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High-volume mining waste disposal

Irena Twardowska, Sebastian Stefaniak and Jadwiga Szczepanska

V1.6.1. Introduction

Mining waste disposal permanently brings about a contamination threat to groundwater
of unprotected aquifers and surfacewater in dumping sites all over the world. As was
shown in Chapter II1.6, even a non-hazardous coal mining waste layer of 1.5-m thickness
can be a persistent source of deterioration of the aquatic environment lasting for decades.
Use of mining waste in civil engineering as fill and earthworks material should thus be
considered as a potential source of long-term water contamination.

The mining waste burden and management problems are particularly important due
to the high volume of material disposed. According to the Central Statistical Office
(2002), the total amount of mining waste (including tailings from preparation plants)
generated in 2000 in Poland was as high as 73.6 million tons (Mt), i.e. 59.5% of the
total waste generated in the country. Annual generation of hard coal mining waste in
2001 accounted for 38.4 Mt and waste from ore mining, almost entirely tailings,
accounted for 29.9 Mt. Current percentage of mining waste use was relatively high
and accounted for 91.0% of generated coal mining waste and 75.1% of ore mining
and processing. The total amount of hard coal and ore mining and processing waste
laying in dumps at the end of 2000 was 1253.5 Mt that was 63.4% of total amount of
all wastes disposed throughout the country. Of that, hard coal mining waste comprised
53.3% and metal ore (copper) mining and processing, 46.7%. The area of each dump
ranges from about 10 to >200 ha for large central dumping sites where waste from
several mines has been disposed. Reused material, predominantly applied at the
surface in civil engineering as common fill, e.g. for land leveling, road and
embankment construction, is also exposed to the atmospheric conditions. In 1995-
1996, only 12.1% of the reused coal mining waste was applied underground in mine
workings, while 87.9% was used for engineering construction at the surface (State
Inspectorate of the Environmental Protection, 1997). These data clearly illustrate the
range of the problem (for data on the global mineral extraction and mining waste
generation, see Chapter I1L.6).

At the stage preceding the design and construction of a dump or earthworks, the reliable
evaluation of pollution potential to ground- and surfacewater from waste, as well as
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the prognosis of the life-cycle leaching behavior and of impact on the aquatic environment
in the area of the prospective waste disposal should be the basis for the dump location
permit, rejection or acceptance of a material for civil engineering constructions and
protective measures to be applied. In this case, false-positive or false-negative errors in the
long-term risk assessment have direct economic or environmental consequences, and thus
the evaluation should be carried out particularly carefully.

Concentration of large volumes of mining waste in a relatively small area, the
mechanism of pore solution formation in the anthropogenic and natural vadose zone
in the disposal site, transport of contaminants from the source to the receiving aquatic
environment and the resultant impact on the groundwater of the saturated zone and
surfacewater in the vicinity of dumping site within its life cycle have to be
considered. In general, risk management approach with respect to sulfidic mining
waste is fixed on the acid rock drainage (ARD) formation and control strategies
(Hutchinson and Ellison, 1992; Environment Australia, 1997; EPA/DOE, 2000), in
order to prevent toxic metal mobilization at low pH. The experience of the authors
with coal mining waste (Twardowska, 1981; Szczepanska and Twardowska, 1987,
1999; Twardowska et al., 1988; Twardowska and Szczepanska, 1990) discussed in
Chapter 1I1.6 shows that also non-acid leachate from the dump can cause severe
degradation of the groundwater quality in the saturated zone just due to the high
concentration of chlorides at the first stage of leaching and sulfates in long-term
perspective. The sulfate ions are generated from the same process of sulfide oxidation
that causes ARD formation and occur in leachate from buffered waste. The sulfate
ions are balanced either by the Ca’" and Mg”" cations at the concentration level
constrained by equilibrium with gypsum, or by Na™ ions. In this case, the TDS
concentration is limited entirely by the sulfate generation rate and the vertical
redistribution of loads, discussed earlier (see Chapter II1.6). Therefore, not only low-
buffered acid generating (AG) waste dumps, but also buffered non-acid mining waste
disposal sites should not be neglected as a source of groundwater deterioration. It is
obvious that ARD poses potentially a very high risk to water quality.

The general best practice principles of risk management from sulfidic waste,
including coal and ore mining waste, comprise four major steps: (i) life-cycle
prognosis of leaching behavior of waste material exposed to atmospheric conditions
for the analyzed variants of the dump or civil engineering construction under
consideration; (ii) developing preventive planning, design and disposal operation
practices for the waste material, which is adequate to the assessed risk; (iii) dump
rehabilitation in operational and post-closure periods; and (iv) life-cycle monitoring of
the vadose and saturated zones within the area of the dump or civil engineering
construction impact on groundwater quality to provide an early alert for taking
remedial actions before significant degradation of recoverable groundwater resources
occurs.

In this chapter, a risk management approach to the contamination caused by high-
volume mining waste disposal has been exemplified in the current disposal strategies and
practices with respect to coal mining waste in the Upper Silesia coal basin (USCB) in
Poland. Mine waste management practices in Australia and USA also have been
discussed.
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V1.6.2. Long-term prognosis of leaching behavior of mining waste
and its effect on the aquatic environment

V.1.6.2.1. Site selection and prognosis of leaching behavior

In every case of dumping site selection, and dump construction, an optimization analysis
of pollution potential to the aquatic environment should be carried out. The site most
advantageous with respect to the aquatic environmental protection requirements is often
not in compliance with other optimization parameters, e.g. with the distance from the
mine(s) or the system of waste transport. At the preliminary stage, several variants of the
site location should be analyzed for selection of the optimum one, being consistent with all
economic and technical criteria, but preferring environmental protection requirements of
sustainable development.

The extent of hazard from the dump leachate to the aquatic environment should be
evaluated on the basis of the long-term prognosis (no less than 25 years). The minimum
time period for prognosis depends on the volume and duration of the dump construction, as
well as on the occurrence in the planned dumping area of unconfined water resources of
particular value. The flow diagram of evaluation is given in Figure VI1.6.1. The correct
assessment of input data is of a special importance for the accuracy of prognosis. The
computer simulation should be thus preceded by the detailed testing of the disposed
material properties, short-term and long-term static and geochemical dynamic tests
discussed in Chapter IIL.6, and validated by long-term field experiments (e.g. lysimetric)
or studies in existing old disposal sites of the same or similar waste (from the same seams)
if such sites already exist. Hydrogeologic, hydrologic and climatic conditions in the
planned dumping area are another set of input data for the prognosis of contaminant
migration in the groundwater. The input data based on analogy can be used entirely for the
preliminary assessment of the dump impact on the aquatic environment. The long-term
prognosis of leaching behavior and acid generation potential of waste material, besides
being of importance in deciding the dumping site location, also suggests the appropriate
management strategy.

The case study exemplified in Environment Australia series (Environment Australia,
1997) as an approach to ARD assessments for new and existing mines along with waste
dump planning, presents a similar procedure, with particular regard to ARD generation
potential (Fig. VI.6.2). The same source (Environment Australia, 1997) identifies five
main rock material types with different management prescriptions: IA, IB, IC — non-acid
forming material of low to extreme salinity; Il — potentially acid forming material of low
risk; III — potentially acid forming material of high risk, based on evaluating net acid
generation (NAG). It should be mentioned that such differentiation, though convenient, is
somewhat artificial, in particular with respect to the range limits and threshold values.

The recognition of ARD potential as a key issue in the project planning and
management in many areas such as mine waste testing procedure, mine planning,
designing of tailing storage and waste rock dump (including water treatment facility if
needed), reclamation and closure planning, or using waste material for construction was a
basis of another similar approach in estimating ARD potential of waste rock by block
modeling (Downing and Giroux, 1993; Downing and Madeisky, 1996; Bennett et al.,
1997; Bursey et al., 1997; Downing and Giroux, 2000). The authors consider the diversity



868 L. Twardowska, S. Stefaniak, J. Szczepariska

Establish variants of dump site and contruction
(volume, surface, construction methods and schedule)

3

Characteris possible short- and long term variability of
waste material (mined seams, waste kinds and structure}

k2

Characteris speciation of disposed waste material:
« total composition incl. trace compounds, mineralogy,
petrology, matrix structure, particle size, specific surface area;
« filtration parameters

¥

Static leaching tests:

« initial load of leachable macro-components
{chloride, sulphate, balancing cations

« total initial acid generation potential G",(AP);

« total buffering potential G°,,(NP);

» susceptibility to acidification £=G',,/G",.

v

Climatic conditions:
Waste dump water balance and water flow mode

Detailed calculations l Simplified calculations

le le
i v
5Geochemical kinetics testing program ?
{short term laboratory simulation): .
« rates of sulphide oxidation Kinetics parameters estimated
and neutralization: on the analogy basis
= acidification lag time
{input data for fong term prognosis}
v [
¢ Computer simualtion of the long-term leaching behaviour
of the waste dump for each construction variant
° Select optimum variant with respect to
the released contaminant loads
le |
Ll v
10 12 . e
Hydrogeologic characteristics Hydrologic characteristics of
e the site:
of the site: i « mean low flow;
- propertesof e poros e - mean aortaint oads
and concentrations
v ¥
11 13
Compute the hydrodynamic field Evaluate the dilution
and migration in ground water of capacity and extent of recipient
contaminants infiltrating contamination by the leachate
from the dump from the dump
[ 2 2
Select the optimum variant of the dumping site
and control of chemical consistuents leaching.
Evaluate of hazard to the aquatic environment
No threat Threat
A 4
15 Acceptance 16 17 Change of
of a variant Ck;anige volume, size
tor realization of site or construction
[

Figure VL.6.1. Flow diagram of a risk assessment to the aquatic environment from the mining waste reuse or
disposal, and selecting optimum variant of a dumping site.
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Figure V1.6.2. Approach to AMD/ARD assessments of new (A) and existing (B) mines (Placer Pacific Ltd.,

after Environment Australia, 1997). AMD is acid mine drainage and ARD, acid rock drainage.
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of acidifying/buffering capacity of a heterogeneous rock material within the mined ore
deposits and define two major components of the block model estimating the extent of
hazard to the environment: (i) the acid generation potential and (ii) the metal and trace
metal components of rock material that would impact the metal leaching from acid waste
rock (ML/ARD). A waste material has been proposed to be classified (ABA classification)
as an integral part of a geostatistical resource estimate study (through drilling in blocks
10 X 10 x 10 m*) as AG, potentially acid generating (PAG), potentially acid consuming
(PAC) or potentially neutral (PN) on the basis of a ratio Ca—Mg carbonates/total
sulfur = neutralization potential/maximum potential acidity (NP/MPA). The criteria of
classification were given as follows:

e PAG: NP/MPA = 1.0
e PN: 1.0 > NP/MPA < 3.0
e PAC: NP/MPA = 3.0

This classification corresponds with the criteria of evaluating acidification/buffering
capacity presented in Chapter IIL.6 and is an attempt of its practical application on site, as
it is presented in Figure VI1.6.3.

