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Abstract
Limestone drains are often implemented in the treatment of acid mine drainage (AMD), but when the AMD contains
high levels of dissolved Fe their lifetime is dependent on the rate of precipitation of Fe hydroxide on the limestone surface.
This study used a small-scale laboratory experiment to deﬁne the longevity of a limestone drain by determining the thickness of the Fe coating encapsulating the limestone particles when the system lost its maximum neutralising potential. Synthetic AMD (100 mg/L Fe, pH 4–4.8) was pumped through a column containing limestone particles for 1110 h, when the
eﬄuent pH had dropped from a maximum of 6.45–4.9. The decline in neutralisation during the experiment was due to the
formation of Fe hydroxide coatings on the limestone grains. These coatings are composed of lepidocrocite/goethite in three
distinct layers: an initial thick porous orange layer, overlain by a dense dark brown crust, succeeded by a layer of looselybound, porous orange globules. After 744 h, a marked increase in the rate of pH decline occurred, and the system was
regarded as having eﬀectively failed. At this time the Fe hydroxide crust eﬀectively encapsulated the limestone grains, forming a diﬀusion barrier that slowed down limestone dissolution. Between the coating and the limestone substrate was a
60 lm wide void, so that agitation of the limestone sample would readily remove the coating from the limestone surface.
In the experimental system, the time for suﬃcient Fe hydroxide to precipitate on the limestone to cause a distinct decline
in the rate of neutralisation was deﬁned by:
surface area ðm2 Þ  4:4
t ðyearsÞ ¼
:
fraction Fe retained in system  ½Fe2þ  ðmg=LÞ  flowrate ðL=hÞ
At this time the limestone in the drain would need to be replaced or mechanically agitated to remove the Fe hydroxide
coating, to allow the system to continue functioning at its maximum potential. Application of this formula to the ﬁeld situation shows that even when the inﬂuent Fe concentrations are moderately high, limestone drains will continue to function
well for one to several years. Thus, passive limestone systems can be used in AMD treatment when the inﬂuent Fe concentration is considerably greater than 1 mg/L, the currently recommended limit, particularly given that the Fe precipitates
armouring the limestone grains may be loosely bound and relatively easily dislodged. Therefore, limestone drains are more
widely applicable than presently realised.
 2007 Elsevier Ltd. All rights reserved.
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1. Introduction
Acid mine drainage (AMD) forms when sulphide
minerals (e.g. pyrite and pyrrhotite) are exposed to
O2 and/or Fe(III) during mining operations (Singer
and Stumm, 1970). Oxidation and hydrolysis of the
sulphides produce acidic waters (pH often <3)
which may leach into local waterways and groundwater, along with elevated concentrations of SO2
4 ,
Fe2+ and Fe3+, as well as Al3+, Mn2+, Pb, Zn,
Cd, and other metals, depending on the speciﬁc
mineral deposit.
Limestone (CaCO3) is a common reagent choice
worldwide for the neutralisation of acid mine drainage as it is cost-eﬀective, widely available and is
often present in the local natural environment
(Hedin et al., 1994; Nairn et al., 1991). The dissolution of one mole of CaCO3 consumes one to two
moles of acidity and may release alkalinity (as
HCO
3 ) into solution (Garrels and Christ, 1965).
Treatment of AMD with limestone can increase
the pH to 6.0–7.5 (Pearson and McDonnell, 1975;
Webb and Sasowsky, 1994), allowing the metals to
be removed from solution via precipitation and
sorption.
Limestone is commonly used in both active and
passive AMD treatment. Active systems use some
form of mechanical procedure to continuously add
an alkaline reagent to reach a designated pH, whilst
passive treatment techniques rely on in situ chemical
and/or biological neutralisation without mechanical
assistance. Passive treatment systems that rely
exclusively upon limestone for neutralisation are
generally implemented for post-closure, low-acidload treatment scenarios (Taylor and Waters,
2003), and are relatively inexpensive to construct
and maintain. They include anoxic and oxic limestone drains (Turner and McCoy, 1990), open limestone channels (Ziemkiewicz et al., 1997), limestone
diversion wells (Arnold, 1991; Faulkner and Skousen, 1995) and vertical ﬂow ponds or successive
alkalinity producing systems (Kepler and McCleary,
1994; Rose, 2006). Limestone drains are closed
trenches ﬁlled with limestone, through which the
AMD percolates. They are designed to exclude O2
within the trench, thereby inhibiting Fe(OH)3 precipitation onto the limestone (described further
below). Anoxic drains often have a pretreatment
step to remove O2 from the inﬂuent AMD, e.g.
the initial section of the trench may be ﬁlled with
organic material. In oxic limestone drains the inﬂuent AMD contains relatively high O2 (in equilibrium
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with the atmosphere). Limestone drains, channels
and diversion wells utilise limestone gravel to avoid
clogging (Hedin et al., 1994; Robbins et al., 1999),
although this reduces the reactive surface area compared to the very ﬁne-grained limestone used in
active systems.
During neutralisation of acid drainage a number
of diﬀerent minerals may precipitate. If SO2
4 occurs
in high concentrations in the AMD (>2000 mg/L;
McDonald and Webb, 2005), gypsum (CaSO4 Æ
2H2O) may form. Dissolved Fe(III) and Al will precipitate as metal hydroxides, including ferrihydrite
(Fe(OH)3) and gibbsite (Al(OH)3); no O2 is necessary for these reactions (Hedin et al., 1994):
Fe3þ þ 3H2 O ¼ FeðOHÞ3 þ 3Hþ

ð1Þ

Al3þ þ 3H2 O ¼ AlðOHÞ3 þ 3Hþ

ð2Þ

The Fe2+ ion in acid drainage can precipitate as
Fe(OH)3 provided O2 is present:
Fe2þ þ Hþ þ ð1=4ÞO2 ¼ Fe3þ þ ð1=2ÞH2 O
Fe

3þ

þ 3H2 O ¼ FeðOHÞ3 þ 3H

þ

ð3Þ
ð1Þ

Neutralisation of AMD with limestone removes H+:
for pH > 6:4;
for pH < 6:4;

