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Abstract This paper addresses the ability of five low-cost

reactive materials to remove Zn, Pb, and Cd from Fe-poor,

circum-neutral pH metal mine water in Mid-Wales, UK.

Compost, fly ash, waste shell material, iron ochre, and a

mixture of blast furnace slag (BFS) and basic oxygen

furnace slag (BOS) were used in a series of small-scale

passive treatment cells to assess metal removal from mine

drainage initially containing, on average, 23.5 mg/L Zn,

0.5 mg/L Pb, and 0.05 mg/L Cd. Trial treatment cells

contained between 1.5 and 12 kg of reactive media, had a

15 min residence time, and treated a discharge of up to 1 L

per minute. Fly ash from a peat-fired power station was

found to be the most effective material for metal removal,

with concentrations reduced to 0.02 mg/L Zn, 0.0069 mg/L

Pb, and 0.0001 mg/L Cd from over 1,000 L of water

(between 98.6 and 99.9% removal). The other materials

initially achieved high levels of metal removal (between 75

and 99.9% Zn, Pb, and Cd removed); however, all of the

materials were saturated with Zn after less than 200 L of

water had been treated. Metal sorption ranged from

21.4 mg/g Zn for the peat fly ash to 0.0015 mg/g Cd for the

compost and BOS/BFS slag. The results of the pilot-scale

field trials can be scaled to demonstrate that a modest-sized

fly ash treatment cell (2.6 9 2.6 9 1 m) in size would be

sufficient to remove 90% of the total metal load (Pb, Zn,

and Cd) from this 10 L/min mine water discharge for a

1 year period. Importantly this research demonstrates that

passive treatment for metal mine drainage can comply with

water quality directives but cannot be considered a ‘walk-

away’ solution; it requires modest (potentially annual)

maintenance.

Keywords Circum-neutral mine water � Low-cost

reactive materials � Passive treatment � Wales (UK)

Introduction

Mine drainage from abandoned metal mines is a significant

source of environmental contamination and ecological

damage, with an estimated 200 km of watercourses in the

UK affected (Younger 2002). In Wales alone, it is esti-

mated that there are over 1,300 disused metal mines (Kitts

and Smith 1996), which represent the legacy of intensive

Pb and Zn extraction carried out during the 18th and 19th

Centuries. The drainage chemistry from these disused

mines is highly variable and ranges from acidic and fer-

ruginous to circum-neutral or even alkaline and Fe-poor,

depending on the geochemical characteristics of the site

(Bowell et al. 1996; Fuge et al. 1994). Considerable

research has been carried out on the ferruginous acid rock

drainage (ARD) that results from the weathering of iron

sulphide minerals (e.g. Nordstrom et al. 2000). The term

ARD is widespread in the literature, but does not encom-

pass all mine drainage; it refers simply to the geochemical

conditions at the point of weathering. Many of the former

metal mines in the mineralised areas of Mid-Wales are in

fact characterised by circum-neutral pH discharges. This
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can be attributable to either the presence of a carbonate

gangue, which neutralises any acidity produced, or the

absence of pyrite/marcasite in the ore body, which signif-

icantly reduces the acid generating potential. In the absence

of pyrite/marcasite, the weathering of non-ferrous metal

sulphide minerals [e.g. sphalerite (ZnS), galena (PbS), and

chalcopyrite (CuFeS2)] releases soluble metal cations into

solution without the associated release of acidity e.g. Eq. 1

(Seal and Hammarstrom 2003). This results in the gener-

ation of sulphate-rich and Fe-poor mine drainage waters

with a circum-neutral pH.

ZnSðsÞ þ 2O2 ðaqÞ ! Zn2þ þ SO 2�
4 ð1Þ

Circum-neutral mine waters are typically characterised

by elevated concentrations of metals ions such as Zn, Cd,

and Cu as these elements remain soluble over a wide pH

range. Indeed drainage from many of the former mining

areas in Wales contains concentrations of Zn, Pb, and Cd

that frequently exceed water quality standards (WQS) in

the receiving watercourses (Environment Agency 2002).

