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FOREWORD

Innovative Management of Groundwater Resources in Europe — Training and RTD Co-
ordination (IMAGE-TRAIN) is an initiative funded by the European Union’s Research Direc-
torate General and has the ambition to improve cooperation and interaction between ongoing
research projects in the field of soil and groundwater contamination and to communicate new
technology achievements to young scientists by means of training courses.

Mine water management in Pécs

The 2" IMAGE-TRAIN Advanced Study Course was held in Pécs, Hungary from June 23 to
27 2003 and focused on mine water management. The choice of the venue was closely linked
to the topic. Close to Pécs one of Europe’s largest uranium mines operated between 1958
and 1997. At the end of the last millennium uranium mining practically vanished from Europe
due to the enormous break down of the world market price. The closure of the uranium mining
and processing sites near Pécs resulted in an enormous economic loss (2000 people lost their
job) and an incredible environmental burden for the region.

At the uranium ore processing site near Pécs uranium ore was processed by conventional
milling technologies. Uranium ore tailings were deposited in ponds constructed without or with
very poor sealing. Process water from these ponds partly seeped through the underground
causing a huge chemical contamination of groundwater. Main polluting components were
above all magnesium sulphate and sodium chloride.

The remediation of the tailing ponds was urgently needed to solve the stabilisation of the
ponds on the one hand and to restore the groundwater quality on the other hand. Different
options were chosen to handle the problem: a pump and treat system with an on-site ground-
water station, surface stabilisation of the tailing ponds with geo-material, multi layer covering
and revegetation and a complex drainage and groundwater containment system. Furthermore,
a pilot reactive barrier was installed to prevent the migration of uranium from contaminated
groundwater.

Along the course the measures undertaken by Mecsekérc Rt. were comprehensively pre-
sented in theory as well as in practice along a one-day excursion.

European research on mine water management

Two research projects of the 5" EU Framework Programme for RTD were involved in the or-
ganisation of this course:

1 PEREBAR - Long-Term Performance of Permeable Reactive Barriers used for the Reme-
diation of Contaminated Groundwater. The Mecsekérc site functioned as a case study along
this research project. The development of a tailored reactive barrier for uranium contami-
nated groundwater was a central part of the research undertaken.

1 PIRAMID — Passive In Situ Remediation of Acidic Mine and Industrial Drainage. Building
on already existing research capacity in this area the key aim of the PIRAMID project was
to produce comprehensive engineering guidelines for the passive remediation of acidic
and/or metalliferous mine drainage and similar wastewaters.

Umweltbundesamt CP-035 (2004)



4 Sustainable Managemant of Soil and Groundwater in Urban Areas — Foreword

Purpose of the course

The key purpose of this course was to provide young scientists and engineers with up-to-date
information of current research activities in the field of minewater management.

The course was attended by 35 participants from 16 different European countries. The share
of women was 35 % and the average age was 31 years. Participants were selected according
to selection criteria defined by the project’'s co-ordination team (i.e. university degree in a the-
matically related field, added value for current work).

The following report includes review papers of the key-note lectures.

With this course we intended to inspire young scientists and engineers in their future work
and to support the strengthening process of the European research community regarding
management of soil and groundwater resources.

Gundula Prokop, IMAGE-TRAIN Co-ordinator
On behalf of the IMAGE-TRAIN Scientific Co-ordination Team

CP-035 (2004) Umweltbundesamt
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COURSE PROGRAMME

2" IMAGE-TRAIN Advanced Study Course, Pécs June 23-27 2003 “Groundwater Manage-
ment in Mining Areas”
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10:30-10:45
10:45-12:30
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Self Introduction by course participants

Coffee Break

Impacts of mining on physical hydrogeology

Paul Younger, University of Newcastle; School of Civil Engineering & Geo-
sciences (UK)

Lunch Break
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algorithm etc)

Paul Younger, University of Newcastle; School of Civil Engineering & Geo-
sciences (UK)
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Tracer investigations in flooded mines

Christian Wolkersdorfer, Freiberg University of Mining and Technology,
Department of Hydrogeology (DE)

Lunch Break

Participants' forum: Presentations by course participants of their own case
studies/issues

Wednesday June 25
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12:00-13:30
13:30-17:00

Geochemical processes controlling mine water pollution
David Banks, David Banks, Holymoor Consulting (UK)

Lunch Break

Practical exercise : Geochemical modelling of mined systems (performance
model and PHREEQC:)

Paul Younger, University of Newcastle; School of Civil Engineering & Geo-
sciences (UK), David Banks, David Banks, Holymoor Consulting (UK)
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Karl Ernst Roehl, Karlsruhe University, Department of Applied Geology
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Paul Younger, University of Newcastle; School of Civil Engineering & Geo-
sciences (UK)

Coffee Break

Case Study: Remediation of a former uranium mining/processing site
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Mihaly Csévari, Mecsekérc Kérnyezetvedelmy RT (HU)

Excursion: Mecsekérc former uranium mining/processing site
including Lunch

Mihaly Csévari, Mecsekérc Kérnyezetvedelmy RT (HU)
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Jorge Loredo, Oviedo University, Department of Mining (ES)

Coffee Break
Open forum: Towards rational management of groundwater in mining areas

Paul Younger, University of Newcastle; School of Civil Engineering & Geo-
sciences (UK)

Handover of certificates and official closure of course
Gundula Prokop, IMAGE-TRAIN Co-ordinator, Umweltbundesamt (AT)
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IMPACTS OF MINING ON PHYSICAL HYDROGEOLOGY

P.L. Younger, University of Newcastle, School of Civil Engineering and Geosciences United
Kingdom

Keywords: Mining, mine waste, impacts, hydrogeology

Introduction

This paper provides a brief overview of the impacts of mining on physical hydrogeology. For
a more comprehensive account, the reader is referred to the recent text book of Younger et
al. (2002). In the account which follows, the following topics are examined:

1 The types of mines which exist (deep, surface), their methods of working and the geometry
of voids which they produce.

1 Mine wastes: their origins and nature.
T The implications of the above for physical hydrogeology of mined ground.

Types of Mine

Fundamentally, the mining industry distinguishes between two type of mine:

(i) Deep Mine: Any mine in which the miner and/or his machinery work beneath a cover of
soil or rock (irrespective of absolute depth below ground surface)

(ii) Surface Mine: Any mine in which the miner and/or his machinery work in an excavated
void which is open to the skies

The term “deep mine” is synonymous with “underground mine” or “subterranean mine”.

(In British usage, the unqualified use of the word “mine” generally means a deep mine). Deep
mines can be further differentiated into “drift mines” or “shaft mines” depending on the mode of
access to the underground workings. Access to deep mines can be either by means of a shaft
(i.e. a vertical or sub-vertical tunnel) or an adit (an essentially horizontal or sub-horizontal
tunnel from a hillside). In coal-mining districts, the term “drift” is often used synonymously with
“adit”, hence the name “drift mine”.

Other types of mine access features represent some form of compromise between horizontal
adits or vertical shafts, and these are generally termed “declines”, which refers to inclined

tunnels from the ground surface to the workings. (Synonyms for 'decline' include “incline”, “in-
clined drift”, “slope entry” or (least commonly) “dib”).

Working of deep mines

Working of all deep mines involves the following activities:

1 Development and maintenance of access (for humans, machinery, ancillary services and
ventilation)

CP-035 (2004) Umweltbundesamt



Groundwater Management in Mining Areas — P.L. Younger 9

1 Extraction of as much valuable mineral product as possible.
T Handling of waste rock

Distinctive arrangements of these activities can be recognised by the patterns of voids shown
on mine plans (Figure 1).

Bord-and-Pillar Post-and-Stall

(a)
- m

MSTOOFP

Stoop-and-Room

(b)

Longwall Panels

Main haulage
roadways

No 1 Shaft No 2 Shaft

Fig. 1:  patterns of underground mine voids associated with (a) various types of "bord-and-pillar’
workings and (b) typical longwall workings.

Bord-and-pillar workings (Figure 1(a)) result in approximately rectilinear networks of inter-
connecting roadways (“bords”) separated by un-mined “pillars” of coal (or other mineral) left
behind in order to provide roof support. This manner of workings was the main deep mining
technique in Europe for many centuries. Because of the relatively low capital costs of bord-
and-pillar working compared to longwall, it remains the principal technique in the USA (where
most underground coal mining is undertaken by relatively small companies). It is also practised
in situations where:

1 there is a strong need to minimise surface subsidence, or to avoid propagation of roof frac-
tures to overlying aquifers or surface water bodies

f The worked seam is dipping too steeply for the easy use of longwall techniques.

Umweltbundesamt CP-035 (2004)
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Typical dimensions of modern bord-and-pillar workings are as follows: bord widths of 6 m to
9 m (larger openings require auxiliary roof support) and “pillar” widths of 9 m—30 m. Pillars
will be narrowest where the roof strata are most competent (= least fractured). So-called pil-
lar-robbing (“second working”) of bord-and-pillar workings during retreat is often practised,
i.e. removing pillars in part or as a whole in order to improve extraction rates from around
50 % to as much as 90 %. Obviously this greatly increases subsidence in overlying strata so
has to be applied only in appropriate situations.

Longwall working (Figure 1(b)) involves the removal of all coal (it is rarely practised as such
for other minerals) in entire, discrete 'panels’, which may be up to 250 m wide. The “long wall”
is the long, working face of such a panel, along which a drum shearer passes back and forth.
As the face is cut away, the shearer and its hydraulic supports advance towards the retreating
wall, and the area behind the supports is left to fall (forming “goaf”). The longwall is usually
sheared away over a distance of 500 m to 1000 m perpendicular to the initial position of the
working face. Extraction rates for longwall commonly exceed 90 %, and it is the main technique
in modern European coal mining.

“Shortwall” works on the same principle as longwall, but with narrower panels (as narrow as
30m in extreme cases); this is usually done to minimise the vertical extent of subsidence and
associated fracturing above the panel, which may be advisable when mining below water
bodies.

The term “stoping” refers to a range of techniques applied to deposits with significant vertical
extension (e.g. vertical/sub-vertical veins, as in many European metals mines). Varieties of
stoping include “stope-and-pillar” (analogous to bord-and-pillar, but in the vertical azimuth),
“overhand stoping” (e.g. shrinkage stoping), “block-caving” and “sub-level stoping”. Full details
of these techniques are beyond the scope of this paper, and the reader should consult mining
engineering texts such as that of Hartman & Mutmansky (2002) for further details.

Surface Mines

Surface mines currently account for the bulk of world-wide mineral production (> 80 % in the
mid-1990s and rising). The term 'surface mine' is approximately synonymous with “open-pit

mine”, “quarry”, “opencast mine”, though these terms are also used to signify specific types
of surface mines. As in deep mining, there are three Principal activities in surface mining:

{I stripping of overburden (i.e. excavation of non-economic deposits which overlie the ore or
coal)

f mining of the ore or coal
1 restoration and/or other after-use of the mine void

Types of surface mine are distinguished on the basis of how these activities are done, as fol-
lows:

f An open-pit mine (sensu stricto) is a surface mine in which the overburden is removed to a
disposal area, and the ore is worked from stepped horizontal benches (typically 18—45 m
wide) each of which is separated from the subjacent benches by aprons of un-worked rock
(9-30 m high, with slope angles in the range 50-70 °)

I A quarry has slightly different meanings in UK English and US English. In UK usage, virtually
all non-coal surface mines will usually be termed a “quarry”, whereas in US usage “quarry”
refers specifically to surface mines which produce dimension stone (i.e. well-dressed stone
used for ornamental cladding on buildings etc).

CP-035 (2004) Umweltbundesamt
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f Open-cast mines (Figure 2) (also known colloquially as “strip mines” in US English) are
surface coal mines which resemble open-pit mines, but with one important difference: the
stripped overburden is not removed to a disposal area, but is “cast” (i.e. hauled and dumped)
directly onto adjacent mined-out panels. Key features of a typical open-cast operation are
the walls of un-mined strata (either “side-walls” or the highwall, i.e. the wall of rock which is
retreating as it is gradually mined-out) and the “loose-wall”, i.e. the gradually advancing
front of tipped overburden immediately behind the current working strip.

f An auger mine is a technology of limited application which is used to increase the yield of
an open-cast site by extracting coal from beneath the highwall by means of horizontal drill-
ing with an auger (essentially a giant corkscrew). As such an auger mine is arguably a “deep
mine” operated from the surface!

Fig. 2:  Opencast coal mining operations: (left) working bench in front of the highwall of a shallow pit.
(right) advancing loose-wall (on left) behind working bench

Mine Wastes

It is estimated that more than 70 % of all the material excavated in mining operations world-
wide is currently waste. In the EU over the last few years, more than 400 Mt of mine waste
has been generated per annum, amounting to nearly 30 % of all waste generated in the EU.
This is a vast proportion compared to that part of the EU's economy which is currently ac-
counted for by mining.

The reason for the very large volume waste production by mining at present relates to the
current preponderance of surface mining. Whereas mature deep mining provides scope to
dispose of waste rock within mined voids, and thus produces a tiny proportion (around 1 %)
of the total mass of mine waste produced annually around the world, surface mines inevitably
disturb vast quantities of overburden. Whilst open-cast mines largely backfill their voids as
they go, open-pit mines often don’t backfill at all and at the end of mining they leave behind
both an open void plus large adjoining waste rock piles.

Mine waste disposal occurs in two principal manners, depending on the origins and grain-
size of the wastes:

T Spoil (i.e. waste rock, or overburden) is generally loose-tipped to form spoil heaps, or else
back-filled behind working bench

f Tailings (i.e. generally fine-grained residues remaining after mineral processing to separate
ore from gangue) are typically deposited as a slurry in tailings dams. (Paste disposal is a
new option for tailings disposal in certain cases).

Umweltbundesamt CP-035 (2004)



12 Groundwater Management in Mining Areas — P.L. Younger

Implications for physical hydrogeology

How mining alters natural hydrogeology

Surface mining

Where surface mines are excavated into aquifer materials, they clearly remove part of the
aquifer, which in itself may represent a loss of resource (e.g. increased evaporation from the
post-mining pit-lake) or at least an increase in vulnerability for the surrounding aquifer re-
sources (i.e. removal of the barrier to pollutants represented by the unsaturated zone).

Besides these obvious impacts, most other effects of surface mines on natural hydrogeology
are rather subtle. A “halo” of increased permeability (¢ 100 times greater than background val-
ues) can develop around open-pit walls, due to extensional fracturing induced by blasting and
the reduction of lateral stresses. Indeed, permeability close to the void may be so high as to fa-
vour turbulent flow near the void, resulting in a near-pit water table which is much more steep
than would be expected if groundwater flow remained strictly Darcian. This phenomenon has
been extensively analysed by Dudgeon (1985), and is also discussed by Younger et al. (2002).

A further impact of pit lakes left behind after cessation of surface mining is that the water table
tends to be steeper on the up-gradient side of the pit, and more gentle on the down-gradient
side of the pit, than would be the case under natural conditions (Morgan-Jones et al., 1984).
On the other hand, although many pit lakes are in hydraulic continuity with the surrounding
ground water, in some cases the blinding of the pit floor with fine-grained sediments can effec-
tively “perch” water in the open-pit, with little or no interaction with the surrounding ground wa-
ter system.

Pit lakes are complex environments from a limnological and geochemical perspective.

Limnologically, the key difference between pit lakes and natural lakes can be quantified by a
parameter known as the relative depth (Dg) (Castro & Moore, 2000)

Dg = 100 (z/d)

where z,, is the maximum depth of the lake and d is some standardised diameter (e.g. for cir-
cular lakes, d = 2 v(A/p), where A is the surface area).

Typical Dr values for natural lakes are usually < 2 %, and few have values of more than 5 %.
By contrast mine pit lake typically have Dg values in the range 10 to 40 %. Such high values
of Dr have important hydrological consequences. Most notably a high Dgr means that evapo-
rative losses as % of stored water (and therefore evaporative concentration) from the pit lake
will be limited compared to a natural lake with a similar surface area. High Dr also has pro-
found effects on density stratification: with high Dr values, pit lakes promote the development
of three-layer systems in which the third, deepest layer is never involved in seasonal overturn
(“meromictic” conditions). For further discussion of the importance of mixing dynamics and
coupled geochemical processes for the evolution of pit-lake water quality, the interested reader
is referred to the recent, excellent review by Bowell (2002).

Deep mining

As a rough 'rule-of-thumb’, the caving-in of deep mines can be expected to cause fracturing
and subsidence of overlying strata over a vertical distance typically half as high as the void is
wide (e.g. a 200 m-wide longwall panel can be expected to affect around 100 m of overlying
strata). The volume of rock affected by fracturing and subsidence above longwall panels can
be resolved into 3 zones:

CP-035 (2004) Umweltbundesamt
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1 Zone 1: typically one-third as high as the void is wide: characterised by sagging, extensional
fracturing and bed separation permeability increases 60 to 80 times above pre-mining value.
(K: 1-20 m/d in Carboniferous Coal Measures in Europe)

f Zone 2: usually about 25 %—30 % as thick as the underlying Zone 1: net compression, so
that permeability remains at or below pre-mining values (K: 0.001-0.1 m/d)

I Zone 3: Similar in thickness to Zone 2, Zone 3 is an extensional zone, so that permeability
again increases (though not by so much as in Zone 1).

For further discussion of these phenomena and their practical implications, the reader should
consult the recent comprehensive review of Booth (2002).

The hydrogeology of abandoned deep mines is essentially “non-standard” when compared
with natural aquifers. The flow in flooded deep mines is usually highly channelised (i.e. most
flow is associated with old mine voids) and very often turbulent (hence Darcy’s Law is inappli-
cable). Collapse of voids and erosion by turbulent flow can lead to permeability and storativity
changes over a scale of days or even hours.

Records of water level rises in shafts accessing abandoned, flooding underground workings
are known as “rebound curves”. These typically show staged variations in rebound gradient
which are particularly clear on semi-log (“Jacob”) plots. The variations in gradient record ver-
tical variations in storage properties as the water level successively passes through worked
and unworked zones (corresponding hydraulically to alternating unconfined and confined
storativity conditions).

Modelling of rebound processes has recently been approached using a number of alternative
formulations (Adams & Younger, 2001). Essentially, the choice of the most appropriate model
is a question of scale, with discrete pipe-network models being most appropriate for detailed
analysis of small sub-areas of mine systems, and more coarse semi-distributed models (such
as the GRAM model of Sherwood & Younger, 1997) being most appropriate for medium-to-
large scale systems of variously inter-connected “ponds” of flooded workings. The use of
standard porous medium models may be appropriate at the very largest scales of analysis,
especially for rebounded systems where hydraulic gradients are shallow once more. Once an
appropriate simulation code has been chosen, the predictive modelling of rebound processes
is likely still to be hindered by a number of factors, including:

1 The lack of a tradition of hydrogeological data collection in the mining sector, which means
that accurate flow and piezometric data rare

1 Uncertainties in mine plan data

1 The sheer computational expense of simulating all of the relevant details of very large inter-
connected systems of mined voids.

Despite these setbacks, successful modelling of rebound processes has been undertaken for a
number of major mined systems (e.g. Adams & Younger, 2001), and there is no doubt that
further mine closures throughout Europe will necessitate more studies of this type in future
(e.g. Younger, 2002).

Hydrogeology of bodies of mine waste

Spoil heap creation and hydrogeological properties

The way in which spoil heaps are formed fundamentally influences their internal hydrogeologi-
cal character. Loose-tipping of poorly-sorted waste rock fragments tends to sort the sediments
out into 'cobbly zones' (pebbles and cobbles) and fine-grained zones. This imparts profound
heterogeneity to the spoil, giving rise to strongly preferential flow mechanisms. Modes of pref-
erential flow differ between the unsaturated and saturated zones in mine spoil heaps:

Umweltbundesamt CP-035 (2004)



14 Groundwater Management in Mining Areas — P.L. Younger

Unsaturated zone: the pore system of the fine-grained fraction of the spoil will always be at
or near saturation, whereas pores in cobbly zones will usually be fully drained; hence in the un-
saturated zone water moves preferentially through the fine-grained fraction of the sediment.

Saturated zone: the cobbly zones are FAR more permeable than the fine-grained zones, so
that in the saturated zone, water moves preferentially in cobbly zones.

Preferential flow can in some cases provoke preferential erosion of spoil heaps, leading to
development of sinkholes and other features which give rise to surface subsidence (Figure
3a). Surface runoff can be channelled into such features (Figure 3b), further exacerbating
erosion and also denying surface environments some much-needed water.

Fig. 3:  Geotechnical stability problems associated with the hydrogeological behaviour of waste rock
depositories. (a) Subsidence 'crown hole' developed above a preferential subsurface storm-
flow pathway in open-cast backfill. (b) The entire flow of a stream disappearing into the same
crown hole during a storm. (c) The failure of the Aznalcéllar Tailings Dam in SW Spain in April
1998 — an emblematic event in the recent history of mining environmental management in the
EU.

Depending on the lithology of the waste rock, spoil heaps may be dominated by surface run-
off or subsurface flow. For instance, the more shale in the waste rock, the more likely is a spoil
heap to give rise predominantly to surface runoff. In areas where much of the waste rock is
hard crystalline rock, infiltration and perched groundwater systems are the norm. The relative
dominance of surface/subsurface flow has important implications for pollutant-release dy-
namics:

CP-035 (2004) Umweltbundesamt
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Surface runoff-dominated spoil heaps release their pollutants when heavy rains follow dry
spells: peak flows and peak contaminant loads tend to coincide.

Subsurface-dominated spoil heaps often have dilution in wet periods, with peak contaminant
concentrations during baseflow periods.

This distinction has important implications for remedial design options (Younger et al., 2002).

Tailings Dams

Tailings are usually deposited from suspension in water. Besides easing physical transport of
the tailings, sub-aqueous emplacement also helps prevent pyrite oxidation. However, the mix-
ture of fine-grained sediments and water can give rise to problems with the geotechnical be-
haviour of tailings dams. In particular, inadequate control of water in tailings and their impound-
ing dams can contribute to rotational/sliding failures which then allow vast volumes of tailings
to escape from the tailings dam, as happened at Aznalcdllar, Spain, in April 1998 (Figure 3(b))
and at Baia Mare, Romania, in 1999. Such problems are avoidable, and although the relevant
precautions are generally built-in to tailings dam designs, problems tend to arise where later
raising of the dam (which might be decades after the initial design, depending on the fortunes
of the related mining operation) is implemented in a manner which departs from the original
design specifications. Changes in EU laws to prevent this sort of calamity occurring in future
are currently very much on the agenda (e.g. European Commission, 2003).