CaCO3 þ Hþ ¼ Ca2þ þ HCO
3 ð4Þ
CaCO3 þ 2Hþ

¼ Ca2þ þ H2 CO3

ð5Þ

Removal of H+ automatically favours the Fe precipitation reactions, so that limestone treatment of
AMD will inevitably cause precipitation of ferric
hydroxides around the limestone grains. Removal
of O2 from the AMD, as in anoxic limestone drains,
will inhibit the rate of precipitation if Fe2+ is the
dominant Fe species in solution.
Iron hydroxide precipitates have caused the failure of many passive limestone treatment systems
by encapsulating the limestone grains and inhibiting
further dissolution (Kepler and McCleary, 1994;
Robbins et al., 1999); in addition, gibbsite can ﬁll
the interstitial spaces and clog the system (Cravotta
and Trahan, 1999). To reduce the eﬀect of precipitates and ensure the maximum lifetime of limestone
passive systems, it has been recommended that Fe
levels in the inﬂuent AMD should be below 1 mg/
L (Hedin et al., 1994). Nevertheless, even at these
low levels some precipitation of Fe will occur, and
can aﬀect the performance of a limestone system.
Limestone grains coated by precipitates are less
eﬀective at neutralising acid than uncoated particles,
because the armouring limits the rate at which the
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solid limestone is attacked by H+ ions. Although
armoured limestone can still cause a rapid increase
in the pH of inﬂuent AMD (Cravotta and Trahan,
1999), this slows with time, and the neutralisation
rate decays logarithmically (Ziemkiewicz et al.,
1996). A coating of metal hydroxide can reduce
the reactivity of limestone by a factor of 2.5–5
(Pearson and McDonnell, 1975; Ziemkiewicz
et al., 1997).
The extent of armouring, measured by the thickness of the coating, has not been widely investigated. Visual examinations typically estimate the
thickness as up to 1 mm (Cravotta and Trahan,
1999), but this is likely to be too high. Schwertmann and Friedl (1998) dissolved the Fe coatings
on limestone particles in oxalate and/or dithionite–citrate–bicarbonate (DCB), and calculated
the average minimum thickness of the ferrihydrite
ﬁlm as only 0.9–4.7 lm, assuming that the Fe
hydroxide was non-porous and had a mean density
of 4 g/cm. In constant ﬂow experiments of AMD
neutralisation, Hammarstrom et al. (2003) found
the limestone grains to be coated in a rind of gypsum encapsulated by a 10–30 lm thick layer of
Fe–Al hydroxysulfate.
Although the negative eﬀect of armouring on the
performance of passive limestone systems is well
known, few studies to date have examined the relationship between the thickness of the Fe coatings
and the decrease in neutralising potential of the
limestone system. Sun (2000) developed an empirical model for calculating the expected lifetime of
open limestone channels, taking into account limestone surface area and dissolved Fe concentration,
but assuming the thickness and rate of development
of the Fe coatings.
The aim of the present study is to develop a general relationship for the longevity of limestone
drains from the average minimum thickness of the
armouring and the elapsed time when the limestone
loses its maximum neutralising ability. This indicates when the limestone in the drains would need
to be replaced or the precipitates removed (e.g. via
mechanical shaking) to prevent the system from failing. In addition, the mineralogy and morphology of
the Fe precipitate and the strength of bonding to the
limestone surface were examined.
2. Experimental system
The study used a small-scale laboratory limestone system consisting of a column ﬁlled with lime-

stone gravel. To maintain continuously saturated
conditions, synthetic AMD (pH 4–4.8, 100 ± 5
mg/L Fe) was directed upward through the column
and the eﬄuent was captured in a sealed carboy.
The pH of the eﬄuent was measured daily or more
frequently and ion concentrations were measured
periodically. The experiment was terminated after
46.2 days (1110 h) when the pH of the eﬄuent solution had decreased from a maximum of 6.45–4.9,
indicating that the neutralising ability of the system
had failed. Limestone grains were then removed
from the column and the thickness of the Fe coatings measured using microscope analysis (light and
SEM). This was crosschecked against the amount
of Fe precipitated in the column, from the diﬀerence
in total Fe concentrations of the inﬂuent and eﬄuent waters. The physical nature of the Fe coating
and its adhesion to the limestone surface were also
examined.
Initially, the inﬂuent solution was not sparged to
remove O2. However, oxidation of dissolved Fe2+
changed the pH of the synthetic AMD before it
entered the column, so sparging with N2 was necessary to largely remove the dissolved O2. Thus, the
O2 levels in the column closely approximated those
in an anoxic limestone drain for most of the experiment. Nevertheless, the results can be applied to
oxic limestone drains and open limestone channels,
as will be discussed further below.
2.1. Limestone
Microcrystalline limestone of high purity (98%
CaCO3) from Buchan, eastern Victoria, was used;
a low dolomite content is required, as this mineral
has slower reaction kinetics than calcite (Turner
and McCoy, 1990). The limestone particles used
in the experiment had a maximum length of
0.5–1.3 cm and a minimum length of 0.05–0.4 cm;
the recommended diameter for limestone grains in
passive treatment systems is 2.1–2.8 cm (Hedin
et al., 1994) to 3–10 cm (Robbins et al., 1999). Limestone ﬁnes and particles less than 0.05 cm in diameter were removed, because small void spaces can
become plugged by precipitates (Hedin et al.,
1994). Limestone particles larger than 1.3 cm across
were also removed because larger particles have a
smaller surface area to volume ratio and hence are
less reactive. The limestone was air-dried and stored
at room temperature; 555 limestone particles were
randomly selected, 50 of which were used to determine average surface area (see Section 2.6), and
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the remainder, weighing 78.46 g, placed in the
column.
2.2. Column
The small vertical column containing the limestone was a 6.5 cm diameter, 7 cm high PVC tube,
threaded at both ends and capped with screw tops;
a non-return sight valve for a swimming pool ﬁltering system was used (Fig. 1). A piece of circular
PVC plastic 50 mm in diameter and 6 mm thick with
3 mm holes drilled into it was placed at the base of
the vertical tube to act as a ﬁlter. The synthetic
AMD was pumped through the vessel at 2.75 mL/
min, entering the base and exiting through the top.
2.3. Preparation of synthetic acid mine drainage
Analytical grade reagents were used to produce
the synthetic AMD. Initially 10.5 lL of concentrated H2SO4 was added to a 25 L carboy and made
up to volume with distilled water, giving a pH of
4.8; however, after the experiment had run for
524 h, the pH of the synthetic AMD was decreased
to 4.0 (see reasoning below). Approximately 13.0 g
of FeSO4 Æ 7H2O and 3.4 g of KCl were added to a
500 mL volumetric ﬂask containing low pH water
from the carboy. The ﬂask contents were shaken
to ensure the complete dissolution of the chemical
salts before being poured back into the carboy,
which was stirred thoroughly. The exact weight of
FeSO4 Æ 7H2O added to each carboy was used to calculate accurately the concentration of Fe2+ present.
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Each carboy therefore contained a solution of 100
(±5) mg/L Fe2+ (0.045 mol/L Fe) and 70 (±3) mg/
L K+. Nine 25 L carboys containing the synthetic
acid mine drainage were required for the experiment; in total 192.89 L of synthetic acid mine drainage were directed through the limestone column
(78.98 L at pH 4.8 and 113.90 L at pH 4). The
KCl added to the synthetic AMD was used as a tracer, as it did not take part in any of the reactions
within the column.
As the intention of this experiment was to
encourage the precipitation of Fe on the limestone
particles, a process that requires O2, initially the
synthetic AMD was not purged with N2 prior to
the addition of FeSO4 Æ 7H2O and KCl. It was
observed however, that the pH of the synthetic
AMD within the carboy decreased during the
course of the experiment, due to the oxidation of
Fe(II) to Fe(III). To prevent this from occurring,
the carboys containing the inﬂuent AMD were
purged with N2 to give an O2 concentration of
<1.5 mg/L. No oxidation was observed to take
place within the carboys following this procedure
(Fig. 2). In addition, the 500 mL ﬂask in which
the chemicals were dissolved was purged with N2
prior to use. It should be noted that no precipitation
occurred within the carboys during either
procedure.
2.4. Sampling and analytical methods
Temperature and pH measurements of the inﬂuent and eﬄuent solutions were recorded at 1–2-day