The European Union (EU) Water Framework Directive

(WFD) (2000/60/EC) sets stringent targets for surface and

groundwater quality, which must be met if UK water-

courses are to reach the ‘good’ status stipulated by the

directive. Johnston and Rolley (2008) estimated that 9% of

rivers in England and Wales fail to meet the WFD targets

due to pollution from abandoned mining areas. Thus, the

remediation of metal-rich discharges from former metal

mines is becoming increasingly necessary if WFD targets

are to be met. Research into the remediation of contami-

nated mine waters has generally concentrated on the

treatment of ferruginous, acidic waters where the mecha-

nisms of metal removal are well understood. However,

comparatively little attention has been paid to the reme-

diation of low-Fe and/or circum-neutral metal mine

drainage. Treatment of such waters is generally considered

challenging as the low dissolved Fe content of many of

these waters precludes metal contaminant removal via

adsorption/co-precipitation with Fe (oxy) hydroxides. As a

result, these circum-neutral pH waters present a challeng-

ing target for remediation.

Assigning the costs associated with remediation is dif-

ficult and the responsibility often falls on government-

funded national environmental agencies to ensure that

water quality remains within WQS. This is a particularly

important consideration in areas of historic mining (such as

mid-Wales), where the mine owners often relinquished

responsibility of the site when extraction ceased.

Waste materials offer low cost alternatives to conven-

tional metal removal technologies. For example, wood,

chitin, coconut shell, clay soil, fly ash, and dealginated

seaweed have proven to be efficient in removing Cu, Pb,

Zn, Hg, and Cd from contaminated waters produced by

industry and mining (Bailey et al. 1999; Pearce et al. 2007;

Wantanaphong et al. 2004). Although the use of many

waste materials in the treatment of circum-neutral mine

drainage has not yet been proven, many of the materials

(particularly those that rely on sorption) are likely to be

suitable for circum-neutral discharges. This is because

metal removal by sorption is strongly dependent on solu-

tion pH, with metal cations such as Pb, Cu, Zn, and Cd

sorbing more readily at circum-neutral to moderately

alkaline pH values (e.g. Dzombak and Morel 1990; Gibert

et al. 2005). This paper addresses the ability of several low

cost and waste materials [including fly ash, waste shell

material, compost, iron ochre, and a mix of basic oxygen

furnace slag (BOS) and blast furnace slag (BFS)] to

remove Zn, Pb, and Cd from circum-neutral metal mine

water in mid-Wales, UK.

Methods

Field trials were carried out at Bwlch former Pb/Zn mine,

Mid-Wales (UK) in early March 2010. The Bwlch mine

(British National Grid reference SN 701 825) is located

approximately 12 km east of Aberystwyth and was worked

intensively during the periods 1845–1875 and 1880–1883,

when a total of 5,700 t of Pb ore and 74,781 oz

(&2,133 kg) of Ag were extracted (Jones 1922). The

mineralisation at Bwlch is hosted in Lower Silurian sili-

ceous turbidites; the primary sulphide minerals are galena

(PbS) and sphalerite (ZnS), with secondary chalcopyrite

(CuFeS2) contained within a quartz gangue. The absence of

pyrite in the mineralisation means that the drainage water

is characterised by a circum-neutral pH (&6.3) and low Fe

concentrations (\0.2 mg/L). However, elevated concen-

trations of Zn (B30 mg/L), Pb (B1 mg/L), and Cd

(B0.1 mg/L) in the mine drainage result in significant

failure of WQS for these parameters in the receiving

watercourses. The annual Zn loading to the local river

ranges up to 160 kg based on an average discharge of

10 L/min.

Five low-cost reactive materials were selected for the

field trials. These materials were sourced locally where

possible in order to minimise transport costs, and included

compost, waste shell material from a seafood processing

plant in mid-Wales (primarily aragonite-based whelk

shells), a mixture of blast furnace slag (BFS) and basic

oxygen furnace slag (BOS) from a steel processing plant in

South Wales, iron ochre precipitate from a passive coal

mine water treatment system (also in South Wales) and fly

ash from a peat-fired power station in Ireland. These

materials were employed in a series of five experimental
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treatment cells 230 9 380 9 295 mm in size (width:

