winter Stagnation And Autumn Overturn

Tommi Kauppila, Jari Makinen, Lauri Solismaa

Geological Survey of Finland, PO Box 1237, 70211 Kuopio, Finland

Abstract Discharge of mine waters into the typically dimictic lakes in the Nordics may cause
meromixis in which complete overturns no longer happen. Water column properties were measured
from the mining-meromictic Lake Valkjarvi and sediments and pore waters were sampled below, at,
and above the chemocline during winter stratification and autumn overturn. Element concentrations
were elevated in pore and overlying waters during the overturn. Sediment bulk concentrations showed
an opposite behavior. The results demonstrate the importance of the chemocline fluctuation zone on
the annual cycle of elements and trace metal concentrations of the sediment compartment.

Introduction

Northern European countries remain a major source of metals with more mines to be
opened in the coming years. In countries such as Finland and Sweden, it is often dimictic
lakes that receive the effluent waters from the mining operations. In dimictic lakes, thermal
stratification is interrupted twice a year by periods of overturn, i.e. mixing of the surface
and deeper waters. Mine waters, even those that come from closed mines or that are dis-
charged with strict permit conditions, typically contain high concentrations of electrolytes
that increase the density of the waters. In extreme cases, mine waters may cause a condition
called meromixis in which complete overturns no longer happen and a permanently strat-
ified monimolimnion forms at the bottom, separated from the overlying mixolimnion by a
chemocline.

When mining-induced disrupted annual stratification patterns have started, they may per-
sist even if loading from the mine decreases. This is especially true for meromixis because
permanent stratification typically also causes a redox gradient with reducing conditions in
the monimolimnion. This redox stratification may contribute to biogeochemical cycling
processes at the chemocline (the transitional layer between the upper and deeper water)
that work to maintain the permanent stratification. The sediments and their immediate
overlying waters also take part in this cycling if processes at the sediment water interface
return dissolved constituents into water instead of permanently removing them from cir-
culation.

Lake bottom sediments are a crucial compartment in the lake system, especially regarding
the ecological risks of mine waters. This is because harmful concentrations of metals may
accumulate in sediments even in cases when concentrations in the water column are not
at harmful levels (Vaananen et al. 2016). In the case of metals as hazards, bioavailability
is of crucial importance and geochemical conditions play a major role in determining the
speciation and bioavailability. In Nordic climates, seasonality modifies these conditions and
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in meromictic lakes this is further influenced by the features of the stratification and the
migration of the chemocline.

This study examined the chemical properties of the sediment compartment (pore water, im-
mediate overlying water, and bulk sediment) of a mining-impacted meromictic boreal lake.
Samples were cored above, at, and below the chemocline at the end of the winter stagnation
period (March) and near the end of the open water season during autumn overturn (No-
vember) in 2014. Water column properties were measured at both sampling occasions as
well. The aim was to study the geochemical properties of the biologically active top layer of
the sediments across the chemocline in both winter stagnation and autumn overturn condi-
tions. These data can be useful for the estimation of the ecological risks of metals in the sed-
iments of mining impacted lakes, especially at the zone of seasonal chemocline fluctuation.

Material and methods

Lake Valkeinen is located just south of the closed Kotalahti nickel-copper mine at Oravikoski in
Leppévirta, Finland. The mine was in operation between 1959-1987. Waters from the mine site
are primarily discharged to a larger lake east of the mine and only a small ditch drains a natural
wetland close to the tailings pond towards Lake Valkeinen (Figure 1). Other streams enter the
lake from the SE. The lake has a surface area of 19.5 ha and a maximum depth of 16 m.
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Figure 1. Map of Lake Valkeinen and its location in Finland.
Coring sites (8, 10, 14, and 16 m) are marked with dots.
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Lake Valkeinen was cored from the ice in late March in 2014 (17.-24.3.2014) and from a
boat in early November (3.-6.11.2014). The coring sites form a transect towards the deepest
part of the lake: 8 m (above the chemocline), 10 m (near the chemocline), 14 m (below the
chemocline), and 16 m (deepest part). The sediments were cored with a Kajak-type corer
that closes at the upper end. This preserves the water overlying the sediment during the
withdrawal of the corer. A limiter was used to limit the penetration depth of the corer in the
sediments to ensure that enough of overlying water was obtained in all cases. Artificial roots
(‘rhizons’) of a nominal pore diameter of 0.2 um were used to sample both the overlying
water and the pore waters (top 5 cm) into pre-vacuumed test tubes. The test tubes for ele-
mental analyses were opened in the field and nitric acid was added for preservation.

The water samples, including water column samples from 2, 10, and 14 m, were analyzed
for element concentrations with ICP-AES/MS, major anions with IC (SFS-EN-ISO 10304-
1:en), and DOC according to SFS-EN 1484 in the accredited (FINAS To25) testing labo-
ratory of Labtium Ltd. Every tenth sample or at least one in every batch were analyzed as
laboratory duplicates and reference materials and field blanks also were analyzed.

The top sediments corresponding to the pore water samples (5 cm) were freeze dried for
geochemical analyses with ICP-MS and ICP-AES from microwave-assisted HNO, leachates
(US EPA 1994). The digestion breaks down sulphides, most salts (e.g., apatite), carbonates,
trioctahedral micas, and 2:1 and 1:1 clay minerals but does not appreciably dissolve major
silicates. A CN-analyzer was used to determine carbon concentrations. Laboratory dupli-
cates and internal standards were employed for the sediment analyses as well.

Water column properties were measured using a Yellow Springs Instruments XL600 and
Professional Plus multiparameter sondes. The variables included depth, temperature, spe-
cific conductance (conductivity), pH, reduction potential (ORP), and oxygen. Measure-
ments were also made from the water overlying the sediments in the Kajak corer, and di-
rectly from the sediments by pushing the electrodes into the soft sediment. The variables
measured from the cores included temperature, pH, ORP, and conductivity. The meters and
electrodes were from WTW and Mettler Toledo.

Results
Water column properties

Water column properties show that a monimolimnion devoid of oxygen exists below 10 m
also during the autumnal overturn. The mixolimnion remained well aerated (O, saturation
>80 %, O, 11 mg/L) all the way to 9 m where the first small decline was recorded during
the overturn. In contrast, O, concentration and saturation declined gradually with depth
in the mixolimnion during winter stagnation with steeper decline starting at 9 m. There
was a decline in O, between 2.5 and 3 m during the winter sampling, accompanied with a
slight but distinct increase in temperature and a barely detectable drop in pH. The change
in temperature at the chemocline was steeper during the overturn with a rapid transition
from the stable 3.4 C to the warm (4.7 C) upper part of the monimolimnion. The specific
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conductivity of the mixolimnetic water was 460 uS/cm for both autumn and winter down
to 6 m. Below this level the conductivity started to gradually increase towards the chemo-
cline during winter stagnation. Conductivity increased to 700 uS/cm in the monimolimni-
on in both periods with a layer of even more electrolyte rich waters below 14 m (up to 1000
uS/cm). Water column pH was higher throughout during the overturn declining from 8.0
at the surface to 7.5 at 9 m and then dropping to 7.0 below the chemocline. There was a
layer of higher pH near the lake bottom during both periods and another layer of elevated
pH at the rapid decline in ORP at 10.5 m during the winter stagnation. Above this layer,
there was a zone of lower pH between 9 and 10 m. Corresponding ORP-pH zoning was not
observed during the overturn.
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Figure 2. Water column properties at the deepest part of the lake, at the end point of the coring
transect. Solid line = winter stagnation, dashed line = autumn overturn.

In accordance with the conductivity results, element concentrations in the water column
(results not shown) were higher in the monimolimnion than in the upper part of the mix-
olimnion during both occasions. Concentrations in the transitional zone were in general
between these two extremes. However, Mn, Ni, Co, and Zn concentrations were elevated at
the chemocline. Manganese in particular was found at 10 m during the overturn whereas Fe
concentrations were conspicuously low in all samples. Similar to most elements, sulfur and
SO, concentrations increased with depth. Total sulfur and SO, molarities coincided at 2 m
and 10 m but there was a 2-2.5 mmol/I excess of sulfur at 14 m.

Pore waters and overlying waters

During late winter stagnation, the waters overlying the sediment (10 cm layer) were oxidiz-
ing at 8 m (+184 mV using Ag/AgCl, 0.1 M KCl electrode) and turned more reducing at the
deeper sites (Table 1). Within the top sediment (at 3 cm), pore waters were reducing at all
sites (~ -250 mV). There was a gradual increase in SO, concentrations with depth in both
the overlying and pore waters. When compared with total S concentrations, SO, accounted
for most of the sulfur at 8 and 10 m but there was an excess of sulfur (i.e. other species) be-
low the chemocline, especially in the overlying waters at 16 m. In all cases, there was more
sulfur in the waters overlying the sediment than in the pore water.
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Table 1. Selected properties of pore waters (bottom) and the waters overlying sediments (top).
Winter values are on the right, overturn values on the left.

