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Abstract

Widespread mine closures in the UK during the 1990s, from the tin fields of Cornwall to the coalfields of Scotland, have prompted a fundamental re-think of policy and practice in relation to long-term treatment of polluted mine waters.  Hydrogeological and hydrogeochemical studies have provided a framework for decision-making in relation to abandoned mine discharges, in the form of a “performance model” for the likely long-term evolution of pH and concentrations of iron and other metals over the years and decades following mine flooding.  Wherever the hydrogeochemical prognosis is favourable, and land availability is not unduly limiting, passive treatment is now the technology of choice for the long-term. (In the early years after mine closure, when contaminant concentrations are typically at their highest, active treatment by lime dosing and accelerated sedimentation will often be necessary).  Six types of passive system are now in use for mine water treatment in the UK:

· aerobic, surface flow wetlands (reed-beds)

· anaerobic, compost wetlands with significant surface flow

· mixed compost / limestone systems, with predominantly subsurface flow (so-called “SAPS” units)

· subsurface reactive barriers to treat acidic, metalliferous ground waters

· closed-system limestone dissolution systems for zinc removal from alkaline waters

· roughing filters for treating ferruginous mine waters where space is limited

Each of these technologies is appropriate for a different kind of mine water, or for specific hydraulic circumstances.  The degree to which each type of system can currently be considered to be “proven technology” corresponds to the order in which they are listed above.  This ranking of confidence is reflected in uptake rates (to 31-12-1999), with 13 full-scale reed-bed systems (of which 8 are operated by the Coal Authority, a national government agency), 5 SAPS, 3 anaerobic reed-beds, 1 reactive subsurface barrier (with a second programmed for construction in 2000) and one full-scale closed system limestone dissolution system for zinc (under construction at the time of writing).  The importance of biotic processes varies between such systems, as does their degree of seasonal (and even diurnal) variability in treatment efficiency. For instance, the performance of aerobic reed-beds removing iron from alkaline mine waters can be explained by abiotic oxidation of ferrous iron, yet it is clear that densely-vegetated reed-beds remove iron far more efficiently than plant-free lagoons of a similar area.  Compost-based systems cope with a wider range of influent pH and a broader cocktail of contaminant metals than do the aerobic reed-beds.  Although removal processes in compost wetlands are definitely microbially-driven (predominantly by sulphate reducing bacteria) the processes responsible for raising pH and immobilising metals are proving to be more complex than was originally imagined. Such compost-based systems tend to exhibit far greater fluctuations in treatment efficiency than do simple aerobic reed-beds receiving alkaline mine waters.  Compost-based systems which incorporate limestone dissolution as a major alkalinity-generating mechanism appear to be rather more consistent in performance than similar systems without limestone.  Particular difficulties in passive treatment in the UK have been encountered in relation to hard, alkaline mine waters with elevated dissolved zinc.  Such waters are not readily amenable to sulphidisation in compost-based systems.  With a little lateral thinking and experimentation, it has been discovered that closed system limestone dissolution with concomitant precipitation of  zinc carbonate minerals offers a possible means for passive treatment of such waters. Particular challenges identified for future research relate to the cycling of iron, sulphur and carbon in compost-based systems, the dynamics of plant-microbe-solute interactions in aerobic reed-beds, and changes in the permeability and mineralogy of subsurface passive systems (which include reactive barriers receiving acid waters, and closed-system limestone dissolution beds receiving zinc-rich, alkaline mine waters). 
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1. Introduction 
Widespread mine closures occurred in the UK during the early 1990s, primarily due to the policies of the Conservative government then in power, which favoured newly-constructed gas turbine generators over traditional coal-burning power plants (Powell, 1993), and generally favoured discontinuation of existing public subsidies to struggling mines in the non-coal sector.  These mine closures led to extensive surface water pollution (NRA, 1994), a state of affairs which was tacitly encouraged by archaic laws which exonerated mine owners (mainly the government itself in this case) from any legal liability for “permitting” water pollution by outflows from abandoned mines (Younger, 1993).  Public outcry and political action in Brussels eventually gave the government pause for thought, and prompted the first steps towards a national strategy for dealing with the legacy of water pollution from recently- and long-abandoned mines.  