length:depth). The materials were not pre-treated, as the

primary aim of the research was to compare reactive

material performance in the form in which they are avail-

able for use in field applications (i.e. without pre-treatment

or sieving). The reactive material was placed into treatment

cells, which had been designed as part of an earlier project

(Pearce et al. 2007). These cells allow a flow of up to

1 L/min through a bed of reactive material, with a resi-

dence time of approximately 15 min. In practice, the flow

rates through the materials used in the present study were

controlled by their permeability and by the relatively small

hydraulic head (maximum 15 cm), which could be varied

by an adjustable ‘swan- neck’ controlling the outflow from

the tank (Figs. 1, 2). A residence time of 15 min was

employed to simplify the design of the experiment using

multiple tanks, and provided consistency to enable side-by-

side comparison of the different media in each tank. Batch

screening laboratory experiments, including fly ash, lime-

stone, and compost, had previously been shown to remove

between 75 and [90% of Pb, Zn, and Cd from circum-

neutral mine water in 2–20 min (Warrender 2009; War-

render and Pearce 2007). This removal rate compares with

optimal metal adsorption times (circa 15 min) previously

observed for dealginated seaweed (Hartley 2008; Hartley

et al. 2007; Pearce et al. 2007; Perkins et al. 2007). The

hydraulic conductivity of the materials was calculated prior

to the field trials by means of an upward flow permeator

(Table 1).

The tanks containing the crushed shell material and the

BFS/BOS slag used a bed thickness of 100 mm, giving a

volume of reactive material of approximately 9 dm3 and a

mass of approximately 11.25 kg. However, the compost,

fly ash, and iron ochre were mixed with sand in an attempt

to increase the permeability and maintain flow rates. A

50:50 (w/w) compost and sand mixture was used (bed

thickness = 100 mm, volume of reactive material =

9 dm3, mass & 5.7 kg), whilst the fine-grained nature

of the fly ash and ochre (\65 lm) required them

to be ‘sandwiched’ as a 20 mm thick layer (volume =

1.8 dm3, mass 1.5 kg) between two layers of fine sand to

prevent loss of reactive material from the bottom of the

treatment cells.

Treatment cells were deployed for a 2.5 week period,

with sampling carried out hourly for the first 6 h and then

approximately every 48 h thereafter. At each sampling

interval, influent and effluent samples were collected for

metal analysis, the flow rate was gauged, and the pH, Eh,

and electrical conductivity (EC) were measured using a

calibrated Myron L Ultrameter 6P. Water samples were

vacuum filtered through 0.45 lm cellulose nitrate mem-

brane filters and acidified to &0.5% v/v HNO3 in the field

before immediate return to the laboratory for storage at 4�C

prior to analysis. Analysis for Zn, Fe, Mg, and Ca was

conducted by Atomic Absorption Spectrophotometry

(AAS) using a Perkin-Elmer AAnalyst 400 instrument. Pb

and Cd were determined by Inductively Coupled Plasma

Mass Spectrometry (ICP-MS) using a Thermo Element II

instrument.

Metal removal capabilities were assessed from the dif-

ference in pre- and post-treatment metal concentrations,

with the effluent water chemistry being normalised relative

to the influent chemistry i.e. C/C0 (where C0 is the influent

water

Mine

Perforated
stainless

Overflow

Fig. 1 Conceptual diagram of field reactors

XX
X XX

Overflow

Treated
mine
water
out

reservoir

Valve

(a)

(b)

Fig. 2 Configuration of the four field reactors a Photograph of

reactors in the field. b Schematic diagram illustrating lay out and

connection of tanks. Tanks hold 25 L with maximum dimensions

230 9 380 9 295 mm (width:length:depth)
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metal concentration in the mine water and C is the effluent

concentration). All treatment cells were run at least

until breakthrough occurred, or a steady-state effluent

profile was achieved. Here, breakthrough is defined as

C/C0 = 0.1. Breakthrough thus occurs when less than 90%

of the influent metal is removed. This definition of break-

through approximates to the required removal of Pb from

the Bwlch mine drainage to bring effluent concentrations

below EU WQS guidelines. Attempting to remove Zn or

Cd to below WQS gives breakthrough values which are too

low to be practically achieved, and thus, for consistency,

Zn and Cd breakthrough is also defined here at C/C0 = 0.1.

In addition, the total mass of each metal retained by the

solid phase was determined from Eq. 2.

Me ¼
X

Q C0 � Cð Þ ð2Þ

where Me is the total amount of Pb, Zn, and Cd removed by

reactor (in mg) and Q is the average flow rate (L/h).