ARD-generating waste material from ore mining (PAG) produces hazardous metal-rich
acid leachate; though it does not imply that mine rock classified as PN or PAC is
environmentally neutral.

For high-volume dumping sites active for many years before site closure and capping,
and in deep mining regions often sited in subsidence-affected areas, the construction
period is particularly critical and environmentally problematic. The general approach is
to evaluate the risk to the aquatic environment from the waste dump as a result of: (i)
geochemical characteristics of material implying contaminant generation and release
rates (primary contaminant load, sulfide oxidation kinetics, equilibria constraints); (ii)
dump construction, volume, development in time determining the total potential load of
contaminants and its temporal and spatial distribution; and (iii) hydrogeological and
hydrological conditions, which determine the ability of the vadose zone to attenuate or
increase contamination and of recipients (ground- and surfacewater) to dilute the
contaminants load to the environmentally acceptable level. As has been shown in
Chapter II1.6, not only ARD, but also leachate from buffered waste material can create a
substantial problem for groundwater and make it unfit for any use for a period of
decades.

V1.6.2.2. Models for long-term prognosis of contaminant leaching and transport

Long-term impact assessment of mining waste disposal sites and engineering
constructions on the aquatic environment constitutes a basis for the step-by-step
approach to the decisions concerning optimum dump location and construction, as
well as preventive or remedial measures for control of contaminant leaching from new
and old dumping sites and engineering constructions. For this purpose, the software
packages have to be composed of two major integrated parts: (i) a model for
hydrogeochemical calculations of generation, leaching and transport of species within
the waste dump and (ii) a model of water flow and contaminant transport in



High-volume mining waste disposal 871
10100E 10200E 10300E 10400E 10500E 10600E 10700E 10200E 10200E 11000E

gL BLOCK INTEGER CODE %
= OPAGCNPMPA<=1.0 =]
aon & NEUTRAL NP/MPA > 1.0<3.0 5
i = PAC NP/MPA >= 3.0
A TYPICAL CROSS SECTION SHOWING BLOCKS B
WITH ABA CLASSIFICATIONS 7

10100E 10200E 10300E 10400E 10500E 10800E 10700E 10200E 10%00E 11000E

Figure V1.6.3. Example level plan showing blocks with ABA classification (after Downing and Giroux, 2000).
AG is acid generating rock; PAG, potentially acid generating rock; PAC, potentially acid consuming rock; and
PN, potentially neutral rock.

groundwater in the waste dump site, and eventually also in the receiving surfacewater.
The local groundwater quality monitoring (LGQM) database for existing dumping
sites of waste from the same mines and seams may be helpful for the prognosis and
input data in situ verification.

Input data should include: (i) mining waste characterization related to the initial
content, generation and leaching of soluble constituents; (ii) waste disposal site
construction and its temporal and spatial development (consecutive waste layers formation
program); and (iii) hydrologic, hydrogeological and meteorological data for the waste
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disposal area. In the prognosis, both macro-constituents of importance (chloride, sulfate,
TDS), as well as ARD and mobilizable trace elements that may cause quality degradation
of receiving waters should be considered.

The up-to-date developments in numerical modeling of hydrogeochemical reactions,
contaminant transport in saturated —unsaturated media, and groundwater flow provide a
number of sophisticated software packages that give an opportunity of a reliable long-term
prognosis in accordance with the above scheme (SSG, 2003; Waterloo Hydrogeologic,
2003). The HYDROGEOCHEM 2 coupled model of HYDROlogic transport and
GEOCHEMiical reactions in saturated—unsaturated media, which contains two basic
modules: the transport module and the geochemical reaction module, is particularly well
suited for simulating processes of species generation, release and transport within the mine
waste dump as an anthropogenic vadose zone, natural vadose zone and in saturated zone.
For groundwater flow and contaminant transport modeling, several other effective
software programs can be used, depending upon the complexity of the hydrogeological
conditions and transport problems, e.g. from easy-to-use KYSPILL 2.0 (Anonymous,
1997; Serrano, 1997) tested by American Institute of Hydrology or FLONET/TRANS
(Waterloo Hydrogeologic, 2003), through MODFLOW-SURFACT and 3DFEMFAT
software packages to GMS 4.0 (Anonymous, 1999; SSG, 2003, Waterloo Hydrogeologic,
2003). Of the mentioned software KYSPILL (Anonymous, 1997; Serrano, 1997) is the
scale-dependent groundwater pollution model capable of predicting 3D dispersion of
contaminants in the vadose zone and 2D propagation in the underlying unconfined
heterogeneous aquifers. It considers both point and non-point contamination sources and
reactive or degradable contaminants, and is applicable for dump leachates as a
contaminant source. Due to simplicity, it has serious limitations, e.g. does not consider
continuous input of a contaminant from non-point sources, or multi-component transport.
FLONET/TRANS is a 2D finite-element groundwater flow and contaminant transport
model, which allows prediction of contaminant plume migration from waste dumps, by
simulation of steady-state flow and time-varying transport in leaky, confined, or
unconfined aquifers with heterogeneous and anisotropic properties. MODFLOW-
SURFACT is the upgraded version of a widely used MODFLOW program (McDonald
and Harbaugh, 1999) with the modeling capability of vadose and fully and variably
saturated zone flow, and multiphase multi-component contaminant transport. It considers
seepage and delayed yield conditions, parent and transformation product transport
modeling, as well as linear or non-linear retardation for each species, and thus allows
correct long-term flow and contaminant transport prediction from new and old dumping
sites. 3SDFEMFAT is a 3D finite-element model of flow and transport through saturated—
unsaturated, heterogeneous and anisotropic media. This model can use a very large time
step, and among other capabilities, considers spatially and temporally dependent element
and point sources/sinks, a prescribed initial condition or the simulated steady-state
solution as the initial condition, as well as iteratively determined infiltration, seepage, and/
or evaporation boundaries, which is advantageous for application to seepage from mining
waste dumps. Of these packages, groundwater modeling system (GMS) and its latest
version 4.0 is the most sophisticated and comprehensive groundwater modeling
environment (Anonymous, 1999; SSG, 2003). GMS supports several finite-difference
and finite-element packages in 2D and 3D that provide site characterization, simulate flow
and contaminant transport in saturated and unsaturated zones, bioremediation and natural



High-volume mining waste disposal 873

attenuation and include MODFLOW, MODPATH, MT3DMS/RT3D, SEEP2D, SEAM3D
(Widdowson, 2002), UTCHEM and FEMWATER. MODFLOW 2000 — the U.S.
Geological Survey modular groundwater model support in GMS 4.0 is the latest and
the most advanced MODFLOW version that includes the new HUF, LPF and ADV
packages (Harbaugh et al., 2000; Hill et al., 2000; Clement, 2001; Mehl and Hill, 2001;
Zheng et al., 2001). Due to complexity, GMS modeling system has the tools for a variety
of modeling needs: the predictive analysis of mining waste dump environmental impact is
one of them.

There are a number of other software packages that can be applied for predicting
groundwater flow and contaminant transport from dumping sites. They have specific
capabilities, e.g. Visual HELP (based on the U.S. EPA’s Hydrologic Evaluation of
Landfill Performance, 1984) for modeling landfill hydrology, estimating groundwater
recharge rates and determining the effectiveness of capping; AquaChem package for
geochemical modeling and managing water quality data with use of PHREEQC, or
CVFlux 2D and ChemFlux 2D packages that are widely used for predicting the movement
of contaminants from tailings, pits and earth containment facilities. Of these models,
PHREEQC — a computer program for speciation, reaction-path, advective transport, and
inverse geochemical calculations (Parkhurst, 1995; Charlton et al., 1997; Vrabel and
Glynn, 1998; Parkhurst and Appelo, 1999; Charlton and Parkhurst, 2002; Merkel and
Planer-Friedrich, 2002; Zhu and Anderson, 2002) in particular the latest version
PHREEQC Interactive 2.8.0.0 (2003) is the most applicable for geochemical calculations
involving reactions and contaminant transport occurring in sulfidic waste (Parkhurst,
1997; Appelo et al., 1998). The correct prediction of contaminant generation and transport
with use of even the most sophisticated models highly depends upon the reliability of input
data. In the case of coarse heterogeneous sulfidic waste, the critical parameters include,
besides total sulfur and total carbonate contents, also spatially, vertically and temporally
influenced kinetics of sulfide oxidation and availability of buffering agents under actual
conditions of their exposure. The assessment of these parameters is generally particularly
problematic, as laboratory exposure conditions differ substantially from those in the real
field conditions.

Surfacewater quality is less impacted from mining waste dumping sites than the
shallow unconfined aquifers. Nevertheless, environmental impact assessment (EIA)
requirements consider evaluation of contamination threat also for surfacewater recharged
by groundwater or directly from dumping site drainage system. For this purpose, several
surfacewater flow and contaminant transport models might be used, e.g. GFlow 2000, flow
model and solute transport system in saturated zone that supports also conjunctive
surfacewater and groundwater modeling or AQUASEA upgraded software package,
which consists of the hydrodynamic flow model that can simulate water level variations
and flows, and the transport—dispersion model that simulates the spreading of a pollutant
of any kind under the influence of the flow and existing dispersion processes (SSG, 2003;
Waterloo Hydrogeologic, 2003).

The contaminant transport modeling and application of computer models for a regional
prediction of the contaminants transport from the non-point source or waste disposal site in
soils and groundwater has also been discussed in Chapter V and is exemplified in the case
study presented in Chapter V 4.



874 I. Twardowska, S. Stefaniak, J. Szczepanska
V1.6.3. The basic tasks of mining waste dumps rehabilitation

Under the actual conditions of the thickly populated mining areas such as the USCB in
Poland, the rehabilitation of mining waste dumps is a task of a particular importance.
According to the definition, these tasks should be realized through the technical,
agrotechnical and biological actions enabling economical and environmental restoration
of the degraded areas. These measures comprise the land reshaping, dump sealing,
improvement of soil properties, regulation of water balance, and installation of a
monitoring network in the site area (Directive of the Minister of Environment, 2002).
Polish Environment Protection Act (2001) with regard to land surface protection defines
rehabilitation tasks as the optimum landscape reshaping, restoration of quality parameters
of soil according to the standards and economical reuse of the derelict land. Due to the
limited availability of land for locating dumps, and technical and economical limitations
of waste reuse for stowing in mine workings, the requirement of land surface rehabilitation
should not be treated as an exact restoration of the primary landscape and area use, but as
an optimum solution, which ensures also the maximum volume of waste to be disposed in
the site. In general, in the USCB conditions, it means the construction of high flat waste
dumps, as a temporary (so called “forestall reclamation” in the subsidence area) or final
solution. This means, in fact, the creation of a new landscape, which should fulfill the
following prerequisites:

1. Life-cycle environment pollution control during dump construction and after site
closure.

2. Maximum disposal volume, under the prerequisite (1).

3. Acceptable landscape planning, under the prerequisites (1), (2) and (4).

4. Optimum economic reuse of a site, under the prerequisite (1)—(3).

In general, the first two prerequisites are of superior significance, while the other two
are of a subordinate weight. Independent of the gradation, all these prerequisites should be
unconditionally fulfilled, though the first two (environmental protection and maximum
volume) dictate the solutions for landscape planning and land use. The applied methods of
biological reclamation should constitute an integral part of tasks (3) and (4), provided that
the major prerequisite (1) is fulfilled. Rehabilitation of the dumping site should start from
the land preparation for dumping and be continued until the dump construction is
completed, finally shaped and adequately used. Rehabilitation actions should be
conducted in parallel with the dump construction as temporary (transitional) and final
measures.