Fig. 1. Schematic diagram of laboratory setup. Not to scale.
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Fig. 2. Change in pH over time. The solid grey line indicates the point where the pH of the inﬂuent AMD was reduced from 4.8 to 4. The
dashed line shows when experiment was suspended. Equations and correlation coeﬃcients calculated for lines of best ﬁt from either side of
744 h, when rate of pH decline increased (see text for discussion).

intervals during the 46-day experiment (see Fig. 1
for measurement locations). Neither the pH probe
nor thermometer were ﬁxed but were introduced
to the experimental system when measurements
were required. The pH probe was calibrated prior
to each measurement. The experiment was temporarily suspended after 639 h for external reasons.
During this time, the limestone system was ﬁlled
with distilled water to prevent precipitation reactions from taking place.
Eﬄuent water was collected in nine 25 L carboys (C1–C9). The contents in each carboy were
thoroughly shaken, the volume measured using
graduated cylinders, and one 150 mL sample taken
in a polyethylene container that was completely
ﬁlled. The pH and temperature of the eﬄuent were
measured using a Metrohm pH meter (Model 704)
with the pH electrode initially calibrated using pH
4 and 6.86 buﬀer solutions. The 150 mL samples
were not ﬁltered but were acidiﬁed with 1.5 mL
of concentrated HNO3 and then refrigerated at
4 C.
Concentrations of Fe, K, Mg and Ca in the eﬄuent were determined by atomic absorption spectroscopy, and levels of Cl and SO4 were measured using
ion chromatography; the NO3 peak did not interfere
with analysis. Alkalinity levels were below detection

limits in most samples (because of the low pH), and
were determined by charge balance in the remainder. Activities of aqueous species and mineral saturation indices (SI = log(activity product/Keq)) were
calculated using PHREEQC Interactive v. 2.6
(Parkhurst and Appelo, 1999).
2.5. Characterisation of Fe hydroxide precipitates
At the conclusion of the experiment, the limestone grains, which were coated with Fe hydroxide
precipitates, were removed from the column, airdried for 4 weeks and weighed. The coatings on a
random sample of limestone grains were removed
using plastic tweezers, and examined under a Leica
stereo light microscope to determine their texture
and approximate thickness. The coating was composed of multiple layers (discussed in detail below)
but could only be mechanically separated into
two: a denser layer that was adjacent to the limestone surface and an overlying layer of loose Fe
powder. The powdery layer was separated using a
ﬁne hair brush, crushed and analysed qualitatively
for mineralogy using a Siemens D5000 X-ray diffractometer (XRD) and infra-red analysis (IR); similar analyses were performed on a bulk sample of
the coating.
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To determine the average thickness of the Fe
coating on the limestone grains more accurately,
and obtain an indication of the strength of bonding
between the Fe coating and the limestone, samples
were examined using a Cambridge S150 scanning
electron microscope (SEM) operated at 20 kV with
a Link AN10000 electron dispersive X-ray spectrometer (EDS). Coated limestone grains were
arranged vertically in a 23 mm diameter nylon
mould; the nylon mould was ﬁlled with a 1:4 solution of hardener/resin, allowed to set, and then
cut. The cut surface was polished with carborundum
followed by a 2 lm diamond wheel, and coated in a
120 nm layer of C before examination under the
SEM.
2.6. Calculation of limestone surface area
To determine the thickness of the Fe encrustation
around the limestone grains, it was necessary to
know the total surface area of the 505 irregularly
shaped limestone particles used in the experiment.
Fifty limestone particles were randomly selected;
the average surface area per unit mass of the 50
limestone grains was calculated from measurements
of length and mass on each individual particle using
the method of Pearson and McDonnell (1977):
surface area=unit mass ¼

pD2
S

m

ð6Þ

where m is the mass of the limestone particle (g) and
D is the nominal diameter (cm), equal to the diameter of a sphere of the same volume as the particle:
sﬃﬃﬃﬃﬃﬃﬃ
3 vol
D¼2 4
ð7Þ
p
3
where the particle volume is calculated from mass
(g) · particle density (g/cm3). Particle density was
determined using the pycnometer method of McIntyre and Stirk (1954).
In Eq. (6), S is the shape factor of the particle,
deﬁned as the ratio of the surface area of a sphere
with the same volume as the particle, to the surface
area of the particle:
S ¼ 1:15  0:25E