Depth ORP EC Al Fe Mn Ni Zn S S04 DOC ORP EC Al Fe Mn Ni Zn S S04 DOC

(m) (mV) (uS/ pg/L mg/L pg/L pg/L pg/L mg/L mg/L mg/L (mV) (uS/ pg/L mg/L pg/L pg/L pg/L mg/L mg/L mg/L
cm) cm)

8 184 219 874 <0.05 205 7.99 551 827 200 5 82 15 <1 095 619 7.13 528 60.0 180 2.6
10 -10 350 146 <0.05 405 106 846 103 249 3.2 -1 306 123 0.52 2780 7.84 16.0 89.0 240 3.1
14 -245 417 37 0.1 2460 598 486 157 306 55 -243 447 320 0.07 2030 509 1.56 651 400 53
16 -208 558 38.8 <0.05 1040 4.47 411 380 417 3.5 -364 640 260 <0.05 1120 460 246 808 410 12
8 -220 330 131 724 3190 6.72 756 714 199 9.1 -110 250 28.6 526 2980 3.82 7.88 58.0 170 8.1
10 -248 310 170 0.07 3450 329 145 719 207 11 -280 300 354 0.08 3060 399 107 746 210 11
14 290 400 170 <0.05 2230 4.34 466 118 243 18 -292 376 53,5 <0.05 1480 3.50 0.59 278 310 12
16 -260 560 154 <0.05 1060 5.53 3.22 161 361 20 -364 640 747 <005 1180 526 0.75 355 330 13

Iron concentrations were again negligible in the pore and overlying waters in the winter with
the exception of the pore waters of the shallowest site (7 mg/L). In contrast, Mn concentrations
were relatively high in especially the pore waters of the two shallowest sites, declining below the
chemocline. In the overlying waters, Mn was all but absent at 8 m and at the highest at 14 m.
Here again, Ni and Zn concentrations in the overlying waters were highest at 10 m, accompa-
nied with low pore water concentrations. The highest concentrations of these elements in pore
water were found at the shallowest site (8 m). There was more DOC in the pore waters than in
the waters overlying the sediment with an increasing trend with depth (from 9 to 20 mg/L).

The autumnal overturn did not result in more oxidizing conditions in either the overlying
waters or pore waters at any depth. In fact, overlying water remained more reducing than
during the winter at the chemocline (10 m). Similar to the winter stagnation, SO4 concentra-
tions increased with depth in both the overlying and pore waters with higher concentrations
above the sediment than in pore waters. Here again, SO, accounted for most of the sulfur
at the mixolimnetic sites but the proportion of excess sulfur over SO, was higher in both the
overlying water (16-21 mmol/1) and pore water (5.5-7.7 mmol/1) than in late winter.

Iron concentrations were very low also during the overturn, with some Fe detected in the
shallowest sites. Mn concentrations were highest in the pore waters of the 8 m and 10 m
sites while the highest concentrations in the overlying water were measured at 10 m, in line
with the water column results. The same was true for Zn and Ni in the overlying waters
but, in contrast to winter stagnation, pore water concentrations at the chemocline (10 m)
were not conspicuously low. The increasing trend in pore water DOC concentrations with
depth was similar to the late winter conditions but this time there was a similar and even
more pronounced trend in the overlying water as well. Electrical conductivity increased
with depth as in winter and in the water column but the conductivity in the overlying water
at 8 m was very low at 15 uS/cm. This general trend was seen in major cations as well.
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When the major winter-to-overturn differences in pore waters and overlying waters were
examined at different sampling depths, they mostly consisted of cases where concentrations
were higher during the overturn. However, there were cases in which concentrations were
higher in the winter at the monimolimnetic sites (14 m and 16 m) such as Cr in the overlying
water at 16 m, Se in pore water at 14 m and 16 m, and Zn in both water fractions at 14 m and
16 m. In addition, Al concentrations were higher during the winter at all depths. In general,
however, concentrations were higher in the autumn and this was especially true for the 10
m coring site which is located close to the chemocline. At this site, especially the concen-
trations in the waters overlying sediment showed higher element concentrations during the
overturn. Concentrations of total sulfur were exceptions to this rule with high autumnal
concentrations only in the monimolimnion.

Sediments

As is common for any lake, mining impacted or not, there were trends in sediment element
concentrations with depth. These trends stem from the physical and geochemical processes
that sort the materials between the shallower and deeper areas of a lake basin. At Lake Valk-
jarvi as well, elements typical to silicate minerals had higher concentrations in the shallower
sediments (Al, Cr, K, Ti, V). In addition, Mn and Pb declined with depth. Elements with
higher concentrations deeper in the lake included Co, Fe, S, Ni, and P and also alkaline and
alkaline earth metals Ca, Mg, Na, and Sr. As usual, carbon concentrations were higher in the
deep water sites, also affecting element concentrations in sediments.

Table 2. Concentrations of selected elements in the sediments (in mg/kg, C in %).
Upper panel = winter, lower panel = overturn.

Depth Al As Ba Ca Co Fe K Mg Mn Na Ni P Pb S Sr Ti Vv Zn [
(m)

8 17200 15 378 10200 104 48500 2360 7230 2260 317 1120 2250 73 15900 51.6 784 509 329 204
10 13900 13 234 8870 130 52500 1960 6130 1390 268 979 1930 56 48100 44 623 357 187 19.8
14 13500 15 202 11100 216 72100 2130 7400 1230 423 1930 1900 53 71700 555 578 31.7 262 21.8
16 13500 16 439 12100 321 103000 1820 7230 2150 347 2050 3620 36 108000 71.7 467 249 276 203
8 16500 7 241 8820 65 45800 2040 6120 1430 260 560 1580 68 18400 40 709 46 241 19.1
10 13700 7 200 9490 91 45300 2180 6650 1420 313 710 1680 62 42400 43 679 36 181 20.1
14 12200 9 221 11300 265 67900 1800 7060 1130 356 1970 2190 46 70600 51 466 24 251 209
16 10100 8 234 11200 230 78600 1740 6990 1150 354 1930 2260 37 84100 53 454 20 256 215

Understandably, changes in sediment concentrations were less pronounced than those in
the water phases of the sediment realm. In general, concentrations were slightly higher in
the winter than in during the overturn (the opposite was true for the waters). The change,
although slight, was strongest at the deepest (16 m) and shallowest (8 m) sites. In particu-
lar, the concentrations of Fe, Mn, As, and S were higher at 16 m in winter. Fe and S were
elevated also at the chemocline zone (10 m) in winter whereas Al and the alkaline and alka-
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line earth metal concentrations were lower at that depth. At the shallowest site, above the
chemocline fluctuation zone, winter concentrations were higher for e.g. Ba, Ca, Mg, and also
Mn, Ni, and Zn.

Discussion

The results show that Lake Valkeinen indeed is meromictic and autumnal overturn is un-
able to mix the monimolimnion. However, mixing erases the zonation in the mixolimnion
seen during winter stagnation with a zone of oxygen consumption, higher temperature, and
lower pH at the interface between fresh water from the top at 3 m and the slightly oxygen
deficient deeper mixolimnetic water. Mixing also erases the zone of redox reactions at the
chemocline with a decline in pH above the redoxcline, presumably due to reprecipitation
of the diffused reduced species, and elevated pH immediately below the redoxcline in the
reducing monimolimnion. Chemical analyses of the 10 m water column sample suggest that
species of Mn, Ni, Co, and Zn play a role here and these same metals also showed high con-
centrations in the water overlying the sediment at the same depth. Seasonality also affects
the monimolimnion, especially the temperature profile, but also the pH and redox condi-
tions to some degree. However, it doesn’t erase the layer of high electrolyte content and low
ORP at the deepest part of the lake, presumably formed due to reactions at or near the sedi-
ment water interface that may also involve redissolution of precipitates settling through the
water column. There also was an excess of other, presumably more reduced, sulfur species
over SO, in the water column, pore waters, and the overlying waters in the monimolimnion,
especially during the autumn overturn.

Seasonality had an effect on the element concentrations of the pore waters and the waters
overlying the sediments especially at the chemocline. In general, concentrations were high-
er during the overturn, particularly in the waters overlying the sediments. Major increases
at the chemocline compared to winter conditions were seen in Ba, Co, Mn, P, Pb, V, and Zn.
In the winter, pore water concentrations of e.g. Zn and Ni were low at 10 m, suggesting bind-
ing to sediments may be more efficient. At this time, the ORP values increase rapidly above
the chemocline while the O, concentrations are low compared to the overturn conditions,
suggesting other oxidizing species are present.