Conclusions

Mining affects natural hydrogeology quite profoundly, in ways which are often not readily
amenable to analysis using conventional methods of groundwater hydrology. Similarly, bodies
of mine waste have distinctive hydrological characteristics which complicate their analysis
and their geotechnical behaviour. Nevertheless, a conceptual framework now exists by means
of which rational hydrogeological analyses in mined areas can be reliably undertaken.
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GEOCHEMICAL PROCESSES CONTROLLING MINEWATER
POLLUTION
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Abstract

Minewater is a subset of groundwater, subject to broadly similar hydrochemical processes. In
“normal” groundwaters, access to oxidising species is poor and acid-base reactions tend to
dominate over oxidation reactions. Acid-base reactions such as carbonate dissolution and
silicate hydrolysis consume protons and carbon dioxide, and release alkalinity and base
cations. In mines, the atmospheric environment is rapidly introduced to the deep reducing geo-
sphere (or vice versa in the case of mine waste deposits). This carries the possibility of in-
tense and rapid oxidation of sulphide minerals such as pyrite, to such an extent that these
acid-generating redox reactions may dominate over acid-base “neutralisation” reactions and
result in the phenomenon of “acid rock drainage” (ARD). In ARD, a negative correlation is typi-
cally observed between pH and concentrations of many metals and metalloids, base cations
and sulphate. This correlation is due to (i) genetic co-variation — generation of protons, sul-
phate and metals in sulphide weathering reactions, (ii) pH-dependent solubility of many ARD-
related metals and (jii) low pH intensifying carbonate dissolution and silicate hydrolysis to re-
lease aluminium, silica and base cations. This paper examines the reactions involved in ARD
generation and neutralisation, and attempts to clarify key concepts such as pH, Eh, alkalinity,
acidity and equilibrium constants.

PART 1: AN OVERVIEW

Introduction

Groundwater is often defined as water occurring within the subsurface geological environ-
ment. Mine water is thus merely a type of groundwater, subject to the same geochemical
processes as “normal” groundwater. Mine water often appears very different to the pure spring
water beloved of poets and bottled water manufacturers, however: it may be highly acidic,
brightly coloured and packed full of salts and potentially toxic metals. So what is it that creates
the difference between our flask of Evian and our sampling bottle of mine water from San
José silver/tin mine? Why are some mine waters alkaline (Banks et al., 2002b), while others
are acidic and rich in aluminium, iron and other metals (Banks, 1994)? This paper attempts
to provide an introduction to some of the answers. We should start, however, by examining, in
outline, some of the processes which give all groundwaters (including mine waters) their char-
acteristic chemical signatures.
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The Hydrochemistry of Groundwater

Every groundwater has its own unique hydrochemical fingerprint. This is derived from the in-
terplay of various processes at various stages along the groundwater’s flow path:

Recharge Chemistry

Groundwater may retain some of the characteristics of the water (rainfall, snowmelt or infiltrat-
ing river water) that was the source of its recharge. For example, newly recharged groundwa-
ter will often contain:

1 An isotopic signature (?H, *H, '®0) characteristic of the rainfall at the geographic location,
time and altitude of recharge

T An “atmospheric” chloride content, which may increase with decreasing distance from the
coast (due to marine aerosols in the atmosphere, Banks et al. 1998).

T A content of atmospheric “pollutants” from industry or motors: nitrate, sulphate, chloride
1 A high content of dissolved oxygen

Soil Zone

The soil zone is a highly microbiologically active environment. Respiration within the soil
zone produces CO,. Thus, groundwater leaving the soil zone will often be charged with high
concentrations of dissolved CO, (with an isotopic ">C signature reflecting soil zone processes).

Water-Rock Interaction

This innocent term covers a huge range of geochemical processes that describe various
ways in which groundwater reacts with minerals in the subsurface. The most important of
these will be discussed in the next section. In general, water-rock interaction processes in
“normal” groundwater tend to result in:

1 Consumption of dissolved O, and CO,
1 Elevation of pH and production of alkalinity
1 Release of base cations

Mixing

Along its flow path, groundwater may mix with other water “facies”, e.g.
1 Mixing with deep saline “formation” water within the aquifer
T Mixing with intruding saline water from a surficial source (e.g. sea water)
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Water-Rock Interaction

The main reactions taking place between water and mineral phases in the subsurface fall
into four main categories:

Dissolution Reactions

E.g. halite: NaCl €-> Na™ + CI’
or fluorite: CaF, €= Ca™™ + 2F

lon Exchange Reactions

These often take place on the surface of minerals such as clays:
e.g. Ca-clay + 2Na* €- Nay-clay + Ca**

Acid-Base Reactions

The most common rock-forming minerals (carbonates, silicates) are bases that consume pro-
tons (acid) on reacting with groundwater. Note that dissolved carbon dioxide is regarded as
an acid, as it dissociates to release protons:

CO; + H,0 € H,COz € H' + HCOy

Examples of acid base reactions include the weathering of calcite or plagioclase feldspar:
CaCO; + CO, + H,0 € Ca®* + 2HCO;
2NaA|S|308 + 2C02 + 3H20 <> 2Na+ + 2HCO3_ + A|28|205(OH)4 + 4S|02

Note that these reactions tend to:

 consume CO, and elevate pH

I release bicarbonate alkalinity

1 release base cations

In most “normal” groundwaters, these types of reactions dominate, resulting in groundwaters

of neutral to slightly alkaline pH (Frengstad & Banks, 2000), dominated by base cations
(Ca™, Mg™*, Na*) and bicarbonate.

Redox Reactions

Here, electrons are transferred between reacting species, causing oxidation states to be al-
tered. For example, the oxidation of organic matter:

CH,O + O, €> CO, + H,O €> HCO3 + H*
Oxidation reactions often (but not inevitably) release acid. Reduction reactions often con-

sume acid and release alkalinity. For example, the (bacterially catalysed) oxidation of pyrite
releases protons (acid):

2FeS, + 2H,0 + 70, €= 2Fe®" + 4S0,% + 4H"
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What is so Special About Mine Water ?

The earth’s immediate subsurface is a reaction front between the atmosphere (generally oxi-
dising and acidic) and the geosphere (generally reducing and basic). Groundwater is the cir-
culating medium which carries atmospheric reactants (oxygen, carbon dioxide) into the geo-
sphere. The zone of groundwater circulation is typically the zone where redox and acid-base
reactions occur.

In normal groundwater environments, the contents of oxidisable minerals (e.g. pyrite) are so
low or the access to oxidising species (e.g. oxygen) is so poor, that acid-base reactions (which
consume protons) dominate over redox oxidation reactions (which may generate protons).
Thus, “normal” groundwaters have typically neutral to slightly alkaline pH (Frengstad & Banks,
2000), dominated by base cations (Ca*™, Mg**, Na*) and bicarbonate.

Afmosphe.r'e. and Soil Zon

Oxidizing and Acidic

Geological Environment .
Reducing and Basic _.
CH4 5\0&

S< =
' /'5:8 CO; Organic C

Fig. 1:  The zone of groundwater circulation is a reaction front between the oxidising, acidic at-
mosphere and the reducing, basic geosphere. The zone of groundwater circulation is characte-
rised by acid-base and redox reactions. The rate of reaction will increase where flaws in the
geosphere (e.g. mines) allow rapid circulation of water and oxygen, or where geosphere
material is transported directly to the surface environment (mine waste tips).

When we dig mines, we introduce the rapid circulation of oxygen and water into the deep
geosphere, in zones where there are high concentrations of oxidisable minerals (sulphides).
Similarly, when we create mine waste tips, we are bringing deep sulphide-rich geosphere up
into the atmosphere, with often excellent access to circulating water and oxygen. Thus, in
mine or spoil tip environments, oxidation reactions may dominate over acid-base (neutraliza-
tion) reactions, resulting in the phenomenon of acid rock drainage (ARD).

Thus, where sulphide oxidation is the dominant reaction:
2FeS; + 2H,0 + 70, €-> 2Fe*" + 4S0,> + 4H"

mine waters may be dominated by:
1 Low pH

1 Elevated sulphate concentrations
1 Elevated concentrations of metals
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It should here be noted that not all sulphide minerals release protons on oxidation:
ZnS + 20, €> Zn** + SO,
PbS + 20, € Pb®* + SO,*

However, if pyrite/marcasite is also present, the acidic environment generated will assist in
mobilising other metals such as Zn and Pb, whose solubility is pH-dependent.

Characteristics of Mine Waters

Tables 1 and 2 present analytical characteristics of various mine waters from metal sulphide
mines (Table 1) and coal mines (Table 2). Table 3 shows leachates from selected mine waste
tips. From the Tables, the following points should be noted:

1 There is considerable variation in mine water chemistry, even amongst mines of the same
type. This can be ascribed to factors such as: access to and rate of circulation of water and
oxygen, neutralisation potential of host rocks and ambient groundwater, morphology and
mineral content of sulphide minerals, age of mine discharge. Particularly aggressive (i.e.
metal-rich, acidic) mine waters would thus be expected where:

o Mines or spoils have a high pyrite content, especially if fine-grained
o Mines or spoils have good access to oxygen (i.e. unflooded mines)

o Water throughput is low. Lack of dilution may produce very aggressive mine waters (e.g.
San José)

o Recent flooding of a mine has resulted in a “first flush” of accumulated pyrite weathering
products from a mine

f Metals mines generally have the potential to generate more aggressive mine waters than
coal mines.

1 The most aggressive discharges emanate from recently flooded (or, sometimes, pumping)
mines.

T As pH and alkalinity increase, contents of metals, sulphate and base cations generally de-
crease. This is due to several factors:

o Metals, protons and sulphate are all released upon sulphide weathering. A co-variation in
these parameters would thus be expected

o Low pH promotes hydrolysis of carbonates and silicates, thus releasing base cations to
the water

o Low pH promotes solubility and mobilisation of most heavy metals (including Fe, Zn, Cu,
Al, Pb etc.)

1 Chloride concentrations are independent of pH.
The final water in Table 3 is from natural landslipped, broken strata (pyritiferous Millstone Grit

shales) at Mam Tor mountain, Derbyshire, UK. This demonstrates that “acid rock drainage”
can have a purely natural origin (Vear & Curtis, 1981, Banks, 1997, Banks et al., 1997a).
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Tab. 1: Hydrochemical characteristics of three different metal sulphide mine waters:

Mine San José Kongens Gruve Magpie Sough

Bolivia Norway UK
Flow rate (I/s) 8 5.8 (average) -
Temperature (°C) 20.8 n/a n/a
pH 1.47 2.7 7.2
Alkalinity (meg/l) 0 0 4.28
CI" (mg/l) 32670 n/a 19
S04* (mg/l) 8477 901 33
ca® (mg/l) 1780 47.8 98
Na® (mg/l) 17256 n/a 8
Fe (mg/l) 2460 134 <0.0005
Al (mg/l) 559 33.1 0.005
Mn (mg/l) 27.4 n/a <0.0002
Zn (mg/l) 79.4 36.3 0.074

San José., Bolivia: a pumped discharge from a tin/silver polymetallic sulphide mine (Banks et al,. 2002a).

Kongens Gruve, Norway: gravity discharge from an abandoned a Cu/Zn massive sulphide mine (lversen &
Knudsen, 1997).

Magpie Mine, UK: old gravity discharge from a PbS/barite/fluorite deposit hosted in limestone (Edmunds et al.,
1989, Banks et al., 1996).

Tab. 2: Hydrochemical characteristics of four different coal mine waters:

Mine Ynysarwed Dunston Morlais Mine No. 3
Wales Chesterfield, UK Wales Svalbard
Flow rate (I/s) 15-35 c. 20 c. 100-200 c. 0.056
Temp. (°C) - 9.4 14.2 4.7
pH 4.2 6.3 6.9 8.2
Alkalinity (meg/l) 2.76 3.74 6.07 36
CI (mg/l) 32 26 25 236
S0.* (mg/l) 1554 210 455 7.43
ca” (mg/l) 222 64.5 91.8 15.5
Na® (mg/l) 109 51.4 155 925
Fe (mg/l) 180 10.6 26.6 <0.01
Al (mg/l) <0.5 <0.045 <0.01 <0.02
Mn (mg/l) 6.1 1.26 0.93 0.004
Zn (mg/l) 0.061 <0.007 <0.002 0.055

Ynysarwed (new discharge, unpublished analytical data, sampled 15/9/94), Carboniferous Coal Measures of
South Wales.

Dunston (historic discharge, Banks et al. 1997a), Carboniferous Coal Measures of UK East Midlands
Morlais (c. 20 year-old discharge, Banks et al. in prep), Carboniferous Coal Measures of South Wales

The Svalbard mine water is a pumped discharge from the active Mine No. 3, Bjgrndalen, near Longyearbyen,
Svalbard, in Tertiary strata (Banks et al., 2002b).
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Tab. 3: Three leachates from mine waste tips, and one leachate from natural landslipped pyritferous
strata (Mam Tor).

Mine Lokken Sverdrupbyen Orgreave Mam Tor
Norway Svalbard Yorkshire, UK Derbyshire, UK
Flow rate (I/s) 0.84 c.0.25 c. 0.033 c.0.8
Temp. (°C) - 1.9 - 3.4
pH 2.1 27 74 3.08
Alkalinity (meq/l) 0 0 4.72 0
CI" (mg/l) - 7.0 625 7.9
S0,* (mg/l) 17036 1077 2370 1480
ca” (mg/l) 330 48.2 136 197
Na* (mg/l) n/a 18.0 947 6.8
Fe (mg/l) 4720 179 0.27 27.3
Al (mg/l) 580 275 <0.022 51.3
Mn (mg/l) n/a 3.2 0.33 23.9
Zn (mg/l) 87.4 1.3 0.059 1.04

Lokken, Norway. Mine waste from a Cu/Zn mine in a massive sulphide ore (Arnesen et al., 1994).
Svalbard. Coal mine spoil tip, Sverdrupbyen, Longyearbyen. Tertiary coals (Banks et al., 2002b).

Orgreave, near Sheffield, UK. Coal mine spoil from a deep Carboniferous Coal Measures mine. The formation
water is saline and alkaline and has not yet been fully flushed from the mine waste (Banks et al., 1997a).

The “First Flush” Phenomenon

While a mine is worked and dewatered by pumping, sulphide oxidation proceeds in dewatered
strata. Intermediate oxidation products (sulphate and hydroxysulphate minerals) accumulate
in these unsaturated strata.

FeS, + 7/20, + 8H,0 <= FeS0,.7H,0 + SO,* + 2H"

Examples of these intermediate products include:

1 Melanterite: Fe"'S0O,.7H,0

1 Jarosite: HFe"5(S0,),.(OH)s, NaFe3(SO4),.(OH)s

1 Coquimbite: Fe"';(SO,)3.9H,0

1 Alunite: KAI3(SO,)2.(OH)s

T Jurbanite: AISO,OH.5H,0

These secondary products may form stalactites, stalagmites, efflorescences and growths in

abandoned mines, as was observed in the San José mine in Oruro, Bolivia (Banks et al.,
2002a).

When the mine closes and floods, rising mine water levels dissolve and mobilise all these
accumulated secondary products and acidic pore waters, resulting in a highly potent “first
flush” of concentrated mine water.

KAI3(SO4),.(OH)s + 3H,0 € K* + 3A1* + 2 SO,% + 60H™ + 3H,0
&> 3AI(OH); + K* + 2 SO,* + 3H*
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With time, the high initial acidity and metal concentrations of the first flush decay. The con-
centrations often seem to follow a quasi-exponential decay curve, indicative of flushing out of
accumulated oxidation products (“vestigial” acidity/contaminant loading) from the mine sys-
tem with fresh recharge water. The concentrations tend, in the long term, towards a steady
state contaminant loading that reflects new, ongoing (‘juvenile”) acidity production from pyrite
weathering.

Figure 2 shows the decay of “first flush” concentrations following the overflow of Wheal Jane
tin mine in Cornwall. In fact, Younger (2000) and Younger et al. (2002) have studied empiri-
cal data and found that the time taken for exponential decay flushing (t;) can be related to the
time taken for the mine to fill with mine water following cessation of pumping (t). In other
words, the rate of decay is related to the floodable mine volume, as one would expect in a
flushing model. Younger (2000) and Younger et al. (2002) found that t; is approximately equal
to four times t. (Figure 3).

2000 —
4 Actual
1500 — seeseee Predicted (Non-linear exponential decay)
> A
E
[+H]
U 1000 —
3
= .
500
0 1 | 1 | 1 l I | 1 | 1 |
Mar 92 Sep 92 Mar 93 Sep 93 Mar 94 Sep 94 Mar 95
Sample date

Fig. 2:  Evolution of contaminant loading from Wheal Jane tin mine, following its overflow in 1992.
Note the exponential decay of “first flush” concentrations towards a steady state (after Youn-
ger et al., 2002).
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Fig. 3:  Time taken for decay of “first flush” concentrations to a steady state condition (after Younger
etal., 2002).
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Fig. 4:  Stratification of chemistry during flooding within Wheal Jane tin mine, Cornwall (after Youn-
ger et al., 2002). Note that such stratification may be destroyed by turbulence once the mine
overflows or is pumped (Nuttall et al., 2002).
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It should be remembered, however, that the volume being actively flushed may not be the to-
tal volume of the mine. Some mine systems develop a stratification (see Figure 4), where
only the upper portion of the mine is being actively flushed, and the lower part contains “stag-
nant’, highly contaminated mine water.

Can We Predict the Quality of Mine Drainage Water

Well, no, not really. There are usually too many unknown variables. We can, however, make
some general observations.

1. Acidic, contaminant-loaded mine waters are characteristic of mine systems which are un-
saturated, with rapid throughflow of water and good access for oxygen, e.g. workings from
surface outcrops, which may be under-drained by a sough or adit (Figure 5a).

2. Flooded workings (especially coal mines), with poor access for oxygen and slow water
throughflow, are often characterised by more circum-neutral mine waters (Figure 5b).

3. Some researchers have found tentative correlations between coal mine water iron con-
centrations and (a) stratigraphical proximity to marine beds in the UK Carboniferous Coal
Measures (characterised by high sulphur contents) and (b) distance to outcrop of most
closely associated coal seam (MCACS) — Figure 6.

Younger (2000), having studied some 81 UK coal mine discharges concluded that:

I If the worked seam was within 25 m (stratigraphically) of a marine bed, peak first-flush con-
centrations in excess of 100 mg/l Fe could be expected, Otherwise, concentrations not ex-
ceeding some 10s of mg/l are likely

I For coal mines >0.5 km from the outcrop of the shallowest worked seam, long term Fe
concentrations of around 7 ° 1.6 mg/l were typical. If <0.5 km, an Fe concentration of 19 ©
2.9 mg/l was regarded as characteristic.

1 Fe concentrations could be related to the sulphur content of the worked seam, if known
(Table 4)

Tab. 4: Fe concentrations ( © standard error at 95 % confidence level) for worked coal seams of dif-
fering sulphur content, based on 81 British coal mine discharges (after Younger, 2000)

S content “First flush” peak Long term, post-flush
of worked seam concentration of Fe, mgl/l concentration of Fe, mgl/l
(for discharges < 0.5 km from out-
crop of shallowest seam)

<1wt% 0.15°0.27 0.018 © 0.76
1-2 wt % 98 ° 14 12°8
2-3wt % 267 © 40 33.8 ° 22
3—4 wt % 873 ° 163 110 ° 78
4-5wt % 1494 © 248 190 ° 127
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Type 1

Unsaturated workings with potential
for significant pyrite oxidation

—

Worked coal seam, unsaturated

Worked coal seam, saturated

B Unvorked coal seam

Type 2

Active pyrite oxidation

- —_—

memesaaa--------. Saturated workings with slow flow, buffering
reactions and potential for sulphate reduction

Worked coal seam, unsaturated

Worked coal seam, saturated

Unworked coal seam

Fig. 5:

Coal mine workings which characteristically produce (a) net acidic, aggressive mine waters
are derived from unsaturated, under-drained workings. Those (b) producing more circum-
neutral, net alkaline waters, are typically from flooded mine systems (after Banks et al., 1997).
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Fig. 6:  Contours of total iron (mg/l) in UK mine-water discharges after completion of the main period
of flushing, as a function of both stratal thickness to the nearest marine bed and the distance
to MCACS(Most Closely Associated Coal Seam) outcrop (after Younger, 2000).

Precipitation of Ochre and Other Minerals in Recipient Watercourses

When minewater emerges from a mine, increased access to oxygen and possible increase in
pH on mixing with recipient waters, may cause oxidation, hydrolysis and precipitation of
metal oxyhydroxides or other salts. For example, ferrous iron may oxidise and precipitate as
an orange ferric oxyhydroxide (“ochre”), which may be written as Fe(OH); or FeOOH:

4Fe® + O, + 4H* € 4Fe** + 2H,0
Fe®" + 3H,0 €< 3H" + Fe(OH);
The combined reaction is thus:
4Fe* + 10H,0 + O, € 4Fe(OH); + 8H"
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The overall ochre precipitation reaction is thus proton-generating. It is thus potentially self-
limiting: generation of protons may lower the pH to a point where ferric ions no longer precipi-
tate as a hydroxide, unless adequate neutralisation capacity (i.e. alkalinity) is present in the
water. Similarly, dissolved aluminium may precipitate as a white hydroxide

AP* + 3H,0 €-> Al(OH); + 3H"

However, aluminium is only soluble in the most acidic mine waters. Thus, precipitates from
acidic mine waters tend to contain aluminium hydroxide and may be whiter or yellower in colour
than those precipitating from more circum-neutral mine waters, which are typically more red-
dish-orange in coloration.

Many other minerals may be found in stream bed precipitates. In very aggressive mine wa-
ters, (for example, San José, see Table 1) both calcium and sulphate concentrations may be
high, leading to precipitation of gypsum:

Ca? + SO, + 2H,0 €<= CaS0,.2H,0

PART 2: CHEMICAL FUNDAMENTALS

Master Variable: pH

pH is a measure of the activity of hydronium (hydrogen) ions (protons) in solution
pH = -logso(H")

where () denotes activity in mol/dm?® or mol/l. Thus, in water of pH=7, the activity of hydrogen
ions is 107 mole/l or 0.0001 mg/l. In water of pH = 3, the activity is 10 mole/l hydrogen ions
or 1 mgl/l.

pH is often described as a “master variable” because it controls much of the hydrochemistry
of a water sample, and the mineralogical reactions which it can undergo. For example, it con-
trols the solubility of metal ions such as Al, Fe and Zn (Figures 7a,b,c). In these concentra-
tion vs. pH diagrams, the solid lines show the concentrations of a variety of metal hydroxide
species in the water at a given pH value, while the dashed line shows the total solubility of
the metal in water. It will be noted that Al is highly insoluble in water at pH values between 5
and 8 (typical groundwater pH). In acidic and alkaline waters, however, the solubility begins
to become significant (i.e. >10° M).

Ferric iron, in contrast, is practically insoluble (<10° M) at all pH values greater than around
3—4, a fact which has great importance when treating mine waters. Zinc is, however, more
soluble, and its minimum solubility is only reached at appreciably higher pH values than Al
and Fe, namely around pH 9-10. This partially explains why Zn is so difficult to remove from
mine waters by simple pH adjustment techniques.
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Fig. 7a: pH dependence of solubility of aluminium hydroxide species in water. The dashed line re-
presents total Al solubility (after Stumm & Morgan, 1996 and Younger et al., 2002).
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Fig. 7b: pH dependence of solubility of ferric hydroxide species in water. The dashed line represents
total Fe" solubility (after Stumm & Morgan, 1996 and Younger et al., 2002).
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Fig. 7c: pH dependence of solubility of zinc hydroxide species in water. The dashed line represents
total Zn solubility (after Stumm & Morgan, 1996 and Younger et al., 2002).
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Fig. 8:  Experimentally determined reaction (dissolution) rates for selected silicate minerals at vary-
ing pH values at 25°C (after Sverdrup & Warfvinge, 1988 and Appelo & Postma, 1996).
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pH can also be regarded as a master variable because it controls the rate (Figure 8) and ex-
tent of acid-base reactions: i.e. most weathering reactions:

e.g. calcite: CaCO; + H* € Ca* + HCOy
plagioclase: 2NaAlSi;Os + 2H" + H,0 € 2Na* + Al,Si,05(OH), + 4Si0,(aq)
kaolinite: Al,Si,O5(OH), +6H" €= 2A1** + 2Si0, + 5H,0

Equilibrium Constants

Reversible reactions in solution can be characterised by an equilibrium constant K¢, where:
Keq = p (products) / p (reactants)
and where () is an activity in mole/dm?®

e.g. for the reaction: A + 2B = A+B+B <> 2C + D = C+C+D
Keq = [(C).(C).(D)V/I(A).(B).(B)] = [(CY(D)/I(A)B)’]

For example, water dissociates reversibly to hydrogen and hydroxide ions:
H,0 € H" + OH

The dissociation constant (at 25°C) is:
Keq = (H")(OH)/(H;0) = (H")(OH") = 10™ mol*/dm®

NOTE: activity of water and solid phases are, by default, set to unity. Thus, in a neutral solution
(H") = (OH) = 107" mol/dm®. In other words, pH = 7 at 25°C in a neutral solution.