ð8Þ

where elongation (E) = L/D; L is the maximum
length of a particle and D the nominal diameter (calculated as above).
The values of surface area per unit mass of the 50
limestone grains were not normally distributed,
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exhibiting a positive skewness, and so the median
rather than the mean was used as the average (Rees,
1985). The total surface area of the 505 limestone
particles used in the experiment could then be
calculated:
Total surface area ¼ median surface area
=unit mass  mass of 505 limestone particles
ð9Þ
2.7. Calculation of expected thickness of Fe coating
on limestone grains
The expected thickness of the Fe encrustation
around the limestone particles was calculated from
the mass of Fe precipitated in the column, which
is the diﬀerence between the total Fe content of
the inﬂuent solution and that of the eﬄuent. The
mass of Fe precipitated was converted to a mass
of Fe oxyhydroxide and then to a volume using an
assumed density of 4.18 g/cm3, which is the average
density of goethite and lepidocrocite, the two minerals present in the Fe coating (see below). The volume of precipitate was then divided by the total
mass of limestone particles used in the experiment
(78.46 g) to derive the volume of Fe precipitated
per gram of limestone. This was converted to a
thickness around each particle by dividing by the
average surface area per unit mass (calculated from
Eq. (6)). The thickness of the Fe hydroxide coating
calculated in this way was compared to the actual
average thickness measured under the SEM.
3. Results and discussion
3.1. Limestone surface area
The limestone particles used in the experiment
had a maximum length of 0.5–1.3 cm and a minimum length of 0.05–0.4 cm. The median surface
area of the 50 limestone particles assessed was
0.9 cm2, giving a median surface area per unit mass
of 7.1 cm2 g1 and a total surface area of 560 cm2
for the limestone particles in the column, which
weighed 78.46 g.
3.2. Chemical trends
During the initial phase of the experiment, neutralisation within the limestone-ﬁlled column caused
the inﬂuent pH (4.8) to increase to greater than 6 in
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ing less reactive as they were progressively coated by
Fe precipitates, as there was a concomitant reduction in the amount of Ca2+ in the eﬄuent and therefore the rate of limestone dissolution (Figs. 3 and 4).
The amount and rate of Fe precipitation also
decreased (Figs. 3 and 4); because this reaction is
partially driven by H+ neutralisation (reaction
(1)), as less limestone dissolves and the pH falls, less
Fe will precipitate. As a result, it was decided to
reduce the inﬂuent pH from 4.8. to 4 after 524 h
(when 78.98 L of synthetic AMD had passed
through the column), to increase the limestone dissolution within the system and hence encourage a
greater precipitation of Fe.
The eﬄuent pH showed an overall decline up to
500 h (0.006 pH units/10 h; Fig. 2) with signiﬁcant
ﬂuctuations, giving a poor correlation coeﬃcient
(r2 = 0.14). The most likely cause of the ﬂuctuations
is variability in the inﬂuent pH due to diﬀering
degrees of oxidation of Fe(II) to Fe(III) within the
carboys of synthetic AMD (reaction (3)). After
500 h, sparging with N2 was used to remove O2
from the inﬂuent solution, and no oxidation was
observed to take place within the carboys for the
remainder of the experiment; the eﬄuent pH stabilised and greater correlation coeﬃcients were
observed (Fig. 2).

the eﬄuent water, and the eﬄuent pH reached a
maximum of 6.45 after 68 h (Fig. 2). The inﬂuent
water was acidic and highly undersaturated with
respect to calcite, so the limestone in the column
actively dissolved, as reﬂected in the high Ca and
alkalinity concentrations in the eﬄuent waters during the initial stage of the experiment (Table 1 and
Fig. 3), when the rates of calcite dissolution and
Fe precipitation were at their peak (Table 2 and
Fig. 4). The maximum pH of 6.45 was maintained
for 72 h after which it decreased gradually, falling
to below 6 after 150 h. The decrease was probably
due to the surfaces of the limestone particles becom-

Table 1
Composition of inﬂuent synthetic AMD and representative
eﬄuent waters (in mg/L except pH)
Sample

Average
inﬂuent

Eﬄuent (after
234 h; C2)

Eﬄuent (after
1110 h; C9)

FE2+
Ca2+
Mg2+
HCO
3
K+
Cl
SO2
4
pH

100.3
0.0
0.0
0.0
72.0
66.2
184
4.24

72.0
39.9
0.4
51.6
68.7
62.3
179
5.99

85.0
12.2
0.1
3.1
68.0
61.6
174
4.90

C1

C2

C3

C4

C5

C6

C7

C8

C9
0.016

0.001
0.0009

Fe precipitated in the system

0.0008

dissolved Cain effluent

0.014
0.012

0.0007

0.01
0.008

0.0005
0.0004

0.006

mol Ca2+

mol Fe/L

0.0006

0.0003

0.004
0.0002

influent pH 4.8

influent pH 4

0.0001
0

0

200

400

600

800

1000

0.002
0
1200

Time (hours)

Fig. 3. Changes in amounts of Ca dissolved and Fe precipitated. Each tick mark on the top axis represents the time when a full container
of eﬄuent (C1–C9) was removed for analysis. The solid grey line indicates the point where the pH of the inﬂuent AMD was reduced from
4.8 to 4.
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Table 2
Calculation of limestone dissolution and Fe precipitation rates from total amounts of Fe and Ca in eﬄuent solutions
Time (h)

C1
C2
C3
C4
C5
C6

0–135
135–234
234–378
378–524
524–640
640–744

135
99
144
146
116
104

20.67
15.18
22.13
21.00
19.08
24.04

Total to
744

Total to
744 h

744

122.10

C7
C8
C9

744–865
865–988
988–1110

121
123
122

23.69
23.50
23.60

Inﬂuent
pH 4.8c

0–524

524.47

Inﬂuent
pH 4d

524–1110

585.27

Total
C1–C9

1110

1110

Total
Fe in
eﬄuent
(g), E

Total Fe
Fe
precipitated precipitated
in column
(%), G
(g), F

Moles
Ca2+ in
eﬄuentb
(·102),
H

Mass
CaCO3
dissolved
(g), I

Total mass of
CaCO3 in
column at
beginning of
time period
(g), J

Surface
area
(cm2),
K

CaCO3
dissolution rate
log
(mmol cm2 s1),
L

Fe
precipitation
rate
(mg Fe/h),
M

2.27
1.45
2.11
2.03
1.96
2.59

1.69
1.09
1.66
1.91
1.79
2.04

0.59
0.35
0.45
0.11
0.17
0.54

25.8
24.5
21.5
5.6
8.6
21.0

1.29
1.52
1.14
1.07
0.82
1.05

1.29
1.51
1.14
1.07
0.82
1.05

78.46
77.17
75.65
74.51
73.44
72.61

560
550
540
530
520
510

7.32
7.11
7.39
7.41
7.42
7.26

4.35
3.58
3.15
0.77
1.47
5.20

12.40

10.18

2.22

Ave. 17.9

6.89

6.89

71.59

510

7.32

2.98

97.1
100.7
97.7

2.3
2.37
2.31

1.87
1.90
2.01

0.44
0.47
0.3

19.0
19.8
13.0

1.03
0.84
0.72

1.03
0.84
0.72

71.56
70.53
69.68

510
500
490

7.33
7.42
7.48

3.59
3.83
2.45

78.98

n/a

7.85

6.35

1.51

Ave. 19.3

5.02

5.03

78.46

Ave.
540

7.31

2.87

113.90

n/a

11.52

9.61

1.92

Ave. 16.3

4.47

4.47

73.44

Ave.
510

7.38

3.28

192.89

n/a

19.37

15.95

3.42

Ave. 17.7

9.49

9.49

78.46

560

7.34

3.09

110.0
95.4
95.4
96.3
102.8
107.6
Ave. 101.3

D = ((C/55.85) · 103)/B; F = D  E; G = (F/D) · 100; I = H · 100.09 g/mol; K = 7.077 cm2 g1 · J (averages [Ave.], and not totals, are given where noted); L = log((H · 1000)/
(A · K)) where A is in s; M = (F · 1000)/(A).
a
Calculated from the ‘‘catch-weight’’ of FeSO4 Æ 7H2O.
b
Equivalent to moles CaCO3 dissolved.
c
C1–C4.
d
C5–C9.
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Number Eﬄuent Inﬂuent Fe2+ Mass Fe
of
volume concentration introduced
hours,
(L), B
into
(mg/L)a, C
A
column
(g), D