In contrast to waters, sediments had slightly higher concentrations of HNO, soluble ele-
ments in the winter than during the overturn, especially at the deepest and shallowest sites.
At the deep, this may be due to precipitation as sulfides because the effect was strongest
for Fe, Mn, As, and S. Iron and sulfur also showed higher sediment concentrations at the
chemocline in winter.

Conclusions

The results show that seasonality may have an effect on the chemical conditions of the sed-
iment compartment of mining-impacted meromictic lakes. The effect varies with depth and
across the chemocline. Furthermore, the response differs between individual elements and also
between pore waters and the waters overlying the sediments. Even when the monimolimnion
remains stable, conditions change in this reducing, high electrolyte part of the system as well.
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Mine water concept in detail — A case study of closing a
German coal mine at Ruhr district

Hagen Frankenhoff, Isabelle Balzer, Dr. Holger Witthaus

RAG Aktiengesellschaft, Servicebereich Technik- und Logistikdienste,
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Abstract A concept of closing a German hard coal mine includes the decommissioning of underground
facilities and addresses all matters of environmental protection in a long term view. Therefore the
concept has to describe the decommissioning of production, the separation of mine field infrastructure,
the preparation of roadways and the mine water management. The report gives a short overview of the
mine layout and geological circumstances, followed by a description of measures for preparation prior
to closing including operational aspects and regulatory approvals up to required monitoring measures.

Key words Mine closure, Post-mining water management, hard coal mining

Introduction

RAG Aktiengesellschaft (RAG) is responsible for finishing hard coal mining in Germany up
to the year 2018 based on long term contracts and agreements. RAG is following a detailed
concept of mine closure for each mine and also considering generic regional aspects. This
paper gives an exemplary overview to the closing of an underground hard coal mine in the
Ruhr area of Germany. At first some fundamental parameters of the geological and geomet-
rical situation are described. For the description of procedure it is also necessary to mention
some important legislative requirements. Based on the regional concept of mine water man-
agement the process of mine closure has to fulfil a lot of specific demands. In the following
some examples of applied methods and operations regarding mine water management are
pointed out.

Basics for closure of a hard coal mine in the Ruhr area
Geological overview

Hard coal deposit of the Ruhr area is located in Carboniferous strata. In the South of the Ruhr
district these strata are directly cropping out to the surface. Strata are dipping to the North
and the overburden of the Carboniferous is consisting of Tertiary and Quaternary strata.

In total there are approximately 200 seams in Carboniferous rock with a thickness between
a few centimeters up to 5 meters. In the northern area of the coal field the seams are located
in a depth of approximately 1000 to 1500 meters.

Geometrical and operational parameters of a typical mine

A typical hard coal mine of today consists of several shafts and a large number of roadways
in the underground. An area of 20 to 30 square kilometers is covered, more than 130 kilo-
meters of roadways in a depth between 800 meters and 1500 meters describe the scale of a
typical mine in numbers.
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Legislative basics

Main basics for mining activities in the Ruhr area are formed by a federal legislation and the
country codes of North Rhine Westphalia. These laws rule mining in production as well as
mine closure. For mine closure additional recommendations of European, federal and local
demands are taken into consideration, because danger by post mining risks has to be avoided.

The main challenges of mine closure are:
« prevention of uncontrolled gas emissions,
« control of mine water level with respect to other groundwater levels,
« save of drinking water quality,
« prevention of damage by movement of the ground.

Procedure of closing

Elements of mine water management are applied during production time as well as in time
of closure. Important is a continuous observation of mine water quality at any point of in-
flow in the underground. Due to this demand underground probes are taken and analysed
for specific physical and chemical parameters. Table 1 gives a list of parameters that are
analysed in standard sampling. The column PP1 describes the standard test range, PP2 min-
imized simplified tests and PP3 to PP5 additional tests for cases of suspicion.

Table 1 Standard cathegories of testing procedure for mine water probes (IHS 2007).

Parameter PP1 PP2 PP3 PP4 PP5
colour
clouding
smell
temperature
pH-value
electric conductivity
evaporation residue
total hardness
Natrium
Calcium
Magnesium
Potassium
Chloride
Sulfate
Hydrocarbonate
Ammonium
Nitrate
Nitrite
Barium
Strontium
Iron
Manganese
Radium 226 X
Radium 228 b3
Sulfide X
Zinc X
Lead X
cob
Phosphor
Hydrocarbons
Absorbable organic halogen
PCB
PCB substitutes

on-site

main components

1l my

minor compnents
X X X X X X X |IX X X X X X X X X [X X X X X X

specific
extraordinary
loads

anthropogenic
loads

X X X X X X
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Figure 1 gives an exemplary overview to the points of geogenic water inflow to the mine in-
frastructure at Auguste Victoria mine. The perspective view includes remarks by arrows and
a table of water flows for each point. In total the inflow amounts 156 m3 per hour. Different
colours indicate different levels of roadway infrastructure. The shafts are marked as AV 3/7,
AV 6, AV 8 and AV 9 and WU 1/2 (adjacent mine).

AV 9
1) Q5 SW 38 70 m*h
2) Q5 SO 80 20 m*h
3) Borhl. 6a 25 m*h
4) DB SO 60 10 m*h
5) Q6 NW 60 20 m*h
6) FI-S NW 61 1,8 mh
7)RS5NO 1 5 m*h
8) RB NO 60 0,3 m¥h
9) GB D/C TO 10 4 m’h

156,1 m*h = 2,6 m*min

AV 6

Figure 1 Perspective view on water inflow to Auguste Victoria mine infrastructure

At several places highly mineralized geogenic water flows into the mine. This type of water
has often a high content of barium. Different water inflow, mostly from shallow depth, has a
different chemical composition and contains a high level of sulfate in most cases.

At the place of conduction of this two different types of water barium sulfate is precipi-
tated. This chemical reaction is having a significant negative influence on the condition of
pipelines and pumps. Based on this knowledge RAG uses former mining panels as areas for
sedimentation. Therefore this water types are let into these rooms of retention separately.
There the salt is precipitated and the clean water is pumped to surface.

After finishing of roadway heading and coal production all required roadways are prepared
as water gateways. This includes examination of former workstations for pollutants, instal-
lation of a pipeline network and clearing up the roadways. The pipelines are installed to
ensure a minimum shape for water conduction even if the roadway support collapses. For
achieving a drainage effect, approximately every 100 meters a case filled with gravel covers
a point of inlet to the pipes (fig. 2).

Wolkersdorfer C, Sartz L, Sillanpaa M, Hakkinen A (Editors) 177



Lappeenranta, Finland Mine Water and Circular Economy IMWA 2017

Figure 2 Example of pipeline installation underground.

In the first phase of closure the areas of former mining excavations are normally separated,
when they are not necessary for infrastructure and ventilation any more. The closure is re-
alized by the installation of concrete structures within the roadway. The structure is dimen-
sioned to prevent mine water inflow as well as gas explosion. The unventilated area behind
the concrete wall is characterized by a rising content of methane gas.

A final operating plan, that must have an official statutory approval by the mining authority,
is the basis for this procedure.

Connected with this approval commonly specific auxiliary conditions are formulated by the
authority, resulting on risks that are recognized and documented in third party expertises.
The verification of each process and execution of specific monitoring measures have to be
implemented in a final documentation of realization.

Preparation of shafts

Long-term mine water management is aiming on using old shafts as well stations. The re-
gional concept allows minimizing the number of well stations. Because of this concept the
underground pumping stations will be substituted by well pumps within the shaft. For this
the complete shaft installation has to be recovered and a vertical pipe for each required
pump gets installed. A pillar of concrete is filled into the not needed shape of the shaft.
The length and static construction of the pillar is depending on specific local parameters
for each shaft. The detailed technical planning is aiming on long-term stability, avoiding
uncontrolled gas emission and explosion prevention besides economic pumping processing.
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Figure 3 shows on the left side a picture of a pumping station in the underground. On the
right side figures a scheme of the closed underground roadway system, the pump and pipes
for well operation.

aquiclude

Submersible =

pumps

Underground ] E
- structure

Underground pumping station Submersible pumps in well
operation

Figure 3 Preparation of shafts for well pumping stations

Operational matters

A mine with a working area of 60 km2 cannot be closed in one step. So minimizing of the
open underground area is going on stepwise. When an area is prepared for closing and all
of the machinery is deconstructed, a barrier dam is constructed in concrete material. This
barrier contents pipelines for dewatering measures, must be gastight and also has to be
dimensioned to allow explosion protection. If a dam is located in the later water gateway, it
must be reopened when the next following underground area is closed.