Gypsum

If we take, as a slightly more sophisticated example, the precipitation and dissolution of gyp-
sum, we can attempt to answer the question: If gypsum is dissolved in water at 25°C, what
activities (concentrations) of calcium and gypsum result ?7?

CaS0,.2H,0 <= Ca* + SO,* + 2H,0

froT 8hydrochemical data Tables (Appelo & Postma 1996), we can find that, at 25°C, K¢q =
10™°

Keq = (Ca®").( SO,%).(H,0)%/(CaS0,.2H,0) = (Ca®").(S0,*) = 10™*°® mol’/dm°®
qa = (Ca™).( )-(H20)7/( ) =(Ca™").( )

Thus, as (Ca?*) = (SO4%), the activity of both calcium and sulphate must be: 10%%° mol/dm?,
for dissolution of gypsum in water at 25°C. If we make the (rather naughty, and strictly unten-
able) assumption that activity approximates to concentration, we can suggest the approximate
concentrations of calcium and sulphate on might expect upon gypsum saturation:

Calcium weighs 40,080 mg/mol, thus 10%%® mol/dm® Ca = 206 mg/!
Sulphate weighs 96,064 mg/mol, thus 10%%? mol/dm® SO,* = 493 mg/|

Programs such as MINTEQA2 (USEPA 1991) and PHREEQC (Parkhurst, 1995) allow more
rigorous calculations to be made, taking full account of speciation of ions, and calculation of
activity coefficients.

CP-035 (2004) Umweltbundesamt



Groundwater Management in Mining Areas — D. Banks 33

We can thus state that mine waters containing more than the above activities of calcium and
sulphate will tend to have a tendency to precipitate gypsum. We can define a Saturation In-
dex (Sl), the ratio of the product of the activities of the relevant ions to the Keg:

SI = log1o[(Ca®").(S047)/Keq]

If SI = 0, an equilibrium exists. If SI>0, there is a tendency for gypsum to precipitate and the
water is said to be oversaturated with respect to gypsum. If SI<0, there is a tendency for gyp-
sum to dissolve and the water is said to be undersaturated with respect to gypsum.

For example, the San José mine water of Oruro, Bolivia (Table 1) contains:
1780 mg/l Ca = 0.044 mol/dm®
8477 mg/l sulphate = 0.088 mol/dm®

If we again make the rather naughty assumption that concentration approximates to activity
(and if we ignore temperature):

Sl = logip [(Ca*").(S04>) / Keg] = logio [(0.044)(0.088)/10™*%%]

= 10g10(0.00387) + 4.58 = -2.41 + 4.58 = 2.2

Thus, we can guess that the water is significantly oversaturated and that gypsum will tend to
precipitate in the minewater channel. We should run a speciation program, such as PHREEQC,
to confirm this, however, and to take full account of activity effects.

Iron Oxyhydroxide

We can use the concept of equilibrium constants to examine the solubility of ferric hydroxide,
to understand how diagrams such as Figure 7b are generated.

Fe(OH); + 3H" € Fe* + 3H,0

Ferric oxyhydroxide can take a number of forms (amorphous, microcrystalline) and its Keq is
difficult to pin down to an absolute value. However, Appelo & Postma (1996) suggest a value
of:

Keq = 10% = (Fe*)/(H")?

Thus, for systems in equilibrium with Fe(OH)3
log(Fe®") = 4 + 3log(H")
log(Fe®") = 4-3pH

This equation approximately corresponds to the line marked Fe3+ on Figure 7b. So, when
pH =6, (Fe*) = 10™ mol/dm®. When pH = 2, (Fe*") = 10? mol/dm® = 10 mmol/l. This explains
the very low solubility of ferric iron at high pH and appreciable solubility at very low pH.

Master Variable: Eh

The redox potential, Eh (measured in mV) describes the redox state of a solution. The lower
the value, the more reducing the solution. The higher the value, the more oxidising. Eh is, in
fact, a measure of the electron activity of the solution, in the same way that pH is a measure
of the proton activity. Eh controls the oxidation state of elements that can exist in several oxi-
dation states, e.g. Fe and S (Figure 9).
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Garrells & Christ (1965) produced a diagram illustrating typical Eh and pH conditions for vari-

ous terrestrial environments (Figure 10).
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Ferrous iron Fe?*

Metallic iron Fe®

Fig. 9:

Redox “ladder” showing some of the possible oxidation states of iron and sulphur.

Eh volt

Fig. 10: The stability of water and the range of natural redox and pH environments (after Garrels &

Christ, 1965 and Appelo & Postma, 1996).
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Figure 10 is an example of a powerful tool used by hydrochemists: the pH — Eh diagram.
Such diagrams (Figure 11) show the stable phases of a combination of elements in solution
for a variety of Eh and pH values. It is important to realise that each diagram is valid only for
specific total element concentrations and for given temperature and pressure conditions. The
example in Figure 11 illustrates the following:

1 That pyrite is stable in circum-neutral, reducing conditions: i.e. the subsurface geosphere

By moving vertically from the pyrite field (i.e. by increasing Eh), we see that pyrite be-
comes unstable and gives way to siderite or ferric oxyhydroxide fields. In acid conditions,
as in mine water, dissolved ferrous (and, under extremely oxidising and acid conditions,
ferric) ions are the most stable phases.

+0.8

+0.6

+0.4

Eh volt

+0.2

Fig. 11: Eh;pH diagram for the system Fe-C-S-H,0, where Total S = 10° M, Total C = 10° M, Fe** =
10° M and T = 25°C (after Appelo & Postma, 1996).
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Acidity and Alkalinity

These terms cause great confusion to hydrochemists, largely because they are constructed,
rather than a priori concepts, and because there are several similar, but subtly different, defi-
nitions of the concepts. Broadly speaking, alkalinity can be defined as:

1 The capacity of a solution to neutralise acid
f  The total (in meq/l) of basic species in a solution

f  The amount of strong acid (meq/l) needed to reduce the pH of the solution to a given
value (often around 4.3)

In most natural groundwaters, alkalinity (in meg/l) can be said to be approximately given by:
Alkalinity = & [OH"] + 2[CO% ] + [HCO5]

where [ ] = concentration in mmol/l. Similarly, acidity can be defined as:
I The capacity of a solution to neutralise alkalis
I The total (in meq/l) of acidic species in a solution

1 The amount of strong alkali (meq/l) needed to increase the pH of the solution to a given
value (often around 8.2)

o
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Fig. 12: Concentrations of individual inorganic carbon species in water as a function of pH in a sy-
stem closed to CO, (after Stumm & Morgan, 1996).

One may ask: what's special about pH 4.3 and pH 8.2 as the titration end points. In fact, by
the time pH has decreased to pH 4.3 during acid titration, almost all the bicarbonate in a so-
lution has been used up and converted to carbonic acid. Likewise, by the time pH has been
raised to 8.2 during an alkali titration, carbonic acid has effectively been converted to bicar-
bonate in a closed system. In fact, theoretical considerations (Younger et al., 2002) suggest
that, for acid mine drainage problems, where mine water is exposed to environments that are
open to CO, and where the carbonate system dominates, a more suitable end-point for alka-
linity and acidity titrations would be pH = 5.64.
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Acidity and alkali are best measured in the field by empirical titration. However, acidity can
also be estimated from chemical analyses. Acidity is due not only to protons (H*) but to po-
tentially oxidisable and hydrolysable metals

Fe® + 3H,0 € Fe(OH); + 3H"
Fe*" + 30H € Fe(OH),

Thus, in a sense, each ferric ion is solution has the ability to liberate three protons (or con-
sume three hydroxide ions) on hydrolysis, and is thus equivalent to three units of acidity.

Similarly:
A" + 30H €- Al(OH), A** = 3 units of acidity
4Fe* + 0, + 2H,0 + 80H € 4Fe(OH); Fe?* = 2 units of acidity
2Mn?* + O, + 40H € 2MnO, + 2H,0 Mn?* = 2 units of acidity

Thus, calculated acidity (in meq/l) is given by (e.g. Hedin et al. 1994).

Acidity = & [H+] + 3[Fe’'] + 3[AI*"] + 2[Fe*"] + 2[Mn?"] +...other relevant species

where [ ] is a concentration, in mmol/l. This is only an approximation, however, and is subject
to inaccuracies due to the facts that:

(i) not all ferric iron in solution will be in the form of Fe* . It may form complex species.

(i) ferric iron and aluminium and other metals may be present in analytical samples in the
form of iron oxyhydroxide colloids, or even humic colloids.

If alkalinity of a minewater exceeds acidity, it is said to be “net alkaline”. If acidity of a minewa-
ter exceeds alkalinity, it is said to be “net acid”. These concepts have important implications
for how mine waters are to be treated: i.e. whether they are suitable for active or passive treat-
ment, whether they can be treated using aerobic wetlands or anaerobic basins.

PART 3: PREDICTING MINE WATER CHEMISTRY

The chemistry of a mine water will be determined by the master variables:

I pH (proton activity), which will be determined by the balance between amounts and rates
of proton generating reactions and proton consuming (alkalinity generating) reactions

I Eh (electron activity), determined by access to oxidizing species (e.g. oxygen) and access
to reducing species (e.g. organic C)

Some engineers have tried to assess acidity generating potential of waste heaps or mines

by:

f summing the acid generating species present (e.g. sulphides)

f summing the acid consuming species present (e.g. carbonates)

In the least sophisticated methods, the acid generating species are typically quantified by

analysing total S and assuming it is all present as sulphide. The acid consuming species are

quantified by assessing the neutralising potential by treatment of crushed rock with hot HCI
and then titration. Clearly, this acid-base accounting approach is fraught with problems:

T not all sulphides generate acid
1 sulphur may be present as sulphate
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not all sulphide may be exposed to oxygen (heterogeneity)

hot HCI treatment may overestimate field reactivity

silicate weathering may also consume protons

carbonates may not come into effective contact with mine water (heterogeneity)
rates of reaction are important, as well as quantities

particle size is not considered

= =& _—a _—_a _a _a

The approach is probably most applicable for homogeneous mine waste tips, over a short-to-
medium term time period. More sophisticated techniques use reaction cells and less aggres-
sive conditions and are assessed in some detail by Banwart et al. (2002).

In fact, the pH of the mine water, which in turn will be dominant control on the metal concentra-
tions in the water, will ultimately be controlled by:

{ the rates of proton-generating reactions
1 the rates of proton consuming reaction

and these rates may not be constant with time.

Proton-Generating Reactions

These include, pyrite oxidation and metal hydrolysis

2FeS, + 2H,0 + 70, €> 2Fe*" + 4 SO,* + 4H"

FeS, + 14Fe” + 8H,0 <> 15Fe* + 2 SO,” + 16H"

Fe* + 3H,0 € 3H" + Fe(OH),
It should be noted that pyrite can be oxidised both by oxygen and by ferric iron, if present in
the mine system. Oxidation by Fe** is considerably faster than by O,. Thus, production of Fe**

in the mine system by oxidation of Fe?*, which is a typically slow reaction, is often the limiting
step in the kinetics of pyrite oxidation (Figure 13).

Reaction cell experiments yield apparent (normalised, lab-determined) reaction rates (rp,: di-
mension [M.L2T™) for pyrite oxidation that are sometimes assumed to be up-scalable to
field conditions (R,y) by simple factors such as:

f myy , the mass of pyrite present [M]
1 ayy , the specific surface area [L2.M]
Rpy = oy @py. Mpy
However, many more factors will affect pyrite oxidation kinetics than just surface area:
f concentrations of reactants (O,, Fe3+) — abiotic rate increases as concentrations increase
I temperature (abiotic rate decreases with temperature)
1 pH (abiotic rate decreases as pH decreases)
1 bacterial activity
o bacterially mediated pyrite oxidation may be 25—-34 times faster than abiotic oxidation

o bacterially mediated Fe®* oxidation may be 106 times faster than abiotic oxidation
o Thiobacillus ferrooxidans thrives at a pH range of 1.5 to 3.0.

f nutrient concentrations, temperature will influence bacterial activity
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Fe(ll) + S

+ O,

FeS,(s)+ 0, —» SO7 + Fe(ll)
Fast

+ 02 + FeSZ

Slow

Fe(ll) @2 Fe(OH) (s)

Fig. 13: Simplified diagram illustrating reaction pathways for pyrite oxidation (modified after Stumm &
Morgan, 1981).

In other words, bacteria cause pyrite oxidation to occur under acidic conditions, and in particu-
lar, they catalyse appreciably the rate determining step (Fe®* oxidation). It is open to question
whether laboratory reaction cells can adequately simulate in situ microbiological conditions.

Although the number of interacting processes involved in minewater biogeochemistry can
appear to be so intimidatingly large as to render the prediction of water's hydrochemical
composition intractable, it may be possible to dramatically simplify the problem by identifying
one rate-determining step. For example, in fine-grained mine wastes, the migration of oxygen
into the wastes may be slow enough that it becomes such a rate-determining process, impos-
ing a limit on the biotic or abiotic oxidation of pyrite. The complexity of issues then reduces to
a physical problem of characterising the rate of migration of the oxidation front and a chemical
problem of quantifying the rate of consumption of oxygen by sulphide oxidation or by organic
carbon (which may be a competing process for oxygen).

Proton-Consuming, Alkalinity-Generating Reactions

These include, reaction with carbonate minerals, if present:

CaCO; + H" € Ca* + HCO5
FAST
FeCO; + H" €= Fe*" + HCOy

(Note that, although siderite has an immediate neutralising effect, it releases iron that may ul-
timately hydrolyse and re-release protons, contributing to net acidity).

Bicarbonate, if present in ambient groundwater, may also neutralise protons:
HCO; + H <> H,CO;3; <> H,O + CO,

Silicate weathering (SLOW)

2NaAlSi;0g + 2H' + H,0 €= 2Na* + ALSi,05(OH), + 4Si0,(aq)
Clay hydrolysis

Al,Si,05(OH), +6H" € 2AIP* + 2Si0, + 5H,0
Sulphate reduction
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2CH,0 + SO,* €= 2HCO; + H,S

Rates of carbonate and silicate dissolution increase with increasingly acidic pH conditions
(Figure 14 and Plummer et al., 1978). However, typically, calcite reacts several orders of mag-
nitude more quickly than pyrite oxidises (especially at low pH) and most silicates react sev-
eral orders of magnitude slower.

1E-5 ¢ |

1E-6 | € Calcite

1E-7 +

1E-8 +

189 T Pyrite
1E-10 +
TE- 1T Tg— K-feldspar
1E-124<—Plagioclase
1E-13+ Biotite

Fig. 14: Schematic showing relative abiotic laboratory mineral reaction rates (mole/ m?/s) for pH=7
(modified after Younger et al., 2002).

As a result of these differing reaction kinetics, Stromberg & Banwart (1994, 1999) have pre-
dicted that minewater chemistry might be expected to evolve over time (see also Wiggering,
1993). In the early life of a mine waste tip, for example, any calcite present would be used up
rapidly by the oxidation of pyrite. Thus, initially, the presence of minor amounts of calcite would
be expected to maintain a relatively high pH in the leachate from the mine waste. Due to fast
reaction kinetics, the calcite would eventually be consumed, if present in less amounts than
pyrite. pH would then drop, as silicate weathering would be too slow to effectively neutralise
acid generated by pyrite oxidation. With time, however, the pyrite content would diminish and
silicate neutralisation might become significant. Thus the leachate draining from a mine
waste pile comprising:

I a dominant fraction of silicate waste rocks

 some residual pyrite

1 a minor content of calcite,

1 residual deep saline and alkaline pore water

might be expected to evolve as through the following four phases, assuming the mine waste
behaved homogeneously:

1 Phase 1: Flushing of saline pore water from waste rock. Alkaline saline leachate
f Phase 2: Consumption of calcite by acid generated by pyrite weathering. Circum-neutral pH.

1 Phase 3: Calcite fully consumed. pH drops dramatically as pyrite oxidation proceeds un-
buffered

1 Phase 4: Pyrite begins to be used up. Silicate buffering becomes significant. pH rises.
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Of course, in real, heterogeneous, mine wastes, the picture will not be so simple. Such flushing
and geochemical processes may take places in zones, related to the progressive inward/
downward migration of recharge water and oxygen, or within “hot spots” or preferential path-
ways with good access to water and oxygen throughflow.

PART 4: FINALLY
Other Types of Mine Water Pollution

Of course, although sulphide oxidation, leading to the phenomenon of acid rock drainage, is
the most familiar type of mine drainage pollution, other issues may also arise (Banks et al.,
1997b):

f Salinity: saline mine waters may be derived from salt mines, or from deep coal (e.g.
Tilmanstone, Kent: Buchan 1962) or metals mines (e.g. San José, Bolivia: Banks et al.,
2002a), where deep saline formation waters may be encountered. Alternatively, saline
waters may be derived from intrusion of sea water in near-coastal mines. At Tilmanstone,
disposal (infiltration) of saline mine waters led to significant contamination of the regionally
important Chalk aquifer.

1 Ammonium: deep coal mines, especially in shaley, mudstone environments (e.g. in the East
Midlands of the UK: Banks et al., 1997a,b) are known to produce pumped mine waters with a
high content of ammonium (and a high salinity, Downing & Howitt, 1969). Discharge of
ammonium to recipient watercourses is regarded as a significant water quality issue in this
context.

T Nitrate: use of nitrogen-based explosives in mining or quarrying can lead to elevated ni-
trate concentrations in groundwaters. This phenomenon is documented to have led to the
contamination of a borehole near a quarry at Koppera, Norway (T. Moseid, pers. comm.) and
is suspected at some Siberian iron ore mines (Banks et al., 2002b).

I Oil/drilling fluids: Contamination by oils or drilling fluids used in the mining or quarrying proc-
ess is also a recognised threat (Arnesen & lversen, 1995).

f Radium and barium: in deep coal mine waters, which are low in sulphate (reducing environ-
ment), the solubility product of the relevant sulphate mineral (barite) may not be a limiting
factor for barium solubility. Thus, elevated concentrations of barium, and its chemical ana-
logue, radium, may occur. This phenomenon is documented from the Tyneside coalfields
of the UK, and the Silesian coalfields of Poland (Banks et al., 1997b, Lebecka et al. 1994).

f Organics: the presence of organic micro-contaminants in mine waters from coal or lignite
mines is poorly researched. However, a tentative link between refractory fluorescent sub-
stances in waters related to lignite exposures with Balkan endemic nephropathy has been
suggested (Goldberg et al., 1994).

Minewater: an Environmental Resource

While minewater pollution tends to experience an unremittingly negative press coverage, it
should be remembered that mine waters can also be regarded as an environmental re-
source, as documented by Banks et al. (1996):

f Mine water discharges may provide low-N, bacteriologically pure baseflow to rivers: for ex-
ample, the Rivers Drone and Dove in Derbyshire and Yorkshire, UK, which are otherwise
very highly loaded with sewage effluent.
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1 Mine water discharges from limestone-hosted sulphide mines can be of high enough quality
to be used as sources of drinking water (e.g. Meerbrook Sough, Derbyshire, UK)

1 Mine waters can be sources of minerals (such as alkali salts, barium: Tyneside, UK) or can
be employed as mineral water spas (Matlock, Derbyshire, UK [Albu et al., 1997] and
Joachimstal)

T Ferruginous mine waters have been used in practice as flocculating agents at sewage
treatment works (Buxton, Derbyshire, UK: Roberts & Leach, 1985). Ferric sulphate is a rec-
ognised flocculent salt.

1 Mine water is an ideal source upon which to base heat pump solutions for space-heating
and cooling of housing complexes, large commercial developments or public buildings. Ex-
amples can be found from Scotland, Norway, Canada and the USA (Banks et al., 2002c, in

prep.)

Acknowledgements

Much of the material presented above has been developed during the author’s participation
in short courses held with Professors Paul Younger and Steve Banwart at the Universities of
Bradford and Newcastle, and with Dr Ingar Walder of SARB Consulting at the University of
Goéttingen (Germany) and the Kjegy Conference Centre (Norway). The author thus owes a
huge debt to these three specialists. While the author has endeavoured to draw upon exam-
ples and case studies from his own experience, he has to a large degree based this lecture
upon the fundamental structure used by Steve Banwart in the book by Younger et al. (2002),
and has derived several of the illustrations therefrom.

References

Albu, M., Banks, D. & Nash, H. (1997): Thermal and Mineral Groundwater Resources. Chapman & Hall,
447 pp.

Appelo, C.A.J. & Postma, D. (1996): Geochemistry, groundwater and pollution. Balkema, Rotterdam,
536 pp.

Arnesen, R.T., Nygaard, K., Iversen, E.R., Christensen, B., Slgrdahl, A. & Bollingmo, A. (1994): Vann-
fylling av Wallenberg gruve [Water filling of Wallenberg mine — in Norwegian]. Norsk Institutt for
Vannforskning (NIVA) Report No. O-92174, 79 pp.

Arnesen, R.T. & Iversen, E.R. (1995): Transport av tungmetaller fra norske kisgruver [Transport of
heavy metals from Norwegian sulphide mines — in Norwegian]. Norsk Institutt for Vannforskning
(NIVA) Report No. 0-94021, 164 pp.

Banks, D. (1994): The abandonment of the Killingdal sulphide mine, Norway: a saga of acid mine
drainage and radioactive waste disposal. Mine Water and the Environment 13, 35—-48.

Banks, D., Younger, P.L. & Dumpleton, S. (1996): The historical use of mine-drainage and pyrite-
oxidation waters in central and eastern England, United Kingdom. Hydrogeology Journal 4(4),
55-68.

Banks, D. (1997): Hydrogeochemistry of Millstone Grit and Coal Measures groundwaters, south York-
shire and north Derbyshire, UK. Quarterly Journal of Engineering Geology 30, 237—256.

Banks, D., Burke, S.P. & Gray, C.G. (1997a): Hydrogeochemistry of coal mine drainage and other fer-
ruginous waters in north Derbyshire and south Yorkshire, UK. Quarterly Journal of Engineering
Geology 30, 257-280.

CP-035 (2004) Umweltbundesamt



Groundwater Management in Mining Areas — D. Banks 43

Banks, D., Younger, P.L., Arnesen, R.-T., lversen, E.R. & Banks, S.B. (1997b): Mine water chemistry:
the good, the bad and the ugly. Environmental Geology 32, 157-174.