V1.6.4. Aquatic environment protection strategies in mining waste dumping sites
V1.6.4.1. General assumptions

The availability of areas suitable for dump location due to the favorable hydrogeological
conditions is generally extremely limited. Mining waste dumps are invariably located on

land that is considered to have little or no value for other use, such as abandoned sand and
gravel pits, areas of continuous surface deformations due to subsidence caused by
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underground mining, etc. These areas usually have a disturbed vadose zone and stripped
soil layer that could have played the role of a protective barrier. They are therefore
susceptible to groundwater contamination. A number of old dumps of a high long-term
pollution potential are sited over unconfined aquifers being a valuable resource of drinking
water, or along the river beds.

A high volume of sulfidic mining waste output implies the need to search for cost-
effective and efficient control strategies for minimizing generation, release and discharge
of contaminant loads to the aquatic environment. The most efficient and practicable way of
reducing a potential risk is the prevention of atmospheric oxygen and water penetration
through the waste layer, in order to:

¢ control sulfide oxidation, acid generation and trace metal release occurring in wastes
and in the dump bedrock;

o reduce the waste volume exposed to leaching;

e increase the buffering capacity of low-buffered AG material.

The above control measures can be achieved by the appropriate construction of a dump
(Twardowska et al., 1988; Twardowska, 1990, 1993; Szczepariska and Twardowska,
1999). The waste disposal strategy presented here is based mainly on the authors’
experience and solutions applied in dumping sites of coal mining waste in the USCB in
Poland that are not considered hazardous (2000/532/EC; 2001/118/EC). The discussion
also comprises the review of management and disposal strategies for ARD generating
wastes from the mineral industry (coal, uranium, base metal and precious metal projects)
in Australia (Environment Australia, 1997) and in the USA.

The general principle to be followed in the mining waste disposal practice is a site-
specific approach to each waste disposal site, resulting from significant differences
and variability of waste rock properties, site characteristics, dump development, volume,
construction period, geology, petrology, hydrogeology, hydrology and climate, in spite
of the similarities in the basic mechanisms of pollutant generation and release (see
Chapter I11.6).

V1.6.4.2. Dump construction
V1.6.4.2.1. Minimization of the exposed surface

The dump final shape and the construction period should ensure minimization of its
exposed surface, which determines the amount of infiltration water and waste rock in the
uppermost layer where processes of contaminants generation and leaching are the most
active. This requirement may be met by the construction of high dumps in layers of a
terrace form, which provides the lowest surface area: dump volume ratio, the best
utilization of a site for collection of the maximum volume of wastes and reduction of water
precipitation infiltrating to the dump. To constrain side air penetration and enable fast
rehabilitation and biological reclamation of the construction, the dump external batters and
terraces should be formed first, in heavily compacted thin layers (~0.5 m) and shaped
according to the final designed form and slope. Next, the internal parts of the dump should
be filled in thicker compacted layers (up to 6 m) in sections, up to the final level,
adequately constructed to prevent or reduce infiltration of precipitation water.
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V1.6.4.2.2. Reduction of waste contact with infiltration water and controlled water
discharge from the dump

This may be accomplished by: (i) application of a surface or shallow sub-surface drainage
system at the top and terraces of the dump, placed at the low-permeable base layer of low
hydraulic conductivity (k < 107!% m/s) and (ii) the double surface drainage ditches at the
dump toe for separate uptake and discharge of unpolluted water from the adjacent
catchment area and leachate/drainage/run-off water from the dump (Fig. VI1.6.4).

Sub-surface drainage of the dump prevents the vertical percolation of atmospheric
precipitation through the dump and limits the infiltration entirely to the top cover layer.
The bulk of the disposed waste will be thus eliminated from the process of contaminant
leaching, which greatly reduces the pollution potential from the dump. During the dump
construction, temporary open drainage ditches should be applied at the top of every
intermediate layer.

The double system of surface ditches at the dump toe eliminates the contact of natural
water from adjacent area with effluents from the dump and the direct contact with the
disposed wastes. This reduces the volume of polluted water and provides discharge of
natural waters to the nearest recipient, while polluted water, through the retention pond,
can be periodically discharged to the collector of saline waters, to the closed circle of a
washery or in portions to the recipient receiving water body during the period of high
water flow if these waters contain no hazardous constituents in concentrations exceeding
maximum concentration limit (MCL). Hazardous ARD should be up taken and treated
before discharge to the receiving waters.

V1.6.4.2.3. Rendering the dump air- and water-tight

Restriction of air penetration prevents sulfide oxidation that causes generation of ARD and
mobilization of pollutants from the waste rock. Reduction of water infiltration, besides
control of sulfide oxidation, attenuates contaminant leaching from the dump. The top and
slope protection against erosion is also of importance.

This can be achieved by the construction of the external dump batters and the internal
part of the dump in compacted layers of different thickness and application of the air-tight
material with high water retention capacity at the top of each internal layer (Figs. V1.6.5
and VL.6.6). Such properties have some fine-grained tailings from washeries and dense
coal combustion fly ash (FA): water mixture. The dense FA: mine water mixture displays
the greatest penetration resistance to air (R = 1100-1200 kPa/cmz), about an order of
magnitude higher than natural cohesive soils, and high residual water retention capacity,
though its hydraulic conductivity is rather high (k > 107°— 1078 m/s), within the range of
non-insulating or very weakly insulating material (see Chapters II1.7 and VI1.8). Some fine-
grained argillaceous tailings show better barrier properties with respect to water, within
the range of medium permeable material (k < 1073 m/s). Significantly lower
permeability of tailings to water and adequate buffering capacity of alkaline FA with
respect to potential ARD leachate from the overlaid layers are the additional protective
factors that can be utilized for rendering the mining waste dump air- and water-tight. For
optimum use, the blanket layers of dense FA: mine water mixture can be placed on the
intermediate internal layers of sulfidic mining waste to control ARD, while argillaceous
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Figure VI.6.4. Schematics of mining waste dump dewatering system. Surface drainage system of mining waste
dump to attenuate contaminant leaching (1,2); surface drainage system at the top layer placed at a barrier layer
(3); (4) top “neutral” vegetative waste layer or topsoil; (5) drainage collector; (6) toe ditch for collecting run-off
and drainage from the dump; (7) retention/evaporation pond; (8) pump; (9) exterior barrier ditch; (10) stream
receiving natural runoff from the adjoining area; and (11) monitoring wells. Slope no less than 1:2.5.

tailings may be utilized as a transitional drainage-bed at the temporary top of a compacted
waste layer during the dump construction. Due to susceptibility of fine-grained material to
erosion, both tailings and FA mixtures should not be introduced into the external surface
parts of batters. Dump closure will require construction of a permanent drainage at the
dump top cover layer on a low-permeable bed, along with a system of slope ditches, toe
collectors, and retention ponds.
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Figure VL6.5. Mining waste dump construction with barrier layers of dewatered fine-grained tailings. (1)
Internal part of the dump; (2) batters (slope min. 1:2.5); (3) compacted layers of mining waste; (4) barrier layers of
dewatered fine tailings; (5) barrier layer; (6) drainage system of the top layer + capillary break (sand, gravel); (7)
vegetative layer; (8) bottom layer, possible gradual inundation; and (9) batters constructed of mining waste
compacted in thin layers.

Figure VL6.6. Construction of mining waste dump with use of dense coal combustion FA: water mixture as air-
protective layers. (1) Internal part of the dump; (2) batters (slope min. 1:2.5, bench/terrace slope 1:5 to 1:10);
(3) heavily compacted mining wastes; (4) moderately compacted mining wastes; (5) dense FA: water mixture;
(6) surface drainage + capillary break (sand, gravel) + infiltration barrier layer (dewatered fine tailings, clay +
[optionally] geomembrane); (7) vegetative layer; (8) layers of dense FA: water mixture or dewatered fine tailings
=0.25 m; (9) mining waste compacted in thin layers (<0.5 m); (10) external part of batters (compacted mining
waste only); and (11) drainage collector {open ditches or/and pipes).
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The slopes and gradients of compacted layers should facilitate water flux to the
drainage collectors and prevent vertical percolation (Figs. V1.6.5 and VL6.6). The average
slope of the dump should not be steeper than 1:2 to reduce the potential for erosion,
allowing safe slope formation and convenient maintenance of vegetation.

One more protective option is the bottom lining of a dump base. In case of high-volume
coarse-grained mining waste disposal in large-area dumping sites, in particular in the areas
affected by subsidence, use of bottom liners is usually ineffective, unreliable (cracking),
expensive and limited by the availability of a material for liners. This measure should be
thus considered only for low-volume dumping sites of high-risk material, such as sulfidic
metalliferous ore mining waste of high ARD potential.

V1.6.4.2.4. Minimization of contaminant loads discharged from
the top cover of the dump

Despite excluding the bulk of a waste dump from generation and leaching of
contaminants, the mining waste dump can still pose a serious threat to the aquatic
environment, as these processes are particularly active in the surface layer. Consequently,
in the case of mining waste disposal of a high contamination potential (high reactive
sulfide content, low buffering capacity and thus high ARD, high heavy metal content) and
unfavorable hydrogeological and hydrologic conditions in the area, additional measures
for minimization of contaminant release from the exposed surface layer, which serves also
for introduction of a vegetative cover, could be required. They comprise: (i) selective
disposal in the top layer of low-saline and low-sulfide, low-reactive, non-acid generating
waste; (ii) minimization of the vegetative layer thickness; as this parameter is determined
by the depth of a root system penetration, the herbaceous carpet cover with a shallow root
system is preferable; (iii) minimization of infiltration rate by the selection of plants
assuring high evapotranspiration (this method is, though, limited to the vegetation period);
(iv) enhancing waste properties by blending with material of high buffering capacity; and
(v) reduction of air penetration to the vegetative layer, through selecting for this layer a
waste material of appropriate particle size, compacted to the extent not affecting adversely
the vegetation.