The preparation for closing starts long before the end of production. Figure 4 shows a per-
spective view on Auguste Victoria mine 3 years and 2 years before closing. Still active dis-
tricts in the North (blue circles) are running while other parts of the mine (West and East)
are abandoned in that phase (green circles).

Even in that time of closure a roadway was driven to the adjacent mine (grey circle). In the
regional concept of mine water management this path is required for underground water
flow and finally reduction of well station number.

A monitoring of mine water level is applied to proof the results of predicted rise of water
level. The prediction is done by a special software system “Boxmodell” which was designed
in cooperation with DMT company. The model gives a prospect on several parts (“Wasser-
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O productive mining district Q abandoned area Q roadway drivage
Figure 4 Exemplary comparison of retreating areas in a mine

provinzen”) within a regional model and contains several boxes for simulating the mine water
management. The modelling is done with respect to several geometrical, physical and chem-
ical parameters and is recalibrated consequently by monitoring results and water analysis.
Figure 5 gives a prospective view on the model of the Ruhr area in total. Each box is vertically
subdivided into several plates. Each plate provides an individual set of modelling parameters.
Figure 6 shows a comparison of forecast and measured data of water level. The graph shows
different points/areas as arrays printing (time series) and dots as results of monitoring.

Figure 5 Boxmodel for simulation — example Ruhr area (DMT, Eckart et al.)
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Figure 6 Simulation of exemplary mine water levels and monitoring results (DMT)

Conclusions and outlook

Closing of an underground mine is a long-term project. Beside RAG as the mining compa-
ny it requires teamwork of water scientists, mining administration, constructors, planning
engineers and lawyers for cooperation. Since the year 2007 RAG follows regional concep-
tions and did close several mines successfully. Underground roadways were used as water
gateways to minimize the number of pumping stations. To get optimized results of later
activities for pumping all water gateways are prepared carefully with respect to chemical
composition of different mine water qualities. The described example gives an overview to
a wide spread of measures that are executed for closing and realisation of regional water
management. Up to now RAG did proof the success of the work for each mine by results of
monitoring.

When the last German hard coal mine will close in 2018 all remaining pumping stations will
be optimized for long-term run. This means to prepare additional old shafts for well pump-
ing stations and proof successful realisation of the mine water concept by ongoing monitor-
ing processing. Besides common monitoring from surface also modern underground probes
will be used for long-term measurement of in-situ water parameters.
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Mine Water Management in the Ruhr coalfield

Michael Drobniewski, Isabelle Balzer, Hagen Frankenhoff, Dr. Holger Witthaus
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Abstract Today, the RAG Corporation is the last hard coal mining operator in Germany. In the Ruhr
coalfield it is operating one active mine and 11 dewatering stations. At the end of 2018 the subsidized
hard coal mining is finally ceasing but the mine water management will continue for an unlimited
period of time. Therefore the RAG Corporation was obligated to develop a new sustainable mine
water management system for the post-mining era to protect the ground surface and drinking water
reservoirs.

Key words Mine water management, Post-mining mine water management, hard coal mining

Introduction

In 1968, the RAG Aktiengesellschaft (RAG Corporation) was founded as a consolidation
company of the Ruhr mining industry and is nowadays the last hard coal mining company
in Germany. Today it is operating two remaining collieries, one in the Ibbenbiiren coalfield
and one in the Ruhr coalfield. Coal mining in the Saar coalfield ended in 2012, but the mine
workings are still open and used for mine water management. In 2016, 104.5 million m3
mine water were pumped in the three coalfields by the RAG Corporation (fig. 1). This paper
is focussing on mine water management in the Ruhr coalfield.

Ibbenbiiren coalfield
minewater in 2016 (Mio m?/a) 18,7

dewatering slations 2

active mines 1

Ruhr coaltield
mincewater in 2016 (Miv m?/a) 66,3

dewatering stations 11
 active mines 1

percentaged amount of mine
waler in the Ruhr,

o e Ibbenbiiren and Saar
minewater in 2016 (Miom?/a) 19,5  coalfield

Saar coalficld

dewatering stations 5

aclive minces 0

Figure 1 Hard coal mining and mine water management in Germany.

The Ruhr coalfield is located in north-west Germany in the state of North Rhine-Westphalia.
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It lies in the catchment of the tributaries Ruhr, Emscher and Lippe of the River Rhine. The
occurrence of vast coal deposits has led to the development of one of the largest polycentric
metropolitan areas in Europe. The Ruhr area extends over 4,430 km2 and consists of sev-
eral large industrial cities. It is one of the most densely populated mining areas worldwide.

The Ruhr coalfield contains 3,000 m of Upper Carboniferous coal-bearing strata and nearly
300 coal seams with a thickness ranging from <0.5 to 3 m. The carboniferous strata are out-
cropping in the southern part of the Ruhr area in the valley of the river Ruhr and are dipping
towards the north. Due to that geological condition mining in the valley of the Ruhr dates
back to medieval times. Following the dip of the carboniferous sequences, and with ongo-
ing industrialization and new technical developments in mine water management, mining
activities moved towards the north. In the northern part of the Ruhr Area, within the range
of the river Lippe, the cretaceous overburden reaches a thickness of 1000 m (Henningsen
and Katzung 2006).

Status Quo

At the time of the foundation of the RAG in 1969, 56 collieries were in operation. 52 col-
lieries were passed to the RAG Corporation and 4 collieries remained independent (Huske
2006). This number declined steadily so that in 2017 only one active colliery remained in
the Ruhr coalfield (the colliery Prosper-Haniel located in the city of Bottrop). Due to com-
bined mining, most of the collieries where connected in the underground at several levels by
mine workings. If underground pumping stops at one colliery, the rising water will flow to
the adjacent mine. Therefore, a network of pumping stations is still active in the whole Ruhr
coalfield — even with reduced mining activities. Today and in the past, the main task of the
mine water management was to keep the mine dry and guarantee safe working conditions
for the last remaining collieries.

In 2016 66.3 million cubic meters of mine water where pumped to the surface by a network
of 11 dewatering stations and one active mine in the Ruhr coalfield (fig. 1). Almost half of
that water is pumped in the southern part of the coalfield where the carboniferous strata are
outcropping and mining activities stopped in the 1960ies. Pumping can here take place at
shallow depth and the water is only slightly mineralized. The water is discharged directly
into the river Ruhr. Without pumping the water in the southern part of the coalfield would
flow northwards following the dip of the strata and reach adjacent mines or dewatering
stations. There it would have to be pumped from greater depths and with a higher amount
of dissolved minerals.

Going to the north, the cretaceous overburden and consequently the pumping height are
gradually increasing. Water is discharged into the rivers Emscher and Lippe (fig. 2).

Today’s underground pumping stations at the rivers Ruhr, Emscher and Lippe are con-
sisting of a system with two open shafts for mine ventilation and connecting roadways.
Centrifugal pumps are installed in the roadways and are pumping the water to the surface.
In the western part of the Ruhr coalfield the pumping station Walsum has already been re-
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constructed as a well-operating pumping station. It is using submersible pumps and main-
tenance works take place from the surface. Mine workings have been closed completely. The
pumping station Walsum started working in June 2016 and is discharging directly into the
River Rhine.

North | | ‘ closed mines ‘ South

j Lippe 41 P g Emscher ﬁﬁ

-
-
-

- -

Figure 2 Cross-section of the Ruhr coalfield — mining activities and mine water management

Post-mining mine water management

At the end of 2018, when hard coal mining operations will finally be ceasing in the Ruhr
coalfield, the dewatering of the carboniferous strata is no longer necessary with regard to
safe working conditions for the miners. Anyway, mine drainage in this densely populated
region is regarded as a perpetual obligation resulting from the coal-mining operations. For
that reason mine drainage is regarded as a task for an unlimited period of time to maintain
the water level at a pre-determined safe level. In the future, the most important objective
of mine water management will be the protection of the ground surface and especially of
groundwater reservoirs. Nevertheless the RAG Corporation was obligated to develop a new
concept to operate mine drainage in a responsible, efficient and cost-effective way in the
post-mining era.

Basic options to meet the demands of the post-mining mine water management are the
rebound of the water-level to a pre-determined safe level, the reduction of pumping sta-
tions and well-operated pumping from the shaft with submersible pumps. The post-mining
mine water management is shown in Fig. 3. It is planned to reduce the number of pumping
stations to a total number of six: In the south of the coalfield, the dewatering stations dis-
charging into the river Ruhr will remain (Heinrich, Friedlicher Nachbar and Robert Miis-
er). In the east, the only remaining dewatering station will be Haus Aden. The dewatering
station Walsum is already reconstructed and will continue dewatering the western part of
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the coalfield in the post-mining era. After closing the last mine Prosper-Haniel in 2018, the
water management in the central part of the coalfield can be adapted. Therefore the former
mine Lohberg will be reconstructed as a dewatering station. Mine water can directly be dis-
charged into the river Rhine. There will be no more discharge of mine water into the river
Emscher (RAG AG 2014).

