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Abstract Three metal-rich, acidic mine waters (from

Bersbo and Ljusnarsberg, Sweden) were mixed with alka-

line fly ash leachates in various proportions, representing a

pH titration. Changes in pH and the loss of metals in so-

lution due to precipitation of solid phases were tracked.

Mineral equilibria and changes in pH and alkalinity were

simulated using the geochemical code PHREEQC and the

MINTEQv4 database, and the measured and simulated pH

responses were compared. The formation of solid pre-

cipitates corresponded to fairly well-defined pH-buffering

regions, reflecting the mine water compositions (notably

the levels of Fe, Al, and Mn). Zn precipitation had a dis-

tinct buffering effect at near-neutral pH for the mine waters

not dominated by iron. The formation of solid Mg phases

(carbonate, as well as hydroxide) was indicated at high pH

(above 9), but not formation of solid Ca phases, despite

high sulfate levels. The phases that precipitated were var-

ious amorphous mixtures, mostly of the metals Fe, Al, Mn,

Zn, and Mg. For the Fe-rich mine water, pH was poorly

simulated with a simple MIX model, while alkalinity pre-

dictions agreed reasonably well with measured data. For

the Al-rich mine waters, the simulated pH responses agreed

well with the measurements. In an additional step, geo-

chemical simulations were performed where selected proxy

phases for major elements were forced to precipitate; this

significantly improved the pH and alkalinity predictions.

This approach may be more efficient than performing

mixing experiments and titrations.
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Introduction

Historic sulfidic mine waste dumps generally contain

coarse-grained, highly-weathered material (Lefebvre et al.

2001). Continued sulfide oxidation generates acid rock

drainage (ARD) that leaches substantial quantities of ele-

ments (e.g. Cu, Zn, Cd, Pb, As, and Fe). Precipitation and

accumulation of metals in river banks, stream sediments,

lake shores, etc. are common downstream of such areas

(Bowell and Parshley 2005; España et al. 2006; Herbert Jr.

2006; Moncur et al. 2006; Schroth and Parnell Jr. 2005;

Varesel and Gomes 2009). Secondary phases of Fe, Al, and

Mn, along with other adsorbed and co-precipitated con-

taminants, serve as potential new contaminant sources

(Baresel et al. 2006; Bowell and Parshley 2005; Shum and

Lavkulich 1999a, b).

Alkaline materials, including waste products like

incineration residues (e.g. fly ash), have been used to

neutralize acid-generating mine waste as well as ARD

(Gitari et al. 2006, 2008; Mackie and Walsh 2012; Pérez-

López et al. 2007a, b; Polat et al. 2002; Xenidis et al.

2002). Fly ash (FA) was also used in a trace element im-

mobilization study by Bäckström and Sartz (2011), who

showed that common cationic ARD elements (like Cu, Pb,

and Zn) are effectively immobilized through precipitation

and sorption, with an increased pH. However, FA often

contains high concentrations of other potentially toxic

Electronic supplementary material The online version of this
article (doi:10.1007/s10230-015-0347-3) contains supplementary
material, which is available to authorized users.

& Lotta Sartz

lotta.sartz@oru.se

1 Bergskraft Bergslagen AB, Harald Olsgatan 1,

714 31 Kopparberg, Sweden

2 Man-Technology-Environment Research Centre,
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elements, such as Cr, Mo, and Ba. Bäckström and Sartz

(2011) found that Mo leaching could be kept at a low level

if the pH was kept below 7 and that leaching of the more

toxic Cr(VI) could be avoided in the presence of ferrous

iron, as Cr(VI) was reduced to Cr(III) and precipitated/co-

precipitated as a hydroxide at a pH[ 4. In addition, FA

may contain organic contaminants (Johansson 2003),

which also must be considered before full-scale applica-

tions are performed.

When solid alkaline materials are acting as neutralizing

agents for mine waste or ARD, there is a risk for clogging

and passivation of the neutralizing minerals. Nevertheless,

alkaline amendments have proven to be effective in a lot of

field studies, e.g.: Bersbo historic copper mines, Sweden

(Bäckström et al. 2009; Karlsson and Bäckström 2003), the

Butte, MT, USA mining district (Davis et al. 1999), the

Heath Steele mine site, New Brunswick, Canada (Yanful

et al. 1993), oxic limestone drains (Cravotta III and Trahan

1999), and permeable apatite barriers, Coeur d‘Alene

mining district, USA (Conca and Wright 2006).

Neutralization of ARD and metal immobilization by

addition of alkaline solutions is another option. This in-

cludes active treatment, with an alkaline solution added to

an ARD effluent (Cravotta III et al. 2010), and more pas-

sive treatment methods, e.g. leach beds (Kruse et al. 2012).

Simmons et al. (2002) suggested that alkaline steel slag

could be placed in a leach bed, producing an alkaline

leachate that neutralized the ARD in a mixing zone. This

method is advantageous for well-defined iron-rich ARD

discharges since clogging and passivation of reactive sur-

faces in filters and barriers can be avoided. Prediction of

gained pH depending on the dosing of alkali and the actual

mine water is very important (Cravotta III et al. 2010) as is

proper prediction of alkalinity generated as the two lea-

chates mix, because this determines how resistant the ap-

proach is to pH fluctuations.