Due to the observed weak role of T. ferrooxidans in sulfide oxidation in coal mining
waste dumps in the USCB area, no control measures for these bacteria have been
considered. In ore mining areas of high ARD potential, these bacteria can, though,
substantially accelerate and intensify the process of ARD generation (see Chapter I11.6)
In this case, bactericide addition or amendment of a top cover layer with high calcite
or/and dolomite material for neutralization of rock and thus for suppression of the
activity of these bacteria susceptible to pH changes beyond the optimum range, might be
required.

V1.6.4.2.5. Minimization of contaminant concentrations in the saturated zone

In general, most dumps may be considered as an anthropogenic vadose zone. Some of
these constructions are of a mixed type, the dump toe being waterlogged. In many cases of
dumping site location in the area of deep coal mining, the gradual inundation of a dump toe
occurs due to subsidence.
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The source of groundwater contamination in the saturated zone is the release of soluble
constituents from the waterlogged material, infiltration of water percolating through the
upper unsaturated part of the dump and surface run-off from the batters’ slopes. The critical
conditions are formed in the border layer as a result of the variability of the water table.

The concept of water quality protection in the saturated toe part of the dump is based on
the following assumptions:

e In the saturated zone there are practically no conditions for the generation of new
contaminant loads resulting from sulfide decomposition. The kinetics of sulfide
oxidation in the saturated waste layer is very low due to the negligible availability of
oxygen; therefore, mining waste stored under water is chemically non-reactive.

o Release of contaminants contained in the waste material is of a short-term nature.
Soluble constituents occurring in the material at the moment of inundation are
transferred to the solution. After washing out the contaminant load occurring in the
material during inundation, it becomes harmless to the aquatic environment provided
the storage mode is not changed.

o The amount of water in the waterlogged layer is limited to the voids between the waste
particles.

If the contaminants released from the gradually inundated layer pose even a short-
term threat to the groundwater quality used for water supply, e.g. highly saline wastes,
the pollution potential of the waste can be substantially reduced by a single thorough
exchange of water in the layer. Periodic forced discharge of saline water to the saline
mine water pipeline from the relief wells can be applied until the subsidence ceases and
permanent reduction of chloride salinity or other contaminants to the acceptable
level occurs. The dump batters along with relief wells can be used also as a protective
barrier against inundation of the external area in the vicinity of the dump (Fig. V1.6.7).

V1.6.4.2.6. Further developments

The current status of groundwater protection from contaminant leaching from sulfide
mining waste dumping sites cannot be yet defined as being satisfactory and needs new
solutions, particularly in the most critical period of a waste dump construction that usually
lasts for years. During this time, both soluble contaminant leaching and generation of new
contaminant loads occur. These processes have detrimental impacts on the groundwater
quality down-gradient of the dump that results in deterioration of Quaternary aquifer
observed in the most cases in the USCB area, and in other dumping sites. The solutions
being under development utilize ability of some other abundant waste materials to act as
water-permeable barriers having required properties for attenuation of contaminant
generation or migration, €.g.:

o Air-tight material for prevention of sulfide oxidation within the waste layer and thus
generation of ARD.

e Material showing neutralizing properties to prevent heavy metal mobilization.

e Material of high sorption capacity for metals and some toxic organic compounds.

All these materials are considered to be used as preventive barrier layers, in particular,
in the critical transitional stage of dump construction prior to capping. According to
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Figure V1.6.7. Construction of mining waste dump in the zone of a gradual inundation due to subsidence
without (A) or with internal sealing screen (B). Batters; (2) inundation level; (3,6,8) relief wells with filter
packs and a pump; (4) upper layer of inundated part of a dump; (5) inundated zone; (7) discharge from a pump;
(9) collecting ditch at the batter terrace; (10) surface drainage collectors; (11) dump toe ditch; (12) mining waste
compacted in thin layers; (13) impermeable screen; and (14) longitudinal strip drain.

the experience of the authors, the material of adequate air-tightness (high penetration
resistance coefficient) and temporary neutralizing capacity is a dense mixture of saline
water with coal combustion FA, in particular enriched in carbonatic material, e.g.
containing products from lime desulfurization process (see also Chapter V1.8). To make it
effective, the protection layer should be of a blanket-type placed at the top of a mine waste
layer and solidified, as it has been already described (Fig. V1.6.6).
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High sorption capacity for metals and organics show stabilized sewage sludge and
composts rich in humic substances (HS) that can be utilized in dumped ARD-
generating mine waste material as permeable barriers in a way similar to that
presented in Figure V1.6.6 for dense FA: water mixture. The use of both kinds of
protective barriers in one dump alternately may significantly enhance metal
immobilization in waste material. The above protective measures are particularly
attractive due to low capital costs and their passive character that means no running
costs and no need of after-care and maintenance. Only in case of serious
unpredictable surface deformations, e.g. due to accidental subsidence, when continuity
of the layer is damaged, some extra repair would be needed where possible.

The possibility of solubilized HS application as permeable barriers for in situ
remediation of contaminated aquifers from organic and inorganic pollutants has been
also reported (Georgi et al., 2002). The HS barrier is proposed to be constructed by
injection of HS solution, which is subsequently immobilized onto the aquifer materials
optionally by: (i) coating of the mineral surfaces with Fe*/Fe®" precipitates in order
to produce positively charged surface sites prior to the injection of HS; (ii)
flocculation of HS in the interstitial pore volume using polyvalent cations, e.g. Ca*"
(Fig. VL.6.8).

This active-care and much more expensive method is of a prospective use for
groundwater remediation in old dumping sites where contamination of aquifer has already
occurred. It has been successfully tested in a bench scale; its construction and effectiveness
will be investigated in a field study.

and metal-salt solution process control

injection well extraction well '

B 8 T
low humic substance humic-substance
content enriched zone

Figure V1.6.8. Construction of a humic substance barrier in a contaminated aquifer (after Georgi et al., 2002).
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The dump construction and rehabilitation strategy in other countries, which are facing
problems of ARD in mining areas, is based on the same approach as discussed above. The
practical implementation of this approach and engineering options to manage ARD for
mining waste dumps differs in details dictated by the site-specific conditions and
properties of the material that exclude unified rigorous routine practices and implies the
need to search for an individual optimum solution for each dumping site. A compendium
of ARD management options in dumping sites is exemplified below by the practice and
activity of several of Australia’s best-performing minerals mining companies (Environ-
ment Australia, 1997).

V1.6.4.3. Rehabilitation strategy for mining waste dumps in Australia

The rehabilitation strategy for the waste dump construction in Australia is directed mainly
to minimize the potential for ARD and considers the control of the same parameters as
discussed above, i.e. sulfide oxidation and acid generation rates, water percolation through
the waste layer along with control of alkalinity and acidity balance of the material. A
hierarchy of appropriate management strategies is as follows:

e minimize oxidation rate;
e reduce potential for transport of oxidation products to the recipients;
e contain and treat acid drainage.

A summary of engineering options to manage ARD comprises a set of proactive
preventive and reactive remedial measures (Environment Australia, 1997):

Preventive measures include (Figs. V1.6.9 and VI.6.10): (i) selective handling/
encapsulation of high ARD generating waste with benign material; (ii) in-pit disposal (if
available), similar to encapsulation; surface cover may be provided either by water or
compacted fill cover; (iii) blending/mixing/co-disposal of ARD wastes with benign non-
acid producing or acid neutralizing materials; (iv) micro-encapsulation through leaching
the ARD waste with a phosphate solution with hydrogen peroxide, to form a passive
surface coating of phosphate precipitate over the waste rock fragments; and (v)
uncontrolled placement of low ARD generating waste with downstream collection and
treatment of water; collection systems include catchment ponds, drains, trenches,
groundwater boreholes; treatment/disposal systems include chemical treatment (e.g. lime
dosing), controlled release and dilution by adjacent streams, evaporative disposal, process
reuse and wetland filter treatment.

Remedial measures comprise (Fig. V1.6.10): (i) subsurface sealing or surface covering
with a low-permeable benign material to control water and air penetration into the dump;
(ii) downstream collection and treatment of water, as in option (v) of Preventive measures;
and (iii) removal of high ARD waste, an option usually not considered because of the costs
involved.

The above options, in general, are of a less complex character, and consider mainly
ARD waste encapsulation and blending in order to reduce acid generation potential,
without control of leached loads transported to receiving waters. They also assume
availability of excess land for dumping, benign/acid consuming material for ARD waste
insulation/sealing (e.g. porphyry), and also adequately high capacity of receiving waters to
dilute the contaminant loads transported in non-acid leachate.
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Figure VI1.6.9. Methods for ARD control using a range of encapsulation and co-disposal options (A) in waste
rock dumps; (B) in tailing storages (from Environment Australia, 1997, after Marszalek, 1996).

The construction of dumps using double or single insulation of ARD waste with
primarily non- and low-sulfur material (Fig. VI.6.11(A,B)) prior to formation of a
compacted external porphyry seal shaped as a terraced landform with an average slope
angle 1:4 (Fig.V1.6.12) may be a viable option provided the feasibility analysis confirms
availability of both insulating material and land for dumping.

The rehabilitation strategy focused on reducing both infiltration through the dump and
convective/diffusive transport of oxygen, which is shown in Figure V1.6.13, is the closest
to the approach considered by the authors of this Chapter as the most effective. Sealing
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Environment Australia, 1997).
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Figure V1.6.11. Formation of dumps with use of double (A) or single (B) insulation of ARD waste with non- and
low-sulfur material (after Environment Australia, 1997).

covers may comprise compacted low-sulfide waste rock, oxide wastes, soil cover or multi-
layer cover incorporating soil layers (sometimes combined with geomembranes) of
different properties acting as a capillary break, water retention base layer, water storage
zone, surface barrier and vegetation layers, as is schematically shown in Figure V1.6.13.
Synthetic membranes, despite high efficiency in water exclusion, are generally not
applicable for high-volume mining waste sealing although they have been used for
protection of low-grade ore stockpiles and other high-risk wastes. Among the specific
measures is the development of bactericides to prevent the catalytic role of T. ferrooxidans
mainly with respect to high ARD generating waste at pH < 4.

V1.6.4.4. The rehabilitation strategy for the mining waste dumps in the USA
V1.6.4.4.1. The routine solutions

The routine strategy of mining waste management in the USA is based on a similar, but
much wider general approach than ARD control and is focused on attenuation of chemical
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Figure V1.6.12. Detail of construction of dump batter (after Environment Australia, 1997).

constituents, as well as controlling, besides leachate, also wind and surfacewater erosion.
These issues are thoroughly discussed by Hutchinson and Ellison (1992). The study
focuses mainly on the safe disposal of non-hazardous mining waste regulated under
RCRA, Subtitle D, but many of the aspects are applicable also to hazardous waste disposal
under RCRA, Subtitle C. This study, covering a wide range of subjects concerning
environmentally safe management of mining wastes, is strongly recommended as a
valuable review of modern mine waste management units and requirements.