Dewatering station for an
unlimited period of time

Closed dewatering station in the
future — ,stand-by well”

> Path of the mine water in the
underground

Figure 3 Post-mining mine water management

The connecting mine workings between the different dewatering stations can then be used
to transmit the water in the underground to the next active pumping station (fig 3). In-
dispensable for the underground transmission is the rebound of the mine water — at least
to the level of the connecting mine workings. Simultaneously the pumping stations will
be reconstructed into well-operating stations: The remaining mine workings of the dewa-
tering station will be closed. With the backfilling of the shaft a system pipes is installed,
so that pumping could restart from the shaft with submersible pumps. In case the pump-
ing station is dispensable in the post-mining mine water management, the shafts will
be backfilled as a “stand-by well”. This means, that there will be either a pipeline in the
backfilling or that the backfilling is realized in a way that allows reopening. Underground
blockages or roof falls can stop or limit the underground discharge to the next pumping
station. In this case the “stand-by wells” can be activated to access the mine water table.
If necessary the rise of the mine water can be controlled by using submersible pumps. To
avoid an uncontrolled rebound of the water table, mine water levels in the Carboniferous
are constantly monitored. Currently there are nearly 50 monitoring sites in former shafts
(RAG AG 2014).
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Opportunities of the mine water management concept

Implementing the new mine water management concept is not only an important contribu-
tion to meet responsibilities resulting from the coal-mining operations of the RAG Corpora-
tion but also an active contribution to environmental protection. The rebound of the mine
water level and a reduced pumping height result in a reduced energy use. This implies not
only financial benefits but also a reduction of CO,-emissions. Numerical modelling also pre-
dicts the restriction of highly mineralized geogenic water flowing into the carboniferous aq-
uifer with higher water levels. Hence a better water quality will be pumped and discharged
into the rivers. With the additional reduction of pumping stations and the concentration of
pumping activities discharging directly into the River Rhine, a better water quality in the
surface water will be achieved. Especially the river Emscher will completely be free of mine
water discharge. Overall 240 km of watercourse will be free of mine water discharge. This
would be an important contribution to fulfill the requirements of the Water Framework
Directive (RAG AG 2014).

Abandoning the remaining mine workings and using submersible pumps is another im-
portant factor of meeting the demands of the post-mining era. The expensive maintenance
of the mine workings will be obsolete. In addition less manpower is needed to operate the
pumping stations and mine drainage will work in a more cost-effective way (RAG AG 2014).

Financing

In 2007, the German federal state, the coal mining states North Rhine-Westphalia and Saar-
land, the RAG Corporation and the Union IG BCE (Mining, Chemical and Energy Industrial
Union) agreed to discontinue government subsidies for hard coal mining with the end of the
year 2018. They agreed to find socially acceptable means of ending hard coal mining, and
measures to finance the continuing obligations from the coal mining operations. Beginning
in 2019, an annual €220 million will be needed to finance the measures for a permanent
management of mine- and groundwater in the former Saar, Ruhr and Ibbenbiiren coalfield.
Therefore the RAG-Stiftung (“RAG Foundation”) was established in June 2007. To provide
the financial means in the future, the RAG-Stiftung is investing its assets in a safe and profit-
able manner (fig 4). With the beginning of 2019 the foundation will pay for mine water man-
agement, polder measures and groundwater purification. The correction of mining-related
damage will not be paid by the RAG-Stiftung but directly by the RAG Corporation.

Besides financing the perpetual obligations from mining, the foundation is supporting pro-
jects in education, science and culture in the former mining regions. Its aim is to preserve
the mining heritage for future generations and help to develop new opportunities for the
former industrial regions (www.rag-stiftung.de).

Conclusions

Closely linked to the extraction of hard coal is the management of the mine water. Without
any measures to control the inflowing water into the mine, coal extraction is not possible.
Therefore mine water management in the hard coal mining districts in Germany has been
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Figure 4 Financing of the perpetual obligations from mining by the RAG-Stiftung (after RAG-
Stiftung Infograph “The RAG-Stiftung at a glance”)

taking place for more than 250 years. With the closing of the last hard coal mines in Ger-
many in 2018, an important chapter in German industrial history is coming to an end. Nev-
ertheless there are obligations from hard coal mining operations with unlimited duration
like the mine water management. The RAG Corporation will take charge of these respon-
sibilities. The development of the post-mining mine water management is an important
contribution to fulfill these obligations especially with regard to environmental protection
and financing.
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Under Ice Treatment and Discharge Of A Tailings
Impoundment — A Case Study From The Lupin Mine
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Abstract Water management and treatment in cold regions faces many challenges, a core one being the
limited open water season. In 2015, treatment and discharge of water stored in a tailings impoundment
extended into the winter season under complete ice cover. Lime was added to raise the pH (4.7) of
poorly buffered water (alkalinity <2.0 mg/L as CaCO3) into an acceptable range for discharge. In total
2,171,000 m3 were discharged to the environment in 2015 with an average pH of 7.0 (alkalinity 4.4
mg/L as CaCO3). Under ice water quality remained consistent during discharge and highlights the
possibility for extending treatment programs when circumstances warrant it.

Key words Water Treatment, Under Ice, Lime, Neutralization, Adaptive Monitoring

Introduction

The Lupin Mine is located in Nunavut, Canada, 400 km north of Yellowknife, 1,400 km north
of Edmonton, at 65° 46’ N latitude and 111° 14’ W longitude, and approximately 60 km south
of the Arctic Circle. The site is accessed by a 1,950 m airstrip, which is Jet aircraft capable,
and occasionally the winter road from the diamond mines east of Yellowknife is extended to
Lupin. The Lupin Mine has been maintained in a care and maintenance status since 2005.
Periodically water that accumulates in the tailings impoundment needs to be discharged. In
2015, treatment and discharge of water stored in a tailings impoundment extended into the
winter season. The discharge quality objective was to raise the pH (4.7) of poorly buffered
water (alkalinity <2.0 mg/L as CaCO,) into the permitted pH range of 6.0 to 9.5.

The tailings impoundment is comprised of solids retention cells (Cells 1, 2, 3 and 5) and
three liquid polishing ponds (Cell 4, Pond 1 and Pond 2) (Figure 1). All precipitation and
runoff falling within the facility ultimately reports to Pond 2 (the Pond) (Figure 2). The
Pond is contained by geomembrane lined perimeter dams, Dam 1A and Dam 2. The design
allows for the aggradation of permafrost into the dam’s core. In order to maintain con-
servative operating freeboard levels at the perimeter dams, water needs to be treated and
discharged every two to four years. The frequency, depends on cumulative runoff and pre-
cipitation as well as the amount discharged during the last treatment campaign.

Since the site has been maintained in a care and maintenance status, three treatment cam-
paigns were carried out in 2005, 2009 and 2012. Only the total volume and water quality
discharged to the environment was available from the 2005 and 2009 treatment programs.
The operational data from the 2012 treatment program was not thoroughly documented,
however all compliance data required by the water licence was. All treatment programs
were carried out during the open water season, spanning from mid-July to early October.
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Figure 1 Lupin Mine Tailings Impoundment and Sample Locations

The buffering capacity of the Pond water is very low. Before treatment in 2012 and 2015
water quality data was collected and the alkalinity was <5.0 and <2.0 mg/L as CaCO,, re-
spectively. In order to raise the pH of the Pond hydrated lime was added (Pouw 2014). The
introduction of OH- ions into solution consumed acidity (Aubé 2003). Since there was very
little alkalinity in solution to buffer the OH- addition the pH of the solution increased dra-
matically with small doses of lime (Stumm 1996). The limited buffering capacity means the
target pH for treatment can be easily overshot.

Results from the 2012 Treatment Campaign

In total 1,067,000 m3 of treated water were discharged from Pond 2 in 2012. Five points
within the lake were monitored for pH, temperature and conductivity during the treatment
program: Site 1 through Site 5 as depicted in Figure 1 (Site 1 is water sampling and moni-
toring station Site-102). The treatment plant was located on Dam 1A (compliance sample
point LUP-10 is downgradient of the siphons on this dam [Figure 1]). The 2012 program
was designed to focus on treating water within a Bay area spanning from the sample point
LUP-17 out to Site 2 in Figure 1 (Figure 3).