The hydrolysis of cations consumes alkalinity with a

buffering effect in a pH region determined by the corre-

sponding thermodynamic complex formation constant, c.f.

Eq. 1 (Pillay et al. 2001).

MðH2OÞzþn $ fMðH2OÞn�1ðOHÞgðz�1Þþ þ Hþ ð1Þ

Surface complex formation (adsorption) of cations by

solid hydrous oxides also releases protons from the sur-

faces, further buffering the pH, as shown in Eqs. 2, 3, and 4

(Schindler and Stumm 1987).

S� OH þMzþ $ S� OM z�1ð Þþ þ Hþ ð2Þ

2S� OH þMzþ $ ðS� OÞ2M z�2ð Þþ þ 2Hþ ð3Þ

S� OH þMzþ þ H2O $ S� OMOH z�2ð Þþ þ 2Hþ ð4Þ

The formation of solid metal hydroxides (or carbonates)

in supersaturated systems has the largest pH-regulating and

buffering effect. Titration of ARD containing dissolved Fe

and Al with a strong base would be expected to exhibit two

inflection points in the titration curve (pH vs amount of

added base), corresponding to Fe(III) hydrolysis at a

pH & 2.7 and Al at a pH & 4.5, respectively, followed by

precipitation of Fe in the pH interval 2.8-4.5 (formation of

schwertmannite, followed by ferrihydrite) and a basalu-

minite-like Al-hydroxysulphate mineral at pH 4–5 (España

et al. 2006; Lee et al. 2002). These Fe and Al phases serve

as excellent scavengers of other hydrolyzable metals in the

system. Mn hydroxides generally precipitate at a pH[ 7,

which make them less important as trace metal scavengers

in ARD (Bigham et al. 1996; España et al. 2006; Lee et al.

2002). Precipitation of Cu and Zn at pH 5.0–6.5 and

6.5–7.5, respectively, is also of great importance as pH

buffering processes (Liu and Kalin 1992; Totsche et al.

2006). Totsche et al. (2003) used a combination of ex-

perimental titration, PHREEQC modeling, and miner-

alogical analysis (IR-spectroscopy and X-ray diffraction) to

assess relevant pH buffering mechanisms in a highly acidic

mine lake. Their mineralogical analyses indicated the for-

mation of poorly crystalline schwertmannite as well as

various Al hydroxides and hydroxy sulfates.

We analyzed the formation of solid precipitates and

successive pH changes when mixing acidic, metal-rich

mine waters from field sites with alkaline FA leachates.

Various solid phases dominate in different pH regions,

reflecting the proportions of precipitating and co-pre-

cipitating metals (Fe, Al, Mn, Zn, and Mg). Mineral

equilibria and changes of pH and alkalinity were measured

as well as simulated with the geochemical modeling pro-

gram PHREEQC and the MINTEQv4 database (Parkhurst

and Appelo 1999). The aims of our study were to: (1)

elucidate the pH-controlling buffering processes and their

effect on the distribution and mobility of dissolved metals

in real systems (depending on the constituents of the mine

water); (2) compare buffering between measured and

modeled systems, especially prediction of pH and alka-

linity, and; (3) see if modeled predictions (of pH and al-

kalinity) can be easily improved. The fate and

immobilization of trace elements from both the mine wa-

ters and the ash water have been reported in an earlier

paper (Bäckström and Sartz 2011).

Materials and Methods

Mine Waters and Ash Leachates

Mine waters were selected so as to have one that was Fe

dominated (BO), one that was Al dominated (LB), and one

that contained more Mn (LG). Acidic mine waters were

sampled at two historic sulfidic ore mining sites: (1) the
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Bersbo (BO) mine discharge, Östergötland (N58.26495�,
E16.03165�) (Allard et al. 1987), and (2) the Bondstollen

(LB) shaft, and (3) the Gustaf (LG) shaft, both at the

Ljusnarsberg mine, Bergslagen (N59.87805�, E14.98816�)
(Bäckström and Sädbom 2008). The Ljusnarsberg mine

field was discovered in 1624 and was last mined in 1975

(Bäckström and Sädbom 2008). The source of the eco-

nomic mineralisation has been complex mixtures of chal-

copyrite (CuFeS2). sphalerite (ZnS), galena (PbS),

pyrrhotite (FeS), pyrite (FeS2), and magnetite (Fe3O4),

without carbonates or skarn minerals. Until the late nine-

teenth century, mining was mainly focused on the Cu and

secondary Fe ore. The Cu ore was dominated by dis-

seminated chalcopyrite (CuFeS2) that occurs as small

lenses and veinlets. The chalcopyrite is more or less mixed

with pyrrhotite, pyrite, and magnetite. From the middle of

the nineteenth century and onwards, galena and sphalerite

ore was also produced.