As it began to dawn upon regulators that mine water pollution often endures for decades (or even centuries) after mine abandonment (Younger, 1997a), interest quickly grew in alternatives to conventional treatment technologies, favouring in particular solutions which operated with minimal maintenance (Younger, 1997b).  The timely publication of the U.S. Bureau of Mines’ recommendations on the passive treatment of coal mine drainage (Hedin et al., 1994) proved serendipitous for the UK mining and water industries, and these recommendations enjoyed rapid and enthusiastic uptake (Younger, 1995; Younger and Harbourne, 1995; Younger, 1997b).  By the end of 1997, a total of 8 passive treatment systems were operational at UK mine sites (Table 1; Figure 1; see also Younger, 1997b).   The uptake of the technology has continued apace since then, with 23 full-scale systems and a further 5 pilot systems in operation by the close of 1999. All but two of the 28 systems (numbers 23 and 28 in Table 1 and Figure 1) are for abandoned mine discharges. This paper briefly reviews the nature and performance of these passive mine water treatment systems, highlighting recent innovations in relation to acidic waters and alkaline waters carrying unusually high concentrations of zinc.  Before presenting this review, the current hydrogeological understanding which underpins treatment technology selection in the UK is summarised.

2.  Planning for Mine Water Remediation – the Hydrogeological Context

Hydrogeological and hydrogeochemical studies  of the evolution of mine water quality over the months, years and decades following mine closure (e.g. Younger, 1997a, 1998a; Wood et al., 1999) have provided the basis for rational decision-making in relation to the management of abandoned mine discharges.  The key elements of the decision logic have been codified in the form of an empirical  “performance model” (Younger, in press), which uses geological information and seam chemistry data (especially sulphur contents) to predict the likely trends in pH and concentrations of iron and (to a lesser extent) other metals following the initiation of overflow of mine water from flooded underground workings.  

The essence of this performance model is summarised in Figure 2. Two scenarios are shown.  In the first of these (Figure 2(a)), the initial decline in total acidity following the first emergence of the mine water (the so-called “first flush”; Younger, 1997a; Wood et al., 1999) leads eventually to a dynamic equilibrium quality of consistently lower acidity.  The first flush phenomenon is explicable as the outcome of two consecutive processes which occur after mine abandonment:

(i) the rapid dissolution of hydroxy-sulphate minerals during flooding of the mine (Younger, 1998a).  These minerals form during the working of the mine, by pyrite oxidation in drier parts of the mine voids and the surrounding, fractured rock mass.

(ii) The gradual flushing of the mine voids by fresh recharge, removing the products of hydroxy-sulphate mineral dissolution from the mine voids

The particular pattern shown in Figure 2(a) would be anticipated where the amount of pyrite available for oxidation after flooding of the mine voids (i.e. that pyrite in and near the zone of water table fluctuation) is far exceeded by the availability of neutralising minerals (especially calcite and dolomite, but also a number of silicate minerals) throughout the saturated zone.  This is by far the most common scenario observed to date in the UK.  However, an alternative scenario is conceivable (Figure 2(b)), in which the availability of neutralising minerals is strictly limited.  In this case, the first flush is still seen, and the discharge initially returns to a net-alkaline condition.  However, as the limited amounts of neutralising minerals are gradually exhausted, acidity production (by continued pyrite oxidation in the zone of water table fluctuation) eventually begins to out-strip neutralisation (occurring elsewhere in the saturated zone), and the long-term trend is towards a gradual rise in the acidity of the mine water.  Though apparently less common than the first scenario (at least in the UK coalfields), this worrying scenario can not yet be discounted.  Definition of the magnitudes and time-scales of the risks it poses is an ongoing research task.

Realisation of the existence of the first flush has facilitated the development of responses to newly-emerged polluting discharges which explicitly allow for the likely changes in raw water quality over time.  Thus at Ynysarwed (South Wales; site 5, Figure 1 and Table 1) an active treatment plant has been installed to allow a high degree of control over effluent standards until completion of the first flush, after which a simple aerobic wetland will be used in the long-term (Ranson and Edwards, 1997).   In general, however, wherever both the hydrogeochemical prognosis and the availability of suitable land are favourable, passive treatment is now the technology of choice for the long-term treatment of mine waters in the UK.  The forms of the technology adopted to date in the UK are detailed in the following section.

3.  Current Methods of  Passive Mine Water Treatment in the UK

Six types of passive systems are now in use for mine water treatment in the UK:

(i) Aerobic, surface flow wetlands (reed-beds) (e.g. Laine, 1997) (Figure 3(a))

(ii) Anaerobic, compost wetlands with significant surface flow (e.g. Edwards et al., 1997; Jarvis and Younger, 1999) (Figure 3(b))

(iii) Mixed compost / limestone systems, with predominantly subsurface flow (so-called “SAPS” units of Kepler and McCleary, 1994; Younger, 1998b) (Figure 3(c))

(iv) Subsurface reactive barriers to treat acidic, metalliferous ground waters (Figure 4(a))

(v) Closed-system limestone dissolution systems for zinc removal from alkaline waters (Nuttall and Younger, 2000) (Figure 4(b))

(vi) Roughing filters for the aerobic treatment of ferruginous mine waters where there is no room for a surface wetland (Figure 5) 

The first three types of system have been widely documented in the international literature (see, for instance, Hedin et al., 1994; Walton-Day, 1999), and the principles upon which their use is based need no further rehearsal here.  Subsurface reactive barriers for acidic waters were pioneered in Canada (Benner et al., 1997), and are only now beginning to be introduced in Europe (the first being at Renishaw Park, UK; site 10, Table 1 and Figure 1).  The fifth and sixth types of system are, as far as is known, unique to the UK at the time of writing. 