The treatment strategy was to remove water from the Pond, dose it with lime, and pump
it back to the Pond and allow the treated water to mix with the untreated portion of pond
water. The pond water was pumped to a 22 m3 tank on Dam 1A. Once full, lime was added
to the tank to create a lime slurry of roughly 1 to 10% (by weight). The lime slurry was then
pumped back to the Pond via a perforated pipeline within the Bay. This cycle was repeated
until the entire Pond was above the target pH. The water was then held in the Pond until it
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Figure 2 Lupin Mine Pond 2 of the Tailings Impoundment Area

equilibrated with atmospheric carbon dioxide and mix with the portion of untreated Pond water.
The pH decreased into the acceptable range for discharge. Pond water was transferred via two 20”
siphons from a depth of 3 m off Dam 1A to Dam Lake, ultimately reporting to Contwoyto Lake.

The main conclusions from the 2012 program was that the Bay could not be treated in iso-
lation, the Bay pH could be easily overshot, and the lime slurry needed to be dilute (<2%
by weight). These findings were discovered during the initial treatment period before dis-
charge. Initially more lime slurry was added to the Bay than required and a portion of the
lime particles settled to the bottom. Also since the Pond water was so poorly buffered the
pH was initially above the acceptable discharge criteria (pH >9.5). Treatment stopped and
the Bay was left to mix with the remaining Pond water and to reach equilibrium with atmos-
pheric carbon dioxide (Figure 3). The pH of the Bay eventually lowered back below 6.5 and
treatment started again. pH was challenging to maintain within the range for discharge.

Results from the 2015 Treatment Campaign

For the 2015 treatment program a number of changes were made to use lessons learned by
the mine operator in 2012.

« A longer pipeline extended out to Site 2 (500 m). The first 300 m was solid pipe, while
the last 200 m had 1 inch holes drilled every 10 m. A plume of treated water spanned
200 m in the outer part of the Bay.

« The lime slurry concentration was maintained between 0.5 and 1% (by weight). Using
a lower dosage allowed for greater control when treating the Pond. Especially once an
ice layer formed on the Bay and wind assisted mixing and the diffusion of atmospheric
carbon dioxide into the Pond was limited.

Wolkersdorfer C, Sartz L, Sillanpaa M, Hakkinen A (Editors) 191



Lappeenranta, Finland Mine Water and Circular Economy IMWA 2017

Figure 3 The Bay area in Pond 2 during the 2012 Treatment Campaign

« The process was changed to a continuous operations. When the treatment tank reached
half empty, the intake pump was turned on. Once full, lime was added to the tank. The
process was repeated throughout active treatment.

« Five shore sample points were added to the Pond. These locations were introduced to
allow for data collection on days when the wind made Pond access by boat unsafe. These
locations could still be monitored and provide some direction around the required lime
dosage.

Throughout the 2015 treatment program, daily water quality readings were taken from Sites
1 through 9 and LUP-17 for pH, temperature and conductivity. For sites 1 through 5, read-
ings were taken at 1 m, 2 m and 3 m depths on days when there were safe boating conditions.
Once discharge commenced, compliance monitoring was conducted at the discharge point
(LUP-10). All compliance monitoring and toxicity testing met the Lupin Mine water licence
conditions.

The temperature profiles at Sites 1 through 5 remained consistent with increasing depth
and decreased from 14.5 to 4°C between August 15 and September 22, respectively. This
indicates thermal stratification did not inhibit vertical mixing in the Pond to a depth of 3 m.
The Pond was treated from August 18 until October 12. In total 26,000 m3 of water was with-
drawn from the impoundment and treated with 73 t of hydrated lime (<1% by weight slurry)
and then pumped back into the tailings impoundment to neutralize the untreated portion
of water. The Pond pH was indicative of the extent of treatment and used to provide instant
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feedback to the treatment program. The pH was a parameter easily monitored in the field
through handheld Oakton pH meters calibrated daily before use.

Figure 4 shows the pH recorded at Sites 1 through 5. On September 8 and 9, the wind speed
decreased to 1 km/hr and wind mixing was less vigorous. The pH at 3 m for Site 1 and 2
reached 9.1 and 7.5, respectively. Treatment was temporarily shut down. On September
10 the wind picked up again and the pH lowered back down to 6.3 and 5.7 for Site 1 and 2,
respectively. Wind mixing also likely increased the rate of carbon dioxide transfer into the
pond which also lowered the pH.

The poor buffering capacity of the pond was observed during the September no wind event.
No discharge to the environment was occurring at the time, however the sensitivity of the
system to active treatment is important for operational control. The adaptive operational
approach was implemented. When setting target lime dosages for the day, wind strength
and direction as well as the previous pond pH readings were all taken into consideration.
The daily operating strategy was discussed with the operators before the start of each shift.
Operators were also required to report no wind events to prevent a spike in the Bay pH.
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Figure 4 Pond pH Readings throughout the 2015 Treatment Campaign
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Discharge to the environment commenced on September 23 and continued until October
29. Three distinct operational conditions occurred during discharge:

« Active treatment and open water

« Active treatment and ice cover

« No treatment and ice cover

During discharge, water quality was monitored at the effluent compliance point (LUP-10).
Daily pH, temperature and conductivity readings were recorded in field, and samples were
sent to ALS in Yellowknife for additional analysis. Daily alkalinity and pH values recorded at
LUP-10 were compared to pH values observed at Sites 1 and 2 (Figure 5). The pH readings
were also compared to wind speed to see how wind speed could affect the pH. Additionally,
the lime dosage rate was also plotted to see how the dosage was lowered based on observa-
tion.

For the open water active treatment period, the water quality observed was largely driven by
wind mixing. The average pH and alkalinity were 7.0 and 4.4 mg/L as CaCO,, respectively.
Once ice formation started on the Pond, carbon dioxide diffusion and wind mixing were
limited, making lime dosage control more critical. For under ice treatment and discharge,
the average discharge pH and alkalinity were 7.8 and 4.9 mg/L as CaCO,, respectively. Fi-
nally for under ice discharge and treatment, the lake chemistry was observed to be fairly
consistent. When the Pond water was isolated from the atmosphere, mixing with the un-
treated water could lower the pH and alkalinity. For under ice discharge without treatment,
the average pH and alkalinity steadily dropped to 6.6 and 3.8 mg/L as CaCO,, respectively.

Conclusions

In total 2,171,000 m3 were discharged to the environment in 2015 with an average pH and
alkalinity of 7.0 and 4.4 mg/L as CaCO,, respectively. The overall treatment program was
successful even when extended into the winter. Though winter treatment presents many
practical operating issues, especially in an isolated north climate, consistent water quality
was maintained throughout under ice discharge.

For similar seasonal treatment programs, there is a possibility to extend the treatment sea-
son into the winter. Although this is not a preferred or often planned approach, there are
certain circumstances where this could prove beneficial for operations to maintain safe wa-
ter levels in a tailings impoundment or other holding reservoirs. Once treatment finished,
the under ice pond pH and alkalinity decreased suggesting that discharge could not be sus-
tained for long periods without treatment. The treatment program was successful due to the
adaptive nature of the monitoring program and constant feedback with the treatment plant
operators. Although under ice treatment programs face a number of operational issues, suc-
cessful execution is possible when extended discharge is required.
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Abstract This paper presents an investigation of large scale grouting and its environmental effect on
hydrogeological conditions of coal mines. In order to control and mitigate water inrush disasters while
mining above or under aquifers, which generally are reinforced by using grouting as an impermeability
treatment. The research of the hydrogeological environmental variation can provide theoretical and
technical support for the safe mining above or and aquifers and to maximize the economic efficiency
of coal production. Based on the water yield and water table of coalmines, the effect of hydrogeological
environment have been analyzed in this study.

Key words aquifers, environmental variation, hydrogeology, grouting

Introduction

Grouting applications in many engineering fields, such as foundation and dam reinforce-
ment, groundwater inrush and its prevention and control and sand consolidation, shut-
down of abandoned mine, and flooded mine recovery production (Andjelkovic et al. 2013;
Kocianova et al. 2016; Li et al. 2016). Groundwater inrush is the most common geological
hazard in coal mines in China. In order to prevent and control water inrush disasters when
mining above or under aquifers, which generally should be reinforced by using grouting as
an impermeability treatment (Xu and Yang 2014). The hydrogeological parameters of aqui-
fers such as permeability coefficient have changed considerably, especially the groundwater
seepage field after grouting reconstruction. Hydrogeological characterization of aquifers
due to coal mining are important for preventing panels from water inrush, reducing mine
drainage and surface water pollution and ensuring mining safety (Xu et al. 2013; Zhang et
al. 2006).