Banks, D., Frengstad, B., Midtgard, Aa.K., Krog, J.R. & Strand, T. (1998): The chemistry of Norwegian
groundwaters: |. the distribution of radon, major and minor elements in 1604 crystalline bedrock
groundwaters. The Science of the Total Environment, 222, 71-91.

Banks, D., Holden, W., Aguilar, E., Mendez, C., Koller, D., Andia, Z., Rodriguez, J., Saether, O.M., Tor-
rico, A., Veneros, R. & Flores, J. (2002a): Contaminant source characterisation of the San José
mine, Oruro, Bolivia. In Younger P.L. & Robins, N.S. (eds.) “Mine Water Hydrogeology and
Geochemistry”: Geological Society Special Publication 198, 215-239.

Banks, D., Parnachev, V.P., Frengstad, B., Holden, W., Vedernikov, A.A. & Karnachuk, O.V. (2002b):
Alkaline mine drainage from metal sulphide and coal mines: examples from Svalbard and Sibe-
ria. In Younger P.L. & Robins, N.S. (eds.) “Mine Water Hydrogeology and Geochemistry”: Geo-
logical Society Special Publication 198, 287—-296.

Banks, D., Skarphagen, H., Wiltshire, R. & Jessop, C. (2002c): Mine water as a resource: space heat-
ing and cooling via use of heat pumps. Proc. Conference “Mine water treatment: a decade of pro-
gress”, Newcastle, Nov. 11-13, 2002.

Banks, D., Skarphagen, H., Wiltshire, R. & Jessop, C. (in prep.): Heat pumps as a tool for energy re-
covery from mining wastes. In Gieré, R. & Stille, P. “Energy, Waste and the Environment: a
Geochemical Perspective”, Geological Society Special Publication.

Banks, S.B. & Banks, D. (2001): Abandoned mines drainage: impact assessment and mitigation of
discharges from coal mines in the UK. Engineering Geology 60, 31-37.

Banwart, S.A., Evans, K.A. & Croxford, S. (2002): Predicting mineral weathering rates at field scale for
mine water risk assessment. In Younger P.L. & Robins, N.S. (eds.) “Mine Water Hydrogeology
and Geochemistry”: Geological Society Special Publication 198, 137-157.

Buchan, S. (1962): Disposal of drainage water from coal mines into the Chalk in Kent. Proc. Society
Water Treatment and Examination 11, 101-105.

Downing, R.A. & Howitt, F. (1969): Saline groundwaters in the Carboniferous rocks of the English East
Midlands in relation to the geology. Quarterly Journal of Engineering Geology 1: 241-269.

Edmunds, W.M., Cook, J.M., Kinniburgh, D.G., Miles, D.L. & Trafford, J.M. (1989): Trace-element oc-
currences in British groundwaters. British Geol. Survey Research Report SD/89/3.

Frengstad, B. & Banks, D. (2000): Evolution of high-pH Na-HCO3; groundwaters in anorthosites: sili-
cate weathering or cation exchange? In: Sililo et al. (eds.): “Groundwater: Past Achievements
and Future Challenges”, Proc. XXXlInd Congress of the International Association of Hydro-
geologists. Cape Town, South Africa. Balkema, Rotterdam, 493—498.

Garrels, R.M. & Christ, C.L. (1965): Solutions, minerals and equilibria. Harper & Row, New York, 450 pp.

Goldberg, M.C., Feder, G.L. & Radovanovic, Z. (1994): Correlation of Balkan endemic nephropathy with
fluorescent organic compounds in shallow ground water. Applied Hydrogeology 2, 4/94: 15-22.

Hedin, R.S., Narin, R.W. & Kleinmann, R.L.P. (1994): Passive treatment of coal mine drainage. U.S.
Bureau of Mines Information Circular 9389, U.S. Dept. of Interior, 35 pp.

Iversen, E.R. & Knudsen, C.H. (1997): Kjemisk rensing av gruvevann fra Kongens Gruve i Nordgruve-
feltet, Rgros [Chemical treatment of minewater from the King’s Mine in the northern mining field,
Rgros — in Norwegian]. Norsk Institutt for Vannforskning (NIVA), Report 3632-97, Project O-
96099, Oslo.

Lebecka, J., Chalupnik, S., Michalik, B., Wysocka, M., Skubacz, K. & Mielnikow, A. (1994): Radioac-
tivity of mine waters in the Upper Silesian Coal Basin and its influence on the natural environ-
ment. Proceedings of the 5th International Mine Water Congress, Nottingham, UK, 18"-23"
September 1994: 657-662.

Nilsen, R. & Banks, D. (1997): The interaction of water and dilute sulphuric acid with ore and rock mate-
rial from selected Norwegian sulphide mines. Norges geologiske undersgkelse Bulletin 433, 58—
59.

Umweltbundesamt CP-035 (2004)



44 Groundwater Management in Mining Areas — D. Banks

Nuttall, C.A., Adams, R. & Younger, P.L. (2002): Integrated hydraulic-hydrogeological assessment of
flooded deep mine voids by test-pumping at the Deerplay (Lancashire) and Frances (Fife) Col-
lieries. In Younger P.L. & Robins, N.S. (eds.) “Mine Water Hydrogeology and Geochemistry”:
Geological Society Special Publication 198, 315-326.

Parkhurst, D.L. (1995): User's guide to PHREEQC * a computer program for speciation, reaction-
path, advective transport and inverse geochemical calculations. US Geological Survey Water Re-
sources Investigation Report 95-4227, Lakewood, Colorado.

Plummer, L.N., Wigley, T.M.L. & Parkhurst, D.L. (1978): The kinetics of calcite dissolution in CO,-water
systems at 5° to 60°C and 0.0 to 1.0 atm. CO,. American Journal of Science 278, 179-216.

Roberts, A.F. & Leach, J.R. (1985): The coal mines of Buxton. Scarthin Books, Cromford, Derbyshire,
UK, 95 pp.

Stromberg, B. & Banwart, S.A. (1994): Kinetic modelling of geochemical reactions at the Aitik mining
waste rock site in northern Sweden. Applied Geochemistry 9, 583-595.

Stromberg, B. & Banwart, S.A. (1999): Experimental study of acidity-consuming processes in mining
waste rock: some influences of mineralogy and particle size. Applied Geochemistry 14, 1-16.

Stumm, W. & Morgan, J.J. (1981): Aquatic chemistry (2"d Ed.). John Wiley & Sons, New York, 780 pp.
Stumm, W. & Morgan, J.J. (1996): Aquatic chemistry (3’d Ed.). John Wiley & Sons, New York.

Sverdrup, H.U. & Warfvinge, P. (1988): Weathering of primary silicate minerals in the natural soil envi-
ronment in relation to a chemical weathering model. Water, Air and Soil Pollution 38, 387—408.

Vear A and Curtis C (1981): A quantitative evaluation of pyrite weathering. Earth Surface Processes
and Landforms 6, 191-198.

US EPA (1991): MINTEQA2/PRODEFA2, a geochemical assessment model for environmental sys-
tems: version 3.0 user's manual. US Environmental Protection Agency EPA/600/3-91/021, NTIS
accession no PB91 182 469

Wiggering H (1993): Sulfide oxidation — an environmental problem within colliery spoil dumps. Environ-
mental Geology 22, 99—-105.

Younger, P.L. (1995): Hydrogeochemistry of minewaters flowing from abandoned coal workings in the
Durham coalfield. Quarterly Journal of Engineering Geology, 28(4), S101-S113.

Younger, P.L. (1997): The longevity of minewater pollution: a basis for decision-making. The Science
of the Total Environment 194/195, 457—466.

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

Younger, P.L., Banwart, S.A. & Hedin, R.S. (2002): Mine water: hydrology, pollution remediation. Kluwer,
Dordrecht, 442 pp.

Contact

David Banks

Holymoor Consultancy

8 Heaton Street, Brampton
Chesterfield, Derbyshire

S40 3AQ

Phone: + 44 1246 23 00 68
E-mail: david@holymoor.co.uk

CP-035 (2004) Umweltbundesamt



Groundwater Management in Mining Areas — Ch. Wolkersdorfer & A. Hasche 45

TRACER INVESTIGATIONS IN FLOODED MINES - THE
STRASSBERG/HARZ MULTITRACER TEST

Ch. Wolkersdorfer, A. Hasche, TU Bergakademie Freiberg, Department of Hydrogeology,
Freiberg/Saxony, Germany

Keywords: Tracer test, flooded underground mine, tracer, abandoned mine, microspheres,
hydrodynamics

Abstract

After having constructed three new water adits, the water budget of the abandoned Stral3berg
mine increased substantially. To solve the questions arisen from this, a multi-tracer test was
conducted. By the use of potassium chloride, coloured club moss spores, and microspheres,
the hydrodynamic relation between the three mining districts could be shown. Generally, the
flow direction is from north to south, the mean effective flow velocities ranging from 0.1-
1.5 m min™". Furthermore, it is clear now, that a dam between two of the three pits is hydrau-
lically inactive at the current flow situation. No reasons, up to now, were found for the in-
creased water budget infiltrating from the Brachmannsberg mining district. It could be shown,
that solid tracers in conjunction with a reliable injection and sampling technique are a good
means to investigate the hydrodynamic conditions within this abandoned underground mine.

Introduction

In 1991, economic and environmental reasons caused the closure of the StralRberg fluorspar
mine, owned by the GVV (Gesellschaft zur Verwahrung und Verwertung von stillgelegten
Bergwerksbetrieben mbH; Company for remediation and utilisation of abandoned mines Ltd;
Kuyumcu & Hartwig, 1998). Situated in the Mid Harz Fault Zone of the eastern Harz Moun-
tains (Fig. 1), approximately 30 km south of Quedlinburg and 6 km west of Harzgerode, the
StralBberg mine (TK 4332 Harzgerode) was the most important producer of fluorite in the
former GDR (Mohr, 1978). Besides fluorite, the hydrothermal polymetallic mineralisation of
the vein structures comprises several ore minerals of Permian to Cretaceous age (e.g pyrite,
galena, sphalerite, chalcopyrite, arsenopyrite, wolframite, scheelite, siderite; Kuschka &
Franzke, 1974).

At the beginning of the mining, which might go back more than 1000 years, silver, copper,
and lead were the targets of the miners. From the 18" century until 1990, mining focused on
fluorspar, which was mainly found in the deeper parts of the mine (Bartels & Lorenz, 1993).
Sinking the Fluor dayshaft at the StralRberg pit in 1910 marked the start of the last production
period and between 1950 and 1970, the VEB Harzer Spatgrube joined the three most impor-
tant deposits of the StraRberg mining district by driving two deep adits on the 5 and 9" level
(from north to south: Brachmannsberg pit: No 539 shaft, Stralberg pit: Fluor shaft and
Glasebach pit: Glasebach shaft). Whilst the 3.5 km long Nordquerschlag (northern adit) con-
nects the Brachmannsberg and Straberg pit on the 5" level, the 1.5 km long Glasebach-
querschlag (Glasebach adit) connects the Straberg and Glasebach pits on the 9" level. Ul-
timately, when the ore reserves in the Brachmannsberg underground pit decreased in the
1980ies, a dam was constructed in the northern adit, to separate the water to be flooded
Brachmannsberg pit from the StralRberg pit.
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Tab. 1: Mean composition of the mine water in the StralBberg mine during the time of the tracer test
(May 30"—July 27" 2000) inmg L. Li: < 0.1 mg L", NOs: < 0.5mg L™

Shaft n Na K Ca Mg Fe Mn Cl SO, HCO; F
No 539 15 22 2 56 21 21 12 28 198 64 5
Fluor 11 15 2 140 29 22 6 17 387 77 8
Glasebach 9 14 5 178 32 10 13 17 385 184 7
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Fig. 1:  Location of the StralBberg mine in the eastern Harz mountains and its main galleries and
shafts

On May 31 1991, by stopping the drainage water pumps, the StraRberg and Glasebach un-
derground pits started to be flooded (Tab. 1). Between July 1992 and August 1998, accom-
panying in-situ temperature and conductivity measurements within the No 539 shaft and the
Fluor shaft (310 and 147 m deep, respectively), clearly showed that a stratification within the
water body was taking place (Kindermann, 1998, Riterkamp & Messer, 2000). In the Fluor
shaft, 3 water bodies, being separated from each other at the 2" (328 mHN) and 5"
(243 mHN) levels, established. Only 2 water bodies, separated by the 4™ (357 mHN) level,
could be recognised in the No 539 shaft. Evidence for the stratification were differences in
temperature, conductivity, and metal-concentration between each of the water bodies (Tab. 2),
the uppermost always low, the lowermost higher contaminated by iron, manganese, and sul-
phate.

Consequently, in 1993 the DMT — German Mining Technology, proposed to construct three
new adits (Brachmannsberg adit, Biwender adit, new Glasebach adit; Fig. 1), to drain and treat
the lower contaminated mine water within the uppermost water bodies at a water level of
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357,7 mHN (Ruterkamp & Messer, 2000). These three adits were build between 1995 and
1998 and are draining the mine since then. Two provisional active water treatment plants
near the Fluor shaft and in the Uhlenbach Valley (close to the entrances of the Brachmanns-
berg and Biwender adits) are cleaning the circum-neutral mine water (pH 6.2-8.0, n = 22,
95 % conf.) by the use of conventional liming technology.

After completion of the 3-adit-system in 1998, the stratification totally broke down in the No
539 shaft and partly in the Fluor shaft (Riuterkamp & Messer 2000, appendixes 1 and 5), re-
sulting in a generally higher contaminant load than expected. Similar circumstances already
had been found and investigated during the flooding of the Niederschlema-Alberoda mine
(Erzgebirge/Germany, Wolkersdorfer, 1997a). There, as long as the water level was under a
main level, stratification could be seen in the shafts above the last level that had been
flooded. When the main level was flooded a new loop established and the stratification broke
down immediately (Wolkersdorfer, 1996). Furthermore, the annual water budget of the
StraRberg mine increased by almost 2 - 10° m2.

Due to the new circumstances after installing the 3-adit-system, the mine’s owner suggested
to conduct a tracer test within the flooded part of the mine. The aim of the tracer test was to
investigate the hydrodynamic conditions within the mine and the pathways of the water be-
tween the three pits. Furthermore, it should be examined, if there was a connection between
a small brook, the Siptenfelde brook, used as a sewer and the underground mine. Therefore
a multi-tracer test with sodium chloride, microspheres, and club moss (Lycopodium clavatum)
spores was carried out (Wolkersdorfer, 2000).

This paper describes the implementation and the results of the tracer test at the abandoned
Stralberg mine conducted in June 2000.

Tab. 2: Selected constituents of the mine waters in the Fluor and No 539 shaft in mg L before and
after the 3-adit-system taken in use (after Riiterkamp & Messer, 2000). mHN: meters above
Sea Level (Kronstadt elevation).

Fluor shaft No 539 shaft
Depth, 25.8.1997 24.2.2000 Depth, 26.8.1997 24.2.2000
mHN mHN
Fe Mn SO, Fe Mn SO, Fe Mn SO, Fe Mn SO,
~ 340 40 8 466 31 6 359 367 22 1 143 23 1 204
284 42 9 478 27 11 417 272 79 2 389 22 1 196

204 52 19 600 50 18 525

Methods
Previous Tracertests in Underground Mines

Published results of tracer tests in abandoned underground mines are rare. Until now, the
results of only two tracer tests in flooded underground mines using colloidal tracers (micro-
spheres with 15 ym diameter and club moss spores) are published (Wolkersdorfer 1996,
Wolkersdorfer et al., 1997a, 1997b). Skowronek & Zmij (1977) traced the pathway of a water
inrush into a shaft and Goldbrunner et al., (1982) investigated the water inflow into a produc-
ing alpine magnesite mine. Aldous & Smart (1987) conducted a tracer test in an abandoned
and flooded coal mine field by injecting a fluorescent dye tracer into the surrounding over-
burden. Another tracer test with fluorescent dyes was performed in a flooded mine by Davis
(1998; Rico, Dolores County, Colorado). A yet unpublished tracer test with discontinuous sam-
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pling of microspheres (0,4 um diameter) was carried out in the Koénigstein mine (Elbtal-
zone/Germany; Kass, pers. comm. 2000). However, microspheres had been used successfully
in ground water tracing (McKay et al., 1997, Moline et al., 1997, Turin & Reimus, 1997, Petrich
et al., 1998, Becker et al., 1999).

To guarantee reliable results, continuous sampling of the tracer used is necessary. Unfortu-
nately, microspheres and club moss spores cannot be sampled continuously, but quasi con-
tinuously using filters, that have to be changed regularly (Kass, 1998). Niehren & Kinzelbach
(1998) presented an on-line microsphere counter (flow cytometer) for microspheres with a
diameter of 1 ym and a flow rate of up to 1 mL min™ to be used in ground water studies. Due
to the requirements on a tracer test in a flooded mine (rough underground conditions, high flow
rates), and the conditions of the mine water itself (e.g. high suspension load), using a flow
cytometer was unfeasible. Therefore, the methods, filter systems, and procedures described
by Wolkersdorfer et al. (1997a) were used in a modified form.

Tracer Injection

As the area under investigation extends about 5 km in north-south and 2 km in east-west di-
rection, several injection and sampling points were needed (Fig. 1, Tab. 3). Coloured fluores-
cent microspheres with a 15 um diameter (Triton Technology Inc, San Diego CA, USA; Zhang
et al., 1998) were injected at 4 localities, thereunder one were also coloured club moss spores
(Sigma-Aldrich Chemie GmbH, Deisenhofen/Germany) were used. 350 m east of Siptenfelde,
saturated sodium chloride brine (Kali + Salz GmbH, Bernburg/Germany) was introduced into
the Siptenfelde brook. Details of the tracer quantity injected and the injections times can be
found in the Table (Tab. 3).

Based on the assumption, that 277,000 m® of water are in the mine and that 13,000 m? of water
per day will be exchanged, the tracer amount was calculated. This resulted in 40 mL of micro-
spheres per injection point, 500 g of spores and 20,000 L of saturated brine to be used for a
successful tracer test.

For injecting the microspheres (June 5" 2000), two different injection techniques were used.
In the No 539 shaft, the Fluor shaft and the Glasebach shaft, 3 LydiAs (Lycopodium Appara-
tus: probe for injecting colloidal tracers) were lowered down to 266 mHN (92 m below water
level), 110 mHN (247 m below water level) and 354 mHN (4 m below water level), respec-
tively. At the partly plugged No 530 shaft, connecting the northern adit to the surface, a different
injection technique was used. 40 mL of microspheres were mixed with 50 L of clear water,
poured into a borehole through the plug and flushed into the mine with another 1000 L of water.

Tab. 3: Injection points, depth in shafts, and injection times of the 7 tracers used. Add 40 hours to
the times marked with an asterisk, as LydiA (Lycopodium Apparatus) opened approximately
40 hours later.

Injection points (depth) Tracers Quantity Injection time
Siptenfelde brook NaCl brine 20m3(6.2t) June 2" 9:08-10:15
No 539 shaft (92 m) microspheres “blue” 40 mL June 5™ 14:44 *

No 530 shaft (20 m) microspheres “orange” 40 mL June 5™: 9:50-10:13
Fluor shaft (247 m) microspheres “red” 40 mL June 5™:12:18 *
Fluor shaft (247 m) spores “malachite green” 2649¢ June 5™ 12:18 *
Fluor shaft (247 m) spores “saffron coloured”  279.5¢g June 5™ 12:18 *
Glasebach shaft (4 m) microspheres “green” 40 mL June 5™: 8:11 *
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Tab. 4: Pump capacity of mini piston pumps and total amount of water pumped through the filter
systems during the tracer test (June 5"—June 26" 2000).

Sampling point Pump capacity Water pumped through filters
No 539 shaft 0.08-0.13 L min™ 2,421L
Fluor shaft 0.08-0.09 L min™ 2,419 L
Glasebach shaft 0.12-0.69 L min™ 5,038 L

To test the reliability of the microspheres and for correlation reasons, 544.4 g of club moss
spores (malachite green, saffron coloured) were injected into the Fluor shaft at the same depth
as the microspheres.

At the time of the tracer injection (June 2™ 2000), 30 L min™' of water were flowing in the Sip-
tenfelde brook (measured at the pipe outlet Siptenfelde) and the water trickled away 410 m
east of Siptenfelde (“Siptenfelde seepage”). Usually, the flow in the Siptenfelde brook ranges
from 300—600 L min™' and it flows into the Uhlenbach brook, the latter one flowing into the river
Selke. During summer time, the flow decreases and as soon, as the flow is lower than 300 L
min™, the Siptenfelde brook does not reach its mouth. 350 m east of Siptenfelde, near “iree
one”, 20,000 L of saturated sodium chloride brine were introduced into the Siptenfelde brook
with a flow rate of 300 L min™". All of the brine was trickled away 150 m downstream “tree one*

During the tracer test, approximately 4.5 m* min” of mine water flew out of No 539 shaft,
3 m® min™ left the Fluor shaft and 1 m® min™' the Glasebach shaft.

Tracer Sampling and Analyses

Due to the tracers’ characteristics, two different sampling techniques were used. The sodium
chloride was detected by continuos conductivity measurements with sampling points at the
Uhlenbach brook (PIC GmbH, Munich/Germany), No 539 shaft (Logln GmbH, Gommern/ Ger-
many), Fluor shaft (Login GmbH, Gommern/Germany) and the Glasebach shaft (EcoTech
GmbH, Bonn/Germany). Filter systems, each with 300 ym and 15 um filters (NY 300 HC, NY
15 HC; Hydro-Bios, Kiel/Germany), for collecting the solid tracers (microspheres, spores)
were installed at No 539 shaft, Fluor shaft, and Glasebach shaft. Sampling was done by the
use of mini piston pumps (Pleuger Worthington GmbH, Hamburg/Germany) being installed
5-10 m under the water surface (Tab. 4). Every 12 hours the filter system was changed and
the filters were stored in 500 mL brown glass bottles.

Most of the 147 filter samples contained noticeable amounts of Fe-oxides. Therefore, oxalic
acid was added to remove both, Fe-oxides and carbonates. In the laboratory, after at least one
day of reaction, the filters were carefully rinsed and the solids filtered through 8 um cellulose
nitrate filters (Sartorius, Goéttingen/Germany) with 47 mm diameter, using Nalgene plastic fil-
ters for membrane filtering with a hand vacuum pump. After each filtration the Nalgene filters,
the filter unit, and the working tables in the laboratory were cleaned to exclude any kind of
contamination during sample preparation.

After drying and mounting the 147 cellulose nitrate filters to glass plates, the fluorescent mi-
crospheres and the spores were counted under a fluorescence microscope (Leica, Wetzlar).
Depending on the number of solid tracers on the filters, an aliquot part of the whole filter was
counted and the whole number of solid tracers collected was calculated on the basis of these
data.

In addition to the tracer test, 21 water samples were collected on a regularly basis (Tab. 1).
The detailed results of these samples will be described elsewhere.
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Results

Sodium chloride

An increase in conductivity could only be detected at the Fluor shaft (Fig. 2). Neither of the
other sampling points (Uhlenbach brook, No 539 shaft, Glasebach shaft) showed a signifi-
cant change in conductivity that would be caused by the sodium chloride tracer. During the
time of conductivity measurements in the Fluor shaft (May 30™ to July 31%) a total of 39 %
(2.4 t) of the tracer injected (6.2 t) could be recovered. Considering the geological and tec-
tonic conditions, this recovery rate is unexpectedly high, proving a good hydraulic connection
between the Siptenfelde brook and the mine.