The major assumption is the disequilibration and change of mining waste properties
with time. This is in agreement with the authors’ approach to this material, presented in
Chapter II1.6 and in earlier publications (e.g. Twardowska et al., 1988; Twardowska and
Szczepafiska, 1990; Szczepanska and Twardowska, 1999). The geochemical changes are
divided into four major stages, different for various waste materials and involving: (i) a
mining process-controlled stage; (ii) acid generation-controlled stage for ARD wastes;
(ii1) re-solution phase for non-acid generating waste; and (iv) long-term degradation of
more resistant minerals.

Attenuation of contaminant migration is thus also strongly dependent on the waste and
site characteristics; its required extent is determined by federal and state regulations and
groundwater quality standards with respect to the different potentially mobile chemicals of
concern (macro- and trace metal and non-metallic species/complexes, asbestos, metal
cations, major anions, and cyanides). In general, four types of attenuation mechanisms are
considered: (i) physical (filtration, dispersion, dilution, and volatilization); (ii)
physiochemical (adsorption and fixation); (iii) chemical (precipitation, hydrolysis,
complexation, oxidation, and reduction); and (iv) biological (biodegradation, bacterial
consumption, and cellular uptake by plants). Additional factors of importance for
evaluating the applicability of the particular attenuation method on a site-specific basis
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Figure V1.6.13. Schematics of insulation strategies (after Environment Australia, 1997).

include climatic and vadose zone conditions, attenuation capacity and waste unit
management practices. The last factor incorporates direct and indirect activities aimed at
improving the potential for attenuation, e.g. providing a lining with good attenuation
properties; combining wastes with appropriately different chemical or physical properties,
or locating certain wastes within specific areas having conditions adequate for attenuation
to occur (direct activities). Indirect activities may include, e.g. controlling of the amount of
liquid contacting the waste.

The prerequisite for selecting an optimum method for the attenuation of chemical
constituents, is an application of appropriate level of verification, based on technology,
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prior experience and testing, as well as modeling and field demonstration to determine the
attenuation capacity and verification of the predicted behavior of the chemicals of interest.

Much attention in mine waste management is paid to the bottom liner system design
and closure requirements. Due to an unfavorable location of some mine waste disposal
facilities close to valuable surface or groundwater resources, the liner system involving
material of low hydraulic conductivity could be required to avoid an unacceptable threat to
groundwater. Considering the different levels of hazard presented by different wastes, a
wide variation in physical and chemical properties, as well as often very large sizes of the
mine waste disposal units and long period of their development, some lining systems can
be economically or technically unfeasible. As a result of the lack of natural soils of low
hydraulic conductivity close to the disposal sites, the geosynthetic material application for
liners in North America is increasing dramatically. It should be, though, mentioned that
due to specific geological conditions of mining and location of waste dumps in areas of
progressive subsidence, the efficiency of bottom liners use for large area- and volume-
units could be problematic. Much more efficient and cost-effective management practices
are aimed to risk reduction. In the USA, such practices comprise mainly bottom non-liner
barriers, such as placement of under-drains, cut-off walls, sub-aqueous deposition, etc.

The authors’ approach is focused rather on preventing generation of pollutants and their
transport to groundwater, i.e. reduction of an exposed surface and disposed waste volume
subjected to leaching, and limitation of operation time before the permanent closure of the
dump section, along with the construction of durable surface facilities for long-term water
protection.

With respect to the life-cycle protection of the aquatic environment, closure
requirements for controlling the seepage migration to the receiving waters, as well as
the wind and surfacewater erosion, are of particular importance. In the North American
practice, the emphasis is put on “passive-care” approaches such as the provision of a
durable long-life cover requiring minimum maintenance. “Active-care” approaches, €.g.
collection and chemical treatment of contaminated water are considered unfavorable, and
should be replaced finally by passive-care activities. The technologies and design
elements, which are recommended for different solid mining waste types, comprise, in
general, a similar set of alternatives, as discussed earlier. A choice of action depends upon
the life-cycle evaluation of threat to the beneficial use of surface or groundwater. It may
thus include several options, such as: (i) “no action”; (ii) institutional controls; (iii)
conditioning or treatment (physical, chemical, biological); (iv) encapsulation (surface or
subsurface); and (iv) waste removal for off-site disposal. Of these technologies, effective
encapsulation appears to be the most appropriate passive-care approach.

The key routine elements of this technology include cover layers (single or multi-
layered: top, drainage, capillary break), barrier and special layers, depending upon the
threat posed to the environment (EPA, 1989). The EPA basic waste management unit
requirements are incorporated in a vast list of guidance documents, applicable to mining
wastes (EPA, 1979, 1982, 1983a,b, 1985, 1987a,b, 1989). The manner in which various
types of wastes are managed depends upon the type and environmental behavior of the
particular material. The detailed discussion of these requirements, as has been pointed out
at the beginning of this chapter, is provided by the comprehensive study of Hutchinson and
Ellison (1992).
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V1.6.4.4.2. Novel mine waste technologies

Sulfidic mine wastes have been found to have severe detrimental impacts on the
environment and ecosystems due to combination of acidity, heavy metals and sediments in
the West of the USA (see Chapter V1.6). The technologies for ARD control being currently
under testing in the USA within EPA/DOE Mine Waste Technology Program (2000)
consider the following priority areas (Wilmoth, 2000):

o Source controls, including in situ treatments and predictive techniques to provide a
permanent long-term solution.

o Treatment technologies for providing immediate (short-term) alleviation of the most
severe environmental problems.

o Resource recovery (heavy metal extraction) from mining wastes in order to help offset
remedial costs.

The at-source controls technologies of the first priority consider use of sulfate-reducing
bacteria (SRB) method; biocyanide oxidation for heap leach piles; transport control/path-
way interruption techniques, including infiltration control, sealing, grouting, and plugging
by ultramicrobiological systems.

SRB: among these technologies, particular attention has been paid to use anaerobic
SRB to significantly retard or prevent acid generation at affected mining sites. With
respect to ARD generated in mining waste piles, it can be used to reduce the contamination
of acid high-metal leachate in three ways: (1) dissolved sulfate is reduced to hydrogen
sulfide through metabolic action by the SRB; (2) the hydrogen sulfide reacts with
dissolved metals forming insoluble metal sulfides; and (3) the SRB metabolism of the
added organic nutrient produces bicarbonate that increases pH of the solution and thus
limits further metal dissolution.

In the SRB bioreactors constructed at the Calliope abandoned mine site in order to treat
the metal-rich leachate with pH 2.6 from waste rock pile within EPA/DOE Program (2000)
(Fig. VL6.14A,B), a combination of organic carbon (cow manure), cobbles and crushed
limestone was used as a fill to provide nutrient and stable substrate, and to adjust pH for
bacterial growth. For the metal concentrations present in the ARD in the site, at SRB
population from above 10° to 10° cells/ml and residence time of ARD for 4.5-5.5 days in
the reactors, which were run from 1998 to 2001 throughout these years, the metals were
removed to threshold levels 800 pg Zn/l, 80 pg Cu/l, and 5 ng Cd/l.

The successful application of SRB in a field scale for ARD and AMD remediation
under EPA/DOE program (2000) has given rise to studies and applications of this
promising and efficient technology in various projects on eliminating ARD and AMD
(Diels et al., 2002; Ibeanusi and Archibold, 2002; Ngwenya et al., 2002; Zaluski et al.,
2002) also with biorecovery of metals (Tabak and Govind, 2002). The obtained
efficiencies of metal removal in different projects and a diverse scale of application are
within the range reported above. Though most of the SRB projects are allocated in the
USA, this technology becomes increasingly popular also in Europe, where several
research centers are currently involved in SRB studies and upscaling of applications
(Johnson and Hallberg, 2002; Piet et al., 2002; Geller et al., 2002).

The recent experiments on using an integrated mixed metal-tolerant microbial system
to enhance the removal of multiple metals from coal pile run-off and their subsequent
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Figure V1.6.14. Layout (A) and design (B) of sulfate-reducing bacteria (SRB) bioreactors in Calliope Mine,
Montana, USA (after EPA/DOE, 2000).

recovery in the bacterial biomass showed a high removal range of 83—-100% and a
recovery of 38—-58% of Al, As, Cd, Cr, Cu, Fe, Pb, Se and Zn occurring in concentrations
typical for coal pile leachate (Ni showed lower recovery rate of 15%) (Ibeanusi et al.,
2003). The reported data prove high effectiveness of the mixed microbial system in metal
removal and recovery process from ARD and demonstrates possibility of the prospective
wide use in this field.

Source control technologies are in compliance with the methods described earlier as
“rendering the dump air- and water-tight”. They are focused on the new technical solutions
for tasks well known for a long time, one of them is elimination or reduction of
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precipitation infiltration and groundwater flow through the waste piles, including those
from historical mining activity that generate acidic, metal-laden ARD. These solutions
consist of developing new water-insulating grouting materials coupled with drain system
to hydraulically control the water flow at the site. Source control material undergoes
testing for impermeability for water once it is emplaced onto the surface waste pile, for
acid resistance, as well as for wet/dry and freeze/thaw cycling.

One of these projects under EPA/DOE program comprised successful testing of a
spray-applied flexible, urethane grout called KOBAthane 4990 used at the surface mine
waste pile to prevent infiltration. To transport groundwater away from the AG material, the
French drain was placed up-gradient of the pile. The technology emplacement resulted in
the significant improvement of water quality down-gradient of the pile: dissolved metal
concentrations decreased below MCL for drinking water. Other spray-applied, modified
chemical grouts that incorporate the tailing material as a filter are under testing at the ore
tailing site. This technology might be efficient and cost-effective for source control of
relatively small size piles sited in the remote unpopulated areas, where aesthetic values
and possibility of vandalism are of a lower importance.

Another group of new solutions is directed to attenuating processes of chemical and
biochemical sulfide oxidation that are responsible for generating ARD within the waste
pile. The methods presented in this chapter consisted of application of barrier layers of air-
tight material permeable to water. Under EPA/DOE Project (2000), so-called “biological
cover” to control pyrite oxidation has been tested as an innovative technology for cost-
effective remediation of acid-generating abandoned mine tailings by means of establishing
and maintaining a biologically active subsurface and near-surface microbial barrier that
consume dissolved oxygen from the water infiltration into the pile and thereby reduce the
generation of ARD. The oxygen permeability reduction of five orders of magnitude was
reported in laboratory- and field-scale experiments as a result of establishing a biologically
active zone by adding low-cost nutrient solution that served as a source of carbon,
nitrogen, phosphorus, and micronutrients for stimulation of indigenous oxygen-
consuming microorganisms and SRB growth. Overall, further laboratory and field testing
showed unstable results that suggested the necessity of defining critical parameters for
formulating an appropriate nutrient mixture.