While the closed-system limestone dissolution systems illustrated in Figure 4(b) are superficially similar to anoxic limestone drains (ALDs; Hedin et al., 1994) the similarity is in form and not function.  Particular difficulties have been encountered in the UK with attempts to passively treat hard, net-alkaline mine waters with elevated dissolved zinc (up to 40 mg/l).  These waters are relatively common in the former Pb-Zn mining field of the North Pennines, where they cause significant ecological damage in receiving streams (Nuttall and Younger, 1999).  Such waters are not readily amenable to sulphidisation in compost-based systems (Younger, 1997c), as ZnS does not readily precipitate at neutral pH.  With a little lateral thinking and experimentation, it has been discovered that closed system limestone dissolution, with concomitant precipitation of  zinc carbonate minerals  offers a possible means of passive treatment for such waters (Nuttall and Younger, 2000).  This is achieved using sealed beds of limestone gravel, within which zinc is removed as the carbonate smithsonite (ZnCO3), precipitation of which is favoured where pCO2 exceeds atmospheric values.  Upon contacting the atmosphere, the effluents from these sealed beds may also lose zinc by precipitation of the hydrated carbonate (hydrozincite, Zn2CO3(OH)2).  In practice, these closed system cells require venting after a few hours’ retention time, to restore pCO2 to relatively aggressive values once more.  In this respect, their construction differs markedly from that of standard ALDs (Figure 4(b)). 

The use of roughing filters to remove iron from mine waters is a technology best applied where simpler alternatives (e.g. aerobic wetlands) are not feasible on the grounds of limited land availability.  The removal of iron is these systems is predicated on the passage of aerated mine water through channels filled with gabion baskets packed with media with a high specific surface area.  As such the treatment process is essentially a saturated flow case of the process of surface catalysed oxidation of ferrous iron (see Jarvis and Younger, this volume).  A pilot roughing filter is currently being studied at Skinningrove, Cleveland (site 14 in Table 1), with the intention of deriving design and operation guidelines for a full-scale system scheduled for construction in the Spring of 2000.

Each of the above technologies is appropriate for a different kind of mine water, or for specific hydraulic circumstances.  The degree to which each type of system can currently be considered to be “proven technology” corresponds to the order in which they are listed above.  This ranking of confidence is reflected in uptake rates (to 31-12-1999), with 12 full-scale reed-bed systems (of which 7 are operated by the Coal Authority, a national government agency), 3 SAPS, 3 anaerobic reed-beds, 1 reactive subsurface barrier (with a second programmed for construction in 2000) and one full-scale closed system limestone dissolution system for zinc (under construction at the time of writing).  

4.  Biogeochemical and Hydraulic Processes Occurring in Passive Systems 

It is not possible within the space limitations of this paper to give a complete account of the biogeochemical and hydraulic processes which contribute to the treatment efficiency of passive systems receiving mine waters.   Summaries of the processes currently considered most important are available elsewhere (e.g. Hedin  et al., 1994; Walton-Day, 1999).  In the paragraphs which follow, a few examples will be given of insights beginning to emerge from scientific studies of passive treatment systems in the UK, with particular emphasis on those that represent a departure (however tentative) from the current orthodoxy  (as presented by Walton-Day, 1999, for instance).  The emphasis here is also on biologically-mediated processes, rather than strictly physical or physico-chemical processes.  Three particular issues will be examined:

· The fluctuations in “treatment performance” typical of living, constructed wetland ecosystems

· The importance of vegetation (and associated biological processes) for iron removal in aerobic wetlands

· The importance of proton consumption, rather than alkalinity generation, in the raising of pH in compost wetlands in which bacterial sulphate reduction is active