Copper mining at the Bersbo site had already begun by

the 14th century (Tegengren 1924). The ore was estimated

as 0.5–3 % Cu; 1–3 % Zn; 1 % Pb, 20 % Fe, and ap-

proximately 25 % sulphur (Allard et al. 1987; Karlsson and

Bäckström 2003). Mining left about 1 million m3 of waste

rock, which contains a complex mixture of sulphides

(pyrite, chalcopyrite, sphaelerite, and galena) in a matrix of

amphibolitic intrusions in leptite.

The dissolved organic carbon (DOC) in the outlet from

the Bersbo mine deposit area is generally B2 mg/L, rep-

resenting humic and fulvic acid of low average molecular

weight originating from the groundwater (Pettersson et al.

1993). Contributions from surface waters are minor; the

deposit area was covered with clay after remediation in

1988–1990. Concentrations of DOC are somewhat higher

at the Ljusnarsberg site, indicating a greater contribution of

shallow groundwater, but are still B5 mg/L.

FA was sampled from a circulating fluidized bed (CFB)

boiler (using wood and peat fuel) at an incineration plant for

district heating in the region (operated by E.ON). The ash

was leachedwithwater (10 L/s) for 24 h. Despite high levels

of carbon in the ash, only a minor fraction was released by

leaching with water, giving DOC levels generally below

10 mg/L (for 5–10 L/s). According to Pavasars et al. (1997),

10–15 % of the DOC should be hydrophilic acids, 45–55 %

other hydrophilic agents, with the rest being hydrophobic

compounds. The hydrophilic acid fraction is dominated by

low molecular weight aliphatic carboxylic acids.

In an earlier project (Bäckström and Karlsson 2006), ash

from the same boiler was analysed for polycyclic aromatic

hydrocarbon (PAH) content and dioxin and dioxin-like

compounds toxicity (CELCAD and DR CALUX). The

total PAH content was found to be very low at 0.14 mg/kg.

No carcinogenic PAH was identified in the sample. A total

dioxin and dioxin-like toxicity of 56 pg/g biotoxic

equivalents was found. This is low compared to other ashes

(Johansson 2003).

Mixing of Mine Waters and Ash Leachates

Mine waters and ash leachates were mixed in Sarstedt

tubes (50 mL) in proportions ranging from 1 to 20 % ash

leachate for LB and LG, and 1–50 % leachate for BO

(Table 1). 25 mixtures were assessed for each mine water.

The tubes were shaken on an end-over-end shaker for

7 days and then allowed to settle for 24 h prior to sampling

of the overlying water phase.

Chemical Analysis

Samples were filtered through 0.40 lm polycarbonate fil-

ters and analyzed for pH, electrical conductivity (Ra-

diometer CDM 210), alkalinity, and inorganic anions.

Alkalinity was determined from end-point titration (0.02 M

HCl) to pH 5.4 during nitrogen purging of the solution

using an ABU93 Triburette connected to a TIM900 Titra-

tion Manager (Radiometer). An endpoint of pH 5.4 is the

Table 1 Fraction (%) of ash

leachates in the mine water–ash

leachate mixes

Mix no % Ash leachate

BO LG LB

1 0.0 0.0 0.0

2 1.0 1.0 1.0

3 2.0 2.0 2.0

4 3.0 3.0 3.0

5 4.0 4.0 4.0

6 5.0 5.0 5.0

7 6.0 5.5 5.5

8 7.0 6.0 6.0

9 8.0 6.5 6.5

10 9.0 7.0 7.0

11 10.0 7.5 7.5

12 11.0 8.0 8.0

13 12.0 8.5 8.5

14 13.0 9.0 9.0

15 14.0 9.5 9.5

16 15.0 10.0 10.0

17 16.0 10.5 10.5

18 17.0 11.0 11.0

19 18.0 11.5 11.5

20 19.0 12.0 12.0

21 20.0 13.0 13.0

22 22.0 14.0 14.0

23 25.0 15.0 15.0

24 30.0 17.0 17.0

25 50.0 20.0 20.0
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Swedish standard for titrimetric determination of carbonate

alkalinity (Swedish Standards Institute 2002). Chloride and

sulfate were determined by capillary zone electrophoresis

(CZE) using an Agilent 3DCE system. The carrier elec-

trolyte was a 5 mM chromate buffer (pH 8) with 0.5 mM

tetradecyltrimethylammonium bromide (TTAB) (Jones and

Jandik 1991; Romano et al. 1991). Injection was done

hydrostatically at 10 mbar for 30 s. Samples were pre-

served with nitric acid (1 %) prior to elemental analysis by

ICP-MS (Agilent 4500). The internal standard was 103Rh,

and the analytical quality was ascertained by frequent

analysis of standards.