Heavy metal in situ stabilization technologies: a number of projects has been conducted
under EPA/DOE Mine Waste Technology Program in order to identify technologies for in
situ treatment/stabilization of particularly problematic toxic metals such as mercury and
lead as a cost-effective alternative to excavation and removal of hazardous mine waste and
metal-contaminated soils to a waste repository; e.g. for lead, the remedial approach
consists of phosphate stabilization of mine waste contaminated soils by mixing
commercial grade phosphoric acid and a trace of KCl into the soil followed by liming
for pH adjustment that results in conversion of lead into a highly insoluble pyromorphite.

ARD treatment: several technologies are being focused on development of effective
ARD/AMD treatment systems for removing toxic, dissolved metallic and anionic
constituents from the leachate in situ and increasing the pH of effluents to near neutral
values using biological and/or chemical treatment processes. Integrated passive biological
reactor utilizes both SRB (anaerobic treatment) and aerobic bacteria (aerobic reactor) in a
series of biological processes for the complete mitigation of ARD with precipitation of
metal ions as insoluble sulfides (most metals) or oxides (Fe, Mn).
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For removal of selenium from Se-bearing Ieachate to the level of 50 wg/l (ppb) under
the US National Primary Drinking Water Regulation Limit, four technologies have been
successfully tested: (i) best demonstrated available technology (BDAT) for coprecipi-
tation of selenium using ferryhydrite; (ii) catalyzed cementation of Se by adsorption onto
iron surface regardless of its valence state (Se*™ or Se®™); (iii) biological Se reduction to
elemental selenium by specially developed biofilms containing specific microorganisms
using baffled anaerobic solids bed reactors (BASBR); and (iv) enzymatic reduction of
selenium based on proprietary enzyme extraction/purification method combined with
immobilization/encapsulation techniques that keep the selenium reducing enzymes in a
functional arrangement within an immobilized/encapsulated matrix. All these technol-
ogies removed Se below the MCL, of them BASBR appeared to be the most consistent
process tested, with the majority of results below the detection limit 2 pg Se/l (ppb).

Biological destruction of weak acid dissociable (WAD) cyanide occurring in
cyanide solution heap leaching of sulfide ores of precious metals in concentrations
500-600 mg CN/1 along with other contaminants such as As, Cu, Hg, Ag, Zn was found to
be an efficient process for cyanide reduction to <2 mg CN/I. The indigenous aerobic and
anaerobic organisms capable of effectively degrading cyanides were isolated during the
bioaugmentation phase, and used in the subsequent aerobic and anaerobic reactors, and in
final aerobic step. Cyanide and heavy metals were substantially removed and pH
consistently neutralized in a more cost-effective way than in conventional processes.
The remediation of metal-complexed cyanide has been also investigated using several
photolytic methods (direct photolysis and homogenous photolysis) to enhance naturally
occurring remediation processes.

To remove from ARD/AMD trivalent arsenic As>" that has been reported to be more
toxic than As>* forms and much more difficult to remove from solution, photochemical
oxidation process was used effectively for conversion of As** to As®*. Removing As”"
was next accomplished using adsorption onto ferric iron (U.S. EPA accepted method).
Other arsenic removal technologies were tested to reduce its concentration from
approximately 500 to <50 ug/l that comprised: (i) mineral-like precipitation by
substituting arsenate into an apatite structure; (ii) aluminum oxide adsorption; and
(iii) ferryhydrite adsorption (BDAT technology). All three technologies showed favorable
results.

For thallium removal from ARD/AMD to levels of <1.7 ug/l, two technologies are
considered: (i) adsorption onto manganese dioxide (available as a waste from zinc
electrowinning process) and (ii) reductive cementation of thallium with use of elemental
iron (available in scrap form).

Under Mine Waste Technology Program, an extensive search to evaluate innovative
nitrate removal technologies was undertaken. Of the 20 technologies screened, 3 were
selected as the most promising economically and environmentally: (i) ion exchange with
nitrate-selective resin; (ii) biological denitrification; and (iii) electrochemical ion
exchange (EIX).

At present, numerous technologies are available for remediation of ARD. These
technologies include biosorption, mineral/resin adsorption, chemical precipitation (e.g.
lime precipitation), ion exchange, freeze crystallization, evaporation and many others. The
status of development and application of these techniques can be followed in the websites
of U.S. Geological Survey (USGS), U.S. EPA and some other sources given as a reference
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material for further information at the end of this chapter. Remediation methods are
usually site-specific, thus both conventional and novel processes have to be carefully
analyzed with respect to feasibility and applicability, and possibly modified to meet the
requirements.

V1.6.4.5. Other rehabilitation technologies for the mining waste dumps

A potential for ARD/AMD attenuation and remediation show also other recent studies
carried out in different countries.

An interesting technology of using steel manufacturing by-products incorporated into
the funnel-and-gate system, which is one of the applications of permeable reactive barriers
(Powell et al., 1998), for controlling mine tailing leachate with high As concentration has
been proposed by Korean authors (Ahn et al., 2003). Besides elemental iron, these
materials contain various compositions of Fe oxides and Ca—Fe oxides that are adsorption
sites for both As’* and As®*, while Ca hydroxides can also neutralize acidic leachate and
promote precipitation of dissolved heavy metals. Of the tested material, evaporation
cooler dust (ECD) was found to be the most efficient material to remove As and dissolved
metals, and to increase pH; oxygen gas sludge (OGS) and basic oxygen furnace slag
(BFOS) also showed high efficiency. This technology is particularly attractive due to
utilization of low-cost materials as permeable reactive barrier media in mine tailing
containments.

Other investigations propose a galvanic suppression technique of pyrite oxidation and
restricting further oxidation of Fe*" by molecular oxygen using minerals with lower rest
potentials (E 0), and in situ precipitation of calcite for ARD/AMD remediation (Noecker
et al, 2003). The mineral with a lower potential acts as the anode (oxidation and
dissolution of that mineral) and the mineral with the higher potential acting as the cathode
is protected from dissolution (Holmes and Grundwell, 1995). Preliminary results showed
that metallic Cr(c) in particular, and also Zn(c) and Al(c), all effectively reduced the
oxidation of pyrite in aqueous solutions, while the reaction of CaO and pyrite produced a
calcite precipitation when CO, was added. The authors have suggested that mobility of As,
Se, Cu and Pb in ARD/AMD can be effectively reduced by precipitation of calcite,
although current in siru immobilization techniques with use of FA and limestone as
sorbents require extensive subsurface disturbances. At the reported stage, the feasibility of
both methods, i.e. of galvanic suppression and in situ precipitation of calcite for AMD
remediation seems to be low: introducing environmentally problematic metals or FA into
acidic leachate/drainage in real systems might rather create more new hazards than
positive effects, while water cover of sulfidic waste in natural conditions is in itself an
effective protection against pyrite oxidation.

A substantial sorption capacity of different organic materials, including organogenic
waste, for metals and metalloids has been reported by many authors (Shuman, 1999,
Madejon et al., 2003; Twardowska and Kyziol, 2003; Twardowska et al., 2003). Madejon
et al. (2003) found out that the affinity of metals and As for binding onto municipal waste
compost, leonardite and forest litter followed the order Pb > Cd = Cu > Mn = Zn >
As. Of these materials, municipal waste compost appeared to show the highest sorption
capacity for heavy metals, while binding of As directly related to the humic acid
(HA)/fulvic acid FA ratio and was the highest for leonardite. The formation of soluble
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metal-organic chelates was low. These properties suggest the potential of using
organogenic waste and natural material in permeable reactive barriers for metal removal
from acidic leachate in mining waste dumps.

The above studies exemplify some research directions in seeking new opportunities for
application of low-cost waste materials as metal sorbents from ARD.

V1.6.5. Landscape formation and land use in a dump site

The problem, which requires attention, is a need for the change of the primary landscape
and land use in the dumping site. It arises on one hand from the severe land shortage in
many mining areas, and on the other hand from the basic requirement of a maximurn,
environmentally safe use of the site area for waste disposal. As a result, high dumps are
being constructed in a primarily flat area. Therefore, a new landscape and new way of land
use is formed, which has to fulfill the above requirements, and not to be the aim by itself.
Not always is a correct order of priorities followed. An example of an interesting, but not
rational solution is the Paciorkowiec coal mining dump (Piast colliery, USCB, Poland),
where the landscape became a superior target (Fig. V1.6.15). Forming the dump surface in
the shape of free standing conic tips, creates high development of a surface vs. volume,

Figure VI.6.15. Paciorkowiec coal mining waste dump (Piast colliery, USCB, Poland). Construction of the
dump as a recreation area with toboggan slides (architects: Bogdanowski, I.; Myczkowski, Z.).
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reduces the disposal area, increases the threat of self-ignition and thus compels high-cost
tips formed in thin heavily compacted layers. This solution, though, shows that the dumps
can become a part of a new landscape and be used as a recreation and sports grounds, and
be visually attractive and accepted by a local community. Many later landscape
architecture solutions in mining waste sites designed as recreational areas avoid such
extravagances (e.g. Debiensko or Bukow sites, USCB, Poland).

An unquestionably good example is an adaptation of the coal mining Janina dump as a
recreation and park area (USCB, Poland). The construction of the dump was completed in
1995; its volume is 11.5 million m®, average height 22 m, surface area 62 ha, enlarged for
further 15 ha. The table-shape of a dump creates convenient conditions for disposal of
high-volume wastes, is easily maintained and is suitable for siting of sports facilities
(bicycle paths, tennis courts, picnic areas). The recreation and sport creates a good chance
for rational and pro-ecological use of mining waste dumps, which fulfill the basic goal,
i.e. waste rock disposal.

V1.6.6. Biological rehabilitation: concepts, solutions, and aims

An important role in mining waste dumps management belongs to the vegetation cover of
a dump surface. For a long time this element of mine waste management was a synonym of
a term “reclamation”. The perception of the dump top layer as a place for growth and
endurance of the introduced vegetation is still widely prevalent among specialists from
this field. They usually do not consider that vegetation has to fulfill similar tasks, as other
elements of rehabilitation, i.e. environmentally safe solid waste disposal, along with
prevention of wind and water erosion of a dump surface. In a dump construction method,
which starts from the final formation of batters and its slopes and next filling the internal
part of the dump, the role of vegetation cover is particularly important both as an element
of environment protection and landscape planning. Here, though, inconsistency of
approaches and laws between European countries and the USA exists. The biological
reclamation guidelines in Poland follow the German reclamation laws, where most
frequently aforestation is the ultimate goal. Due to the lack of adequate knowledge, the
complex approach to environmentally safe mine waste management and the ground and
surfacewater protection as the first priority was not considered when these laws were
developed, mainly by the traditional agronomists and forest specialists. The outdated
guidelines, unfortunately, often correspond to the requirement of restoring primary use
and high productivity of dumping areas, and are literally treated by the regional ecological
administration.