Fluctuations in treatment performance of constructed ecosystems

In traditional, active treatment of mine waters, treatment efficiency is artificially controlled by manipulating flow rates, reagent dosing rates and physical operating parameters.  In passive treatment systems, the level of day-to-day intervention is limited, and fluctuations in treatment efficiency are commonly observed.  Figures 6 and 7 illustrate fluctuations in treatment performance for two different types of wetland.  The influent-effluent curves for iron in Figure 6 relate to the aerobic wetland at St Helen Auckland (site 15, Table 1 and Figure 1), showing changes in performance over a time period of a few days in the winter of 1999-2000.   While changes in influent iron concentrations at this site reflect complex interactions of shallow and deep sourced waters passing through the workings of the underlying abandoned colliery, the fluctuations in the amount of this iron removed upon passage of the water through the wetland are somewhat more difficult to explain.  For instance, in the period 19th to 22nd December, both the influent and effluent curves show rises in concentration, whereas during the rise in influent iron concentrations from 29th December to January 2nd,  the effluent curve shows a drop in concentrations, like a mirror image.  A lack of coherence in influent-effluent relations over such a short time-scale is difficult to rationalise, but is probably a reflection of the complexity of the coupled hydraulic, geochemical and biotic processes at work.  For instance, an increase in influent flows will generally lead to a reduction in retention time in the wetland, yet may equally lead to flooding of wider areas of land than are normally active in treatment.  The first-order kinetics displayed by ferrous iron oxidation would generally lead us to expect a more brisk rate of reaction when influent Fe is high, though whether this alone could explain the behaviour over the period 29th December to January 2nd is still unclear.  As will be seen below, our understanding of the full range of removal processes operative in relatively (deceptively?) simple aerobic wetlands is still somewhat limited. 

Figure 7 shows the percentage removal of acidity from the water entering the Quaking Houses wetland over the period November 1997 to May 1999.  The Quaking Houses system (site number 20; Table 1, Figure 1) is a surface flow compost wetland, in which the principal treatment process is presumed to be bacterial sulphate reduction (Younger et al., 1997; Jarvis and Younger, 1999; Kemp and Griffiths, 1999). Whilst the difference in time-scale precludes direct comparison with Figure 6, it is nevertheless clear that the compost wetland at Quaking Houses is highly variable in performance (probably even more so than the aerobic wetland at St Helen Auckland).  In part this variability can be explained in terms of the variability of influent chemistry at Quaking Houses, which (coming from a shallow, spoil heap leachate source) shows far greater fluctuations in response to rainfall than does the St Helen Auckland deep mine water. Besides simple dilution, however, there is a hint of first-order kinetic behaviour in the Quaking Houses data, with the highest percentage removal rates falling in the periods of high influent concentrations (i.e. during the drier months of the year, March through August), and the lowest removal rates falling in periods of low influent concentrations, which are due to dilution by autumn and winter storms (in the months September through February).  It is as yet unclear whether the cool temperatures of the autumn and winter directly affect the vitality of the sulphate reducing bacteria in the wetland substrate.  

The role of vegetation in aerobic wetlands

Aerobic wetlands are only generally recommended where the mine water is net-alkaline.  In those cases where an aerobic wetland has been inadvisably used for a net-acidic mine water, the pH often drops across the wetland as hydrolysis of ferric iron releases protons:

Fe3+ + 3H2O ( Fe(OH)3 + 3H+

(1)

The pH drop represented by the three protons on the RHS of  equation 1 serves to increase the solubility of most problematic metals, thus greatly lowering removal rates for these metals in the wetland.  Examples of this sort of mis-application of aerobic wetland technology are afforded by sites 1, 21 and 22 in Table 1; although metal removal still occurs, the drop in pH results in effluent iron concentrations which exceed those of aerobic wetlands of similar size treating net-alkaline mine waters (e.g. sites 6, 12, 15, 19 26 and 27).  

Where aerobic wetlands are applied to net-alkaline mine waters, the initial pH is usually quite high (generally > 6), and despite the release of protons due to precipitation of ferric hydroxide (equation 1), the pH often rises across the wetland.  This is because strongly net-alkaline mine waters generally display pH values lower than 6.5 at their point of first emergence at the ground surface where they contain a considerable excess of dissolved CO2 over the concentration to be expected after equilibration with the atmosphere.  As such waters pass through a wetland, therefore, they will often experience a pH rise due to de-gassing of the excess CO2.  For instance, the data for the St Helen Auckland wetland in County Durham (site number 15 in Table 1) show the pH rising from 6.3 to 6.7 in passing through the wetland, while the dissolved CO2 (represented by the alkalinity figure) drops from 500 to 480 mg/l.   Within the range of pH typical of waters such as that at St Helen Auckland (e.g. those at sites 6, 12, 19, 26 and 27 in Table 1), the rate of abiotic ferrous iron oxidation is far faster than the bacterially catalysed rate (Hedin et al., 1994).  As ferrous iron oxidation can be considered the rate-determining step in the passive removal of iron from solution (e.g. Hedin et al., 1994; Tarutis et al., 1999; Jarvis and Younger, this volume), one would expect aerobic wetlands to work equally efficiently irrespective of the intensity of biological activity within them.  Nevertheless, experience in the UK to date shows that densely-vegetated reed-beds remove iron far more efficiently than do plant-free lagoons of a similar areal extent.  For instance, at Woolley Colliery (site number 12, Table 1) the iron removal efficiency of the aerobic wetland was on the order of only 70% when the emergent vegetation was first planted, though the efficiency grew steadily with the plants, to reach and maintain rates in excess of 95% once the wetland had a mature and dense vegetation cover (D M Laine, personal communication, 1997).  Quite why this should be is not clear, but possible explanations (none of them mutually exclusive) include the following:

· that the stems, leaves and litter associated with dense vegetation in a wetland provide a much higher specific surface area than would a bare, two-dimensional, pond bed

· that the plants promote the activities of as-yet-unidentified microbial agents which promote the formation of iron hydroxide plaques in and around the roots and stems of the macrophytes

· certain humic and / or fulvic substances released by the plants serve as ligands which promote the precipitation of hydroxides

Processes which raise pH in compost wetlands

Compost-based systems cope with a wider range of influent pH and a broader cocktail of contaminant metals than do appropriately-applied aerobic reed-beds.  There can be little doubt that contaminant removal processes in compost wetlands are predominantly microbial (e.g. Hedin et al., 1994; Walton-Day, 1999). In particular, bacterial sulphate reduction is considered to be the principal process governing both removal of those metals which form sulphides at atmospheric temperatures and pressures (Fe2+, Zn2+, Cu2+, Mn2+ etc) and the raising of pH.  The coupling of sulphate reduction to bicarbonate generation may be written: 

2CH2O + SO42- ( H2S + 2HCO3- 


(2)

Reaction of this bicarbonate with protons present in the water yields a rise in pH (at least as long as the CO2 released is able to vent to the atmosphere):

HCO3- +  H+ (  H2O + CO2 


(3)

This rise in pH also renders insoluble as hydroxides those metals which do not form sulphides (e.g. Al3+ and Fe3+).  Equations 2 and 3 are the most common formulation of the treatment pathway occurring in compost wetlands (e.g. Hedin et al., 1994; Walton-Day, 1999). However, preliminary process studies in the Quaking Houses pilot wetland (site 20, Table 1) suggest that these processes may not contribute so greatly to pH buffering (and hence to overall treatment efficiency) as has hitherto been envisaged. Although sulphate reducing bacteria (SRB) were found to be abundant and active in the wetland substrate, and despite the presence of limestone (albeit dolomitic in composition) within the compost, the observed rise in pH was greater than could be explained by observed levels of SRB activity (as indicated by changes in dissolved SO42- concentrations) and/or limestone dissolution (as revealed by changes in Ca and Mg concentrations). Freeze-coring and analysis of the wetland substrates showed that total sulphur was present in three forms, distributes in the following proportions:


FeS: 35%       FeS2: 31%       So:  34%

On the basis of these observations, it is postulated that the observed pH rise is primarily due to H+ consumption rather than HCO3- generation.  The simultaneous removal of iron from solution (which is clearly demonstrated by the data (Table 1);  Jarvis and Younger, 1999) and formation of significant quantities of So is consistent with the following coupled reactions:

5H+ + 2FeOOH + HS- ( 2Fe2+ + So + 4H2O

(4)

Fe2+ + H2S + 2HCO3- ( FeS + 2H2O + 2CO2

(5)

Equations 4 and 5 explain how a net consumption of H+ can be driven by bacterial sulphate reduction (and partial re-oxidation, but only as far as So) whilst having very little effect on alkalinity concentrations.  If this interpretation is realistic, then the picture which emerges is of a passive treatment technology which is more complex (and perhaps therefore more  finely-balanced) than has previously been envisaged. 

One way of avoiding the possible pitfalls of such a finely balanced sulphur redox system is to maximise alkalinity generation by other means.  For the most part, this is achieved by calcite dissolution in ALDs or SAPS (see Section 3 above):

CaCO3 + H+ ( Ca2+ + HCO3- 

(6)

Only one serious attempt to use an ALD has been made in the UK (at Wheal Jane; site 1, Table 1), and this was not particularly successful due to (predictable) problems with clogging of the ALD by Al(OH)3 (Hamilton et al., 1997).  SAPS have enjoyed rather wider uptake, with three full-scale applications (sites 3, 4 and 23) and two pilot systems (sites 16 and 28). Though data for these systems are still sparse, all indications are that alkalinity generation is vigorous (> 200 mg/l at site 16, for instance) and that overall treatment efficiency is higher and more consistent than in compost wetlands without SAPS-type limestone reactor beds.  

