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Abstract Jarosite is one of the principal precipitates from

process waters of the pressure-oxidation autoclave system at

the Macraes gold mine, and this jarosite is discharged with the

process waters to a tailings impoundment for long-term stor-

age. Dissolved sulfate and arsenate concentrations in the

autoclave, inferred from mineralogy, both exceed 0.1 mol/L

(&10,000 mg/L). Coarse-grained (&1 mm) jarosite crystals,

precipitated as mineral scales, provide insight into the min-

eralogical nature of the jarosite. The jarosite crystals are

zoned, with some zones having up to 12 wt% Al, as part of

the jarosite-alunite solid solution series. Substitution of up to

1.7 wt% Na for K also occurs. Both the monovalent and

trivalent sites in the jarosites have apparent deficiencies (&10

atm.%) because of protonation of the hydroxyl groups. There

is\0.3 wt% As substitution for S in the jarosite anionic site,

despite the abundant dissolved As in the autoclave solutions.

Instead, jarosite is intergrown with ferric arsenate, and most

jarosite growth zones contain numerous small (\20 lm)

inclusions of this ferric arsenate. Ferric arsenate precipitation

with jarosite occurs as dissolved As decreases by several

orders of magnitude during the latter stages of oxidation in the

autoclave slurry. The lack of structural As and only minor Na

substitution limits the destabilization effects of solid solution

within the jarosite in contact with the tailings waters, and

jarosite dissolution is expected to be slow. Dissolution is

further limited by high (up to 8,000 mg/L) dissolved sulfate in

the tailings impoundment. Both jarosite and associated ferric

arsenate dissolve incongruently in the surficial environment,

yielding ferric oxides/hydroxides, which adsorb As, so that

dissolved As is generally\10 mg/L in the tailings water.

Keywords Ferric arsenate � Scorodite � Alunite �
Mine tailings � Autoclave

Introduction

This study quantifies the arsenic (As) content of the min-

eral jarosite, a ferric iron sulfate, which precipitates from

process waters in a gold ore pressure oxidation system and

is discharged to mine tailings. Jarosite and related samples

from these mineral scales provided the basis for this study

of mineral interactions with process waters and down-

stream tailings waters. We focus on a single specimen of

unusually coarse-grained jarosite (cm scale) that was

extracted from mineral scale deposits that crystallised from

As-rich solutions in the interior of the pressure oxidation

autoclave. Jarosite formed in the natural environment or in

experimental studies is generally fine-grained (typically

microns to tens of microns; Asta et al. 2010; Giere et al.

2003; Kendall et al. 2013; Savage et al. 2000, 2005). The

unusually coarse grain size of the material used for this

study facilitated detailed optical and microchemical

examination of the internal structure of individual crystals

and variations of solid-solution compositions within those

crystals. In particular, this coarse-grained material has

allowed investigation of whether or not the jarosite is a

significant carrier of solid-state As into the mine tailings,

where it will remain in long-term contact with the tailings

water.

Jarosite (ideal formula KFe3[SO4]2[OH]6) is one of the

most common secondary minerals in oxidized mine wastes,

especially mine wastes that have formed under low pH

conditions (Alpers et al. 1994; Bigham 1994; Bigham and

Nordstrom 2000; Dutrizac and Jambor 2000; Hudson-

Edwards et al. 1999; Lottermoser 2007). Jarosite typically
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forms during pyrite oxidation, with associated acidification

of mine waters, and is therefore a common precipitate from

acid mine drainage (Alpers et al. 1994; Bigham 1994;

Bigham and Nordstrom 2000; Hudson-Edwards et al. 1999;

Lottermoser 2007). Because jarosite contains ferric iron in

its structure, dissolution of jarosite will release that ferric

iron, which will generate more acid during subsequent

hydrolysis (Alpers et al. 1994; Bigham 1994; Bigham and

Nordstrom 2000; Langmuir 1997). Hence, the occurrence

and solubility of jarosite in mine waters is a topic of con-

siderable interest when evaluating the environmental sta-

bility of mine wastes. Jarosite solubility is affected by

substitutions of other elements within its crystal structure,

so the specific mineral composition is also of interest when

modeling mine waste stability (Casas et al. 2007; Drouet

and Navrotsky 2003; Zahrai et al. 2013).

Experimental studies have shown that up to 30 % of the

sulfate in jarosite can be replaced by arsenate when pre-

cipitated from As-rich solutions, and stabilities of synthetic

As-bearing jarosites with up to 10 wt% As have been

investigated (Kendall et al. 2013; Paktunc and Dutrizac

2003; Savage et al. 2005). The amount of As that enters the

jarosite structure varies widely in nature, from a few

hundred ppm to several weight percent (Asta et al. 2010;

Giere et al. 2003; Savage et al. 2000). Hence, jarosite

dissolution can be a significant source of dissolved As, as

well as acidity, in As-rich environments, and jarosite sta-

bility in mine wastes is an important issue for this reason as

well (Kendall et al. 2013; Paktunc and Dutrizac 2003;

Savage et al. 2005).