Geochemical Calculations: Measured Data

Chemical speciation was calculated from the measured

concentrations in solution for each of the 25 mixtures of

mine water/ash leachate (1–25 for BO, LG, and LB, re-

spectively), using the geochemical code PHREEQC (ver-

sion 2.15.0; Parkhurst and Appelo 1990) with the

MINTEQ.v4 database. The solubility of schwertmannite

(Yu et al. 1999) was added to the data base, and the con-

tribution to the alkalinity from Al species was adjusted to

be compatible with the before-mentioned end-point titra-

tion standard (pH 5.4 compared to pH 4.5). The pe used in

the geochemical calculations were calculated from mea-

sured redox potentials from an earlier study using the same

reactants (pe = 0.059 9 Eh (V)). A strong correlation

(r2 = 0.86) was found between pe and pH

(pe = -0.6 9 pH ? 4.2) (Sartz 2010). Redox potentials

were in agreement with those suggested by Baas-Becking

et al. (1960), Church et al. (2007), and Valiente et al.

(1991) and were in the pe-region 9–12 for the mine waters

and -1 for ash waters. Expected solid phases were asses-

sed, as well as saturation indices (SIs). SI is defined as the

ratio between the ion activity product and the solubility

constant. A positive SI ([0.5) indicates supersaturation, a

negative SI (\0.5) indicates under-saturation, and an SI in

the range of -0.5 to 0.5 is considered to represent equi-

librium with the specific solid phase.

Geochemical Simulations

MIX Only

PHREEQC simulations were performed using the MIX

keyword to simulate a titration corresponding to mixing the

two solutions, mine water and ash leachate, at the same

ratios as in the experiments. MIX keyword calculates

conservative concentrations based on the concentrations in

solution of the two end-members, according to Eq. 5,

which assesses a conservative initial concentration, after

mixing but prior to any reactions:

Xmine water � Cmine water þ Xash leachate � Cash leachate ð5Þ

for each component in solution, where X is the fraction of

mine water and ash leachate in each mix (Table 1) and C is

the concentration of the component in the original end

member solutions (Table 2).

MIX Including Solids

The MIX simulation was modified in an attempt to get a

more accurate prediction of alkalinity and gained pH. As

discussed in the introduction, various solid phases dom-

inate in different pH regions and the metals of concern are

the major elements responsible for buffering reactions: Fe,

Al, Mn, Mg, and Zn. One representative solid phase, de-

noted as a ‘‘proxy phase’’, was chosen for each of the major

Table 2 Composition of the fresh mine waters from Bersbo outlet

(BO), Ljusnarsberg, Gustaf (LG) and Ljusnarsberg, Bondstollen (LB)

and the corresponding ash leachates (10 L/s) used in the mixing

experiments

Mine waters Ash leachates

LB LG BO LB, LG BO

pH 5.0 (5.2) 5.0 (4.3) 3.3 (3.1) 12.3 12.6

El. cond. (lS/cm) 1000 1100 1400 9500 9700

Acidity (meq/l) 0.2 0.3 4.9 0 0

Alkalinity (meq/

l)

0 0 0 33 43

DOCa(mg/ l) \5 \5 \2 \10 \10

Cl- (mg/l) \1 \1 20 220 240

SO4
2- (mg/l) 560 650 680 1300 1600

Na (mg/l) 9.2 8.4 9.3 63 51

K (mg/l) 5.3 5.0 18 430 540

Mg (mg/l) 36 42 20 \0.001 0.03

Ca (mg/l) 150 200 81 1400 1000

Fe (mg/l) 0.9 (0.9) 12 (0.8) 100 (80) 0.28 0.01

Mn (mg/l) 2.7 4.5 5.6 \0.001 0.005

Al (mg/l) 20 12 4.1 \0.001 0.030

Rb (lg/l) 25 25 30 1900 2300

Sr (lg/l) 92 160 430 3600 3600

Ba (lg/l) 91 87 120 290 360

Cr (lg/l) \1 \1 \1 270 200

Co (lg/l) 34 35 200 0.8 \0.5

Ni (lg/l) 5.9 7.1 22 12 6.7

Cu (lg/l) 5000 600 1600 3 10

Zn (lg/l) 26,000 16,000 43,000 80 110

Mo (lg/l) \0.5 \0.5 \0.5 590 590

Cd (lg/l) 50 20 80 \1 \1

Pb (lg/l) 350 40 40 40 70

Iron concentrations and pH after 1 week are given within parentheses
a Estimated maximum levels assessed from previous analyses of

waters from the sites and of representative leachates
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elements, based on the results of the geochemical calcu-

lations using the measured data. The SI for the proxy

phases were decreased by 0.5 SI units compared to the

MIX-only simulation by defining them with EQUILI-

BRIUM_PHASES in the input file for PHREEQC. This

action tells the program that the degree of supersaturation

should be lowered, thus removing dissolved species from

the solution (i.e. forcing the solid phase to precipitate).

Thus, 25 simulated mixes were made for BO, LG, and LB.