5.  Future Research Agenda

It is at once evident from Section 4 that there are many unanswered technical questions in relation to the dominant biogeochemical processes occurring in mine water wetlands.  If research needs were to be prioritised on the basis of utility for end-users, however, a number of particular challenges would come to the fore.  These include:

· The hydraulics of passive treatment systems:  Although influent and effluent flow volumes are generally well-constrained by engineered structures, the internal hydrodynamics remain poorly understood, especially in system where flow occurs in both surface and subsurface zones

· Design criteria for passive systems: Tarutis et al. (1999) have made a convincing case for the replacement of unrealistic sizing models for aerobic wetlands which implicitly assume  “zero-order” kinetic models by more appropriate first-order kinetic models.  Although Tarutis et al. (1999) did not consider compost wetlands, the detection of probable first-order kinetic behaviour in the Quaking Houses data set (see the foregoing discussion of Figure 7) strongly suggests that a similar case can be made to revise sizing criteria for compost wetlands.

· Long-term performance of passive systems:  Of prime concern to the owners and funders of passive treatment systems is the as-yet unanswerable question about the longevity of such systems.  While simple calculations of the longevity of aerobic wetlands can be made by assuming consumption of freeboard by steadily accumulating hydroxides, complications such as diagenesis of the hydroxides and remobilisation of iron have yet to be studied in detail, let alone incorporated into management guidelines.  The uncertainties are an order of magnitude greater for anaerobic, compost-based systems.  For instance, we need to know the rates at which labile organic carbon will be consumed by SRB, and the rate at which it will be replenished by seasonal die-back of macrophytes etc.  Then there is the issue of the processes and rates of pore clogging by sulphide precipitates etc.  
Research on these and related topics in the UK and other EU Member States is currently set to advance under aegis of a newly-funded project of the European Commission (to be coordinated by the author).  This project is entitled PIRAMID, standing for:  Passive In-situ Remediation of Acidic Mine / Industrial Drainage. Funded under the European Commission’s Fifth R&D Framework Programme, PIRAMID will run for three years from March 2000, with a total budget of 1.5M Euros, and with the involvement of 9 research teams in 6 EU Member States (UK, Spain, France, Germany, Sweden, Slovenia).  Besides this major international initiative, nationally-funded research continues within the UK at a number of sites (see Jarvis and Younger, this volume, Laine, 1998).  A substantial body of funding has just been allocated to continue research at the Wheal Jane pilot wetland, which (despite now being obsolete by industrial standards) retains considerable interest as a large experimental rig for biogeochemical experiments.   
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1. Locations of passive mine water treatment systems in the UK as at 31st December 1999.  The identities of the numbered locations are given in Table 1. The systems marked here include six “pilot” systems (sites 1, 14, 16, 17, 22 and 28), and four sites at which passive treatment forms only part of an overall treatment system which includes “active treatment” unit processes (sites 5, 12, 13 and 25). 

2. Schematic diagram of long-term changes in mine water chemistry commonly observed post-closure:  (a) typical trend where the abundance of neutralising minerals (especially calcite and dolomite) greatly exceeds that of pyrite (b) trend anticipated where pyrite abundance exceeds that of neutralising minerals.

3. Schematic illustrations of the three principal types of subaerial passive treatment systems used for polluted mine waters in the UK.

4. Schematic drawings of  (a) subsurface reactive barrier for acidic, metalliferous ground water found at mine, and (b) successive closed-system carbonate dissolution units for subsurface treatment of alkaline, zinc-rich mine waters.

5. Roughing filter for ochre accretion from ferruginous mine waters where space is limiting (as in steep-sided, narrow, urbanised valleys).  Pioneer application is at Skinningrove (site 14 on Figure 1 and in Table 1). 

6. Influent and effluent iron concentrations in the St Helen Auckland aerobic wetland, County Durham (site 15, Table 1, Figure 1), December 1999 to January 2000.

7. Percentage removal of acidity from mine water flowing through the Quaking Houses compost wetland, County Durham (site 20, Table 1, Figure 1) from November 1997 to May 1999.

Table 1 – Passive treatment systems for mine waters in the UK – a summary of all existing systems as at 31st December 1999.  All concentrations are in mg/l (in the case of acidity and alkalinity, as CaCO3 equivalent) in mg/l), save for pH.  The mineral worked is coal except where stated in the second column. 