Results and Discussion

The results of the field trials are given in Table 2 and are

presented in Fig. 3 as metal removal versus volume of

water treated. The flow rate of all treatment cells was

measured at the time of sample collection, and the volume

treated was calculated from these figures. Flow was ulti-

mately found to be controlled by the material permeability.

Average flow rates varied from a minimum of 0.11 L/min

(peat fly ash) to a maximum of 0.89 L/min (waste shell

material). The low permeability of the iron ochre cell

meant that flow rates were extremely low (\0.01 L/h) and

the design of the tanks meant that sufficient head could not

be attained to give a higher flow rates. This tank was

consequently discontinued after approximately 12 h and no

results are presented for this material.

It is clear from Fig. 3 that the materials varied in terms

of their ability to remove metals from solution. The fly ash

from a peat fired power station proved the most effective

material, with concentrations of Zn, Pb, and Cd reduced to

0.02, 0.0069 and 0.0001 mg/L, respectively in the first

1,000 L of water treated over a 6 day period. The other

materials tested initially achieved high levels of metal

removal (between 75 and 99.9% Zn, Pb, and Cd removed);

however, these rapidly became saturated and effluent metal

concentrations rose steadily back to influent levels. Zinc

breakthrough (C/C0 = 0.1) occurred particularly rapidly

after 4, 30, and 200 L for BFS/BOS slag, waste shell

material, and compost, respectively. This is likely a func-

tion of the relatively high flow rates (0.11–0.89 L/min) and

high influent Zn concentrations (average = 23.5 mg/L)

compared to the volume of reactive material, which meant

Table 1 Physical properties of

reactive materials used in field

trials

Material Hydraulic conductivity

m/day

Porosity % Bulk density

t/m3

Peat fly ash 1.3 58% 0.83

Waste shell material 25.8 51% 1.25

Compost/sand (50/50 w/w) 11.2 43% 0.63

BFS/BOS slag 13.9 43% 1.21

Iron ochre \0.1 Not determined 5.5

Table 2 Summary of field trial results; breakthrough is defined here as C/C0 = 0.1—see text

Parameter Material EU WQS, mg/L Average

influent, mg/L

Lowest effluent

concentration achieved, mg/L

Approximate volume

treated to breakthrough, L

Metal removal,

mg/g

Zn Peat fly ash 0.008 23.5 0.02 1,050 21.4

Compost 0.08 350 2.48

Waste shell material 4.72 \25 1.72

BOS/BFS slag 10.16 \15 0.20

Pb Peat fly ash 0.05 0.5 0.0069 1,450 0.88

Compost 0.0049 [8,000 0.74

Waste shell material 0.0096 1,000 0.63

BOS/BFS slag 0.0005 500 0.08

Cd Peat fly ash 0.001 0.05 0.0001 1,025 0.04

Compost 0.0024 350 0.014

Waste shell material 0.0097 \25 0.007

BOS/BFS slag 0.012 \15 0.0015
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that the metal removal capacity of the reactive materials

was rapidly reached. Cadmium removal patterns were

similar to those of Zn, with breakthrough curves for both

elements being almost identical for the BFS/BOS slag,

waste shells, and peat fly ash treatment tanks (Fig. 3). This

can be explained by the similar geochemical behaviour of

Zn and Cd in the environment (c.f. Fuge et al. 1993). The

removal of Pb, however, was generally maintained over

longer time periods than Zn and Cd by all materials, with

compost in particular removing over 80% of the Pb from

8,000 L of water.

The relatively high metal removal capacity of the peat

fly ash is likely a function of its high CaO content, which is

present as highly soluble, sub-30 lm, Ca-rich particles.

Rapid dissolution of the CaO Eq. 3 results in an increase in

mine water pH.

CaOþ H2O! Ca2þ þ 2OH� ð3Þ

This behaviour was evident in the results of the field

trials, in which the peat fly ash initially increased the mine

water pH to &12 (Fig. 3). This large pH increase likely

resulted in the removal of metals by hydroxide

precipitation (Hem 1972; Hong et al. 2009; Pérez-López

et al. 2007), with Zn, Pb, and Cd being removed from

solution by the precipitation of Zn(OH)2, Cd(OH)2, and

PbOH, respectively. This is supported by speciation

calculations in Geochemist’s Workbench (GWB�)

Standard Release 6.0 (Bethke 1996), which confirm that

the mine water is oversaturated with respect to these metal

hydroxide phases following reaction with the fly ash.