Approximately 1 day after a rainfall, the conductivity in the Fluor shaft increases significantly
for 1 minute (June 11", 7:49 p.m.) to 247 minutes (June 11", 10:28 p.m.), the highest peak oc-
curring on July 3", 9:34 p.m. (185 minutes). Each peak starts quickly and tails out slowly within
the time mentioned before (see inset in Fig. 2). Based on a distance of 2,250 m between the
Siptenfelde seepage and the Fluor shaft, a mean effective velocity of 1.5 m min™ can be cal-
culated for the meteoric and mine water flowing between the brook and the shaft’s outflow
(Tab. 5).

Club moss spores (Lycopodium clavatum)

Club moss spores were only detected at the Fluor shaft and the Glasebach shaft (Fig. 4). A
total of 323,220 spores in the Fluor shaft and 200,820 in the Glasebach shaft could be found
after June 8". Based on the ratio of the water pumped and the water flowing out of the three
shafts, the recovery rate is as high as 6 %.

Within the Fluor shaft, 2.5 days after tracer injection, the club moss spores peak reached
199,200 in a relatively short time and decreased to nearly 4,000 after 1.5 days. A second peak
with 6,500 spores can be seen 6 days after tracer injection. From the injection point to the
water’s surface, the spores have to travel 238 m, thus the mean effective velocity calculates
t0 0.1-0.2 m min™",
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Fig. 2:  Plot of precipitation (Siptenfelde station) and conductivity in the Fluor shaft. The arrow marks
the time of the injection of the sodium chloride tracer into the Siptenfelde brook. Changes
before June 6™ are due to moving the conductivity probe upwards in the shaft by 5 m.

Unfortunately, within the Glasebach shaft, a very high contamination occurred, the reason for
it being unclear. Even before the first tracer injection and in the blind sample, 1,000-6,000
spores were present. As there a bulk of unused filter nets from another tracer test was used,
it might be possible, that these filter nets had been contaminated during their storage. Which
of the peaks are due to contamination or to different flow paths, cannot be solved with the
data available. Taking into account the complicated mine geometry between the Fluor and
Glasebach shafts, the latter possibility cannot be fully excluded. Nevertheless, 10.5 days af-
ter tracer injection a clear peak with 25,000 spores exists and another one with 7,400 spores
3 days after tracer injection. Once again, the maximum is reached very quickly, whilst the
peak is tailing out within 2 days. Between the injection point in the Fluor shaft and the detec-
tion point in the Glasebach shaft, the tracer had to travel 3.180 m at the shortest pathway.
Taking into consideration the two peaks and the shortest travel distance, the mean effective
velocity calculates to be 0.2—1.2 m min™.
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Fig. 3:  Breakthrough curves of the microspheres detected at the Fluor shaft. (max.: 3,219 mi-

crospheres). Arrow marks time of tracer injection.

From the microspheres injected in the No 539, No 530, Fluor, and Glasebach shaft, only the
microspheres from the No 530 and Fluor shaft could be detected. It cannot be excluded that
the LydiAs lowered into the No 539 and Glasebach shaft did not open properly.

In the Fluor shaft, microspheres from the Fluor shaft and the No 530 shaft could be detected
(Fig. 3). 1 day after the tracer injection, 220 microspheres from the deep part of the Fluor shaft
could be detected at the shafts’ outflow. As already observed, the peak sets in very quickly and
tails out within 1.5 days. The other peaks of microspheres from the Fluor shaft are negligible.
13 days after tracer injection, 3,219 microspheres from the No 530 shaft reach the sampling
point at the Fluor shaft. Still 2.5 days and 4 days later a significant tracer signal could be ob-
served. Based on the shortest distances of 238 m and 1,773 m, the mean effective velocities
are 0.1-0.2 m min™".

Tab. 5: Mean effective velocity of mine water in the Stral8berg mine. No tracer from No 539 shaft could
be detected anywhere.

from to tracer velocity Vs distance
No 530 shaft Fluor shaft microspheres 0.1 m min™ 1,773 m
No 530 shaft Glasebach shaft microspheres 0.3 m min” 4,798 m
Fluor shaft Fluor shaft microspheres 0.2 m min™ 238 m
Fluor shaft Fluor shaft club moss spores 0.1 m min™ 238 m
Fluor shaft Glasebach shaft microspheres 0.3 m min™ 3,180 m
Fluor shaft Glasebach shaft club moss spores  0.2-1.2m min”’ 3,180 m
Siptenfelde brook Fluor shaft NaCl-brine 1.5 m min” 2,250 m
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Fig. 4:  Breakthrough curves of the club moss spores detected at the Fluor and Glasebach shatfts.
Arrow marks time of tracer injection. No spores were detected at the No 539 shaft. Notice-
able amounts of spores at the Fluor shaft arrive 2.5 days and at the Glasebach shaft 11

days after tracer injection.

Only Microspheres from the No 530 shaft could be detected at the Glasebach shaft (Fig. 5).
All the other microspheres, including those injected into the Glasebach shaft itself, could not
be found abundant enough to draw useful conclusions. 13 days after tracer injection, 9,748
microspheres from No 530 shaft occurred at the sampling point Glasebach shaft. As already
observed in the Fluor shaft, the peak tails out slowly and even 3 days later a significant
amount of microspheres could be detected. As the distance between the No 530 and Glase-
bach shafts is 4,798 m, a mean effective velocity of 0.3 m min’' calculates.

Conclusions

All of the tracers positively injected into the 5 injection points, could be detected by at least
one of the 4 sampling points. Therefore, both, the injection and sampling methods, proved to
be suitable for the Stral3berg mine. Unfortunately, the tracer test gave no results to the ques-
tion, why the mine’s total water budget increased by 2 - 10° m? after installing the 3-adit-
system.
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Fig. 5:  Breakthrough curves of the microspheres detected at the Glasebach shaft (max.: 9,748 micro-
spheres). Arrow marks time of tracer injection.

From the results it is clear now, that all parts of the mine are hydraulically well connected.
Generally, the flow direction throughout the tracer test was from north to south, thus explain-
ing the similar chemical composition of the mine water in the Fluor and Glasebach shafts. This
was a new result, because previous to the tracer test, it was believed, that the general flow
direction of the mine water was from south to north. Finally, under the current flow regime, with
the 3-adit-system working, no stratification will be achieved again.

Furthermore, the sodium chloride tracer confirmed the assumption, that there is a connection
between the Siptenfelde seepage and the mine. The breakthrough curves clearly show, that
the hydraulic dispersion within the flow path through the partly unsaturated fissured aquifer
and the mine’s drifts and shafts is rather small and that the tracer is transported after rainfall
events only. Because more than one third (39 %) of the injected sodium chloride tracer was
recovered within the 6 weeks of the tracer test, it must be assumed that there is a good con-
nection between the Siptenfelde seepage and the northern adit. Comparing the velocities of
the microspheres arriving from the No 530 shaft (0.1-0.2 m min™") and the sodium chloride
tracer (1.5 m min-1), the transport from the Siptenfelde seepage into the mine (approx. 180 m)
must be very fast.

Both tracers pass the dam in the northern adit or at least the fissured rock around it, without
having problems. From the breakthrough curves, showing a small hydraulic dispersion, it is
more likely, that the tracers pass a broken pipe in the dam, than the surrounding rock. Con-
sequently, all the results show, that the dam is hydraulically ineffektive.

Comparing the numbers of tracers arriving from the No 530 and Fluor shaft, the composition
of the water leaving the Fluor and Glasebach shafts can be explained. Water leaving the
Fluor shaft, is composed of water from the Brachmannsberg pit and the Stralberg pit whilst
water leaving the Glasebach shaft consists of water from all three pits: the Brachmannsberg,
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StraBberg and Glasebach pit. No water from the Glasebach pit flows north into the Stral3berg
pit and no water from the Stralberg pit flows north to the Brachmannsberg pit.

Finally, the results clearly proofed, that the modified injection and sampling techniques used for
the StralRberg tracer test is a good means for hydrodynamic investigations in flooded mines.
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PASSIVE IN SITU REMEDIATION OF CONTAMINATED
GROUNDWATER: PERMEABLE REACTIVE BARRIERS -
PRBS
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Abstract

Passive in-situ groundwater remediation using permeable reactive barriers (PRBs) is a new
and innovative technology. PRBs are subsurface constructions situated across the flow paths
of contaminant plumes. The contaminants are removed from the groundwater flow by geo-
chemical processes taking place in the reactive material of the barrier filling. Suitable materi-
als for use as reactive components in PRBs are elemental iron, activated carbon, zeolites, iron
oxides/oxyhydrates, phosphates, clay minerals, and others. The choice of reactive materials
and retention mechanisms are dependent on the type of contamination to be treated by the
barrier system.

The paper gives a brief overview of the application of PRBs for groundwater remediation. It is
the intention of the author to encourage to further reading by giving a wide selection of refer-
ences covering the meanwhile quite extensive literature in the field of PRB research and appli-
cation.

Concept of Reactive Barriers

Due to the large number of contaminated sites that require treatment, and in light of the incor-
poration of eastern European countries into the European Union, with their sometimes ap-
palling ecological problems, there is an urgent need for cost-effective risk management. Risk
management typically involves remediation technologies for the control of the contaminant
source and/or the management of contaminants along the pathway (CLARINET, 2002). Ob-
jective is breaking the pollutant linkage between source and receptor (e.g., drinking water re-
sources) by managing or breaking the pathway. Groundwater remediation schemes are
widely used to achieve this objective, mainly based on active methods such as pump-and-treat
techniques.

Passive groundwater remediation methods such as permeable reactive barriers (PRBs), as
first developed in North America, have a high potential to reduce the remediation costs of con-
taminated shallow aquifers significantly and therefore contribute to the preservation of ground-
water resources.

Permeable reactive barriers (Fig. 1) are defined by the U.S. Environmental Protection Agency
as “passive in situ treatment zones of reactive material that degrades or immobilizes contami-
nants as ground water flows through it. PRBs are installed as permanent, semi-permanent,
or replaceable units across the flow path of a contaminant plume. Natural gradients transport
contaminants through strategically placed treatment media. The media degrade, sorb, pre-
cipitate, or remove chlorinated solvents, metals, radionuclides, and other pollutants” (EPA,

Umweltbundesamt CP-035 (2004)



58 Groundwater Management in Mining Areas — K.E. Roehl

1999). The substantial deviation from common remediation techniques is the approach to
treat the contaminant plume and not its source (Schad & Grathwohl, 1998). The targeted
contaminants are removed from the groundwater flow by geochemical processes such as
surface adsorption, chemical bonding, redox reactions, and/or precipitation (Vidic & Pohland,
1996, EPA, 1998).

Contaminant
source

Permeable
reactive barrier

Aquitard

Fig.1:  Schematic depiction of the PRB concept (GW = groundwater flow direction).

The permeable reactive barrier technology appears to be a promising approach to effective
groundwater remediation even in complex cases where traditional 'pump-and-treat’ methods
and/or microbiological techniques have proved unsuccessful (e.g., heavy metals being slowly
leached from a contamination source; PAH with low bio-availability; contamination of heteroge-
neous sediments). Although the use of PRBs is limited to certain site conditions, in places
where the application is feasible they appear to be a good choice with good acceptance by
end-users, especially in urban environment and built-up areas. Reasons for this can be seen
in, e.g., little land use, little visibility, no additional impact on the landscape by equipment such
as containers, water tanks, pumps, or by noise from running machines etc.

Only a small number of pilot-scale and full-scale installations exist today, mainly located in the
United States (Morrison, 1998, EPA, 1999) and Germany (Birke et al., 2003), and so practical
experience with such systems is limited. At present it is unclear how reactive barriers may be
authorised as an alternative remediation process as little is known about the long-term behav-
iour of such systems. Therefore, as a relatively new approach with only little information avail-
able about its long-term stability, permeable reactive barriers are not well accepted yet in
Europe. Further development of this technique is only recently pushed forward by a number
of research groups and institutions. Besides the development of new barrier technologies like
the introduction of new reactive materials and barrier construction methods, more information
is needed especially on the long-term behaviour of the reactive barriers and on the mecha-
nisms that might affect the stability of the remediation success during barrier life-time.
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Design and Construction Considerations

The two main types of PRBs used in field applications are:
I continuous reactive barriers enabling a flow through its full cross-section, and

{1 'funnel-and-gate' systems (Starr & Cherry, 1994) in which only special 'gates' are perme-
able for the contaminated groundwater.

The continuous PRB configuration is characterised by a single reactive zone installed across
the contaminant plume, while the 'funnel-and-gate' system consists of one or more perme-
able gates placed in an impermeable wall that cuts through the plume and directs the
contaminated water towards the gates (Fig. 2).

Fig. 2:  Basic types of PRB configuration; (a) continuous wall, (b) 'Funnel-and-Gate' system (source:
http://www.powellassociates.com/sciserv/Perm.barrier.main.html).

Continuous barriers can be emplaced by trenching or other conventional cut-off wall construc-
tion methods (Meggyes & Simon, 2000). In 'funnel-and-gate' systems, the funnel elements
can also be installed using cut-off wall techniques, namely sheet piling, slurry trenching,
mandrel-based emplacement, grouting and deep soil mixing. Numerous options exist for the
design of the gates of a 'funnel-and-gate' system. In most cases they consist of reactors in-
stalled as simple sheet piling boxes (caisson) or large-diameter drill holes filled with the reac-
tive material. The engineering of PRBs is discussed by, e.g., Gavaskar et al. (1998), Gavaskar
(1999), Day et al. (1999) and Meggyes & Simon (2000).

The choice between the two configuration options depends on the hydrogeological character-
istics of the site, the technical applicability of the barrier placement, and on the cost of the
reactive material. When a high-cost reactive material is used, the 'funnel-and-gate' configura-
tion is preferable since the reactive zone requires less material. If a cheap material can be
used, it is more profitable to avoid the construction of the impermeable side-walls by employ-
ing a continuous barrier.

Further applications of the PRB concept are imaginable which modify the initial approaches.
The containment of a contaminated site can be coupled with ‘gates’ comprising reactors treat-
ing contaminants leached from the soil by infiltrating rain water. Contaminated surface and
ground water from polluted sites can be collected in trenches or drains and treated in an un-
derground reactor or system of underground reactor cells before being discharged into a
nearby river or into a regular sewage system. Another option using in-situ reactive zones is the
so-called GeoSiphon system which utilises gravitational hydraulic gradients in pipes to draw
contaminated groundwater through a treatment reactor installed in a well (Phifer et al., 2002).

PRBs are also suitable to implement groundwater remediation schemes not only in typical
industrial areas but also in residential areas or on other sites that are typical in urban areas
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such as shopping centres, parking lots, industrial parks etc. In all cases a number of factors
have to be considered and taken care of during planning and installation of a PRB system:

1 property boundaries;

1 underground utilities such as fresh water and sewage water pipes, gas lines, cables etc.
have to be located and possibly diverted:;

the construction of the PRB will possibly lead to disruption of site activities;
dewatering of the excavation pit;
disposal of potentially contaminated water (dewatering) and soil (excavation pit);

material placement requires careful logistics and on-site management (e.g., quality control,
homogenous filling of the reactors, prevention of dust etc.);

human health and safety issues;
1 unforeseen conditions (e.g., bombs).

= —a _—a _a

=

Reactive materials and contaminant attenuation processes

The selection of the reactive material to be used in a PRB is depended on the type of
contamination and the remediation approach (contaminant removal mechanism). In general,
contaminants can be removed from polluted water by the following processes:

1 Degradation: Application of chemical or biological reactions that lead to the decomposition
of contaminants and the formation of harmless compounds which are either retained in the
barrier or released downstream.

I Precipitation: Immobilisation of contaminants by formation of insoluble compounds (mine-
rals). The immobilised contaminants remain in the barrier material.

f Sorption: Immobilisation of contaminants by adsorption or complex formation. The immobi-
lised contaminants remain in the barrier material.

In most cases, the effect of these processes on the contaminant removal can not be com-
pletely distinguished and a combination of processes is utilised. A review on reactive materials
suitable for use in PRBs for the removal of inorganic and organic compounds from ground-
water is available in a number of publications (Rael et al., 1995, Baker et al., 1998, Gavaskar
et al., 1998, Scherer et al., 2000, Simon & Meggyes, 2000, Roehl et al., 2001, Xenidis et al.,
2002), also with special respect to mine waters (Blowes et al., 2000, Younger, 2000, Wolkers-
dorfer & Younger, 2002), and will not be repeated here. The up to date most widely used ap-
proaches for PRBs can be grouped into two categories: Reductive barriers and sorption bar-
riers.

The best known reactive material is granular zero-valent iron (elemental iron, Fe®). An exten-
sive review on the iron technique has been given recently by Tratnyek et al., (2003). The
widespread use of elemental iron is attributed to its ability to act as a strong reducing agent in
groundwater causing abiotic reductive degradation of organic substances such as chlorinated
hydrocarbons and some aromatics and reductive immobilisation of some inorganic compounds
such as chromium, nickel, lead, uranium, sulphate, nitrate, phosphate, arsenic, molybdenum,
among others. Another reductive mechanism, particularly important for the treatment of often
acidic mine waters, is bacterial sulphate reduction as supported by organic materials such as
compost, wood chips, sawdust, etc. (Benner et al., 1999, Blowes et al., 2000, Waybrant et al.,
2002). In this approach the reduction of sulphate to sulphide is utilised for the removal of met-
als from contaminated water by precipitation as sulphides. The simultaneous production of al-
kalinity and rise in pH increases the efficiency of the system by additional precipitation of
metals as hydroxides.
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Due to the high efficiency of the amalgamation process in removing Hg?* from aqueous solu-
tion, the use of elemental copper shavings (Cu®) for the removal of mercury from contaminated
water is suggested by Huttenloch et al. (2003), employing a sequential system of mercury
amalgamation followed by the removal of copper mobilized from the shavings by an ion ex-
changer such as zeolites.

Sorption barriers are PRBs utilising retention mechanisms that lead to a fixation of the target
contaminants to the matrix of the reactive material (Roehl et al., 2001). A large number of mate-
rials that are able to sorb and trap certain contaminants, and therefore immobilise them from
the groundwater, are imaginable. The efficiency of the immobilisation mechanisms in terms of
its sorption capacity, selectivity, reaction kinetics and bonding strength is of great importance.
The target contaminants have to be fixed to the reactive material in a way that they are not
easily remobilised and subsequently released to the groundwater. The reactive materials need
to be available in a form that ensures a sufficiently high hydraulic permeability and exhibit a
non-harmful behaviour towards the environment.

The choice of reactive materials and retention mechanisms are dependent on the type of con-
tamination to be treated by the barrier system. Possible materials for the use as reactive com-
ponents in sorption barriers are activated carbon (Sontheimer et al., 1988, Schad & Grathwohl,
1998, Han et al., 2000, Tiehm et al., 2000), zeolites (e.g., Ouki et al., 1993, Cantrell et al.,
1994, Pansini, 1996, Czurda, 1999, Anderson, 2000, Czurda & Haus, 2002, Park et al., 2002),
iron oxides/oxyhydrates (Morrison & Spangler, 1992, Morrison et al., 1995a,b, Moyes et al.,
2000), phosphate minerals (Ma et al., 1993, Xu & Schwartz, 1994, Fuller et al., 2003), and sur-
face-modified minerals such as organophilic zeolites (Haggerty & Bowman, 1994, Cadena &
Cazares, 1996, Bowman, 1999, Huttenloch et al., 2001), diatomites (Huttenloch et al., 2001)
or clays (Smith & Jaffe, 1994, Smith & Galan, 1995, Lundie & McLeod, 1997, Zhu et al,. 2000).

A wide selection of low-cost sorbents including mineralic and non-mineralic materials, such
as bark, chitin, chitosan, lignin, seaweed and algae, xanthates, zeolites, clay, fly-ash, peat,
moss, etc., for the sorption of heavy metals is discussed and evaluated by Bailey et al. (1999).
The authors conclude from their literature review that for Pb, Cr, Cd, and Hg the highest
sorption capacities were found for chitosan, zeolites, lignin, and seaweed.

Activated carbon is to date the most widely used material in sorption barriers. The adsorption
of organic compounds to activated carbon is a well established method for on-site or off-site
treatment of polluted water. In granular form, activated carbon appears to be highly suitable for
the use in permeable barriers. Due to its large specific surface area (around 1000 m%g by
N.-BET is a typical value) and the presence of different types of surface functional groups,
activated carbon shows a high adsorption capacity for many organic and inorganic contami-
nants (Sontheimer et al., 1988, Grathwohl & Peschik, 1997, Schad & Grathwohl, 1998, Han et
al., 2000, Tiehm et al., 2000, Schad et al., 2001, Kraft & Grathwoh,| 2003).

Phosphate minerals such as hydroxyapatite and biogenic apatite (e.g., fishbone) enable the
removal of metals from contaminated water by sorption and precipitation or a combination of
both mechanisms, as described for lead (Ma et al., 1993, Xu & Schwartz, 1994, Admassu &
Breese ,1999), antimony (Leyva et al., 2001) and uranium (Arey et al., 1999).

Artificial materials such as, e.g., tailored polymers, may facilitate highly contaminant-selective
sorption processes. PANSIL is a polyacryloamidoxime resin, derived from polyacrylonitrile,
coated onto the surface of quartz sand, designed to sequester uranium (VI) from contami-
nated groundwater (Bryant et al., 2003). The advantage of PANSIL is that it is quite selective
towards the uranyl ion, is available in a granular and durable form (s. Fig. 3) which is important
for use in a PRB system, and does not have any side-effects on the groundwater composition
or the geochemical conditions in the barrier avoiding secondary effects such as coating or
clogging of the reactive matrix.
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Fig. 3:  Electron micrograph of PANSIL, a reactive material consisting of quartz sand coated with a

polymer for the removal of uranium from contaminated groundwater (source: Bryant et al.,
2003).

Other materials bear some potential for use in special cases, such as organophilic zeolites
and diatomites with silanol surface (Huttenloch et al., 2001) and organo-clays (Ake et al. 2001).

The choice of material needs to be based on the following criteria (Gavaskar et al., 1998):

l

l

Reactivity: The reactivity of the material is quantitatively evaluated by the required resi-
dence time or the reaction rate constant. It is desirable to have low residence times and
high reaction rates in order to keep the barrier’s thickness within acceptable limits.

Stability: The material is expected to remain active for long periods of time because its re-
placement is not easily achieved. Stability in changes of pH, temperature, pressure and
antagonistic factors is also required.

Availability and cost: The amount of reactive material required for the construction of a
reactive barrier is large enough and therefore it is essential to have considerable quantities
in low prices.

Hydraulic performance: The hydraulic conductivity of the material depends on its particle
size distribution and its value must be greater or equal to the value of the surrounding soil.
However, an optimum particle size that would provide appropriate permeability and sufficient
contact time must be determined.

Environmental compatibility: It is important that the reactive media does not form any by-
products when reacting with the contaminants and that it is not a source of contamination it-
self by solubilisation or other mobilisation mechanisms.

Safety: Handling of the material should not generate any risks for the workers health.

Furthermore, for the planning of a PRB system the characteristics of the contaminated site
need to be investigated. Crucial parameters include the hydraulic setting, the types and con-
centrations of contaminants, the total mass of contaminants, and the groundwater composi-
tion.
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Feasibility studies are necessary involving the following steps:

1 Choice of suitable remediation approach (contaminant removal mechanism) and reactive
material.

f Column experiments (and other experiments quantitatively describing the contaminant at-
tenuation capability of the reactive material).