(a) Systems in Cornwall and Wales

Site Number

(see Figure 1)
Site Name

(mining district)
UK National Grid Reference
Date of

Completion
Mine water type
Passive system  type

(notes on ownership and / or sources of further information)
Total system area (ha)
Typical influent contaminant concentration
Typical effluent contaminant concentration

1
Wheal Jane

(Cornwall)

Tin and zinc
SW778411
December 1994
Strongly acidic deep tin mine drainage
Three large “pilot” systems, comprising aerobic wetlands followed by sealed anaerobic beds, and aerobic “rock filters” with three variations in pre-treatment (none, ALD or lime dosing); see Hamilton et al. (1997) 
2.4
Fe 141

Zn 79

Cu 0.4

Mn 24

As 2.7

pH 4.0
Fe 19 

Zn 45

Cu 0.2

Mn 20

As 0.01

pH 3.6

2
Pelenna I

(South Wales)
SS799971
October 1995
Weakly acidic drift mine drainage
Surface flow compost wetlands (Edwards et al., 1997)
0.09
Fe 20

pH 6.5
Fe 5

pH 7.3

3
Pelenna II
SS816972
August 1999
Acidic drift mine drainage
Cells in series: Aerobic cell – SAPS – aerobic cell – SAPS – aerobic cell
0.75
Fe 35

pH 5.5
Fe 1.5

pH  6.5

4
Pelenna III
SS800792
April 1998
Three strongly net-acidic drift mine discharges
Two parallel streams of SAPS followed by aerobic wetland; see Edwards et al. (1997) and Younger (1998b)
1.0
Fe 69

Zn 0.034

Acidity 125

pH 5.0
Fe 4.2

Zn 0.004

Acidity 8.9 

pH 7.2

5
Ynysarwed

(South Wales)
SS793998
March 2000
Net-acidic deep mine discharge
Aerobic wetland polishing active treatment effluent until raw water quality allows use of wetland alone; see Ranson and Edwards (1997) and Younger et al. (1998)
1.0
Not yet available
Not yet available

6
Gwynfi

(South Wales)
SS892973
August 1998
Net-alkaline drift mine discharge
Aerobic wetland (owned by Coal Authority)
0.08
Fe 7
Fe < 1.0

Table 1 (continued)

(b) Systems in Leicestershire, Lancashire and Yorkshire (England)

Site Number

(see Figure 1)
Site Name

(mining district)
UK National Grid Reference
Date of

Completion
Mine water type
Passive system  type

(notes on ownership and / or sources of further information)
Total system area (ha)
Typical influent contaminant concentration
Typical effluent contaminant concentration

7, 8, 9
Nailstone

(Leicestershire)
SK430088
Sept 1997
Acidic spoil heap drainage
Small surface flow compost wetlands ands one aerobic wetland
0.25 (sum of three)
Fe 46

Al 47

pH 4.9
Fe 14.6

Al 9

pH 5.6

10
Renishaw Park

(South Yorkshire)
SK430760
November 1999
Acidic spoil leachate
Subsurface reactive  barrier (owned by Coal Authority)
0.004
Not yet available
Not yet available

11
Dodworth Pit Heap

(South Yorkshire)
SE315057
September 1994
Acidic spoil leachate
Aerobic wetland; see Bannister (1997)
0.25
Fe 30

pH 6.5
Fe < 1.0

pH 7.3

12
Woolley Colliery

(West Yorkshire)
SE315057
July 1995
Alkaline pumped deep mine water
Aerobic wetland receiving effluent from Coal Authority active treatment plant (which lowers Fe from 40 to 10); see Laine, 1997, 1998.
1.4
Fe 10
Fe < 1

13
Old Meadows Drift

(East Lancashire)
SD868239
September 1999
Net-acidic drift mine discharge
Aerobic wetland polishing active treatment effluent (active plant lowers Fe from 50 to 5). Owned by Coal Authority; see Laine (1998)
0.16
Fe 5
Fe < 1

14
Skinningrove

(Cleveland, N Yorkshire)

Old ironstone mine (siderite orebody with pyritic roof measures)
NZ712192
November 1999 (pilot)

Summer 2000 (full-scale)
Net-alkaline, deep mine shaft overflow
Roughing filter to remove iron from water, located below ground in a steep-sided, urbanised valley, where wetlands not feasible 
0.25
Not yet available
Not yet available

Table 1 (continued)

(c) Systems in Durham, Cumbria and Northumberland (England)
Site Number

(see Figure 1)
Site Name

(mining district)
UK National Grid Reference
Date of

Completion
Mine water type
Passive system  type

(notes on ownership and / or sources of further information)
Total system area (ha)
Typical influent contaminant concentration
Typical effluent contaminant concentration

15
St Helen Auckland

(South Durham)
NZ200266
August 1999
Net-alkaline deep mine shaft overflow
Aerobic wetland. (Owned by English Partnerships).
0.25
Fe 3