The geochemical simulations were performed in two steps:

(1) the end-members were mixed at the same ratios as in

the experiment, and (2) buffering was simulated by the

precipitation of selected solid phases. The two steps are

referred to as ‘‘MIX only’’ and ‘‘MIX including solids’’,

respectively

Results and Discussion

Major Elements

Data for the mine waters and ash leachates are given in

Table 2. Ca, Mg, and sulfate levels were high in all three

mine waters. The Bersbo mine water (BO) was particularly

rich in iron as well as zinc and the Ljusnarsberg waters (LB

and LG) were rich in Al. Ca, K, and Na were high in the

ash leachates, as were levels of Cr, Mo, Sr, Rb, and Ba

(although low in the mine waters).

The mixing of ARD with alkaline ash water leads to a

gradual increased pH. However, the pH is also affected by

the formation of metal hydroxides and carbonates, giving

inflection points to the pH curve. The major elements (Fe,

Al, Mn, Mg, and Zn) in the mine waters all precipitated with

increasing proportions of alkaline ash leachate (Figs. 1, 2).

The precipitates and co-precipitates were amorphous and

ill-defined. The colors of the precipitates are shown in

Fig. 1 and in the supplemental figures that accompany the

on-line version of this paper. They go from orange-yellow

to dark orange in system BO, from orange-yellow to dark

brown in system LG, and from colorless/white to dark

brown in system LB. These colors can be helpful in dis-

cussions of precipitated phases. For example, Shum and

Lavkulich (1999a) used color as a surrogate variable to

estimate extractable Fe content in mine waste rock.

Fe and Al were both removed from solution at pH 4.5

and above in the BO system. Fe precipitated at a lower pH

than Al and was by far the predominant precipitate in this

system. Fe and Al followed a similar trend in the LG

system, but Fe was quantitatively precipitated from the

start, at pH 4, while Al was not quantitatively precipitated

until a pH of at least 6.5. The Fe level was low in the LB

system, which was dominated by white Al precipitates up

to a pH of 8.5.

Mn precipitated at a lower pH in the BO system (fully

precipitated at pH 6.5) than in the LB and LG systems,

where a pH of almost 9 was required for quantitative re-

moval. Zn was removed, probably by a combination of

sorption, precipitation, and coprecipitation, at a pH of

5.5–6.5 for the BO system and almost a pH unit higher for

the LB and LG systems. Trace element behavior was re-

ported in Bäckström and Sartz (2011).

Mg started to precipitate at pH 6.5 in the BO system, but

was not quantitatively precipitated until pH 11. In the LB

and LG system, Mg precipitation started at pH 9, and was

quantitative at a pH of 10.5–11 and above. Ca, Na, and K

remained dissolved in all of the systems.

Fig. 1 Precipitated/sorbed amounts of major elements (in mg/L), pH

and colour of precipitate. Color codes are: orange-yellow (or-ye),

orange (orange), dark orange (d.orange), orange-white (or-wh),

orange-yellow–brown (or-ye-br), brown to dark brown (br. to d.br),

no color (none), white (white) and light brown (l.br.)
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Precipitated Species

The Iron-Rich BO System

Fe entirely dominated precipitation up to a pH of &4.5

(mixture 9) and is the major constituent at higher pHs. The

color of the precipitate was yellow-orange in mixtures 1–9,

orange/orange-brown in 10–18, and dark orange in 19–25

(Fig. 1). The mineralogical composition of the Fe phase in

the fresh precipitate was assumed to be amorphous and ill-

defined (Totsche et al. 2003), and was therefore not ana-

lyzed with XRD. PHREEQC calculations indicate super-

saturation with respect to schwertmannite

(Fe8O8(OH)6SO4), goethite, and ferrihydrite over the entire

pH region. Schwertmannite or a mixture of schwertmannite

and goethite were probably the dominant Fe phases below

pH 4.5 (Bigham et al. 1996; Burgos et al. 2012; España

et al. 2006; Zhu et al. 2012), while the principal phase

above 4.5 would probably be ferrihydrite or goethite

(Burgos et al. 2012). Varesel and Gomes (2009) identified

a mixture of schwertmannite and goethite in the pH 2.5–3.8

region in the yellow-orange Fe-rich precipitate downstream

of a similar mine waste deposit in Portugal, and further

downstream (at higher pH), the precipitate was dominated

by goethite (orange to brown). Thus, the pH buffering that

corresponds to the plateau in the pH curve at a pH around

3–4.5 predominantly reflects schwertmannite precipitation

(Eq. 6; Totsche et al. 2003).

16Fe3þ þ xSO2�
4 þ 68� 2xð ÞH2O

$ Fe16O16ðOHÞ16�2xðSO4Þx sð Þ þ 36H2O

þ 48� 2xð ÞHþ ð6Þ

The plateau observed for mixtures 10–17 correlates with

Al precipitation, which starts at a pH of &4 (mixture 5).

PHREEQC calculations indicate that alunite (KAl3(-

SO4)2(OH)6) may precipitate at pH 4–5 and above. Pre-

cipitation of various Al-hydroxysulfates (basaluminite,

alunite) in ARD at pHs C 4.5 has previously been sug-

gested (Burgos et al. 2012; España et al. 2006; Lee et al.