1 Estimation of required residence time.
9 Calculation of reactive zone thickness.

In PRBs, the residence time of the contaminant in the reactive material must be longer than
the time that is needed to establish the reaction equilibrium. Therefore, the reaction rate of
the sorption process employed in the barrier must be sufficiently high compared to the flow
velocity of the contaminated groundwater through the barrier. Following these considerations,
the thickness of the reactive barrier can be calculated from the groundwater flow velocity in
the barrier and the required residence time (Gavaskar et al., 1998):

b=vxtg

where b is the barrier thickness (m), v the flow velocity in the barrier (m/s), and tr the residence
time (s) required.

Geochemistry of reactive barriers

Especially in reductive barriers, the geochemical conditions inside the reactive zone and partly
also in the surrounding soil experience significant changes. Considering an iron barrier consist-
ing of an elemental iron filling and two pea gravel layers (up-gradient/down-gradient) at the
interface soil/iron, the following effects are to be expected based on geochemical basic
knowledge and practical experience:

1 Up-gradient aquifer: Groundwater composition and geochemical conditions ‘normal’ accord-
ing to site; high contaminant concentration.

1 Up-gradient pea gravel: Same as in the soil, but beginning influence by the effects caused
by the iron; contaminant concentration already decreased to some extent.

1 Iron filling: Contaminant concentration decreased to target value. Fe?* concentration and
pH significantly increased, with pH up to 11-12. Formation of H, gas. Strong decrease of
Ca?*, alkalinity, free oxygen, nitrate and sulphate. Consequently, formation of precipitates
such as CaCOs;, FeCOj3;, Fe(OH),, Mg(OH),, FeS, and other secondary mineral phases in
the treatment zone.

1 Down-gradient pea gravel/aquifer: Dependent on the buffer capacity of the soil, especially
the carbonate content, and the mixing with water from surrounding areas transition of the
'extreme’ values as created in the iron filling back to 'normal' values for pH, Eh, dissolved
oxygen and most of the other groundwater constituents.
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Fig. 4:  Schematic cross-section of an iron PRB, showing the basic geochemical processes (source:
Tratnyek et al., 2003).

The processes inside a PRB determine to a great extent the long-term performance of the
system and the barrier lifetime. Studies on the long-term performance of PRB systems are re-
ported by, e.g., O'Hannesin & Gillham (1998), Mackenzie et al. (1999), McMahon et al. (1999),
Puls et al. (1999), Vogan et al. (1999), Blowes et al. (2000), Farrell et al. (2000), Phillips et al.
(2000), Yabusaki et al. (2001), Kraft & Grathwohl (2003), Morrison (2003) and Sivavec et al.
(2003). According to these sources, processes that might adversely affect the long-term
efficiency of a permeable reactive barrier are:Coatings on the surface of the reactive material
caused by precipitation, formation of secondary mineral phases, or iron corrosion ('rust').

T Clogging of the pore space caused by precipitation, formation of secondary mineral phases,
production of bio-mass, or formation of gases bubbles (such as hydrogen gas in iron barri-
ers).

f Consumption of the reactivity caused by exhaustion of sorption capacity or dissolution of
the reactive material.

Despite these possible processes, to date the effect of mineral precipitation in iron PRBs on
their system hydraulics porosity, hydraulic conductivity and on the iron reactivity has been
found to be small (Mackenzie et al., 1999, Vogan et al., 1999). The study of the long-term be-
haviour of the reactive matrix components in PRBs requires to determine possible ageing
mechanisms and to quantify the kinetics of the alteration processes. A possibility to do this is
accelerated testing. The most important issue in designing accelerated testing methods is
understanding the factors influencing the hydrogeochemical system. Design and implemen-
tation of accelerated testing procedures is a very complex task because slight changes in the
initial conditions of a system can result in dramatic changes in physical, chemical and bio-
logical settings.
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Application

The number of full-scale field installations of PRBs increased significantly over the past years,
almost exclusively in Northern America and Europe. More than 50 % of all projects are based
on the elemental iron technology (EPA,2002).

In Germany, 11 pilot-scale and full-scale PRBs exist or are in the process of being imple-
mented. Of these projects, 7 are based on elemental iron, sometimes with supplemental tech-
niques, 3 on granular activated carbon, and 1 on palladium-modified zeolites. A good deal of
information on the PRB sites in Germany can be found on the website of the German Per-
meable Reactive Barrier Network “RUBIN” which also features an extensive English lan-
guage section (http://www.rubin-online.de/). With a few exceptions (e.g., Ebert et al., 1999,
Klein & Schad, 2000, Birke et al., 2003, Ebert et al., 2003), there is to date relatively little pub-
lished information available on the functioning and success of the German PRB systems.

Outlook

The PRB technology appears to be a promising approach for integrated management in the
area of polluted groundwater, contaminated sites, brownfields etc. Therefore, the question
whether PRBs are the solution to our groundwater contamination problems is raised quite of-
ten. To answer this question, it is important to reconsider the following points:

1 What is the basic concept?

1 What are the potential applications?

1 What are the characteristics of the contaminated sites?
1 What are the methods available?

These are the same questions and considerations to be addressed when dealing with any
other remediation option. The PRB technology is not appropriate for all cases of groundwater
contamination, just as other methods are not universally applicable. The decision on whether
to implement a PRB system or another remediation method is case-specific and depends
mainly on the comparison of feasibility and costs.

Not all the PRBs installed in recent years are true success stories, a fact that can be deducted
especially from the lack of publicly available information in a number of cases of pilot-scale
and full-scale installations. Most problems appear to be related to the system hydraulics while
the geochemistry of the contaminant attenuation process and the reactive material are actu-
ally functioning as predicted. The hydraulic functioning of a PRB relies to great extent on the
understanding of the local and regional aquifer systems, the planning (hydraulic modelling) of
the PRB system to be installed, and the quality of the construction work (Parbs et al., 2003).
Therefore, future improvement of the PRB technology needs to address these issues. Other
fields of advancing the PRB technology are the study of new and innovative materials target-
ing specific contaminants, and the combination of PRBs with other remediation technologies
such as bioremediation (Werner, 1998, Scherer et al., 2000, Tiehm et al., 2000) or electroki-
netics (Ho et al., 1995, Chew & Zhang, 1998, Czurda & Haus, 2002).
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WETLAND TREATMENT OF MINE WATERS

P.L. Younger, Newcastle University, Department of Civil Engineering, UK
Keywords: Mine water, wetland, treatment, passive systems

Introduction

Mine water treatment wetlands are the most important category of a wider suite of treatment
technologies which are termed “passive treatment”. A passive treatment system is defined by
the European Commission's PIRAMID' project as follows:

“A water treatment system that utilises naturally available energy
sources such as topographical gradient, microbial metabolic energy,
photosynthesis and chemical energy and requires regular but infrequent
maintenance to operate successfully over its design life”.

The working definition of “infrequent” in this context is currently around six-monthly.

Constructed wetland systems are currently the most widely-used passive mine water treat-
ment technology, and are likely to remain so. There are several reasons for this, including:

1. The excellent track record of constructed, aerobic wetlands in treating net-alkaline mine
waters in which the only pollutant of concern is iron. These systems are now so widespread,
and invariably successful when designed and constructed in accordance with established
guidelines (e.g. Hedin et al., 1994; Younger, 1997; 2000a), that they fully merit the tag of
‘proven technology’.

2. The generally low running costs of wetland systems in comparison to active treatment sys-
tems.

3. The inherent ability of large wetland systems to cope with unforeseen fluctuations in envi-
ronmental conditions, by providing flexible storage volumes etc.

4. The environmental attractiveness of wetlands, as prime habitats for birds and other ani-
mals, and as landscape amenities of appeal to human visitors.

Notwithstanding these virtues, the use of wetlands for passive treatment of mine waters has
not been without its detractors. Most of the mis-givings which have been expressed in the lit-
erature arise from cases where the technology has been misapplied and /or the data misin-
terpreted. For instance two instances may be cited from England alone in which disappoint-
ing early applications of wetlands technology gave rise to denigration of the technology as a
whole. In both cases, the reason for the poor performance was that simple aerobic reed-beds
were inappropriately constructed to receive extremely acidic spoil leachates, for which other
technologies (compost wetlands or RAPS) are actually recommended. By contrast, 25 other
UK systems were constructed around the same time in accordance with the guidelines of
Hedin et al. (1994), all of which proved very successful (Younger, 2000a). These successes
nullified the previous bad publicity, and both of the early, failed systems are now being retro-
fitted with alkalinity-generating variants of wetland systems.

' For further details, see http://www.piramid.org, where thorough guidelines for passive system design can also

be down-loaded free of charge.
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Despite the numerous success stories, some wetlands-based technologies remain less certain
in their applicability than others. In particular, wetlands treatment is still challenging for highly
acidic waters, and may even be inadvisable for waters containing significant concentrations
of xenobiotic metals (such as Hg and Cd). Hence we do not wish to give the impression that
the techniques described below represent a panacea, and we will attempt to highlight current
limitations to the technology as we see them.

(a) Surface flow aerobic Shallow water with reeds/rushes
reed bed, for net- Influent
alakaline, ferruginous \ \ \, \ Effluent
mine waters ™ VY \/ / \/ \/ / Y \/
Vi / Vi Ir/ / Vi Vi / “

Shallow water with reeds/rushes

(b) Surface flow ,
over an anoxic, compost substrate

compost wetland, for

acidic mine waters Influent
where head is limiting \ \ \ \/ \/ \/ \ \/ Effluent

T VYV V\ /Ny VN

i i i Y ¥ Y i ¥
(c) Reducing and
Alkalinity Producing Influent
Systems (RAPS) for T Effluent
acidic mine waters
where there is sufficient \ \ Compost
head O (p O Q leeston© O O\O
O UO O gravel

Fig. 1:  Simple cross-sections illustrating the three types of wetland used to treat polluted mine waters
(after Younger, 2000a).

Mine water treatment wetlands in the UK

The development of passive treatment of mine waters in the UK up to September 1997 is

documented in detail by Younger (1997; 2000a,b; 2001).There are currently about 30 con-

structed wetland systems treating mine waters in the UK. These systems are of three basic

types (Figure 1):

1 Aerobic, surface flow wetlands (reed-beds) (Figure 1(a)).

1 Anaerobic, compost wetlands with significant surface flow (Figure 1(b)).

f Mixed compost/limestone systems, with predominantly subsurface flow (Figure 1(c), which
are also called RAPS_(Reducing and Alkalinity Producing Systems (previously known also
as Successive Alkalinity Producing Systems (SAPS); Kepler and McCleary, 1994).
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The degree to which each type of system can currently be considered to be “proven technol-
ogy” corresponds to the order in which they are listed above. This ranking of confidence is
reflected in uptake rates (to 1-1-2002), with 15 full-scale reed-bed systems (of which 10 are
operated by the Coal Authority, a national government agency), 5 RAPS and 4 compost wet-
lands.

Variants of the technology and their applicability

Each of the three types of wetland treatment system shown on Figure 1 are appropriate for a
different kind of mine water, or for specific hydraulic circumstances. These are as follows:

i) Aerobic, surface flow wetlands (reed-beds) (Figure 1(a)): These are appropriate for re-
moval of Fe (and to a lesser extent Mn) from net-alkaline mine waters®. The mine waters
may be naturally net-alkaline (this is the case for many deep mine discharges), or else
previously acidic waters which have since been neutralised by conventional alkali dosing,
or by use of an anoxic limestone drain (no full-scale examples in the UK), or a RAPS.
Simple aerobic reed-beds should not be applied to acidic waters — they will only lower the
pH further!

Aerobic reed-beds are simply surface flow systems with shallow water (> 0.1 m depth
< 0.5 m) densely planted with hardy wetland plants such as Typha latifolia, Phragmites
australis, and Juncus effusus. Fe removal occurs by oxidation of Fe?* to Fe®*, which then
hydrolyses to form ferric hydroxide (ochre). The plants baffle flows, oxygenate the substrate
to prevent Fe* from becoming reduced again, and (particularly at low Fe concentrations,
as in 'polishing' applications, by direct plant uptake of metals (Batty, 1999).

i) Compost wetlands (Figure 1(b)): These are appropriate for the treatment of net-acidic mine
waters® on sites where there is insufficient relief to provide the head to drive water through
a RAPS unit (which would be the preferred technology for such waters where practicable).
They consist of a surface flow wetland with very shallow water (typically < 0.15 m) over a
thick (~ 0.5 m) substrate of compost which hosts anaerobic sulphate reducing bacteria
(SRBs). The SRBs catalyse the reduction of SO,* to sulphide, which then reacts with the
pollutant metals (except AI**) to precipitate sulphide minerals which accumulate in the
substrate. pH rises and HCOj alkalinity is generated as a by-product of the bacterial sul-
phate reduction, neutralising the acidity. Typical substrates used in UK systems to date in-
clude composts derived from horse manure, cow manure, municipal waste, tree bark
mulch and spent mushroom compost. It is good practice to construct at least a small
aerobic reed-bed downstream of a compost wetland, to remove residual Fe by aerobic
processes and to re-oxygenate the water before it enters a receiving watercourse.

i) RAPS (Reducing and Alkalinity Producing Systems) (Figure 1(c)): These are the systems
of choice for net-acidic mine waters, but they require a minimum relief of some 5 metres
across the site if they are to be successfully constructed. This is because substantial losses
of hydraulic head occur as water flows through the upper layer of compost (see Figure 1
(c)) into an underlying bed of limestone gravel. The addition of a limestone bed adds cal-
cite dissolution as a major alkalinity-generating process, and the vertical subsurface flow
through saturated compost ensures far more efficient sulphate reduction (and other an-
aerobic processes) than is achieved in compost wetlands. For this reason, a RAPS will

2 Waters are 'net-alkaline' where their total alkalinity (which mainly reflects bicarbonate content in these waters) ex-
ceeds their total acidity (principally due to the content of hydroxide-forming metals, such as Fe, Mn, Al, Cu, Zn etc).

® In net-acidic mine waters, total acidity exceeds total alkalinity. The pH is not necessarily below 6.5 at the point of
first emergence, but will typically drop below 4.5 if the water is aerated and left to stand.
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typically have a much smaller footprint' than would a compost wetland treating the same
water. (Younger et al., 2002, show that a RAPS will typically occupy only 15-20 % of the to-
tal area occupied by an equivalent compost wetland). As with compost wetlands, it is
good practice to construct at least a small aerobic reed-bed downstream of a RAPS unit,
to remove residual Fe by aerobic processes and to re-oxygenate the water before it en-
ters a receiving watercourse.

Design criteria

Settling a controversy

Most wetlands operating in Europe (Younger, 2000a,b), and many of those constructed within
the last 8 years in North America (Younger et al., 2002), have been successfully designed us-
ing guidance given by Hedin et al. (1994) of the former US Bureau of Mines. Recent unwar-
ranted controversy has surrounded these design criteria, arising from a claim by Tarutis et al.
(1999) that aerobic reed-beds should be designed assuming that oxidation of ferrous iron is the
dominant treatment process. Since Fe?* oxidation is known to be first-order in Fe?* concentra-
tion, Tarutis et al. (1999) proposed a first-order kinetic model should be applied to mine water
wetland design. This is a somewhat reductionist stance, given that (as Younger et al. (2002)
have noted) the internal functioning of aerobic reed beds depends on precipitation and sedi-
mentation kinetics in addition to oxidation alone. Furthermore, similar attempts to reduce the
design of wastewater treatment wetlands to application of first-order BOD oxidation models
have been trenchantly criticised by Kadlec (2000) on the grounds that they ignore variations in
influent flow rates, variations in influent contaminant concentrations (which are rarely in phase
with the flow variations), dispersion of flow and solute transport within the wetlands, and the
likelihood that contaminant removal processes differ somewhat between the fast-flowing and
stagnant zones within a treatment wetland. The net result of these factors is that the overall
rate of contaminant removal in a treatment wetland is unlikely to be well-modelled by compari-
son only with the first order kinetics of one of the main chemical reaction processes. There is
no a priori reason why the situation should be any better in the case of mine water treatment
wetlands.

A simple example should suffice to demonstrate why the US Bureau of Mines criteria (Hedin
et al., 1994) provide a more sensible basis for design than those proposed by Tarutis et al.
(1999): The construction of the Coal Authority's Edmondsley wetland (County Durham, UK)
was completed in the summer of 1999. The Edmondsley mine water flows from an old coal
drift at a rate of about 10 I.s™, and contains some 30 mg.I"' of Fe. The designers of the wetland
used the Hedin et al. (1994) criteria to estimate the minimum wetland area required, obtaining
a value of 2505 mZ2. Fortunately, there was more than twice as much suitable land area avail-
able for purchase at the site. Hence, the system was constructed as four aerobic reed bed
cells in series, totaling 4000 m? in area. This design allowed one or two of the cells to be taken
out of operation at any time for maintenance purposes without compromising the treatment
ability of the system as a whole. Monitoring of the system since it was commissioned has
shown performance in line with expectations, with virtually all of the Fe (down to a residual <
0.5 mg.I"") being removed in the first two cells (i.e. the first 2000 m? of wetland). By contrast if
the wetland had been designed using the first-order model proposed by Tarutis et al. (1999),
the predicted area of wetland required would have nearly 2 ha! (Full details of the relevant cal-
culations are given by Younger et al., 2002). Had the latter design figure been used, the costs
of acquiring 2 ha of land in this scenic area would have precluded wetland treatment as a se-
rious option. An active treatment system would have been developed, with huge cost implica-
tions for long-term operation.
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Recommended design criteria

Having thus satisfied ourselves that the US Bureau of Mines criteria (Hedin et al., 1994) remain
the most valid design rules currently available, we can now summarise these as follows. The
basic expression which must be evaluated is as follows:

Qq (Ci—Cy)
A=

Ra

Where A is the wetland area required (m2), Qq is the design flow rate (m30d'1), C, is the influent
Fe concentration (mgll") and C; the 'target effluent concentration’ (i.e. the desired concentra-
tion of the pollutant at the downstream exist point of the wetland in mgll™; a value of 0.5 mgfl™
is typically assumed for Fe), and R, is an 'areally-adjusted removal rate' for the pollutant of
interest (gid™'0m™).

For Fe in aerobic reed beds, R, is recommended to take a value of 10 gOd'10m'2; for Mn re-
moval in such systems a much lower value of 0.5 gid"im™ is recommended. For compost wet-
lands, usual practice is to define C;, C; and Ry in terms of total acidity concentrations (in mg()l'1
as CaCOj; equivalent), with an Ra value of 3.5 g()d'10m'2 total acidity being recommended. An
analogous Ry value for total acidity removal in a RAPS with a minimum of 0.5 m of compost
over 0.5 m of limestone gravel is estimated to lie around 40 gid”im? (Watzlaf et al., 2000).
The PIRAMID Consortium (2003) provide a detailed compilation of alternative Ra values for
other pollutants and various circumstances, as well as comprehensive guidance on the prac-
ticalities of wetland design for mine water treatment.

Ancillary benefits of mine water treatment wetlands

One of the principal attractions of wetlands as treatment systems is the possibility of integrat-
ing them into the surrounding landscape (Campbell & Ogden, 2000), and achieving healthy
connections with the existing eco-systems in the area. Integration of wetlands into a land-
scape at the level of aesthetics is readily attainable, as a number of recent projects illustrate
(see following case studies). Ecological integration is rather harder to achieve in practice,
however, due to a number of factors (Younger et al., 1998), including the following:

T physical limitations on the areas available for treatment

1 the frequent insistence of regulators that treatment wetlands be surrounded by flood de-
fence bunds, which preclude two way exchanges of water, solutes, sediments and plank-
ton with adjoining rivers

I engineering limitations, such as the need to allow freeboard at the perimeters of systems
and the need to prevent erosion by extreme flows.

Case Study: The Quaking Houses community mine water treatment wetland

The Stanley Burn is a small headwater tributary of the River Wear, one of the principal rivers
of north-east England. Since the mid-1980s, the Stanley Burn has suffered conspicuous pol-
lution by acidic drainage emanating from a perched water table within a superficially restored
waste rock pile appertaining to the former Morrison Busty Colliery (abandoned 1975). The
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leachate contains up to 200 mg.I" total acidity (as CaCOs equivalent), with elevated concen-
trations of Fe (¢ 30 mg.I"), Al (¢ 30 mg.I") and Mn (¢ 15 mg.I™"). This polluted drainage consti-
tutes a classic ‘orphan discharge’ for which no legally responsible party could be identified. In
1994, when residents of the nearby village of Quaking Houses finally accepted that no reme-
dial action was ever likely to be forthcoming from elsewhere, a “do-it-yourself’ remedial pro-
gramme was launched in collaboration with the mine water research team at Newcastle Uni-
versity. Drawing upon the inspiration of USA experiences (especially the work of the former
US Bureau of Mines) passive treatment was soon identified as the most appropriate solution.
As the water is acidic, a compost wetland system was the obvious choice, since these sys-
tems can generate alkalinity by means of bacterial sulphate reduction (sulphate being pre-
sent at high concentrations in the mine drainage). However, given that compost wetland tech-
nology had no previous track record in Europe at that time, the first step in the remedial pro-
gram was to build and monitor a small-scale pilot wetland (Younger et al., 1997). This not only
allowed the designers to gain valuable hands-on experience which would prove invaluable
later, but also proved crucial in building confidence in the efficacy of the technology amongst
regulators and potential sponsors. In essence, the pilot system was a shallow pond, 45m? in
area, with a 0.3 m substrate of horse manure and straw from the Quaking Houses Village
Stables. It was designed to treat around 5 % of the average leachate flow. After 18 months of
monitoring, this pilot wetland yielded an average removal rate of 9 g.d™".m? total acidity (as
CaCOj; equivalent), which compared favourably with the comparable rates derived from stud-
ies of similar systems in the USA (i.e. 3.5 to 7 g.d"".m?% USBM data).

These encouraging performance figures, and the pleasant appearance of the pilot wetland,
proved influential with potential sponsors, and by mid-1997 sufficient funding had been ob-
tained from a range of charitable and philanthropic foundations to finance the construction of
a full-scale system. While the pilot plant had been in operation, the seminal work of Kepler
and McCleary (1994) had begun to influence passive system design in the UK, and prelimi-
nary plans were laid to construct the full-scale system at Quaking Houses as a RAPS (a ver-
tical-flow system in which water flows in the subsurface, first through compost then through
limestone). However, when the available plot of land was finally cleared of scrub vegetation
and trial-pitted, it was found to be underlain by highly pyritic waste materials derived from a
previously unrecorded coal washery finings pond. This meant that excavation of a suitable ba-
sin to install a RAPS would have entailed disposal of large volumes of highly reactive, acid-
generating waste, the landfilling of which would have consumed much of the budget avail-
able for wetland construction. Without such excavation, there was a maximum of 1.0 m of
head available across the entire site, which is insufficient to drive water through a RAPS; hence
the full-scale system was designed as a compost wetland, scaled-up from the original pilot-
plant design.