Alkalinity 500

pH 6.3
Fe 0.3

Alkalinity 480

pH 6.7

16
Bowden Close

(West Durham)
NZ183360
September 1999
Acidic spoil leachate / ? drift mine drainage
Pilot-scale SAPS followed by small aerobic wetland. (Durham County Council).
0.1
Fe 20

Al 8

pH 5.0

Alkalinity 4
Fe 3

Al 0.1

pH 7.2

Alkalinity 225

17
Nenthead

(Cumbria)

Abandoned Pb-Zn mine 
NY781435
July 1998
Zinc-rich, alkaline mine water
Pilot closed-system limestone dissolution reactor (see Figure 4(b)) ( and Nuttall and Younger, 2000)
0.0007
Zn 8
Zn 3

18
Tailrace Level

(Durham) 

Recently abandoned Pb-Zn-F mine
NY916427
Feb 2000
Zinc-rich, alkaline mine water
Closed-system limestone dissolution reactor (see Figure 4(b)). (Environment Agency)
0.25
Zn 40
Not yet available

19
Edmondsley Yard Drift

(Central Durham)
NZ232491
September 1999
Net-alkaline drift mine water
Aerobic wetlands (owned by Coal Authority).
1.25
Fe 27
Fe 0.1

20
Quaking Houses

(Northwest Durham)
NZ178509
Pilot: Feb 95

Full-scale: Sept 97
Acidic spoil heap leachate
Surface flow compost wetland. (Younger et al., 1997; Jarvis and Younger, 1999; Kemp and Griffiths, 1999) 
0.04
Fe 10

Al 53

pH 4.5 
Fe 10

Al 53

pH 6.5

21
Oatlands

(West Cumbria)
NY022213
September 1998
Acidic spoil heap leachate
Aerobic wetland (see Warner, 1997)
0.16
Fe 85

pH 4.0
Fe 25

pH 3.1

22
Shilbottle

(Northumberland)
NY220079
1995
Acidic spoil heap leachate
Aerobic wetland (reactive barrier under construction)
0.3
Fe 100

pH 3.5
Fe 25

pH 3.0

Table 1 (continued)

(d)  Systems in Scotland
Site Number

(see Figure 1)
Site Name

(mining district)
UK National Grid Reference
Date of

Completion
Mine water type
Passive system  type

(notes on ownership and / or sources of further information)
Total system area (ha)
Typical influent contaminant concentration
Typical effluent contaminant concentration

23
Craigenbay Quarry

(Galloway, Scotland)

Aggregates with low-grade sulphide mineralisation
NX556789
August 1998
Open pit and stockpile drainage
Four aerobic cells, two with SAPS pre-treatment (see Norton et al., 1998)
0.14
pH 3.5
pH 5.5

24
Dalquharran

(Ayrshire, Scotland)
NS266017
September 1994
Deep mine drift drainage
Aerobic wetland (see Marsden et al., 1997)
0.095
Fe 200
Fe 50

25
Monktonhall Colliery

(East Lothian, Scotland)
NT324700
July 1998
Deep mine pumped effluent
Aerobic wetland polishing effluent from active treatment plant
0.5
Fe 10
Fe < 1

26


Minto Colliery

(Ore Valley, Fife)
NS203949
April 1998
Deep mine shaft overflow
Aerobic wetland (owned by Coal Authority)
1
Fe 18
Fe < 1

27
Mains of Blairingone

(Clakmannan coalfield)
NS982977
November 1995
Old adit draining back-filled opencast
Aerobic wetland (see Marsden et al., 1997, and Younger, 2000)  
6.2
Fe 38
Fe 2.3

28


Foss Mine

(Aberfeldy)

Barite in pyritic and sphaleritic orebody
NN807548
August 1998
Active deep mine workings pumped drainage
Pilot scale system comprising SAPS followed by aerobic wetlands, then closed-system limestone bed 
0.005
Fe 2

Mn 14

Al 8

Zn 32

pH 5.4  
Fe 0.4

Mn 12

Al 1.5

Zn 25

pH 5.8
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(c) Successive Alkalinity Producing Systems (SAPS) for acidic mine waters where there is sufficient head








(b) Surface flow compost wetland, for acidic mine waters where head is limiting








(a) Surface flow aerobic reed bed, for net-alkaline, ferruginous mine waters 
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		12/13/99		11.4		9.9		6.77		6.95		1809		1764		428		404		6.7		4.3		2.28		0.86		1.46		1.53		174		176		98		97		85		83		15.4		15.5		569		512		60.2		72.9				13-Dec-99		2.28		0.86

		12/19/99		11.9		8.1		6.56		7.12		2060		1977		550		504		7.4		2.3		2.27		0.30		1.81		0.97		203		203		120		117		103		100		17.8		17.8		699		589		51.7		48.5				19-Dec-99		2.27		0.30
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