2002; Totsche et al. 2003). Amorphous aluminum hy-

droxide may precipitate at pHs of 5–10 (mixtures 10–20),

which correlates with the pH plateau &5.5–7 and the

corresponding pH buffering, in agreement with the neu-

tralization experiments with Burra Burra Creek water re-

ported by Lee et al. (2002).

Removal of Zn from solution is observed at pH 5 and

above. There is, however, no evident Zn phase that can be

expected to precipitate except the carbonate smithsonite

(ZnCO3) at pH 8–10, and the hydroxide at higher pH. Zinc

removal at pH\ 8 may be due to coprecipitation with Fe

(and Al) and/or adsorption on these phases. The slight in-

crease in solubility at pH[ 8 (Fig. 2) may reflect desorp-

tion and/or formation of soluble hydroxides e.g. Zn(OH)3
-

(Baes and Mesmer 1976). Zinc is not considered to con-

tribute to the pH buffering to any appreciable extent in this

system due to the dominance of Fe.

The carbonates, rhodochrosite (MnCO3) and magnesite

(MgCO3), were close to equilibrium at pH above 7.5

(mixtures 19–25), whereas pyrochroite (Mn(OH)2) and

brucite (Mg(OH)2) were saturated at pH 10 and above. This

agrees with the observed precipitation of brucite at a pH of

10.5 (Leentvaar and Rebhun 1982). Manganite (MnOOH)

was supersaturated in mixtures 20–25 (pH above 9). Thus,

Mn would be solubility controlled by rhodochrosite at pH

7–9 and by manganite and pyrochroite at higher pH, and

Mg would be solubility controlled by magnesite at pH 7–-

10 and by brucite at pH above 10. Although precipitation

of rhodochrosite and magnesite theoretically would be

expected to buffer pH and decrease alkalinity, no distinct

Fig. 2 Metal removal (%) from solution as a function of pH
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plateau was observed at pH[ 7. Instead, both pH and al-

kalinity increased rapidly at pH[ 7 (Fig. 3a). However,

neither Mn nor Mg were dominant elements in this system,

and the precipitation of these phases had no significant pH

buffering effect.

LG System: Iron and Aluminum-Rich System

Iron is quantitatively removed from solution in the entire

pH range of 4–11 (Fig. 2). Based on the PHREEQC cal-

culations, which suggest supersaturation of ferrihydrite in

all mixes, Fe is assumed to precipitate as a hydrous ferric

oxide. At mixture 6 (pH 6.5), the color of the precipitates

changes from orange to orange-white, corresponding to the

removal of Al from solution. Saturation indices for both

alunite and gibbsite in the pH region 6.5–7.5 (mixtures

6–12) indicate equilibrium and the precipitation of these

phases would consequently contribute to the observed pH

buffering with a plateau between pH 6 and 7.5. Gibbsite is

close to saturation or supersaturation in the mixtures 13–25

(pH above 7.5), and hence, gibbsite is probably the solu-

bility limiting Al phase at high pH.

Zinc may precipitate as smithsonite at pH 6.5–7.5,

which also seems to contribute to the buffer plateau be-

tween mixtures 6–11. PHREEQC calculations indicate

undersaturation at pHs[ 7.5 (mixtures 13–25). Thus, the

quantitative removal of dissolved Zn at pH above 7.5 re-

flects sorption, as well as coprecipitation with Fe and Al.

An additional explanation for the removal of Zn at high pH

could be the formation of the mixed Mn-Zn phase chal-

cophanite (ZnMn3O7�3H2O). The incorporation of Zn in

chalcophanite was recently studied by Hayes et al. (2009),

Korshin et al. (2007) and Kwon et al. (2009). Uptake of Zn

by various manganese oxides has also been observed

(Adams et al. 2009). This may explain the quantitative

removal of Mn from solution at pH[ 7.5.

a

b

c

Fig. 3 a Measured and modelled (MIX only and MIX including

solids) pH and alkalinity in the BO system. b Measured and modelled

(MIX only and MIX including solids) pH and alkalinity in the LG

system. c Measured and modelled (MIX only and MIX including

solids) pH and alkalinity in the LB system
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Both rhodochrosite and magnesite reach equilibrium at

pH 8–9 (mixtures 13–20), and a distinct color change was

noticed between mixtures 12 and 13 (from orange-white to

orange-brown). Magnesite precipitation may explain the

drop in alkalinity observed for mixtures 13–20 (Fig. 3b).

Magnesite was undersaturated in mixture 21, correspond-

ing to a rapid increase in both pH and alkalinity, and the

solubility of Mg at pH[ 10 was most likely controlled by

brucite, which would be expected to precipitate in mixtures

21–25. Rhodochrosite was undersaturated CpH 9, but

manganite (MnOOH) was close to equilibrium and could

be the solubility-limiting phase at the high pH of mixture

13 (CpH 7.5), in agreement with previous observations

(España et al. 2006).