The breakthrough of zinc in the peat fly ash cell was

closely correlated with a fall in effluent pH. Metal removal

by peat fly ash relies on its caustic alkalinity, but the

associated increase in effluent pH is one of the drawbacks

of using the material in mine water remediation, although it

only lasts for &33% of the system lifespan. Alkalinity is

inherently difficult to remove from solution, and whilst

laboratory aeration of the fly ash effluent solution gener-

ated a white precipitate (presumably CaCO3, c.f. Mayes

et al. 2006), the alkalinity remained high. Recent trials

have shown that extreme alkalinity (pH [ 12) can be

reduced in wetland environments associated with microbial

(d)

(a) (b)

(c)

(e)

Fig. 3 a–e Removal of Zn, Pb,

and Cd by a waste shell

material; b peat fly ash; c BFS/

BOS slag and d compost, where

C0 influent concentration and

C effluent concentration.

e shows effluent pH of the cells.

Average influent concentrations

are: Zn = 23.5 mg/L,

Pb = 0.5 mg/L and

Cd = 0.05 mg/L. Field trials

were operated for 18 days
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respiration (Mayes et al. 2006, 2009), and a 2 stage fly

ash—wetland treatment system could thus remove metals

and subsequently ameliorate the alkalinity increase. Lab-

oratory-scale experiments on fly ash-mine water mixtures

showed that addition of ferrous sulphate lowered the pH to

neutral levels. Whilst this would involve active treatment

of the effluent, it would be relatively low cost and could be

used in combination with a wetland to allow pH decreases,

the precipitation of any added Fe as an oxyhydroxide, and

removal of the Ca as gypsum.

The results of the field trials demonstrated that compost

was an effective material for Pb removal, with over 80% of

the Pb load removed from 8,000 L of mine water. The

metal removal capacity of compost is likely related to its

high cation exchange capacity (CEC). At circum-neutral

pH, the removal of metal ions by compost is thought to

occur primarily by sorption processes (Gibert et al. 2005).

Metal removal by calcite/aragonite shells is thought to

occur by the precipitation of sparingly soluble metal car-

bonates, e.g. cerrusite (PbCO3), otavite (CdCO3), and

hydrozincite (Zn5(OH)6(CO3)2), on the material surface

(Köhler et al. 2007). The amount of metal removal depends

on contact time, with higher levels of metal removal

occurring after longer contact periods (Odoemelam and

Eddy 2009). The relatively low metal removal achieved by

the waste shell field cells in Mid-Wales may thus be

explained, at least in part, by the relatively short contact

period of 15 min between the mine water and the reactive

material, which was apparently not long enough to release

sufficient available carbonate into solution in order to

exceed the solubility products of lead, zinc, and cadmium

carbonates. Indeed, speciation calculations in GWB�

confirm that the mine water was undersaturated with

respect to these metal carbonate phases following reaction

with the waste shell material.

BOS slag is typically a highly alkaline material that has

a high metal and metalloid removal capacity (e.g. Ahn

et al. 2003). The reason for the poor performance of the

BFS/BOS slag in the field trials in Mid-Wales is attributed

to the fact that weathered (rather than fresh) slag was used.

This weathering process likely removed much of the

alkalinity and associated metal removal capacity, thus

explaining the poor performance of the material in terms of

metal removal. This is confirmed by the results of the field

trials, which showed only a small increase in pH (to &7.4)

following reaction with the weathered BFS/BOS slag.

Although iron ochre performed poorly in the field trials,

due to its very low permeability, it is known to have a high

affinity for metal ions, particularly at circum-neutral pH

(Dzombak and Morel 1990). It is possible that the perme-

ability of the ochre could be improved by pelletising the

material (e.g. Mayes et al. 2006), but this would entail

additional material handling and cost.

The results of the field trials were scaled linearly to

provide the approximate volume of each reactive material

that would be required to treat all the effluent from Bwlch

Mine (average flow rate approximately 10 L/min with

23.5 mg/L Zn) to breakthrough for a one-year period. The

results are given in Table 3, which shows that 90% of the

Zn load could be removed from the Bwlch discharge for

1 year using a treatment cell as small as 6.8 m3. Although

the results of the field trials demonstrate the relatively low

permeability of the peat fly ash and compost media, the

scaled results show this is not overly detrimental to the

estimated size of a full-scale treatment cell. While com-

paction of the bed material may become a problem in a

thicker bed, in part this may be compensated for by a

greater head of water above the bed, since the exact design

of a larger system would necessarily differ from the small-

scale systems employed here. Such physical constraints

may also alter residence times and thus removal efficiency.