Eﬄuent in
carboy
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Fig. 4. Changes in the limestone dissolution and iron precipitation rates. Tick marks on the top axis indicate when full containers (C1–C9)
were removed for analysis.

Following the reduction in inﬂuent pH to 4, the
eﬄuent pH increased slightly (0.007 pH units/10 h;
r2 = 0.55) until 744 h, when a noticeable change
occurred (Fig. 2). The pH decline increased 4
times to 0.027 pH units/10 h (the reason for this is
discussed below), and remained at this rate until
the experiment was terminated when the pH fell to
4.9, after 113.90 L of pH 4 synthetic AMD had
passed through the system. The experiment was
interrupted for external reasons at 639 h, but this
had no eﬀect on the rate of reaction (Fig. 2). During
the course of the experiment, neutralisation of the
AMD by the limestone was substantially hindered
by the Fe precipitates coating the limestone particles, but nevertheless limestone dissolution continued to occur, as shown by the Ca released into
solution (Fig. 3), albeit at a much slower rate after
744 h (Fig. 4), coinciding with a more rapid rate
of eﬄuent pH decrease (Fig. 2). Iron precipitation
also continued to occur until the termination of
the experiment, although a decrease in the Fe precipitation rate was observed after 744 h (Fig. 4), as
the solution within the limestone column became
less likely to precipitate Fe due to its lower pH
(reaction (1)).
Concentrations of K+ and Cl remained constant during the course of the experiment, indicating
that there were no eﬀects of evaporation or dilution.

also did not change (within
The levels of SO2
4
experimental error), because concentrations of
Ca2+ and SO2
4 were too low for gypsum to precipitate (Fig. 5). XRD analysis conﬁrmed that no gypsum was present in the coatings on the limestone
grains.
3.3. Limestone dissolution
Limestone dissolved during the entire course of
the experiment; the inﬂuent water was always
undersaturated with respect to calcite (negative saturation indices; Fig. 5). During the ﬁrst 744 h of
the experiment, before the marked change in the
rate of pH decline occurred, a total of 6.89 g of
limestone dissolved (Table 2), representing a dissolution rate of 107.32 mmol cm2 s1. In the later
stages of the experiment (744 – 1110 h), the inﬂuent AMD was more acidic (pH 4), but the dissolution rate decreased to 107.38 mmol cm2 s1. This
reﬂects the reduced ability of the limestone to neutralise the AMD as Fe hydroxide coatings built up
on the limestone particles. Despite the increased
acidity of the water in the column, reﬂected in
increasingly negative calcite saturation indices during the experiment (Fig. 5), the thickness of the
coatings was suﬃcient to slow down limestone
dissolution.
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Fig. 5. Relative changes in saturation indices for goethite, lepidocrocite, gypsum and calcite during the experiment. SI indices for calcite
and gypsum calculated using PHREEQC Interactive v. 2.6 (Parkhurst and Appelo, 1999). SI indices for goethite and lepidocrocite
calculated using DG0f ðgoethiteÞ ¼ 486:87 kJ=mol (log Kgoethite = 1.4; Bigham et al., 1994) and DG0f ðlepidocrociteÞ ¼ 480:1 kJ=mol (after
Majzlan et al., 2003); assuming pe of 4, i.e. moderately oxidising conditions (SI values for goethite and lepidocrocite may not be accurate
but are consistent relative to each other, so trends of changes in SI are correct). Calcite saturation indices extend below 4 after 640 h.

The total mass of limestone dissolved during the
course of the experiment (46.2 days), calculated from
the Ca2+ concentrations in the eﬄuent (Table 3), was
9.49 g, which is 12.1% of the total limestone in the
column. This is in good agreement with the value
of 9.48 g calculated from the diﬀerence between the
initial (78.46 g) and ﬁnal weights of limestone
(68.98 g after subtracting the mass of Fe precipitated
as determined from the water chemistry; Table 3).
The amount of limestone dissolved per unit surface area per unit time in the experiment is
107.38 mmol cm2 s1. This is almost 4 times slower
Table 3
Calculation of amounts of Fe hydroxide precipitation and
limestone dissolution
A
B
C
D
E
F
G
H
I

Total mass of Fe in inﬂuent AMDa
Total mass of Fe in eﬄuenta
Total mass of Fe retained in column
Total mass of FeOOH retained in columnb
Total mass of FeOOH precipitated on limestone
Initial mass of limestone
Final mass of limestone and FeOOH coatings
Final mass of limestone
Amount of limestone dissolved

19.37 g
15.95 g
3.42 g
5.45 g
5.24 g
78.46 g
74.22 g
68.98 g
9.48 g

C = A  B; E = D  mass (FeOOH) retained on column walls
(0.21 g); H = G  E; I = F  H.
a
From Table 2.
b
Conversion of C from Fe to FeOOH using molar mass ratio
(1:1.59).

than the rate of 106.9 mmol cm2 s1 obtained by
Cravotta and Trahan (1999) for the inﬂow portion
of an open limestone drain in eastern USA. The
inﬂuent pH in Cravotta and Trahan’s (1999) experiment was lower (pH 3.5–4), so more limestone dissolved per unit surface area/s than in the present
study. There were large diﬀerences in surface area
between the two studies; Cravotta and Trahan
(1999) used limestone slabs (1–2 cm thick by 3–
4 cm wide) with a smaller surface area (40 cm2)
than in the present experiment (560 cm2), resulting
in a much lower surface area/g limestone in their
study (1 cm2 g1 compared to 7 cm2 g1). As a result,
approximately twice as much limestone dissolved/g
of limestone in this study (1 g g1 a1) than in
Cravotta and Trahan’s (1999) experiments
(0.43 g g1 a1).
3.4. Iron precipitation
In total, 19.37 g of Fe passed through the column
in 192.89 L of synthetic AMD containing on average 100.3 mg/L Fe2+; 17.7% of the Fe was retained
in the column (Table 2) by precipitation, which
occurred during the entire course of the experiment
(Fig. 3) at an average rate of 3.09 mg/h (Table 2).
The greatest rate of precipitation occurred after
640 h when the inﬂuent pH was reduced to 4.
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FeOOH(s) + 3Hþ = Fe3þ + 2H2 O