LB System: Aluminum-Rich System

Fe levels were low, and there was no pH buffering effect

from Fe precipitating in the LB system. Al dominated the

precipitate at low pH (5–6.5), as Zn and Mg did at higher

pHs. PHREEQC calculations indicate supersaturation with

respect to alunite and gibbsite from mixtures 1–11 (pH

5–7). Above pH 7, alunite becomes undersaturated,

whereas gibbsite is at equilibrium. The white precipitate at

pH 5–6 is darker and more brownish with increasing pH.

Precipitation of smithsonite at pH 6–7 is assumed, while

undersaturation is indicated with respect to smithsonite as

well as zinc hydroxide at pH[ 7. Still, Zn is almost

quantitatively removed from solution from pH C 7, indi-

cating sorption and/or coprecipitation with Al. Sorption/

incorporation into hydrous manganese oxides is also a

reasonable explanation for Zn removal, as assumed for the

LG system.

Rhodochrosite and magnesite are likely to be at equi-

librium in mixtures 12–19 (pH 7.5–9) and 17–21 (8.5–9.5),

respectively. The low alkalinity (Fig. 3c) of these solutions

(mixtures 12–21) could be due to the precipitation of car-

bonates removing carbonate from solution. At high pH

([10), Mn is probably solubility controlled by manganite

(at equilibrium in mixtures 20–25) and Mg by brucite (at

equilibrium in mixtures 23-25).

Geochemical Simulations

Some potentially solubility limiting solid phases are listed in

Table 3. Based on the observed and/or assessed precipitated

phases, the following phases were chosen as proxy phases

for the major elements: Fe—ferrihydrite (Fe(OH)3), Al—

gibbsite (Al(OH)3), Zn—amorphous Zn(OH)2, Mn—man-

ganite (MnOOH), and Mg—brucite (Mg(OH)2). These

proxy phases align with Cravotta III et al. (2010), who as-

sumed that the metals precipitated as Fe(OH)3, Al(OH)3,

Mn(OH)2, and Mg(OH)2 for Fe, Al, Mn, and Mg, respec-

tively. Geochemical simulations were performed in two

steps: (1) the end-members were mixed at the same ratios as

in the experiment, i.e. simulation of conservative mixing

(‘‘MIX only’’), and (2) buffering was simulated through

precipitation of selected solid phases (‘‘MIX including

solids’’). By decreasing the SI from the ‘‘MIX only’’ calcu-

lations, the proxy phases were forced to precipitate. Calcu-

lated SIs for the selected proxy phases are given in Fig. 4a–c.

BO System: Iron-Rich System

The shapes of the SI curves (measured and ‘‘MIX only’’,

respectively) are in fair agreement for all of the selected

proxy phases (Fig. 4a). However, the SI for ‘‘MIX only’’ is

below the measured SI for all systems at low pH (mixtures

1–15), which reflects the corresponding predicted pH,

which was lower than the measured pH (Fig. 3a). Gibbsite,

in particular, was calculated to be undersaturated until

mixture 16 in ‘‘MIX only’’. However, Al is removed from

Table 3 Potentially solubility controlling phases and pH regions of precipitation

Name Formula pH-region References

Schwertmannite Fe8O8(OH)6SO4 2.8–4.5 Bigham et al. (1996), Lee et al. (2002), Wu et al. (2009)

Ferrihydrite Fe(OH)3 9 nH2O [4 Lee et al. (2002), Wu et al. (2009)

Goethite FeOOH [4.5a Lee et al. (2002), Wu et al. (2009)

Alunite KAl3(SO4)2(OH)6 4–6 Nordstrom (1982), Shum and Lavkulich (1999b)

Gibbsite Al(OH)3 [6 Nordstrom (1982)

Zn(OH)2 Zn(OH)2 6.5–7.5 Liu and Kalin (1992), Sayilgan et al. 2010)

Rhodochrosite MnCO3 7–9 Present study

Magnesite MgCO3 7–9.5 Present study

Smithsonite ZnCO3 6.5–8.5 Present study

Manganite MnO(OH) [7 Lee et al. (2002), España et al. (2006)

Brucite Mg(OH)2 [10.5 Leentvaar and Rebhun (1982)

a Not directly from acid mine waters
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a

b

Fig. 4 a Measured and modelled (MIX only) saturation indices for

selected minerals in the BO system. b Measured and modelled (MIX

only) saturation indices for selected minerals in the LG system.

c Measured and modelled (MIX only) saturation indices for selected

minerals in the LB system
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solution at pH & 5, and hence Al precipitation would take

place in mixes where net acidity was\0. At a pH & 5, the

change between acidity to alkalinity is mainly a matter of

the H?/OH- balance (contribution from carbonates are

negligible) and would hence correspond rather well to

conservative calculations for the two end-members. From

the conservative calculations (Eq. 5), it was found that the

net acidity would be\0. Consequently, the ‘‘MIX includ-

ing solids’’ was adjusted for supersaturation of gibbsite.