In order to obtain rapid vegetative cover on mine waste, planting of trees at close
spacing is still practiced and prescribed in Germany and Poland (Hutnik and Davis, 1978;
Harabin and Strzyszcz, 1993; Neumann-Malkau, 1993). The emphasis on an instant
exterior effect occurs also in the Czech Republic, and even in the UK, where up to the last
decade of 20th century herbaceous cover had been preferred. At the same time, a number
of authors report failures in establishment of trees, severe plant losses and their weak
growth at the reclaimed mining waste dumps due to various reasons, such as adverse
physical and chemical properties of waste material as a substrate for plant growth, low
nutrient availability, unstable composition, coarse grain size, inappropriate water balance
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and waste acidification (Hutnik and Davis, 1978; Kerth, 1988; Kerth and Wiggering, 1990;
Neumann-Malkau, 1993). This disqualifies dumping sites as areas of productive wood
resources. The satisfactory insulation role of the top encapsulation against water and air
penetration into the dump, as well as against water and wind erosion, and its cost-
effectiveness, requires minimization of the vegetative layer thickness, which is not
suitable for the root system of high plants. In general, topsoil cover for vegetation support
is not available; therefore the plants have to be introduced directly on the waste material,
which in the exposed, not heavily compacted top layer is particularly susceptible to
adverse transformations and acidification. This suggests an application of herbaccous
cover, in particular for support of natural processes of soil formation, prevention of erosion
and reduction of water infiltration (through evapotranspiration). In biological reclamation
practice, a parallel application of sodding and trees planting in the same area is quite
frequent, which creates an inappropriate competition. The natural invasion and succession
of high pioneer species, which could damage the drainage or the infiltration barrier, should
be taken into account in the design and construction of cover layers. The designed
vegetation should thus consider the prospective status with respect to the environmental
safety and fire control requirements (for coal mining waste) towards encapsulation
tightness for water and air. Unsealing of the dump cover by the deep penetrating root
system threatens also the plant due to easy access of reagents, i.e. air and water, for acid
generation and self-ignition of coal mining waste as a result of the exothermic process of
sulfide oxidation. Some proposed methods either reduce the risk of self-ignition of coal
mining waste (e.g. compaction in squares) or vegetative layer acidification by addition of
buffering materials, but do not control infiltration and acidification of the deeper waste
layers. In each case, the selection of plant species should be waste-, site- and use-specific
and consider also both negative and positive role of the naturally invading plant species.
They are generally in much better shape, than varieties planted with or without use of
topsoil. In Polish climatic conditions the natural invaders comprise Betula sp., Populus
tremula L., Salix sp. and Robinia sp., which effectively compete with planted species
(Patrzalek et al., 1993). The present state of reclamation practice shows that stress on
returning the land to a high rate of productivity and the primary mode of use is generally
unrealistic, expensive and often environmentally unsafe.

The biological reclamation regulations and practice in the United States are, to a much
greater degree, incorporated into the complex mine waste management activities focused
on minimization of the damage to the environment. The restoration of high productivity or
a primary use is not a priority. Vegetation is considered as a component of the top layer of
the surface encapsulation; in the inappropriate climate conditions the alternative can be an
armoring layer of gravel-size material.

The EPA provides information concerning plant species, cultivation and areas of
adaptation (EPA, 1983c) that are still in force. The general requirements reflect the
approach to tasks and the function of the introduced vegetation (Hutchinson and Ellison,
1992):

e perennial, locally adapted and resistant to the unfavorable conditions (temperature
extremes, low-nutrient soil, little or no maintenance),

o of sufficient density to minimize cover erosion, i

o with the shallow root system that will not disrupt the drainage or the infiltration barrier.



898 I. Twardowska, S. Stefaniak, J. Szczepariska

For this reason, the use of tall plants (shrubs or trees) is not recommended due to deep
penetration of a root system and a threat of drainage and barrier layer damage. In contrast
to planting trees at close spacing practiced in Germany and still being in wide use in
Poland, the perennial herbaceous cover, sometimes in combination with wider spacing of
trees where applicable, is a common practice in mining waste dumping sites in the USA. It
should be added, that also in Poland, the establishing herbaceous cover at the dump surface
(predominantly without topsoil) as a cost-effective, efficient and environmentally sound
solution gradually became a common dump re-vegetation practice, though still not without
problems of a different kind.

V1.6.7. Monitoring strategies

Monitoring is an essential part of management of mining waste units. As ground and
surfacewater are the most endangered compartment of the environment in the area of
dumping sites, every mining waste dump or other industrial waste disposal facility, in
particular the dumps sited in the area of the major groundwater basins (MGWB) and
usable horizons of groundwater (UHGW) and in the river valleys, should have an adequate
groundwater and/or surfacewater life-cycle monitoring program. Such programs should be
capable of early detection of the threat to the beneficial use of water resources and provide
documentation about the extent of the threat before it actually occurs. This concept
provides an early alert for taking remedial actions, which greatly reduces the potential for
loss of recoverable water resources. Besides water, other compartments of the
environment should also be included in the monitoring program, if a proven risk occurs.

Essential components of the aquatic environment monitoring program are: (i)
background studies to identify the primary environmental parameters and define the
environmental values to be protected in the dumping site area, in particular water
resources. The results of the studies serve as reference values in case of newly established
dumping sites; (ii) the vadose zone life-cycle monitoring/screening to provide early means
to detect a risk, and subsequently, undertake a remedial action before the contaminants
degrade the recoverable water resources; and (iii) the saturated zone life-cycle monitoring
up-gradient and down-gradient of the dump to determine site impacts, validate short- and
long-term prognosis and effectiveness of prevention/remediation strategies in the dumping
site. The scope of parameters to be incorporated into the monitoring program should be
based: (i) on the waste characteristics determining potential for the receiving water
deterioration from macro- and trace component generation and release from the disposed
mining waste and (ii) the pathways of the constituents generation, interaction and
migration in the anthropogenic (dump) and natural (bedrock) vadose and saturated zones
in the actual hydrogeological and hydrologic conditions.

The guidelines for the design and operation of the monitoring systems for the vadose
and saturated zones presented in comprehensive handbooks, are recommended for further
reading (EPA, 1986; Hutchinson and Ellison, 1992; Sara, 1994; Wilson, 1995; Wilson
et al., 1995; Looney and Falta, 2000; Nielsen, 2000; Boulding and Ginn, 2003). These
books discuss basic principles of vadose and saturated zone hydrology, prevailing
monitoring techniques and installation of monitoring devices, as well as operational and
analytical details. The design of direct (sampling) and indirect (non-sampling) monitoring
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systems specific for mine waste management units, including in-waste, vadose zone and
groundwater monitoring is discussed in the guidelines edited by Hutchinson and Ellison
(1992). The monitoring issues addressed there focus on locating monitoring points in the
monitored media, selecting monitoring equipment and determining monitoring parameters
required to provide an early alert for assessment of threat and taking remedial actions,
along with limitations of the methods. The prevalent methods are focused on obtaining a
profile of soil moisture content, suction and other details of water balance and transport
within the dump. A limitation of the in-waste and natural vadose zone monitoring is a high
probability of false-negative readings in all point- and non-point sampling methods. False-
positive readings are evaluated as of a low probability, or even unlikely (for direct point
sampling methods). Also field sampling, which entails drilling for core samples and
subjecting them to laboratory tests to determine density, void ratio, soil moisture content
and soil moisture suction is considered as an alternative. To determine chemistry of
seepage, batch or column leach laboratory testing methods are recommended.

The authors of this chapter (Twardowska et al., 1988; Twardowska and Szczepanska,
1990; Szczepatiska and Twardowska, 1999) have, for a more than decade, routinely used
drilling and core sampling along the dump for screening the water balance, and also for
pressure extraction (under nitrogen) of pore solution from the core. The pore solution is
analyzed for its chemical composition by ICP-OES or ICP-MS. For the high-volume non-
hazardous waste dumping sites, where no surface synthetic liners are used, we regard this
method as highly reliable and informative. It provides direct data on the vertical
redistribution of contaminant loads in the vadose zone and transformations of chemical
composition of pore solution vs. water exchange rate in the waste layers. Several examples
of basic hydrochemical profiles of pore solutions at different characteristic coal mining
dumping sites have been presented and discussed in Chapter II1.6. On the basis of own
experience, the authors recommend this method for wide use for in-site screening (see also
Chapter IV.5).

The application of commonly used biological test systems for the environmental
monitoring of waters affected by the leachate from mining waste is not possible due to
often high acidity and iron content, and lack of nutrients. Nevertheless, successful
development of new bioassays based on organisms native to acidic mining lakes has been
recently reported (Picki et al.,, 2003). This opens the prospects of extending biological
testing on this specific kind of waste, provided that these organisms are adequately
sensitive to typical pollutants occurring in ARD-affected waters.

With respect to the major parameters to be analyzed in sulfidic mining wastes, pH and
sulfate concentrations in the pore solution are the basic indicators of acid generation, while
concentrations of calcium and magnesium indicate buffering capacity of the material.
Chloride balanced by sodium is the major indicator of the water-exchange process in the
dump constructed from waste of high or moderate salinity. Aluminum is a common ion in
the first stage of waste acidification, while silica along with re-appeared alkalis indicate
deep acidification of the material. Of trace metals, iron, manganese and zinc are abundant
components of the pore solution of poorly buffered waste. Zinc frequently becomes a
macro component of ARD. Other compounds commonly present in acid pore solution of
mining waste in higher concentrations include lead, copper, cadmium, arsenic and
selenium, and other heavy metals specific for a mined metalliferous ore or coal. These
compounds, in addition to pH, Eh and conductivity should be analyzed in a life-cycle
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monitoring of the vadose and saturated zone in the vicinity of a dump. The practice of
monitoring shows that the highest pollution potential from the mining waste dump to the
aquatic environment caused by acidification and high heavy metal release commonly lags
behind the start of acid generation and sulfate release and occurs in the post-closure period.
This confirms the requirement for life-cycle vadose zone and groundwater monitoring in
the vicinity of the mining waste dump.

Formerly, this delayed adverse environmental impact was not taken into consideration in
Polish mining areas, therefore monitoring terminated after the dump closure. The
monitoring itself was rare, if any, in the vicinity of non-hazardous mining waste dumps,
which were considered harmless on the basis of compound concentrations in 1:10 water
extract from freshly generated waste. Currently, as a result of the growing consciousness of
the delayed and non-linear increase of pollution potential from these facilities, the
life-cycle monitoring becomes an obligatory component of the dumping site project and
maintenance that comprises also 30 years’ post-closure period (Directive of the Minister
of Environment, 2002).

More detailed discussion of monitoring issues related to mining waste is addressed in
Chapter IV.5.