The percentage of Fe precipitated in the experiment (17.7%) is comparable to results from anoxic
limestone drains in eastern USA (median 28%;
Fig. 6), but is lower than expected for oxic limestone
systems, where Fe precipitation can reach almost
100% (Cravotta and Trahan, 1999). In the experiment O2 levels in the inﬂuent solution were low, as
the synthetic AMD was sparged with N2 to
<1.5 ppm O2, and the conﬁguration of the column
(Fig. 1) prevented signiﬁcant O2 inﬁltration and
hence metal precipitation, whereas in oxic limestone
drains, inﬂuent solutions contain relatively high O2
concentrations (in equilibrium with the atmosphere), which promote metal precipitation. In general, the Fe retention within limestone drains is
dependant primarily upon O2 concentrations within
the system, and is little aﬀected by inﬂuent Fe concentration or inﬂuent pH (Fig. 5).
The Fe hydroxide minerals in the coatings on the
limestone grains are goethite (a-FeOOH) and lepidocrocite (c-FeOOH), as identiﬁed by XRD and
IR analysis (discussed further below). Saturation
indices (SI) show that the eﬄuent was supersaturated (SI > 0) with respect to these minerals during
the full course of the experiment (Fig. 5). The free
energies of formation (DG) of goethite and lepidocrocite diﬀer by less than 10 kJ/mol (Bigham
et al., 1994; Majzlan et al., 2003), so their saturation
indices are always similar.
The dissolution reaction for goethite and
lepidocrocite:

means that their saturation indices are inversely
proportional to the log of activity of H+:
SIgoe:=lep: ¼ log

aFe3þ
ðaHþ Þ3

ð11Þ

K eq

Therefore, as pH decreased (and logaH+ increased)
during the experiment, the saturation indices for
goethite and lepidocrocite decreased (Fig. 5); the
rate of decline in both pH and the saturation indices
was greatest after 744 h (the reason for this is discussed below).
Up until 744 h, when the limestone dissolution
and Fe precipitation rates decreased, a total of
3.53 g of FeOOH (2.22 g as Fe) had precipitated
within the column at a rate of 2.98 mg/h (Table
2). During the entire course of the experiment, a
total of 5.45 g of FeOOH (3.42 g as Fe) was
retained within the column (Table 2). Of this,
0.21 g FeOOH (0.13 g as Fe) adhered to the sides
of the column (obtained from the diﬀerence in
air-dry weight of the column before and after the
experiment), so 5.24 g FeOOH (3.30 g as Fe) precipitated on the limestone grains (Table 3). The
amount of FeOOH that precipitated on the sides
of the column up until 744 h, assuming that it is
proportional to the overall rate of Fe precipitation,
was 0.13 g of FeOOH (0.08 g as Fe), so 2.14 g of
Fe precipitated on the surface of the limestone particles up until this time.

100

100

% Fe retained in system

% Fe retained in system

ð10Þ
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0
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Fig. 6. Percentage of Fe retained in anoxic limestone drains from diﬀerent locations in eastern USA as a function of inﬂuent metal
concentration (a) and inﬂuent pH (b). Data exhibiting negative % Fe retained are not included. Dotted line indicates the median % Fe
retained (28%).
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3.5. Iron hydroxide precipitates
Iron hydroxide covered more than 95% of the
surface of the limestone grains; coatings were thin
or absent where the particles contacted one another.
Three distinct layers are present: a thick porous
orange layer adjacent to the surface of the limestone
(Layer 1), overlain by a dark brown non-porous
crust (Layer 2), succeeded by a powdery layer of
loosely-bound, porous orange globules (Layer 3)
(Fig. 7a). SEM imagery indicates that the density
of Layer 1 increases away from the limestone surface (Fig. 7b). This sequence was also recorded by
Clarke et al. (1985), who precipitated Fe hydroxides
from a Fe(ClO4)2 solution relatively rapidly (days
rather than weeks). However, Clarke et al. (1985)
did not observe the 60 lm wide void space
between the limestone and Fe hydroxide layers
(Fig. 7b).
The thick porous Fe hydroxide layer (Layer 1)
represents the ﬁrst phase of Fe precipitation. Initially the large reactive surface area of the limestone
grains allowed rapid neutralisation of the inﬂuent

2355

acidity, and a boundary layer of solution depleted
in H+ built up around the limestone grains. The
products of the limestone neutralisation, HCO
3
and/or H2CO3 (reactions (4) and (5)), could diﬀuse
rapidly into the surrounding solution at this stage
of the experiment. Removal of H+ favours Fe
hydroxide precipitation (reaction (1)); as a consequence, a relatively thick band of porous Fe hydroxide formed from rapid precipitation at the outer
edge of the H+-depleted boundary layer, a ﬁnite distance from the limestone grain. During the earlier
stages of the experiment when the Fe coating was
relatively thin and porous, it is likely that the presence of this void space meant that the rate of limestone dissolution was little aﬀected; Cravotta et al.
(2004) proposed that thinly coated and uncoated
limestone dissolve at comparable rates.
The overlying dense crust probably represents a
period of slower growth, attributed by Clarke
et al. (1985) to a diﬀusion barrier formed by the
growing Fe hydroxide coating, slowing the movement of Fe3+/Fe2+ and H+ towards the calcite surface. By also reducing the rate of diﬀusion of H2CO3

Fig. 7. Photomicrographs of (a) cross-section of Fe hydroxide coating on a limestone particle, showing layers present; (b) SEM image
showing the void space between the limestone and Fe layers; (c) limestone particle with portion of crust removed revealing unstained
limestone beneath.
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away from the surface of the limestone, the barrier
could locally elevate H2CO3 concentrations and
potentially cause further limestone dissolution
(Cravotta et al., 2004):
CaCO3 þ H2 CO03 ! Ca2þ þ 2HCO
3