Construction of the wetland commenced in August 1997 and took about 6 weeks of site work
(Jarvis & Younger, 1999). The leachate was captured by construction of a concrete headwall
across the outfall of the culvert from which the discharge emanates. This headwall gained
some 0.5 m of head to help drive water through the system. Two sections of 100 mm diameter
pipe were built into the headwall. The first carries water underground in an inverted siphon to
the influent point of the wetland, discharging into a basin from where the water is distributed
across the width of the wetland. The second section of pipe allows overflow back into the
original watercourse when flow-rates exceed approximately 400 litres per minute. Because
pollutant concentrations are lower at higher flow-rates due to dilution, and because of further
dilution of the overflow water by the effluent from the wetland, the impact of this water on the
receiving watercourse is minimal.

CP-035 (2004) Umweltbundesamt



Groundwater Management in Mining Areas — P.L. Younger 77

The heart of the Quaking Houses treatment system is a compost wetland unit occupying
some 440 m? (Figure 2). This is enclosed by a bund composed of pulverised fuel ash (PFA),
which is both strong and highly impermeable after mechanical compaction, yet costs less than
half the price of the main alternative material (clay). To avoid toe drainage, which may have
affected the integrity of the bund, the base of the embankment was sunk approximately 0.2m
into the in situ soil. The bund had a minimum crest width of 1.5 m, with inner slope angles (i.e.
facing into the ponded area) of 1:3 or less, in order to encourage wildlife. (Outer slope angles
were made to be not more than 1:2). Baffles and islands were also constructed from PFA,
both to help minimise hydraulic short-circuiting within each wetland cell and to improve the
appearance and habitat diversity of the wetland. PFA was also used to construct a central weir
of about 0.4 m height, which was incorporated into the design for four reasons:

1 To accommodate the natural slope of the site away from the influent point: if the bund crest
had been maintained at the same elevation around the entire wetland, much more PFA
would have been needed, construction would have taken longer, and less area would have
been available for treatment unless the slopes were steepened significantly

1 To minimise short-circuiting by re-spreading the water at the entrance to the second basin.

I To allow one or other of the basins to be taken out of commission for maintenance at any
one time without totally losing treatment capacity.

1 To provide an attractive waterfall feature in the middle of the wetland.

Because the horse manure used in the pilot-scale wetland was not available in sufficient quan-
tity, additional sources of compost were sought: the final compost wetland substrate comprises
horse manure, cattle manure and municipal waste compost in the following proportions:
30:40:30. Additionally 30 tonnes of limestone were deposited at the far end of the wetland, to
facilitate final pH adjustment if it should be required. The system was designed such that the
compost depth in the wetland would be 0.3-0.5 m, leaving 0.30 m of freeboard for future ac-
cumulation of material on the substrate surface.

When first constructed, the water leaving the compost wetland was routed directly to the
Stanley Burn. Subsequently, an aerobic wetland unit was added to the end of the system, to
polish residual iron concentrations down to below 0.5 mg.I"". This comprises a circular, or-
namental ‘willow pond’ and an appropriated area of natural Juncus stands, totalling some
100 m? in area. It should be noted that, for illustrative purposes, the contaminant removal rates
and efficiencies discussed below relate only to the compost wetland unit (ponds 1 and 2), not
to the passive treatment system as a whole, which achieves significantly more Fe removal
than the compost wetland alone.
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Fig. 2:  Layout of the Quaking Houses mine water treatment wetland (after Younger et al., 2002)

Monitoring of the compost wetland unit within the Quaking Houses system over its first 27
months of operation (Jarvis, 2000) revealed a mean acidity removal rate of 5.6 g.d™".m™. This
mean value falls almost exactly in the middle of the range of values (3.5-7 g.d™".m?) derived
from studying similar systems in the USA. However, acidity removal performance ranges from
1.3-46.1g.d".m™, with the higher rates corresponding to times when the influent was at its
most acidic. This is consistent with other evidence which suggests that the overall acidity re-
moval reaction may be first order in acidity.

One maijor benefit of the Quaking Houses passive treatment project deserves further mention

here: once the long-term pollution from acidic mine site drainage had been abated, pressures
mounted for the clean-up of other sources of pollution to the stream (particularly from com-
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bined sewer overflows and deicing salt store runoff). Previously, the organisations responsi-
ble for these two sources of pollution had justifiably claimed that there was little point treating
their effluents to higher standards given that the acid drainage was clearly killing all aquatic
life in its path. With that excuse removed, the other sources of pollution soon became priori-
ties for clean-up, with the result that the Stanley Burn has now been thoroughly restored as a
healthy stream ecosystem.
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CASE STUDY: REMEDIATION OF A FORMER URANIUM
MINING/PROCESSING SITE IN HUNGARY
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Abstract

The Hungarian uranium mining activities near Pécs lasted from 1958 to 1997. Approximately
46 Mt of rock were mined, from which 18.8 Mt of upgraded ore were processed. Some ore
had been exported prior to the construction of the processing plant at the site. Remediation
of the former uranium-related industrial sites is being carried out by the Mecsek Ore Envi-
ronment Ltd. and started in the 1990’s. Today the former mines and their surroundings are re-
habilitated, former heap piles and a number of smaller waste rock piles have been relocated
to a more protected area (waste rock pile N 3). Ongoing core remediation activities are di-
rected to the remediation of the tailings ponds, and also water treatment issues are most im-
portant. Three water treatment facilities are currently in operation:

1 A mine water treatment system with the objective to remove uranium and gain a market-
able by-product.

1 A pump-and-treat system to restore the groundwater quality in the vicinity of the tailing
ponds.

1 A pilot-scale, experimental passive in-situ groundwater treatment system to avoid migra-
tion of uranium contaminated groundwater.

General overview of the world uranium production

World uranium production is summarised in Tab. 1 based on data collected by the OECD and
IAEA (OECD-IAEA, 2002). It can be seen that up to the year 2000 approximately 1.9 Mt of
uranium were produced in 34 countries. The Hungarian production rate was on the level of
500-600 t/a. At beginning of the new millennium production rates decreased dramatically,
and in 2001 only 12 countries operated an industrial-scale uranium production with a total
production of approximately 37 kt of uranium. Main producing countries are currently Canada
(11 kt/a), Australia (8 kt/a), Niger, Namibia, Russian Federation, Kazakhstan, Uzbekistan (each
~ 3 kt/a). Today in Europe uranium is produced in small quantities only in the Ukraine, Roma-
nia and the Czech Republic. Some minor quantities are obtained as by-product from reme-
diation activities (e.g. in Germany, Hungary).

The historical development of the market price for uranium is shown in Fig.1. Since 1980 the
price dropped continuously from approximately 150 US$/kg to the current value of 20—
30 US$/kg (Pool, 2002). The boom at the end of seventies is attributed to the world energy cri-
ses. Most uranium producing countries could not adjust their production costs to the level of
the post-cold-war market price and thus terminated their production. This was also the case
in Hungary.

Umweltbundesamt CP-035 (2004)



82

Groundwater Management in Mining Areas — M. Csovari et al.

Tab. 1:  Uranium production in the world (OECD-IAEA, 2002).

Uranium production total to

Expected production for 2001

Country 2000 [t] It]

Argentina 2,509 0
Brazil 1,110 250
USA 353,796 1,077
Canada 340,523 11,250
Namibia 72,127 2,702
South-Africa 153,337 1,160
Gabon 27,872 0
Niger 81,853 2,910
Australia 91,157 7,700
Germany 5,462 20
GDR 213,380 0
Czech Republic " 107,080 501
France 73,664 120
Bulgaria 16,720 0
Hungary 21,030 10
Romania* 17,729 85
Estonia 0
Sweden 215 0
Spain 4,961 30
Portugal 3,717 3
Belgium 686 0
Finland 30 0
Yugoslavia 380 0
Poland 660 0
Ukraine (since 1992)* 10,000 1,000
Russian Fed.* 114,223 2,910
Uzbekistan 95,758 2,350
Kazakhstan 88,372 2,250
India* 7,273 207
Pakistan* 837 23
China* 7,435 700
Japan

Total 1,913,896 37,258

™ Czech Republic: Aggregated production of the mines MAPE, Hamr, Rozna, Pribram, Neidek, and Elias

(Jachimovo).
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Fig. 1:  Historical price for uranium (source: Pool, 2002).

Project structure

The remediation of the former uranium mining and processing area started with defining pri-
ority areas and remediation targets. Subprojects were defined and an appropriate time sched-
ule was set up (Tab. 2). The overall remediation plan was split into 10 sub-projects. Most of
these sub-projects are today completed. The subprojects “water treatment”, “remediation of
tailing ponds” and “monitoring” are still in progress. The remediation of the tailings ponds will
take more time than initially anticipated. The expected remediation endpoint is currently de-
fined with the year 2005.
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Tab. 2:  The main sub-projects of the remediation program.

N° Subproject title Year
1998| 1999 2000/ 2001| 2002 2003 2004

1 |Underground mines

2 |Surficial facilities and areas
3 [Waste rock piles and their environment

4 |Heap-leaching sites

5 [Tailings ponds
6 [Mine water treatment

7 |Reconstruction of electric network

8 |Reconstruction of water and sewage system

9 |Other infrastructural service

10 |Monitoring and miscellaneous activity

Total

The total sum estimated for the remediation projects amounts to approximately 18 billion
HUF (~ 85 million US$). These expenditures are covered by the Hungarian state budget.

The following chapters provide a short review of those sub-projects directly connected to the
surface and groundwater protection.

Processing practice used by Mecsekérc

Dissolution or leaching of the uranium minerals is the most important step in the processing
of uranium ores. A major part of the reagents needed for the process is consumed at this
stage due to the dissolution of gangue minerals.

Leaching chemistry
Uranium in minerals exists in tetravalent or hexavalent form. In its hexavalent form uranium
goes directly into solution according to the equation (1):
UO; + 2H" = UO, * + H,0 (1)
H* is supplied either by acids, or by bicarbonate in alkaline carbonate processes.

When uranium is present in tetravalent form, e.g. in form of uraninite (UQO,) it does not dis-
solve at an acceptable rate and requires oxidising into hexavalent form:

UO,-2e = U0 ()

CP-035 (2004) Umweltbundesamt



Groundwater Management in Mining Areas — M. Csovari et al. 85

The oxidising reaction is a rather complex process. In acidic condition rapid oxidation can be
achieved by the presence of ferric ion in the process solution:

UO, + 2 Fe** = UO? + Fe** (3)

To maintain the dissolution of UO, the Fe** must be oxidised to Fe**, e.g. by manganese di-
oxide. This process requires hydrogen ions, too:

Fe?* + MnO, + 4 H" = 2 Fe*" + Mn?* + 2H,0 (4)

Instead of manganese dioxide sodium, chlorate or Caro’s acid (H,SOs) can be applied.

The Mecsekérc Company used two kinds of chemical ore treatment practices (Fig. 2):
1 acid leaching for radiometrically upgraded ore
{1 alkaline heap leaching for low-grade ore

Approximately 97 % of the total uranium production (18.1 kt) were obtained in an acid leach-
ing mill process and only 3 % by heap leaching.

The volumes of waste generated in the processes were:
1 7.2 Mt of solid residues and 0.2 Mm?® of liquid wastes from heap leaching
1 20.3 Mt of solid residues and 32 Mm?® of liquid wastes from the acid leaching mill process

Alkaline heap leaching was carried out constructing heaps like that shown in Fig. 3. Low-grade
ore and partially rejects from a radiometric sorting stage (approximately 33 % of the rock mass
were separated from the run-off ore as gangue minerals) were crushed to a size of < 30 mm
and dumped to the pad constructed for this purpose. The bottom of the pad was sealed with
two layers of plastic foils.

Sodium carbonate and bicarbonate solution (leaching agents) were percolated through the
heaps to leach the uranium. The collected leachate was pumped to ion exchange columns,
where the uranium was sorbed by an anion exchange resin (Varion AP). The barren solution
was circulated back on the top of the piles. The resin loaded with uranium was regenerated
and the eluate (U concentration ~ 10 g/lI) was then processed to yellow cake. Using this tech-
nology approximately 7.2 Mt of low-grade ore was processed, removing 545 t uranium from
the ore.

Ore processing methods

Low-grade ore Upgraded ore
(~100-300 gU/t (~1000 gU/t)
3% 97%
Alkaline Heap Conventional Milling,
Leaching acid leaching
y
Yellow cake
18.1 kt U

Heap Leaching Tailings
(7.2 Mt solid residues, 0.2
Mm? process water)

Mill Tailings
(20.3 Mt solid tailings,
32 Mm@ process water)

Fig. 2:  Processing methods and the volume of generated tailings at the Mecsekérc installations.
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Acid leaching is usually carried out with sulphuric acid in a co-current or counter-current set-up.
At the Mecsekérc installations the co-current technology was used. In the leaching system at
least two acid concentration steps were maintained with high concentrations (100 g/l or more)
at the head and low concentrations (5-10 g/l) at the end of the leaching. Uranium was re-
moved from pulp (density 1.18 kg/l) using an anion exchange resin. The loaded resin was re-
generated with solution containing hydrochloric acid and sodium chloride. Uranium was pre-
cipitated from the eluate with lime milk. Thus the end-product (yellow cake) was calcium di-
uranate. One of the two heap leaching areas is shown in Fig. 3.

et e A

Fig. 3:  Alkaline heap leaching at the former uranium mining and processing site near Pécs.

Remediation

Remediation work is carried out in accordance with the environmental license issued by the
local authorities. In the following chapter some important steps of the performed remediation
work is presented. Special attention is given to water protection issues. According to the li-
cense the limits for discharges are as follows:

Natural uranium in water: 2 mg/l
Radium-226: 1.1 Bqg/l

Individual discharge limits are given for discharge of all collected waters:
Total dissolved solids: 5000 mg/I

Specific conductivity in the receiver (at village Zdk): 2000 uS/cm

Remediation of heap leaching sites

Total area of the heap leaching sites was approximately 47 ha. It was decided to relocate all
solid residues to waste rock pile N3, which was thought to be more suitable for long-term re-
pository of wastes. The heaps were washed with mine water for two years prior to the reloca-
tion. The collected solution from the heaps was treated, and uranium and radium were re-
moved.

The solid residues were relocated to waste rock pile N3, on which a lime-based reactive barrier
was built for retardation of uranium in seepage. The heap residues were placed on lime-
containing layers (1.5 kg CaO per t of residues), which proved to be very effective in the retar-
dation of uranium. A detailed description of the reactive barrier is given by Csoévari et al. (2002).
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Mine water treatment

The geological cross-section of the former mining area is shown in Fig. 4. It can be seen that
the mining area is principally divided into two parts: the southern part is closely connected
with the drinking water aquifer situated at foot of Mecsek hills, the northern part has no direct
connection with that area. During the period of active mining, mine water from both areas has
been partly used for milling and other industrial purposes. Water chemistry for the mine waters
and seepage from waste rocks is presented in Tab. 3.

Both the mine water and the seepage show an elevated uranium concentration. This means
that though the pyrite content of the rock is low (much less than 1 %), some geo-chemical
processes take place and uranium has been dissolved. At the same time dolomite and per-
haps other gangue minerals are also dissolving. The heavy metal content is low (<< 1 mg/l),
and arsenic concentration is approximately 10 mg/l (data not given in the table). It is worth to
mention that uranium is still high (above the discharge limit) in the seepage. Therefore the wa-
ter has to be treated for removing of uranium. Other constituents are acceptable and do not
require additional treatment.

Simplified Hydrogeological Cross-section of the W-Mecsek

Southern mine

Northern mines

#Shafi s
% > I e et

-7001=

Compiled by: J. Csicsak

Legend

g-Granit T, Anhydric marl/Siltstone (aquitard) |7 Tectonik zone (with diferent rocks)

P, Sandstone/Rhyolite/Claystone T T, Limestones (Karst aquifer) Uranium ore deposite

P, Claystone (aquitard) M Sand and clay layers -~ Faults

....... Water table in the Sandstone

BB
HEHE

P-T, Sandstone (double porosity) Pl Loose sand (Aquifer)

_____ Water table in the Karst

Fig. 4.: Geological cross-section of the mining area.

Uranium mining had started in the Southern part, in mine N1. After closing this mine in 1968
authorities demanded that a depression funnel is kept around the mine (to keep the water
level in the mine at 106 m below surface) to protect the drinking water aquifer from the ura-
nium-contaminated mine water. The depression funnel was maintained by pumping. The ex-
tracted water had to be treated prior to discharge.
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Tab. 3:  Composition of mine water and seepage from waste rock piles.

Source Year Na K Ca Mg Cl SO, HCO; TDS El.cond. pH U Ra
mg/l pS/cm mgl/l Bg/l
Mine N°I 1999 260 <5 205 139 117 890 677 2000 2404 741 8.5 0.6
(south mine) 2002** 191 13 181 104 84 610 808 1605 2135 741 322 023
Mines N2,3,4,5 1999 75 11 112 68 37 298 284 780 1142 8.2 1.40 0.6
(northern &
deep mines) 2002 under flooding
Adits* 1999 19 <5 82 78 28 209 369 790 975 7.3 0.7 0.6
2002 28 145 660 7.35 0.18 0.22
Seepage from
waste rock
(pile N1) 2002 1-20™
(pile N2) 1995 100 5 282 186 28 1041 494 2500 3860 7.8 27.0 0.14
2002*** 116 22 374 279 37 1440 573 3070 3230 7.2 31.39 0.2
(pile N3) 2002**** 200 22 251 199 63 860 567 2704 3090 84 8.79 0.35

* North + East adit, ** 12.09.2002, *** 30.10.2002, **** 5.8.2002
@ depending on the seasons

In the case of the Northern mine there was no necessity to extract the contaminated mine wa-
ter because this area has no connection with the above mentioned drinking water aquifer.
Therefore, after termination of the mining activity and closing of the Northern mines, water
from this region was no longer pumped. It is supposed that in approximately 20 years the min-
ing cavities will be flooded and the mine water will leave the area through the adit. Water can
be treated on the existing water treatment station if necessary. It should be mentioned that a
small volume of water is flowing out even at present from the adit (seepage from the top of
adit).

So at present only mine water extracted from shaft N1 (approximately 500,000 m®a) needs
to be treated for uranium removal. The treatment process is based on anion exchange, which
has been used since 1968, and some tons of uranium are removed yearly from the mine water.
The whole process of mine water treatment is aiming at a commercial-grade end-product,
which is sold. This option was chosen to avoid the generation of new wastes. The principal flow
sheet consists of following steps:

1 water pumping to the treatment facility
| sorption of uranium on anion exchange resin

1 desorption of uranium from the resin with sodium chloride and sodium carbonate contai-
ning solution

1 precipitation of uranium with hydrogen peroxide
1 thickening and drying
I packing of the yellow cake

The main chemical processes of the treatment are:

Sorption-desorption:
Uranium exists in mine water in form of carbonate complexes, therefore it can be sorbed by
anion exchange resin:
4 R-Cl + [UO(CO3)5]* = RyUO,(CO5)s] + 4 Cl
with R-Cl representing the resin in chloride form. Sorbed uranium complexes can be desorbed
with sodium chloride (50-80 g/l), containing some g/l (~ 5 g/l) sodium carbonate:
R4[UO,(CO;3)s] +4NaCl = R-Cl + [UO,(CO3)s]*
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The obtained solution contains approximately 10 g/l of dissolved uranium.

Precipitation of uranium:

Uranium can be precipitated from solution obtained in the sorption-desorption process in alka-
line medium by ammonia, magnesium oxide, sodium hydroxide, etc. or from acidic medium
(pH ~ 3—4) by hydrogen peroxide solution.

At Mecsekérc, hydrogen peroxide is used since it is more acceptable from environmental point
of view and provides a yellow cake of high purity. In a first step the carbonate complexes are
decomposed by hydrochloric acid:

[UO,(CO3)s]* + 6 HCI = UO,** + 3 CO, + 3 H,0 + 6 CI’

In the second step the uranium is precipitated in form of uranium peroxide:
UO,* + H,0, + 2 H,0 = U0, 12 H,0 + 2 HY

Fig. 5:  Facility for yellow cake by-production.

The treated water is led to the discharge point (nearby the tailings ponds), where it is mixed
with treated groundwater. The mixed water is discharged into the receiver.

Earlier, the loaded anion exchange resin was further processed in the mill. After termination
of the uranium mining activities and decommissioning of the mill a new small yellow cake
production facility has been built in which a commercial-grade yellow cake is produced as a
by-product of the water treatment efforts. The facilities for thickening and packing of uranium
peroxide in the new plant is shown in Fig. 5.

Also the seepage from waste rock piles contains elevated uranium; therefore these waters
are treated together with the mine water.

At present it is not known how long the mine water treatment process will have to last. Up to
now altogether more than 130 t of uranium have been removed from mine water (1968—
2002). The current uranium concentration in the mine water is still high, approximately 3—
5 mg/l, while it reached 7—8 mg/l in the past.

Remediation of tailings ponds and their surroundings
The main part of the uranium ore was processed by the conventional milling process. The

generated tailings were deposited in ponds constructed without or with very poor sealing.
Therefore process water from the tailings ponds partly seeped into the underlying subsaoil.
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TDS was in average approximately 22 g/l in the process water. It has been estimated that
approximately 23 Mm?® of process water seeped into the surrounding soils, causing a huge
chemical contamination of groundwater. The average concentration of different constituents
of the process water is presented in Tab. 4.

Main polluting components are magnesium sulphate (originated from dolomite in the proc-
essed ore) and sodium chloride (originated from the ion exchange process). Nitrate is origi-
nated from the explosives used in the mines.

Therefore, tailings ponds remediation is connected with solving two main problems:
f groundwater quality restoration,
1 long-term stabilisation of tailings ponds.

A general overview of the tasks to be solved at the tailings ponds is given in Fig. 6.

Tab. 4: Water chemistry of the seepage on tailings ponds.

Na K Ca Mg Mn SO, Cl NO; TDS u Ra
mg/I mg/I Bq/l
1.1 0.18 0.6 2.8 0.8 12.8 24 0.2 ~22 ~0.05 | ~5

Continuous drain
trench

Multi-layer covering

Surface stabilisation by e e len

geo-material

Pumping well for
GW protection
system

Overhaul and
rebuilding of
seepage water

drain system

Fig. 6:  General overview of tasks at the tailings ponds.

Groundwater restoration consists of extracting the contaminated water by deep drainage and
wells. Long-term stabilisation of tailings ponds can be carried out by dewatering of the inner
slime core, covering the reshaped surface with a low permeable multi-layer cover system and
finally with re-vegetating the newly formed surface of the tailings.

Because of a lack of sealing layers and inadequate neutralisation of the barren pulp at the
end of the mill process (neutralisation was carried out to pH ~ 7—7.5), app. 400 kt of chemical
compounds seeped into the groundwater with process water causing a huge contamination
around the tailings ponds. The seepage of highly contaminated process water caused a huge
groundwater contamination in the surrounding of the tailings ponds. This contamination can be
seen in Fig. 7, where the distribution of TDS in groundwater is presented.
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Groundwater restoration

Hydrological modelling showed that the contaminated groundwater could reach the drinking
water wells built near the tailings ponds (some of them in a distance of only 1 km). Therefore
measures had to be taken for the protection of the drinking water quality. After evaluating dif-
ferent options a pump-and-treat system was adopted for groundwater restoration. The system
was implemented in 2000.

79000+
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78500
78000

77500

V-29/1
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77000+
76500+
76000

75500

75000 T T T T T T
577000 577500 578000 578500 579000 579500 580000 580500

TDS (g/1)

Fig. 7:  Contamination of the shallow groundwater around the tailings ponds.