However, assuming broadly similar behaviour, a simple

compost treatment cell approximately 117 m3 in size could

remove over 90% of the total metal load from Bwlch for

1 year. Based on our test results, it would appear that the

weathered BFS/BOS slag and waste shell materials would

require much larger volumes in order to treat the same

metal load, but this is based on the short residence time of

our tests. The longer residence times that would likely

occur in larger systems would mean that the slower

reacting materials, such as the waste shells, could only be

sized after additional experiments.

Disposal of the spent, metal-rich reactive materials at

the end of the treatment system lifespan is a necessary part

of passive treatment. However, the remediation process

essentially concentrates the contamination into the solid

phase, thus making it easier to handle and dispose of.

Furthermore, passive treatment of Fe-poor circum-neutral

mine drainage has the advantage that it does not produce

the large quantities of contaminated sludge seen in active

treatment plants treating Fe-rich waters. At present, the

most common disposal method for spent reactive materials

is in licensed landfill. In order to assess the potential re-

mobilisation of contaminants from the current field trials,

Table 3 Mass and volume (assuming a bed thickness of 1 metre) of

each material required to remove 90% of the metal load from the

Bwlch mine discharge for a 1 year period

Material Mass

required, t

Area of treatment

cell, m 9 m

Peat fly ash 5.63 2.6 9 2.6

Waste shell material 4,700 61.2 9 61.2

Compost 73.8 10.8 9 10.8

BFS/BOS slag 17,600 120 9 120
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the spent material was subjected to a weak acid extraction

using 0.01 M HCl. This test is more rigorous than the

current EU legislation requirement (BS EN 12457-3:2002:

BSI 2002), but will release labile elements (c.f. Sutherland

and Tack 2008).With no universally adopted protocol for

testing such waste, this weak acid leach was used to sim-

ulate the likely mobility in a chemical disposal site (such as

a licensed landfill). The results are presented in Table 4,

demonstrating that, in general, less than 0.9% of the total

Cd content, less than 3% of the Zn and between 2 and 14%

of the total Pb were mobilised. This indicates that remo-

bilisation of contaminants from the spent reactive materials

is unlikely to be problematic following disposal; however,

waste material stability tests that conform to local regula-

tory requirements for disposal would obviously be neces-

sary prior to use.

Conclusions

The results of the field trials demonstrate that the reactive

materials tested are variable in terms of their metal removal

ability. Although all of the materials initially achieved high

levels ([75%) of metal removal, they were generally not

tolerant of the high metal concentrations over extended

time periods. Zinc, in particular, was found to be difficult

to remove from the circum-neutral pH drainage using the

materials tested. Fly ash from a peat fired power station

was found to be the most effective material for metal

removal from mine drainage initially containing, on aver-

age, 23.5 mg/L Zn, 0.5 mg/L Pb, and 0.05 mg/L Cd. This

material removed between 98.6 and 99.9% of the Zn, Pb,

and Cd from 1,000 L of water, giving effluent concentra-

tions as low as 0.02 mg/L Zn, 0.0069 mg/L Pb, and

0.0001 mg/L Cd. Although the fly ash cell had a generally

lower flow rate than the other reactive materials tested

(&0.11 L/min compared to up to 0.89 L/min), scaling the

field results to full-scale shows that a modest sized treat-

ment cell only 6.8 m3 in size containing 5.6 t of peat fly ash

would be sufficient to remove in excess of 90% of the total

metal load from the Bwlch mine discharge over a 1 year

period. The increased alkalinity in the effluent from the fly

ash treatment can be ameliorated either passively by use of

aeration and microbial activity to promote carbonate pre-

cipitation in a wetland (Mayes et al. 2009), or actively by

addition of ferrous sulphate. The relatively small footprint

of these systems is an important factor when it is consid-

ered that many former mining areas of Wales and the UK

are located in upland areas with steep-sided valleys where

land availability is scarce. The results of this research

therefore indicate that it could be viable to install relatively

small, low-cost passive treatment systems in areas dis-

charging circum-neutral, low-Fe metal mine drainage.
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