V1.6.8. Public opinion

Due to the precondition of acceptance of a local community for getting a localization
permit for a waste disposal site from the Environmental Departments of the district
administration, the role of public opinion has a substantial impact on siting a project
(Environment Protection Act, 2001). Thickly populated mining areas and severe shortage
of places for waste landfilling brought about the necessity of dump location in close
proximity to settlements and farms. Though the members of the local communities are
traditionally connected with mining, the “not-in-my-backyard” syndrome makes
requirements for siting, constructing and managing dumping areas more stringent.
Public opinion is extremely sensitive to aesthetics and to the way a facility is used. In
general, there is no interest and firm rejection by the former owners, and lack of potential
new candidates for continuation of the primary production in the rehabilitated formerly
agricultural land. The final shape of batter re-vegetated as a first stage with herbaceous
cover and a target use of a disposal area for recreation or even as aesthetic barrens
become the preferable way of high-volume mining waste disposal site management in
Poland.

V1.6.9. Underground disposal and reuse

V1.6.9.1. Disposal strategies

In recent years, a shortage of available land for high-volume mining waste disposal, and its
environmental burden, as well as high economic and social costs, have resulted in an

increasing pressure of administration and public opinion against the surface methods
of waste landfilling. Simultaneously, a concern about severe surface deformations in
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a thickly populated area caused by subsidence brings about the need of stowing
underground mine workings. This promotes a long-known method of mining waste use for
filling goafs, disused mine workings and abandoned mines as an ideal solution. The
additional pro-environmental aspect of this method is a decrease of the land damage by
quarrying natural material (sand, gravel) used for backfilling (stowing), besides an
adequate reduction of mining waste disposal at the surface and control of subsidence. In
the Polish environmental strategy, increase of stowing of underground workings with use
of coal mining waste is considered as a priority for mining waste management in the
USCB. The amount of mining waste used underground by the end of 1994 was estimated
to be at least 100 Mt. The annual amount of mining waste utilized underground as an
additive to the sand stowing in 65 collieries of the USCB in 1990, 1993 and 1994 was
4.2-5.1 Mt or ~23% of the total mining waste reuse and it did not show an increasing
trend (State Inspectorate of Environmental Protection, 1995). In 1994—1995, a regress of
this way of coal mining waste use occurred. The annual rate of mining waste use
underground dropped to 3.1-3.8 Mt, which amounted to 12.1% of the total amount
utilized. The rate of coal mining waste directed for stowing did not exceed 7.4% of the
total amount generated by coal mining, while the amount of mining waste utilized at the
surface was continuously growing (State Inspectorate of Environmental Protection, 1997).
In 1998, the rate of mining waste utilization reached 69.5% of the total amount generated
(Central Statistical Office, 1999), while in 2001 it was already 89.1%, of this coal mining
waste were used in 91.0% (Central Statistical Office, 2002). The predominant field of
mining waste use is in engineering construction as common fill, where these wastes are
often even more vulnerable to the adverse weathering processes than in the dumping sites.
The major reason for limited use of mining waste underground is that the coal companies
responsible for the environmental strategy of mines, consider costs of mining waste use for
backfilling of mine workings still too high compared to surface utilization and disposal
(State Inspectorate of Environmental Protection, 1997). An additional technical reason for
limited use of mining waste for backfilling is its relatively high compressibility compared
to sand (Skarzynska, 1995); therefore it can be used as an additive to sand in proportions
up to 30-40% wt.

V1.6.9.2. Legislative and regulatory framework

In general, Polish regulations and the Geological and Mining Law of 1994 amended in
2001 do not restrict use, disposal and storage in mine workings of any waste that is not
qualified as hazardous, if the environmental and technological requirements are fulfilled, a
legal permit for use, disposal or storage is obtained and adequate fees for disposal and
storage paid (waste use underground is free of charge). Technological requirements are
defined in the Polish Standards PN-93/G-11010 “Mining. Materials for Hydraulic Filling.
Specifications and Tests” (PKN, 1994). Environmental requirements, also with respect to
the mining waste, comprise the compulsory EIA. Unfortunately, up to now there is no
standard testing procedure for evaluating a potential risk to the environment during the
reuse or disposal of waste materials. This results in a frequently simplified approach to the
evaluation of waste leaching behavior, which is based on the analysis of water extracts
according to compliance tests (EN 12457-1/2/3/4). An up-to-date approach to
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characterization of waste leaching behavior discussed in Chapter II1.1 considers the use of
a complex testing procedure, which much better reflects the short- and long-term risk from
waste to the aquatic environment. After final development by CEN/TC 292 of a standard
testing procedure for environmental risk assessment from granular wastes and its approval
as a European Standard, it will have the status of a national standard without any alteration
in the CEN members and affiliated countries, among them Poland. This should greatly
improve the reliability of the risk evaluation, provided these Standards will be
acknowledged to be obligatory for use by an adequate governmental Directive. At the
present stage, the confidence in the environmental risk assessment from the disposed waste
based on the water extract is highly problematic.

Mining waste disposal at the surface is covered in Poland by the Waste Act of 2001, and
the relevant regulations.

According to the USA regulations, the mining waste backfilling falls under the US-EPA
Underground Injection Control (UIC) Regulatory Program of 1981 and the SDWA — Safe
Drinking Water Act of 1974.

At the European Union, there is no specific Mining Law or legislation on waste from
mining and processing of minerals, thus all relevant directives and regulations on waste
are applicable also to mining waste, while the Member States use their national legislation.
Recent mining accidents in Spain (Aznalcollar accident in 1998) and in Romania
(Baia Mare accident in 2000) that endangered aquatic and terrestrial environment, have
induced the European Commission to issue a document COM(2000)624 final that sets
priority actions related to the safety of mines, management of mining waste and integrated
pollution prevention and control. These actions comprise the following initiatives:

e Amend the Seveso II Directive to include mineral processing of ores and in particular,
tailing ponds and dams used in connection with mineral processing of ores.

o Develop guidelines on management of mining waste covering the environmental issues
as well as the best practices, which could prevent environmental damage during the
waste management phase.

o Develop a best available techniques reference document (BREF) on waste management
to reduce current pollution and to prevent or mitigate accidents in the mining sector.

On the basis of these initiatives, the EC Environment Directorate General started a
public consultation process on a working document related to the management of waste
resulting from prospecting, extraction, treatment and storage of mineral resources (EC DG
ENV A2/LLM, 2002).

More information on these initiatives can be found in the EU websites listed in the
references. It should be added that though the EU plays a modest role in the global
mineral mining industry, it still has 1872 inventoried mining sites, of that 347 for non-
ferrous metal extraction, most of them in France, and 578 coal mines, mostly in Belgium
(all closed) (BRGM, 2001). Despite the fact that only 917 sites, i.e. 49% are still under
operation, closed mines and waste dumping sites often continue to generate
contaminants.

The EU legislation relevant to mining and environmental aspects of these activities, and
the regulations of several other countries with developed mining industry (Canada, the
USA, Australia, Mexico, Malaysia) are referred in BRGM report (2001).
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V1.6.9.3. Environmental implications

Proponents of utilization mining waste for mine backfilling, besides stressing the
environmentally beneficial protection of the surface against damage due to the structural
support of undermined areas and reduction of surface waste disposal, also stress on the
returning of the rock material to its original environment. It should be taken into
consideration that during mining and processing, rock material undergoes significant
physical and chemical transformations (decrease of grain size, increase of the exposed
surface and hydraulic conductivity, temporary exposure to oxic conditions and high
humidity). These can result in a higher degree of decomposition of unstable minerals
(e.g. sulfides) and enhance material susceptibility to contaminant leaching.

The results of studies reported by Levens and Boldt (1994), indeed showed definitely
higher concentrations of almost all dissolved elements in leachate from lead—zinc mine
waste backfill compared to the recharge water quality. Some of them occasionally or
permanently exceeded MCL, set forth in the Safe Drinking Water Act (As, Fe, Mn, Pb,
SO,), but were lower than concentrations detected in the worst acid drainage of the mine.
Concentrations of major ions (SO3~, HCO5, Ca**, Mg®") in leachate, in conjunction with
near-neutral pH values (pH 6.89-7.79) gave evidence of sulfide oxidation and acid
generation, buffered by carbonate dissolution. Due to buffering, only SO~ concentrations
(340.0-1140.6 mg/l) consistently exceeded the MCL values (250 mg/l), while contents of
heavy metals were low. The authors assume, that after the mine closure when the
backfilled stope is flooded, the rate of oxidation of sulfide minerals and associated mineral
dissolution will be much lower. Therefore, the contamination potential of the backfill will
be greatly reduced, though metals already contained in secondary minerals may be
released after the backfill is submerged. The overall impact of this specific backfilled stope
has been evaluated as small.

Another example referred to the dual beneficial effects of using colliery spoil rock paste
to fill the collapsing limestone mines, which has given rise to a general subsidence or
localized surface damage (Jarvis and Braithwaite, 1994).

These examples indeed prove the benefits from reuse of mining waste material for the
bulk backfilling (stowing) of underground mine workings. At the same time they also
show the need of the site-specific approach to the reuse of mining waste underground, to
avoid any threat of contamination of the groundwater by the material, which might be
geochemically unstable.

V1.6.10. Conclusions

The environmental implications and practices of mine waste disposal lead to the following
general conclusions:

1. Mining waste disposal sites, due to the concentration of large volumes of
geochemically unstable (mainly sulfidic) material in relatively limited areas, and
usually a long period of construction, should be treated as a potential source of a long-
term aquatic environment contamination, which may display non-linear, time-delayed
maximum release of contaminants in the post-closure period. The dumping site design
should thus be based on the long-term prognosis and ensure reliability and persistence
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of environmental protection measures during construction and after closure with little
or no maintenance for an adequately long period.

2. The design of waste disposal units should be waste-specific and consider also site-
specific conditions, such as climate, hydrogeological conditions and site factors,
defining the categorical design criteria and environmental protection measures.

3. The sulfidic waste dump design during construction and after closure should be focused
on the prevention of air penetration and water infiltration through the dump and
limitation of waste exposure to the atmosphere. The management practices of all kinds,
from the methods of placement and schedule to the top layer re-vegetation have to be in
concert and consider predominantly surface interception, a passive-care approach and
use of adequate chemical or/and physical properties of the waste to reduce risk to the
environment. Bottom liners and active-care approach should be applied only in
exceptional situations.

4. Engineering constructions from mining waste exposed to the atmospheric conditions
should be treated the same way as waste disposal units with respect to EIA, preventive
measures and monitoring requirements.

5. Monitoring systems have to provide an early alert for taking remedial actions: the
potential costs and degradation of recoverable water resources can be thus greatly
reduced. One of the best direct sources of information on actual contaminant generation
and transport is quantitative and qualitative analysis of pore solution along the dump
and a bedrock profile (anthropogenic and natural vadose zone).

6. The reuse of mining waste for backfilling of underground mine workings provides a
triple benefit of reducing surface waste disposal, protecting against deterioration of
recoverable groundwater resources and conservation of the undermined land
endangered by subsidence. Due to transformation of physiochemical properties of
the rock material due to crushing and exposure for some time to the atmospheric
conditions, even in the case of returning waste rock to the original excavation, the
assessment of potential impact of backfilling material on the groundwater quality
should precede its reuse.
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