ð12Þ

Once the dense crust encapsulated the limestone
grains, neutralisation of the inﬂuent AMD by the
limestone would have been severely impeded (but
not completely stopped). This presumably occurred
at 744 h through the experiment, when pH (and the
saturation indices of goethite and lepidocrocite)
began to decline more rapidly (Fig. 5). Thus, formation of the crust was responsible for the ultimate
failure of the system.
Above the dense crust is a powdery layer of
loosely-bound, porous orange globules that probably represent settling of suspended grains of Fe
hydroxide that precipitated in the solution above
the limestone surface (Clarke et al., 1985).
The complete Fe hydroxide coating required
minimal force to be completely removed from the
limestone surface, reﬂecting the observed void
between the two, and fragmented easily (like the
shell of a hard-boiled egg). There was little
orange/yellow staining on the limestone after the
coating was removed (Fig. 7c), and SEM analysis
showed no transitional region between the two
materials. Thus, the Fe hydroxide coating was not
adhesively bound to the surface of the limestone,
although the layers within the coating cannot be
separated. Loosely bound amorphous to crystalline
Fe hydroxide/Fe–Al hydroxysulfate coatings have
been observed to precipitate on limestone grains in
a number of studies, precipitated in both laboratory
and ﬁeld situations and from AMD and Fe(ClO4)2/
Fe(ClO4)3 solutions (Leoppert and Hossner, 1984;
Hammarstrom et al., 2003; Cravotta and Watzlaf,
2002; Huminicki and Rimstidt, 2004). However,
Schwertmann and Friedl (1998) noted very strongly
adherent goethite and ferrihydrite ﬁlms on limestone and other pebbles in AMD streams, and
experiments by Scheidegger et al. (1993) produced
strongly bonded goethite coatings on quartz grains,
attributed to the formation of Fe–O–Si bonds. The
mineralogy of both the Fe hydroxide coatings and
the grains to which they are bound may inﬂuence
the strength of adhesion of the coatings.
XRD and IR analysis showed that all layers of
the Fe hydroxide coatings in the present experiment
are composed of a mixture of goethite and lepidocrocite (Figs. 8 and 9), and the IR spectra indicate

that ferrihydrite is absent. The half peak heights
of all XRD spectra are similar, indicating that the
diﬀerent layers have the same crystallinity.
In the present experiment it is not possible to say
with certainty whether goethite and lepidocrocite
are primary precipitates or have replaced ferrihydrite, which precipitated ﬁrst. However, the formation of primary goethite and lepidocrocite at
AMD sites has been widely reported (Karathanasis
and Thompson, 1995; Kim and Kim, 2003; Kirby
et al., 1999). The precipitation of ferrihydrite is
kinetically favoured, but lepidocrocite rather than
ferrihydrite will form directly from Fe2+ solutions
when oxidation is slow, pH is 5–7.5 (Cornell and
Schwertmann, 2003), and/or Cl is present (Schwertmann and Taylor, 1972). In addition, crystalline
rather than amorphous Fe hydroxide minerals form
during limestone neutralisation of AMD when precipitation is slow (Clarke et al., 1985).
Lepidocrocite is metastable relative to goethite,
and transformation to goethite is promoted by
SO2
(Carlson and Schwertmann, 1990) and the
4
presence of Fe2+ (Cornell and Schwertmann,
2+
2003). In this study, the high SO2
content
4 and Fe
of the synthetic AMD (Table 1) probably helped the
partial recrystallisation of lepidocrocite to goethite.
The average thickness of the Fe hydroxide coatings around the limestone particles when the experiment was terminated can be calculated from the
weight of goethite/lepidocrocite precipitated
(5.24 g; Table 3), converted to a volume (1.25 cm3)
using a density of 4.18 g/cm3 (average of densities
of lepidocrocite [4.09 g/cm3] and goethite [4.26 g/
cm3]). The total surface area of the limestone particles was 560 cm2, so the calculated average thickness
of the Fe hydroxide coating is 23 lm. After 744 h,
when the rate of neutralisation decreased markedly
and the system began to fail, the amount of FeOOH
that had precipitated on the limestone was 3.53 g,
giving a calculated coating thickness at this stage
of the experiment of 15 lm. Both ﬁgures are underestimates, as they are based on the incorrect
assumptions that the coating is non-porous and uniformly and evenly distributed. Nevertheless, they
represent useful minimum values.
The average thickness of the FeOOH coating
measured under the SEM is 80 lm (from 20 randomly selected limestone particles). As expected,
this is higher than the calculated thickness
(23 lm), due largely to the porosity of the coating.
The orange porous layer is thicker (median 60 lm)
than the overlying dense crust (median 20 lm).
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Fig. 8. X-ray powder diﬀractograms of Fe hydroxide coating (bulk sample and top powdery layer). L = lepidocrocite; G = goethite;
I = illite; C = calcite.

The void between the limestone and hydroxide coating was 60 lm wide, but this may be a slight overestimate, as intrusion of epoxy resin during sample
preparation could have enlarged the void.
3.6. Longevity of limestone drains
Previous studies on the longevity of limestone
drains have focussed on the rates of limestone dissolution and alkalinity generation, and have not speciﬁcally considered the role of Fe precipitates in
shortening the lifetime of the system. Hedin and
Watzlaf (1994) evaluated alkalinity generation and
limestone dissolution rates for 21 limestone drains
to determine the optimum limestone properties for
maximum alkalinity production, and derived a linear decay equation for limestone dissolution. Cubitainer tests by Cravotta and Watzlaf (2002)
indicated that the behaviour should be exponential

rather than linear, and provided good estimates
for the long-term trends observed at three limestone
drain sites.
In this study it has been shown that the limestone
dissolution rate is severely aﬀected by the formation
of Fe precipitates on the limestone grains, such that
when high levels of Fe2+ and suﬃcient O2 are present in the inﬂuent AMD or treatment system, Fe
hydroxide precipitation is the determining variable
for the longevity of the system. When the AMD
contains little Fe and/or O2 (and Al is not present
in signiﬁcant concentrations), limestone dissolution
and alkalinity generation rates control the lifetime
of the limestone drain.
This study also demonstrated that there is a welldeﬁned point in time when the Fe precipitate coating
the limestone grains signiﬁcantly decreases the
AMD neutralisation, such that a marked increase
in the rate of pH decline occurs (Fig. 1). This prob-
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Fig. 9. Infra-red spectra of Fe hydroxide coating (bulk sample and top powdery layer) in the range 500–1200 cm1. G = goethite;
L = lepidocrocite.