Groundwater extraction

The monitoring data showed that the shallow groundwater aquifer (0—10 m) was most heavily
polluted and was therefore the priority target of the remediation measures. Based on modelling
data and worldwide experience a drainage system was constructed and extraction wells were
built.

Total length of the drainage (which is placed in approximately 9 m depth) is 2.9 km. 7 extrac-
tion wells for shallow groundwater and 7 for contaminated deeper water are at present in op-
eration, too. It is supposed that after evaluation of the operation of the existing extraction sys-
tem additional drainage and wells will be built for the still escaping contaminated water. The
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locations of the drainage and wells are presented in Fig. 8. The system is capable of extract-
ing approximately 1500 m® of contaminated water per day.

Treatment of the extracted water

Composition of extracted water in individual wells depends on the location of the wells and
drainage. In average the TDS is 13 g/l in the collected water. It contains mainly magnesium
in form of magnesium sulphate (5-6 g/l), and sodium chloride (2-3 g/l). Such water has to be
treated prior to discharge it into the local receiver. Uranium concentration in groundwater is
generally low, with some exceptions less than 30 mg/l. This low uranium concentration is most
likely due to the sorption processes taking place in the soil. Therefore only the salinity of the
water is regarded as polluting component, which has to be decreased prior to the discharge
of the water into the receiver.

Effective desalination of such water can be achieved by reverse osmosis, as it was demon-
strated in our laboratories. But this method is not reasonable from economic point of view. In-
stead, a commonly used lime process had been chosen for the removal of magnesium sul-
phate:

MgSO, + Ca(OH), = Mg(OH), + CaSO4

Of course uranium present in the water also precipitates in this process, though its concen-
tration is much below the discharge limit even in the original extracted water.

N
3
5.C
b
B
®
‘";‘T'.‘)m s'rs'lm 5':n:m 5’-‘8‘650 " " 57’9‘400 5?9:550 E‘NI‘JOD
@ recovery pumping well (upper groundwater) mm  pump shaft
@ recovery pumping well (lower groundwater) — recovery pipeline system
® pump shaft of drainwall ” recovery drainage wall system

Fig. 8:  Location of the groundwater extraction system.
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The International Atomic Energy Agency (IAEA) sponsored the development of the water
treatment technology. The facility was built on the area situated between the receiver Pécsi
Viz and the northern foot of the tailings ponds N1.

Main steps of the water treatment are:

f Collecting and mixing the water from the extracting wells in a basin

1 Removal of radium (if necessary) in a mixing tank by adding a BaCl, solution (10 g BaClx/l)

1 Mixing with Ca(OH),

1 Thickening using HDT-process (high density thickening, recirculation some portion of un-
derflow)

{1 Filtration in continuous press filters

1 Deposition of sludge (mixture of Mg(OH), and gypsum)

The above process is suitable for the removal of magnesium in form of hydroxide and sul-
phate in form of gypsum. Two years of experience show that the gypsum precipitation is a slow
process, therefore some amounts of the gypsum escape the facility in soluble form. Never-
theless in average the TDS in the treated water decreases significantly from 10-12 g/l to 6—
7 g/l. For the treatment approximately 4 kg Ca(OH),/m® is needed.

The water content of the sludge is approximately 50-55 %. The sludge is hauled in contain-
ers to waste rock pile N3, where an appropriate storage area has been shaped. Further de-
creasing of the TDS could be reached only by using physical methods, e.g. reverse osmosis. At
the time being such expensive methods are not planned in the near future. Some photos of the
water treatment station can be seen in Fig. 9.

Fig. 9: Groundwater treatment station near
the tailing ponds.

The water treatment station has been planned for ten years of operation but the real need for
water treatment is not known at present.
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Stabilization of tailings ponds

Two tailings ponds were built by the company for mill tailings (Fig. 10). The total area covered
with tailings is approximately 156 ha.

Fig. 10: Tailings ponds (one is in operation).

The tailings were disposed by hydrocyclones therefore the solid tailings had been segregated:
in the central inner part the slime while in the dam the coarse sand had been sedimented.
Therefore the water content of the solids and as a result the sear strength of the deposited
material changes over a wide range.

Remediation of the tailings ponds means first of all their stabilisation to minimise the releases
solid, liquid or airborne material from the tailings ponds. This can be achieved by covering the
ponds. To do this the surface of the tailings ponds has to be stable enough to support the
covering material. As a matter of fact the surface of the tailings ponds has appropriate stabil-
ity only on the dam and in its close vicinity. The inner part of the tailings ponds which is often
referred to as the 'slime core' has a very weak stability, expressed by low shear strength.
Therefore the slime core has to be stabilised prior to covering.

The main tasks regarding the remediation of the tailings ponds were summarised in Fig. 6. The
area of the tailings ponds (slime core) needs stabilisation using geomaterials. The method for
stabilisation has been developed in the frame of a Phare project with participation of the
German companies Wismut GmbH and C&E (Phare project, 1998).

Remediation of the tailings ponds is still underway. Remediation of tailings ponds N2 is near
completion while the remediation of the tailings ponds N1 is in progress.

Some steps of the stabilisation of soft tailings are presented in Fig. 11. The soft tailings are
covered with geotextiles, geogrid. Vertical drainage is used to accelerate the dewatering pro-
cess. Next step is placing an interim cover with a good water conductivity. For this sand from
reshaping of the dam is used. Role of this layer is loading of the water containing slime to ini-
tiate some dewatering under pressure and increase the shear strength of the slime, and at
the same time to direct the pressed out water to the collecting well.

Multi-layer soil cover

For long-term stabilisation (usually this means stabilisation at least for two hundred years)
the reshaped and dewatered tailings have to be covered with non-radioactive material. The
role of the covering material is to isolate the tailings from the environment, first of all to pro-
tect the airspace from Radon-222 and its progeny and the groundwater from liquid releases.
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The licensing authorities usually determine the radon maximum flux and maximum water infil-
tration rate allowed in a given location. In our case for radon flux the limit is 0.74 Bg/m?/s (in-
ternationally recommended value). On the uncovered tailings the radon flux is approximately
4 Bg/m?%s. The external gamma-dose rate has to be decreased below background. For water
infiltration the target value is 40 mm/a (precipitation is in average 660 mm/a).

There are many different options for multi-layer covering. As a matter of fact both for radon
retardation and the minimisation of water infiltration rate a clay sealing layer is the most prom-
ising approach.

For calculation of radon emissions from the pile the following equation is recommended
(IAEA, 1992):

Fi=ROr0E((ID)"

R is the radium-226 concentration in the tailings, Bqg/kg,

r is the bulk density of tailings, kg/m®,

E is the emanation coefficient (dimensionless),

1 is the decay constant for radon-222 (2.06 1 10®s™ ), and
Dy is the diffusion coefficient for radon-222 in tailings, m?/s.

The lower the diffusion coefficient the lower is the radon flux from the pile. Because the radon
flux highly depends on the water content of the media (the higher the water content the lower
is the diffusion coefficient), the covering system has to incorporate water-retarding layers. Such
layers are most frequently made from clay or loess upgraded with bentonite. In our case (after
field-testing) clay proved to be the most suitable material for sealing.

The parameters for the cover system were calculated using the HELP model, which proved
to be very useful for the estimation of the effects resulting from changing the different input
parameters (thickness of layers, vegetation, properties of soils, etc.) for infiltration rate. The
calculations have been made at Wismut GmbH and Golder-Hungary Ltd. Finally the sequence
of the covering layers as presented in Tab. 5 was accepted.
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Tab. 5:  Cover system on tailings pond N1.

Layer type Material
M Vegetation Grass and bushes
045 m Storage layer 1 Loess

(degree of compaction ¢ 90 %)

Loess

0.45m Storage layer 2 (degree of compaction 90 to 93 %)

Compacted loess

0.4(0.3) m Protection layer (degree of compaction ~ 95 %)

Compacted clay

0.3 m Sealing layer (degree of compaction 95 to 97 %)

Total thickness of the cover is 1.6 m (on the slopes: 1.5 m). The first layer is the sealing layer
composed of compacted clay (0.3 m). Above the sealing layer a protection layer from loess is
built, also compacted to a thickness of 0.4 m. The next two layers are practically storage lay-
ers for vegetation which is extremely important for evaporation of the bulk of precipitation and
erosion protection of the covered surface.

The compacted loess above the sealing layer protects the clay from penetration by plant
roots. According to the model calculations it is expected that the infiltration rate will be at a
level of 30—40 mm/a.

The partly remediated tailings pond N2 is shown in the Fig. 12. It can be seen that the tailings
pond has been partly re-vegetated. The erosion galley needs maintenance in the first years.

Fig. 12: Remediation of tailings
ponds (TP2).
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Research and development projects (PEREBAR project)

The Mecsekérc company has well equipped laboratories. Therefore the company participates
in different research projects. One of the latest projects is the investigation of long-term behav-
iour of permeable reactive barriers in frame of an EU sponsored project (5" Framework Pro-
gramme, project acronym PEREBAR). This work was led by the Department of Applied Ge-
ology of Karlsruhe University, Germany. Scientific leader was Prof. Dr. Dr. Kurt Czurda. The
result of the project is an experimental reactive barrier built for in situ treatment of uranium
contaminated groundwater. General information on the project can be found at its website at
http://www.perebar.bam.de.

The experimental permeable reactive barrier (PRB) was built in 2002. Some construction steps
are shown in Fig. 13. The dimensions of the PRB are: 6.8 m long, 3.9 m deep, 2 m wide. For
the PRB a total of 38 t of elemental iron was used. The PRB was built using supporting frames.

The location of the experimental PRB in the valley Zsid (test field), with newly installed moni-
toring wells, is presented in Fig. 14. The cross-section of the experimental PRB is presented in
Fig. 15.

In the last half-year detail monitoring was carried out on the test site. It was found that the ex-
perimental PRB is extremely effective in removing uranium from the local groundwater. Ura-
nium concentration decreased in the PRB from the original concentration of approximately
1000 pg/l to below 10 pg/l.

A highly unfavourable effect observed in the experimental barrier is the formation of precipi-
tates, caused by the increase of pH from 7 to 9-10. As a result the calcium concentration in the
groundwater passing through the iron barrier drops significantly, as demonstrated in Fig. 16.

Fig. 13: Construction of the experimental PRB in Zsid valley near Pécs.
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Fig. 15: Cross-section of the experimental PRB (Pécs, Hungary).
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Fig.16: Effect of the experimental PRB on calcium and uranium concentrations in groundwater.

Calcium and partly magnesium, as well as iron dissolved from the iron filling of the PRB are
precipitated in form of carbonates. According to the calculation approximately 600-700 g of
precipitates are formed when one cubic meter of water passes through the PRB. Question is
how will these precipitates effect the long-term permeability of the PRB? It is expected that
further monitoring will help to answer this question.

Monitoring

All former uranium mining and processing related objects are being monitored. Also special
monitoring stations in the nearby villages carry out continuous monitoring. In Fig. 17 monitoring
data measured in village Pellérd (in close vicinity of the tailings ponds) are presented. It can
be seen that the radon concentration sometimes reaches very high values (250 Bg/m? instead
of the general 20-30 Bg/m? value). This is likely connected with changing of the air pressure,
temperature, etc. Inhabitants of the village regularly are informed on the results of the meas-
urements.

Summary

1) For protection of groundwater and surface water the following water treatment methods are
used:

1 mine water treatment with removal of uranium in form of commercial-grade uranium con-
centrate which is sold

1 pump-and-treat system for groundwater restoration in the vicinity of tailings ponds

1 permeable reactive barrier for attenuation of uranium in seepage from waste rock pile

2)Experimental PRB with metallic iron sponge is installed for studying in situ treatment of
contaminated groundwater.
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MINE WATER REGULATION IN EUROPE: PRELIMINARY
FINDING OF THE ERMITE PROJECT

J. Loredo, University of Oviedo, ES
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Abstract

Some recent accidents of pollution associated to mining operations have demonstrated the
inadequacy of the current technical, institutional and legislative framework in European coun-
tries in relation to mine water. Independently of these major accidents, up to now, no compre-
hensive mine water inventory for Europe has been made, albeit it is known, that in some areas,
water stream are heavily polluted by mine water discharges. It is known too, that concerning
mine water issues, the different European countries have different positions, both in relation to
the extent of mine water problems and its legislative regulation (only some countries explicitly
address mine water in its legislative framework). Given that the mine water is a part of the
water natural cycle, its regulation would be addressed at an European level. In this sense,
ERMITE project, funded by the European Commission Fifth Framework Programme, focuses
on the environmental regulation of mine waters in the European Union through a multi-
disciplinary point of view. The goal of the project is to provide to the Commission integrated
policy guidelines (coherent with the catchment management approach defined by the Water
Framework Directive and the sustainability principles enshrined in the Amsterdam Treaty) for
developing European legislation and practice in relation to water management in the mining
sector. In this sense, the development of a common European approach to mine water regu-
lation taking into account the variety of regional and national conditions of in EU Member
States and in countries from eastern Europe involved in the enlargement process, would con-
tribute substantially to improve the environmental situation in industrialised (or formerly in-
dustrialised) catchments and set up the basis for a sustainable management of mine water.
An overview of the key issues affecting the regulation of mine waters in the EU and potential
accession states, analysed under different points of view (social, technical, economic, politi-
cal and sustainability) and institutional research and legislation currently in force will be pre-
sented.

Introduction

Short and long-term pollution from mines is still one of the most serious threats to the water
environment in many Member States of the European Union, and the problem increases
when non EU member states are taken into consideration. Recent large-scale contamination
events in Europe such as Aznalcdllar (Spain) in 1998 or Baia Mare (Romania) in 2000, have
alerted about the potential risks of water pollution by mine wastes and discharges from aban-
doned and active mines, and the sensitivity of many aquatic ecosystems to pollution. These
accidents have demonstrated the inadequacy of the current technical, institutional and legisla-
tive framework within the EU.
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Mine water pollution differs sufficiently from other forms of industrial pollution and it is neces-
sary to have in mind that the impacts of mining in water resources occur not only at the differ-
ent stages of the life cycle of the mine but after its closure. Then specific regulatory require-
ments quite distinct from those applicable to most other industrial processes must be consid-
ered. Although currently, mine water regulation varies from one country to another in the EU,
given that the mine waters constitute a pan-European problem it seems that their regulation
would be best addressed at EU level. A common European approach to mine water regula-
tion in the development of the River Basin Management Plans arising from the Water
Framework Directive would contribute substantially to the achievement of “good status” in
mining or industrialised catchments.

Objectives

The ERMITE project (ERMITE, 2001a) focuses on the environmental regulation of mine wa-
ters in the EU. The objective of the project is to elaborate a mine water inventory for Europe
and to provide integrated policy guidelines for developing European legislation and practice
in relation to water management in the mining sector. These guidelines need to be coherent
with the catchment management approach defined by the Water Framework Directive and the
sustainability principles enshrined in the Amsterdam Treaty.

The methodology applied for the achievements of these goals is:

1 Analysis of problems in relation to mine waters and integration of the variety of regional and
national conditions in EU member states and in potential accession states.

1 Integration of disciplines such as environmental technology and management of mine wa-
ters, institutional structures and European law policies.

Mine water problems

Mine waters are part of the water cycle but they are rarely treated as such in regulatory
frameworks. This is despite the fact that short and long-term pollution is still one of the most
serious threats to the water environment. There are substantial parts of rivers and even entire
rivers which have effectively been removed from the inventory of fresh water resources due
to mine water pollution. In some areas where water resources are already scarce (Southern
Europe), this problem is particularly serious, growing in importance with the climatic change.
All EU Member States are conscious of this problem but only some non EU member states
are aware of mine water issues and its potential to contaminate the receiving water streams.

Despite the fact that in some areas of Europe water streams are or were heavily polluted by
mine water discharges no comprehensive mine water inventory for Europe existed before
ERMITE project. Then an European mine water inventory has been made and on the basis of
national case studies in different areas of Europe a summary of the main water problems re-
lated to mine activities has been outlined (ERMITE, 2001b; ERMITE, 2002a).

Impacts of mining on water resources, both surface and groundwater, occur at various stages
of the life cycle of the mine and after its closure. The mining process itself, mineral processing
operations, mine dewatering, seepage of contaminated leachates, flooding of mine workings,
and discharge of untreated waters, are some important processes with related mine water
problems (Younger et al., 2002).
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The mining process itself affects the lost of quality of the water environment, however this im-
pact tend to be on a relatively localised scale when compared to other mining related impacts.
The discharge of untreated mine water lead to important episodes of surface and groundwa-
ter pollution Finally, the seepage of contaminated leachates from spoil heaps and tailing ponds
is a significant cause of surface and groundwater pollution in many mining areas, with con-
tamination taking place while the mine is operational and persisting long after the abandon-
ment of the mine. There are abundant examples of unreclaimed spoil heaps releasing acidic
leachates, which are polluting surface and groundwater. Other effects of mining operations
on the water environment are the hydrological impacts associated to disruptions of ground-
water systems and flow patterns, water table affection, alteration of flow rates, etc.

EU policies and mining activities

Currently, there is no specific Community legislation regarding mining activity (Kroll et al.,
2002; Loredo et al., 2002) and regulation and management of mine water differs substantially
in the different European countries (ERMITE, 2002b; ERMITE, 2002c). The existing EU legal
tools in relation to environmental issues of mining activities can be divided into two catego-
ries: Waste legislation, and other EU policies. Tab.1 enumerates the different Directives and
remark on important aspects related to mining activity.

Tab.1:  European legislation.

EU WASTE LEGISLATION

Directive 75/442, Waste Framework Unclear whether it does cover mining waste or not (?).
amended by Directive Art. 2: ... excluded where they are already covered by other legislation.

Directive 91/156 Crux issue: national legislation or EU legislation ? (no specific EU
legislation on this type of waste)

Directive 99/31  Landfill of Waste | Established with municipal waste disposal operations in mind.

Directive { Tailing ponds not specifically considered.
OTHER EU POLICIES
Directive 96/61 IPPC Directive f Mineral extraction excluded from its coverage. Mineral processing is
included.

I Majority of tailings ponds should fall within its ambit, although many mi-
ne waste handling activities probably will not.

f BAT Doc on mineral processing and tailings dams.

Directive 82/501 Seveso | and I | Preventing accidents.
amended by Directives  Excludes from its field of application “extraction and mining activities”
Directive 96/82 (art. 2(4))..

i Seveso Il amended to unequivocally include mineral processing of ores,
tailing ponds, dams. But only about major accident hazards.

Directive 85/37  Environmental {1 Adopts preventive actions.

amended by Impact Assessment | EIA needed for all projects.

Directive 97/11  Directive 1 Includes mining and tailings dams.

Directive 76/464 Discharges into { Regulate international, deliberate discharges to water (mining

and daughter water of dangerous discharges included).

Directives substances 1 They will be subsumed into the new Water Framework Directive (by 2013)

Directive 80/68  Groundwater 1 Intended to protect groundwater against pollution by certain “dangerous
Protection substances”.

{l It will be subsumed into Water Framework Directive (by end 2013).
Directive 2000/60 Water Framework  { It seeks to manage water quantity, quality and ecology at the catchment
Directive scale.
| Implicitly covers mine waters but not operational, open to interpretation.

I Adopted year 2000. Limit to be transposed by Member States:
22/12/20083.
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The analysis of the enumerated Directives proves that existing EU legislation does not cover
properly the environmental aspects of mining. Indeed, many of the existing Directives explic-
itly excludes extraction and mining activities. It must be also considered that regulating only
the mine waste facilities and not the mine voids misses the main pollutant source. If the full
life-cycle of mining operations is considered, the post-closure phase is temporally dominant,
but in practice this phase is poorly regulated.

In the wake of the recent mining accidents (Aznalcollar, Baia Mare, ...) the EU launched a
number of initiatives as Baia Mare Task Force, which was charged with learning lessons from
the events to guide future policy and practice. The findings of this Task Force highlighted the
need for a critical review of the current status and future requirements of EU legislation related
to mining activities. In parallel, proposals for amendments to existing legislation and possible
introduction of new legislation related to mining pollution are in development. Current EU poli-
cies being prepared by the European Commission (Mining — Environment) are: Amendments
of Seveso Il Directive, Proposal for a Directive on Mining Waste, and BAT Doc on Manage-
ment of Tailings and Waste-Rocks in Mining Activities.

The Seveso |l Directive covers industrial accidents. It obliges operators to implement safety
management systems., including details on risk assessment with possible accident scenarios.
In the wake of the Baia Mare and Aznalcollar accidents, the Commission envisages amending
Seveso |l Directive so that it unequivocally includes mineral processing, including the use of
tailing ponds. However, this Directive could only cover such activities if dangerous substances
were present in quantities beyond the threshold levels set out in the Directive. The proposal
for an amendment of the Seveso Il Directive suggested that the amendments would focus on
explosives and fireworks factories, mining wastes, carcinogens, and changes to the tonnage
thresholds which brings installations holding chemicals classified as “dangerous for the envi-
ronment” within the Directive’s scope.

The proposal for a Directive on mining waste is an important policy initiative. Mining waste is
known to be among the largest waste streams in the EU. Some waste streams generated by
non-ferrous metal mining industry contain large quantities of ecologically dangerous environ-
mentally persistent metals. Since water is the major pathway for such contaminants, it is im-
perative that any new Directive clearly considers mine water questions. This proposal (EC,
2003a) seeks to improve the ways in which waste from the extractive industries is managed
by setting minimum requirements and specifically addressing the environmental and human
health risks that may arise from the treatment and disposal of such waste. It covers waste from
all sectors of the extractive industry and specifically focuses on operational issues connected
with waste management, prevention of soil and water pollution, and the stability of waste
management facilities (in particular tailing ponds).

Although the IPPC Directive does not include mining “per se”, a special technical document
based on best available techniques will be prepared on management of tailings and waste-
rock in mining activities. This technical document was intended to inform operators of the en-
vironmental measures that can be taken to reduce pollution and pollution risk. The first Draft
Document on BAT for Management of Tailings and Waste-Rock in Mining Activities was pro-
duced in September 2002, and recently it was developed the second Draft in May 2003 (EC,
2003b). Its objective is to reduce everyday pollution and to prevent or mitigate accidents in
the mining sectors.
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Conclusions

A comprehensive mine water inventory for Europe has been made. From the ERMITE consor-
tia’s experiences and the studies conducted it can be assumed that about 10000 active,
closed, or abandoned mines with polluted mine water discharges exist in the EU and the can-
didate countries. Concerning mine water issues, Europe does not have many things in com-
mon. This applies to both, the extend of mine water problems and the legislative regulation of
mine waters. Regulation and management of mine water issues differ substantially from one
country to another. The only countries that explicitly address mine water in the legislative
framework seems to be the United Kingdom, Czech Republic and Austria, other countries
regulate mine water within their mining and water legislation.

Mining activities still have many negative impacts on the environment. As regards mine water
pollution, the general consensus is that the current legal regimes do not provide a sufficient
level of environmental protection. The questioning of effectiveness and applicability of current
legislation at regional, national and European levels has led the EC to put forward three main
proposals legislation to adequately deal with environmental and social consequences of min-
ing. Among those proposals is a draft proposal for a directive on waste from the extractive
industry which include provisions for mine water pollution. The combination of new European
environmental policy proposals with provisions for mine water pollution to a liability regime
which would assign liability for an environmental damage caused is a promising solution to
provide a high degree of environmental protection in regards to environmental impact from
mining in Europe.
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