The SI value of ‘‘MIX only’’ at mixture 16 was chosen,

which led to a better prediction of pH (Fig. 3a). This op-

eration forced the system to assume a higher Al concen-

tration than is possible based on the two end-members.

However, the theoretical calculation only considered one

solid phase, while Table 3 also indicates the formation of

alunite at low pH, which could explain the difference be-

tween measured and ‘‘MIX only’’.

LG System: Iron and Aluminum-Rich System

Ferrihydrite and gibbsite were supersaturated over the en-

tire pH span in ‘‘MIX only’’ (Fig. 4b). Just as for the BO

system, other solid phases would precipitate, lowering the

SI and the calculated pH (Fig. 3b). The large discrepancy

between SI measured and SI ‘‘MIX only’’ for Zn at high pH

illustrates that Zn removal is not merely due to hydroxide

precipitation, but also due to smithsonite precipitation and

co-precipitation (with Fe, Al). Calculated pH and alka-

linities agreed well with measured data when lower SI 0.5

units were used (for ferrihydrite, gibbsite, and zinc hy-

droxide, respectively, Fig. 3b). Zn hydrolysis (Eq. 7)

would contribute to the pH buffering capacity of the Zn

system:

Zn2þ þ 2H2O $ ZnðOHÞ2 sð Þ þ 2Hþ ð7Þ

Mn also precipitates at a pH of 8–9, and could therefore

also decrease alkalinity. However, Mn precipitates were

not at all dominant in the system.

LB System: Aluminum-Rich System

Ferrihydrite as well as manganite appears to be under-

saturated, and gibbsite as well as zinc hydroxide (at high

pH) supersaturated when the measured SIs were compared

c

Fig. 4 continued
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to the SIs from ‘‘MIX only’’ calculations (Fig. 4c). The Fe

levels were low and the contribution from Fe precipitation

on pH was minor compared with Al. A reduction of the SI

from the ‘‘MIX only’’ calculations by 0.5 units for gibbsite,

zinc hydroxide, and smithsonite resulted in a fair agree-

ment between measured and calculated pH and alkalinities

(Fig. 3c).

Conclusions

The Fe-dominated BO system is the most classic ARD of

the three studied, showing two distinct buffering plateaus

due to Fe and Al hydrolysis. In the LG system, Fe was not

dominant and was completely removed from solution at

pH C 4. All mixtures would hence contain Fe precipitates,

but no significant buffering from the Fe phases. Instead, Al

and Zn (as well as Mg) were the main buffering elements in

the less well buffered LG and LB systems. For these sys-

tems, with minor Fe precipitates, Zn seems to precipitate as

a carbonate at lower pH values (between 6.5 and 7.5) than

in the BO system (between 7.5 and 9). Zn would be re-

tained by sorption to the large amount of Fe precipitates

already present CpH 5.5. An additional sink for dissolved

Zn could be incorporation into the Mn phase, chalco-

phanite. Buffering from Mn is negligible in all systems

mainly because (1) Mn was not a dominant element in any

of the systems, and (2) Mn precipitates at &pH 6.5 (BO)

and 7 (LB and LG), which is when buffering from mag-

nesite precipitation, for example, dominates.

Titration studies of ARD generally do not continue

above pH 9 (España et al. 2006; Totsche et al. 2003, 2006)

and so the removal of Mg from solution at high pH is not

commonly discussed. Mg was found in precipitates after a

continuous titration to pH 8.5 (Totsche et al. 2003) and in

pH 7 precipitates (España et al. 2006). The solid phase was

assessed as coprecipitation between Mg and Al, (as

MgAl(OH)n), as well as other solid Al phases with ad-

sorbed Mg. Lee et al. (2002) suggested the formation of

insoluble magnesium hydroxide or sorption to other pre-

cipitates, but geochemical simulations indicate that mag-

nesium hydroxide formation should not be expected. In the

present study, however, Mg precipitation had a large effect

on alkalinity (decreasing it in the LG system at pH & 8,

due to magnesite precipitation), and precipitation of brucite

at pH[ 10.5 was assumed for all three systems.

Geochemical simulations using PHREEQC, with the

MIX keyword, and introduction of proxy phases, can be

developed into a method to estimate buffering regions and

alkalinity, since these calculations are easily performed. If

used correctly, this approach will give a clear picture of the

main buffering processes and expected alkalinity produc-

tion. Analysis of end-members and assessment of other

expected solid phases as input in simulations of buffering

effects and pH development should be more efficient than

performing mixing experiments and titrations.
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Bäckström M, Karlsson U (2006) Ash and sludge covering of mine

waste—final report. Benefits and/or risks using ash and sludge

for covering of weathered mine waste. Report 960, Thermal

Engineering Research Assoc, Sweden (in Swedish, with English

summary)

Bäckström M, Sädbom S (2008) Risk assessment of historical mine

waste using chemical analysis and ocular mineral/rock classifi-

cation. In: Proceedings of the 9th international congress for

applied mineralogy. Australasian Institute of Mining and

Metallurgy, Publ Series 8/2008, p 85–90
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