ably represents the time when the dense crust within
the coating (Fig. 7) eﬀectively encapsulated the
exposed surfaces of limestone grains, severely
impeding neutralisation. Thus, formation of the
crust was responsible for the reduction in eﬀectiveness and eventual failure of the system. In the present experiment, this occurred after 744 h, when
18% of Fe that had passed through the column
had precipitated on the limestone grains. In ﬁeld situations, the limestone within an oxic or anoxic limestone drain would need to be replaced at this stage,
mechanically agitated or ﬂushed to dislodge the pre-

t ðyearsÞ ¼

The time taken for this amount of Fe to precipitate will be determined by the Fe2+concentration
in the inﬂuent AMD, the ﬂow rate through the
system, and the proportion of Fe within the inﬂuent AMD that is oxidised to Fe3+ and retained in
the system as a precipitate. Incorporating the
above factor (38,500) derived from this study gives
the following relationship for the time when an
anoxic limestone drain will begin to fail, where
the factor initially derived (38,500) has been corrected for converting ﬂow rate from hours to
years:

surface area ðm2 Þ  4:4
fraction Fe retained in system  ½Fe2þ  ðmg=LÞ  flowrate ðL=hÞ

cipitates, so that eﬃcient neutralisation could continue to take place.
From the present study, the system began to exhibit the distinct decline in the rate of neutralisation
when the total mass of Fe hydroxide precipitate
(2.14 · 104 mg) was 3.85 · 104 times the total surface
area of the limestone particles (5.60 · 102 m2), i.e.:
mass of Fe hydroxide precipitate ðmgÞ
¼ surface area ðm2 Þ  38;500

ð13Þ

ð14Þ

Eq. (14) is directly applicable to anoxic limestone
drains, which were duplicated by the experimental
system in this study, and can also be used for oxic
drains and open limestone channels, which will be
characterised by much higher fractions of Fe
retained in the system. The relationship derived
assesses the longevity of these passive treatment systems in ﬁeld situations, by indicating the time when
the limestone needs to be either replaced or mechanically agitated to remove the Fe hydroxide coating,
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to maintain high rates of AMD neutralisation. For
mechanical agitation to be eﬀective in prolonging
the life of a limestone drain, the Fe hydroxide coating on the limestone grains must be easily removed,
as in the present experiment, where a 60 lm void
separated the coating from the limestone. Agitation
could fail if the precipitates are strongly adherent.
Various systems have been designed to agitate the
limestone in a passive system and ﬂush out any solids dislodged, e.g. using a network of perforated
pipes buried in the limestone (Vinci and Schmidt,
2001; Schueck et al., 2004); Weaver et al. (2004)
reviewed these ﬂushing technologies.
Eq. (14) can be tested by applying it to some documented passive limestone treatment systems. In the
oxic limestone drain described by Cravotta and Trahan (1999), 1.37 mg/L Fe is present in the inﬂuent
AMD and >99% of Fe is retained in the drain, so
the time when the rate of neutralisation would begin
to decrease is 8.3 a. Two anoxic limestone drains in
Alabama (Brodie et al., 1993) and Pennsylvania
(Nairn et al., 1992) have, respectively, substantially
higher Fe concentrations of 65 and 208 mg/L, Fe
retentions of 23.5% and 19.2% and ﬂow rates of
128 and 7.5 L/min, giving calculated times for the
drop in neutralisation rate of 1.7 and 1.4 a, respectively. For an anoxic limestone drain in Tennessee
(Brodie et al., 1993), where the inﬂuent Fe concentration is 170 mg/L and ﬂow rate is 1544 L/min, the estimated time for failure is 175 days, assuming an Fe
retention of 28% (based on average Fe precipitation
rates observed for other anoxic limestone systems;
Fig. 6).
Therefore, even at moderately high inﬂuent Fe
concentrations, most passive limestone systems will
retain their maximum neutralisation potential for
one to several years before they begin to fail. Thus,
the recommendations that these systems should be
used only if the Fe3+ level in the AMD is less than
1 and 10–20 mg/L for anoxic and oxic limestone
drains, respectively (Hedin et al., 1994; Sterner
et al., 1998) are too stringent. In addition, the
results of the present study indicate that the Fe precipitates armouring the limestone grains may be
loosely bound and relatively easily dislodged and
ﬂushed from the limestone bed, increasing the
potential longevity of the passive limestone system.

t ðyearsÞ ¼
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Therefore, limestone drains are more widely applicable than presently realised.
4. Conclusions
This study used a small-scale laboratory anoxic
limestone drain to study how precipitation of Fe
hydroxide aﬀects the system’s neutralising potential.
From the results of the experiment, the following
conclusions can be drawn:
1. Where passive limestone systems have been
implemented to treat acid mine drainage containing signiﬁcant levels of Fe, the longevity of a system will be determined by the amount of Fe
hydroxide precipitate on the limestone grains
rather than the rates of limestone dissolution
and alkalinity generation.
2. There is a well-deﬁned point in time when the Fe
precipitate coating the limestone grains signiﬁcantly decreases the AMD neutralisation, such
that a marked increase in the rate of pH decline
occurs. This represents the time when the system
has begun to fail.
3. The Fe hydroxide coating is composed of lepidocrocite/goethite in three distinct layers: an initial
thick porous orange layer (median thickness
60 lm), overlain by a dense dark brown crust
(median thickness 20 lm), succeeded by a layer
of loosely-bound, porous orange globules. When
the dense crust eﬀectively encapsulates the limestone grains, it severely impedes neutralisation
and is responsible for the decline in the rate of
limestone dissolution and the eﬀective failure of
the system.
4. A 60 lm wide void separates the limestone and
the coating, so the precipitate could be easily
removed from the limestone by agitation, allowing the limestone system to resume functioning
at its maximum potential.
5. The experimental system began to fail when the
total mass of Fe hydroxide precipitate was
3.85 · 104 times the total surface area of the limestone particles. Using this factor the following
general relationship can be derived for the time
taken for an anoxic limestone drain to start to
fail:

surface area ðm2 Þ  4:4
:
fraction Fe retained in system  ½Fe2þ  ðmg=LÞ  flowrate ðL=hÞ

Author's personal copy

2360

S. Santomartino, J.A. Webb / Applied Geochemistry 22 (2007) 2344–2361

At this time the limestone in the drain would
need to be replaced or mechanically agitated to
remove the Fe hydroxide coating, to maintain a
high rate of AMD neutralisation.
6. Application of this formula shows that limestone
drains described in the literature will function at
their maximum neutralising capacity for one to
several years before they begin to fail, even when
the inﬂuent Fe concentrations are moderately
high. Thus, recommendations that passive limestone systems should be used only if the Fe level
in the AMD is less than 1–20 mg/L are too stringent, particularly given that the Fe precipitates
armouring the limestone grains may be loosely
bound and relatively easily dislodged, increasing
the longevity of the system. Therefore, limestone
drains are more widely applicable than presently
realised.
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