The aquifers, coal seam and geological structure and other geological objects are mostly
hidden in the ground when mining above or under aquifers. The hydrogeological conditions
which are complex to simple will be beneficial to mining, although the structure and func-
tion of groundwater environment system have been changed. The research of the hydro-
geological environment viration can provide theoretical and technical support for the safe
mining above or under aquifers and to maximize the economic efficiency of coal production.
Based on the hydrogeological parameters of coalmines in which aquifers have been grouted
reconstructions, the negative and positive effect of hydrogeological and groundwater en-
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vironment have been analyzed in this study. The characteristics of aquifers with grouting
as an impermeability treatment have been obtained. Finally, the effect of hydrogeological
environment has been provided for mining and grouting reference.

Grouting for the reinforcement of aquifers

Mining engineering is a typical environmental reconstruction process, the project not only
to ensure the safety of mining, but also to ensure that the environment is not destroyed
(Zhou et al. 2007). Grouting reinforcement as a method and means to change the hydroge-
ological condition of rock mass. Grouting reinforcement is a effective method which tries to
eliminate the disadvantages of traditional drainage, and strive to promote the realization of
safe, efficient and low cost mining. Under certain pressure, the slurry is dehydrated, consol-
idated or gelled in the void or channel which was originally occupied by water in the grout-
ing purpose layer. The combination of stone body or gel and surrounding rock mass. In this
way, the water leakage of the floor rock is blocked, and the strength of the water layer and
the water separation performance are improved. The aquifer is changed into a aquiclude ,
and the water inflow of the panel will be significantly reduced. At the same time, it can pro-
tect the precious groundwater resources. The grouting reinforcement of aquifer realized by
drilling, and the panel of the borehole is connected with the grouting target layer. When the
aquifer is rich in water and the head pressure is high, or the bottom of the coal seam floor
is thin, and the aquiclude has a water control structure broken zone. The transformation of
the bottom aquifer and aquifuge grouting water control method, by increasing the thickness
of water resisting layer which can reduce water inrush coefficient and the water inrush risk,
and has significant effect and scale of the project, is currently applied in most coal mines.
There are two drilling methods for grouting, drilling underground and ground surface, as
shown in Figure 1.

N ol —Jroadway [T Limestone [ ] Grouting borehole Legend

oot [t T imosone [ Groving ol

Figure 1 Aquifer grouting reinforcement technique principle

Geological conditions

The Zhuxianzhuang Coalmine is located in the southeast of Suzhou, in Anhui Province in
China (Figure 2). Coal measures in the Zhuxianzhuang Coalmine is covered by the Cenozoic,
which averages 255m in thickness. The Seam 8 is a productive coal seam which occured in
Shihezi Formation of Permian. The thickness of Seam 8 is between 7.0 and 13.0 m with an
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average thickness of 10.03 m. There aquifers and aquiclude in the Cenozoic are is formed
multi-layer composite structure due to the interactive deposition. The first, second, third,
fourth aquifers in the Cenozoic, the fifth aquifers in the Jurassic, karst fractured aquifer
in the Carboniferous and Ordovician respectively are mainly aquifers in the coalmine, as
shown in Figure 3 .

ol
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Figure 2 The location of the Zhuxianzhuang Coalmine

There has been hydraulic connection among the fourth, fifth, karst fractured and limestone
of the Ordovician aquifers. The water yield property gradually becomes stronger with the
increase of conglomerate thickness. There a water inrush has been occurred in the panel of
866-1, and the water source was from the fifth aquifers in the Jurassic. Thus, the overburden
failure due to the mining results in the fifth aquifer to be communicated. The fifth aquifers
in the Jurassic must be transformed by grouting or dewatering.

Determination of the scheme

The area of coal seam which is covered with the fifth aquifer is 2.8km2. 1120 drills needed
as the spacing is 5om. The cost of the grouting project is at least $ 6677 million. The cost of
this scheme is too high, and it is difficult to exploit under high water pressure. There has
been hydraulic connection between the fifth and other aquifers. When the pressure of the
aquifer was reduced by dewatering, the fifth aquifer will recharged by the other aquifers,
which results in the cost of dewatering is high and a long time need.
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Consequently, a curtain wall is need that will prevent the fifth aquifer recharged by the
aquifers outside the wall. Then, the water pressure of the fifth aquifer can be reduced by
dewatering inside the wall. The curtain wall has been constructed in the east and north of
the field with 3.13km in length and 40m in thickness. The drilling footage will be 73,098m,
and 150,000t cement concrete and 120,000t fly ash will be consumed.

Geoenvironmental impact

With the large scale grouting was performed, the underground water level has been changed
inside and outside the wall, as shown in Figure 4. The characteristics of the fifth aquifer with
grouting as an impermeability treatment can be obtained. The water level of fifth aquifer
is lower inside than outside of the wall. Because of the pressure of the grouting, and the
surface has been changed. Figure 5 shows the surface above on the fifth aquifer around the
grouting drilled has been uplifted as a result of grouting stress.
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Figure 4 The water level of the fifth aquifer inside and outside the curtain wall

Conclusions

In order to prevent and control water inrush disasters when mining under aquifers, a cur-
tain wall has been constructed by using the grouting as an impermeability treatment. The
curtain wall will be constructed in the east and north of the field with 3.13km in length and
4o0m in thickness. The groundwater environment of the coalfield will be reengineered. The
influence of mining activities on groundwater environment and surface environment will be
reduced. Based on the water yield and water table of coalmines in which aquifers have been
grouted reconstructions, the effect of hydrogeological environment have been analyzed in
this study. Finally, the effect of hydrogeological environment has been provided for mining
and grouting reference.
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Figure 5 The surface around the grouting drilled
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Independent investigation of reclamation at exploration
drill holes at the remote Pebble copper prospect, Alaska

Kendra Zamzow?, Dave Chambers,?

ICenter for Science in Public Participation, PO Box 1250 Chickaloon, AK 99674 US
kzamzow@csp2.org
2Center for Science in Public Participation, 224 North Church Avenue, Bozeman, MT,
59715 US

Abstract The proposed Pebble mine in Alaska-- a copper, gold, molybdenum prospect — was intensively
explored from 2004-2012. No core drilling has occurred since 2012. However, many drill holes have
not been fully and properly abandoned and continue to require inspections. In 2016, one week apart,
state regulators and a science team (Center for Science in Public Participation, CSP2) investigated over
100 drill sites each, and had different conclusions regarding the success of reclamation.

Key words acid soil, artesian, drill cuttings, mine water, reclamation

Introduction

Most mining projects do not make it past the exploration stage. Drilling began at the Peb-
ble copper-gold-molybdenum prospect in 1988, with intensive exploration 2004 -2012,
primarily by the Pebble Limited Partnership (PLP). All drilling was suspended after 2013.
There are 1,355 drill holes ranging from piezometers as shallow as 1 foot deep to exploration
holes 6,000 feet deep. As scientists unaffiliated with the mining company or State regula-
tors, we investigated the impact of disposal practices, the success of reclamation, and the
adequacy of the regulatory method of assessing closure.

Risks to salmon

The development of this world-class copper sulfide deposit poses the risk of releasing acid
mine drainage and copper into the environment. Salmon are highly sensitive to copper
which, at very low concentrations, affects navigation and predator avoidance (McIntyre
et al. 2012). Waters in the area are very low in copper and low in the alkalinity and dis-
solved organic carbon that could ameliorate impacts of trace elements (PLP 2011; Zamzow
2011; Craven unpublished). Small concentrations of copper that enter salmon habitat could
quickly become bioavailable. The deposit sits at the headwaters of three important salmon
rivers. Lakes, shallow “kettle ponds”, wetlands, and over 4,000 documented springs are
located around the deposit. Salmon have been documented in tributaries throughout the
area, including on top of the deposit (Woody and O’Neal 2009).

Drill hole abandonment and waste disposal procedures

Exploration is conducted under a permit (DNR 2014-2016 Multiple Land Use Permit) that
requires drill casings to be cut off at ground level, natural vegetation re-established and
holes to be plugged
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“with bentonite holeplug, a benseal mud...for a minimum of 10 feet within the top
20 feet of the drill hole in competent material. The remainder of the hole will be
backfilled to the surface with drill cuttings....Complete filling of the drill holes...is
the preferred method...”

In the process of exploratory drilling, water pumped from local ponds and creeks is mixed
with drilling muds and circulated downhole to bring “rock flour” drill cuttings to the sur-
face. Drilling muds may contain petroleum distillate, bentonite clay, barite, polyacryla-
mide and other additives (Wober 2009). Drilling wastewater was discharged directly onto
tundra, into kettle ponds, or circulated through drill sumps to settle cuttings before dis-
charge. Drill wastewater sump pits were in partial use at the Pebble site at least as early
as 2003, but waste was discharged without sumps through at least 2007 based on review
of Alaska Department of Natural Resources (DNR) inspection reports. Drill waste was
commonly pumped 500 to 1,000 feet away from the drill site. Records of disposal sites
were not kept.

“The practice results in the deposition of finely ground rock, bentonitic clay, and
other additive materials being deposited on the tundra. ... Gray coatings of clay
were seen in areas where drill fluids have been recently discharged....There is
some concern in places where multiple wells are being discharged into topo-
graphic depressions.... considerable amounts of clay material being deposited in
the depression.” (DNR inspection report July 26-27, 2007)

Regulatory inspections

PLP classifies sites as (1) active, (2) inactive (maintained for future use), or (3) plugged and
(A-E) the extent of repair work remaining. A “3E” rating indicates plugged and fully re-
claimed. DNR inspected sites at least twice a year 2004-2013 (active drilling) and annually
2014~ 2015, apparently targeting sites without a 3E rating. Many sites were inspected only
from the air, some inspected only during drilling but not after the hole was abandoned, and
no environmental samples were collected.

PLP performed maintenance and revegetation work in fall 2015 and spring 2016. State in-
spections were July 26-27, 2016 targeting sites rated below 3E and added a selection of
random sites. Based on available DNR field reports, over 1,000 sites never had a DNR in-
spection until 2016.

Methods
Site location and sample site selection

The site is located 200 air miles from Anchorage or ten miles from Nondalton village. There
are no roads. The field sampling crew based out of Nondalton and was transported to the
site daily by helicopter from August 1 — 5, 2016. Preliminary sites were selected based on a
list of PLP’s 1,355 drill holes, with age, depth, and reclamation rating. We chose reference
sites (no history of issues) and sites with risk characteristics (e.g. a history of artesian con-
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ditions). We included a subset of ponds sampled by the US Geological Survey in 2007-2008
(Fey et al. 2009). Once at a target site, we visited drill holes within walking distance, for a
total of 70 opportunistic sites. This optimized our time and introduced some randomness
into site selection. In all 101 drill sites were inspected over five days, representing 8% of the
total drill holes.

Field methods

Upon arrival at a site, the area was photo-documented. Water pH, temperature, and spe-
cific conductance (SC) were measured with a YSI 556 or a YSI 1030 meter at water bodies
adjacent to drill sites, in standing water at the base of drill casings, and from the casing at
artesian drill holes. Field meters were calibrated each morning and checked each evening in
pH buffers (pH 4.01, 7.00, 10.01) and conductivity solution (447 puS/cm). Soil or sediment
pH was measured in the field at select sites with a YSI meter after placing soil in a glass
beaker and adding distilled water.

Sample collection

Water for general chemistry analysis was collected as grab samples in a 1 liter (1L)
HDPE container rinsed three times in site water. Trip and equipment blanks were car-
ried. Duplicate soil samples were collected at four sites and duplicate water samples
were collected at three sites. Soil or sediment were collected along a depth of 3-6” and
homogenized in a Ziploc® bag. At some sites, only the top layer of drill cuttings, evident
as fine-grained gray or orange material, was collected. All samples were placed imme-
diately in a cooler containing gel ice, placed in a refrigerator upon return to the field
camp, and transported to the laboratory within two to seven days of collection. Samples
were analyzed at the University of Alaska in Anchorage. Analyses were performed for
pH, SC, fluoride, chloride, sulfate, nitrate, Be, Na, Mg, Al, K, Ca, V, Cr, Mn, Fe, Co, Ni,
Cu, Zn, As, Se, Mo, Ag, Cd, Sb, Ba, Tl, Pb, Th, and U. An ion chromatograph (Dionex
ICS 5000+) was used to determine anion concentrations. Total metals were determined
with an ICP-MS (EPA 200.8, extract method EPA 3050b). No dissolved metals analysis
was conducted. For soil and sediment, anions, pH and SC were determined from 1:5
water extracts.

Results

We visited 101 drill holes (Table 1). Many drill sites did not have water on them. Acid
drainage water was not observed. Sites with artesian flow, artesian containment (plugs,
valves, and bolted plates), or impacted by drill cuttings have current or reasonably fore-
seeable future environmental impact. Patchy vegetation, while an impact, should re-
solve over time with the exception of four sites with non-native grasses. “Minor issues”
sites had steel drill casings, frequently rusted with no cap, extending from 6 inches to
two feet above the ground surface, posing a risk to indigenous hunters on snow ma-
chines; snowpoles marked some, but this is not a permanent solution as they require
replacement.
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Table 1 Drill hole reclamation impact categories. We categorized drill sites based on visual impacts
or analytical results. (First column) PLP ranked sites based on their own inspections as 1= active
well 2= inactive 3=plugged A-D=sites with past issues or needing frequent inspection. E= fully

reclaimed.
PLP site Fully Drill hole  Drill waste  Artesian Casings Vegetation  Minor
ranking reclaimed  cuttings discharge drill with bolts issues issues
sites area holes or valves

1AD 4 1 0 2 1 0 1

2 A-D 0 1 0 3 1 0

3 A-D 0 0 0 0 0 0 1
1E 13 4 2 0 2 5 11
2E 3 0 0 1 0 2 6
3E 9 6 1 1 1 13 1
Unknown 0 0 0 1 0 0 2
Total 29 12 3 7 7 21 22

Water samples were all low-neutral pH (pH 5.3 to 7.8). Surface water temperatures (ponds,
wetlands) were 11°C — 24°C with specific conductance of 9-109 uS/cm. Artesian sites had
lower water temperatures, reflecting groundwater sources, at 6°C — 11°C and higher SC of
97- 289 uS/cm, also generally associated with groundwater. Sediment (n=5) fell within nat-
ural wetland pH, between 4.9 and 7.2. Soil pH (n=7) was low-neutral (5.1 to 6.2) except
where drill cutting were present.

Vegetation

Non-native species were observed at four sites and spreading downwind; at least one site
was intentionally seeded. We consistently observed sites 4 to 13 years old at which natural
vegetation had not re-established on reclaimed drill waste pits. Overburden soil covering
pits had pH 5.1-6.2 suggesting material was uncontaminated with drill cuttings or sulfides.
Failure of re-growth may be due to desiccation of tundra mats placed on overburden or poor
reclamation practices.

Artesian drill holes

Artesian upwelling was observed at seven sites; including sites with and without drill cas-
ings (Fig. 1). Analytical samples were collected at five artesian sites. Although pH was
generally consistent (pH 5.2-7.4), chemistry was not (Table 2). Only two were elevated
in copper. Not shown are DDH 4202 and DDH 5330. These open drill stems were wet at
the base; both had sediment elevated in copper and molybdenum but only DDH 4202 had
elevated metals in water — it is likely both had been leaking at one time, but DDH 5330 is
now under control.
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Figure 1 Artesian site. Artesian water welled up at a site with two markers (Site DDH 7380/7386)

where the casing has been removed. Some casings, like DDH 8410 pictured with a base of cracked

cement, had plugs or plates bolted to them, presumably to prevent artesian flow. A similar bolted
casing was artesian through a broken ball valve.

Table 2 Artesian water chemistry. Only site DDH 7386 had been inspected before; in 2016 the site
we visited had two markers (DDH 7380, DDH 7386). Site DDH 7365 had artesian flow sampled by
USGS in 2008; in 2016 flow was contained by a valve, opened to collect sample water. PLP classified
site DDH 9475 as “converted to active well”, but it had no casing above ground. Attempts to stop
the artesian flow had failed. At site DDH 7382 — the drill casing was capped but grout and artesian
water with elevated trace metals was seeping from around the base of the casing into a wetland.
Bold = above Alaska chronic aquatic life criteria

Site pH Sulfate  Cupg/L Namg/L Other analytes detected
mg/L

DDH 7365, artesian 7.0 1 15 35  Fe,Mn,Pb

contained

DDH 7365, artesian

free-flowing (2008) 6.7 12 3 42 Fe

ArteS|a_n, leaking 6.9 6 07 8 7n

standpipe, no ID

DDH _7380/7386, na 8 76 13 Al, Ca, Zn, As, Cd and

artesian flow more

DDH 9475, artesian flow 6.9-7.4  700-720 <2 196 Cl, Ca, Mg, Al, Fe, Mn

DDH 7382, wetland water

downhill from leaking 52 7 215 5 Ba, Al, Fe, Mn, Zn, As, Pb

casing

208 Wolkersdorfer C, Sartz L, Sillanpaa M, Hakkinen A (Editors)



Lappeenranta,