The jarosite material examined in this study formed

during high-temperature (225 �C) oxidation of a slurry of

pyrite and arsenopyrite in water. The process water dis-

charges with abundant fine-grained jarosite intimately

mixed and intergrown with other fine-grained Fe-As-S

bearing material. It has not been possible to determine the

As content of the fine-grained jarosite because of this

contamination by other material. The environmental sta-

bility of jarosite can be affected by solid-solution substi-

tutions within the jarosite structure, and the potential for

the jarosite to be a source for dissolved As is an important

issue for long-term mine waste storage (Elwood Madden

et al. 2012; Kendall et al. 2013; Smith et al. 2006; Zahrai

et al. 2013). We show that solid solution As contents of the

coarse-grained jarosite are low, and that As principally

occurs in intergrown iron arsenate minerals.

General Setting of the Study Material

The Macraes mine is being developed in a Mesozoic oro-

genic gold deposit in southern New Zealand (Craw 2002,

2003, 2006). The gold is encapsulated in sulfide minerals,

principally pyrite and arsenopyrite, and ore processing

involves separation of these sulfides from silicates by flo-

tation. The sulfide content of the ore, c. 1 %, is concen-

trated tenfold by this flotation process. The resultant

sulfide-rich concentrate is then pumped into a pressure-

oxidation autoclave at 225 �C, and[3,000 kPa oxygen gas

pressure, to oxidize the sulfides and liberate the gold (Craw

2003, 2006; Milham and Craw 2009). The sulfide con-

centrate passes through the autoclave as a slurry in a

continuous feed system, with residence time of about 1 h.

Oxidation of the pyrite causes acidification of the slurry to

pH \2 (Craw 2006). Iron and arsenic are progressively

oxidised through the autoclave, so that Fe(III) and

As(V) dominate the process waters at the point of dis-

charge (Fig. 1a). The oxidised concentrate is then passed

through a cyanidation system at pH[ 10 to extract the

gold, and the residue solution is discharged to a tailings

impoundment, where it remixes with a slurry of flotation

tailings (Craw 2003; Milham and Craw 2009).

The concentrate ore feed to the autoclave is finely

ground (\50 lm), and most of the oxidised products are

also fine-grained. However, coarser material precipitates as

mineral deposits (commonly called ‘‘scales’’) on the auto-

clave walls and on the agitators that stir the slurry. These

mineral scales are made up of numerous mm to cm thick

layers with different grain sizes and different combinations

of minerals because of locally variable chemistry of the

passing slurry. These mineral scales are removed every few

months and discarded to the tailings impoundment. Sam-

ples of mineral scales collected through the autoclave

provide insight into the geochemical processes that occur

in the process waters during oxidation, and the minerals

that can form during those processes (Craw 2006).

Knowledge of this mineralogy is also directly relevant to

prediction of potential environmental issues related to mine

waters in tailings impoundments (Craw 2003).

Materials and Methods

More than 100 samples of mineral scales were examined

from material collected in the autoclave in 2011–2012.

These mineral samples were examined in hand specimen,

and mineral content was determined by X-ray diffraction.

Many samples contain minerals that, at time of identifica-

tion, were hydrated. At least some of that hydration may

have occurred as the material cooled in the autoclave

before sampling, and additional hydration may have

occurred during sample transport and preparation for ana-

lysis (Craw 2006). Hence, some specific mineral identifi-

cations made in the laboratory may not reflect the actual

species present while the autoclave was in operation. This

is relevant for this study, as ferric arsenate occurs in more

Mine Water Environ (2015) 34:364–374 365

123



than one form, including ferric orthoarsenate hydrate (Fe-

AsO4�3/4H2O; Jakeman et al. 1991), scorodite (FeAsO4-

2H2O), and amorphous ferric arsenate material, commonly

containing sulfur, that is intimately intergrown with

amorphous iron oxyhydroxide (Craw 2006; Paktunc et al.

2013). Likewise, calcium sulfate can occur in the pro-

cessing system as anhydrite, or variably hydrated as bas-

sanite, or gypsum. Hence, we largely use generic names in

this paper, particularly for ferric arsenate, unless particular

species have been identified. However, there is no evidence

that the jarosite, which is the focus of this study, has

undergone any hydration or other transformations during

cooling and transport. Such transformations would have

affected the delicate structures that are preserved in scale

specimens, both within and between crystals.

From the available material, one jarosite sample was

selected because of its unusually coarse grain size, well-

defined layering, and clear spatial separation of mineral

phases in some of those layers (Fig. 2a, b). The jarosite

examined in this study (Fig. 2a, b) formed in a scale

deposit on the autoclave wall three quarters of the way

through the autoclave system, about 3 m from the dis-

charge point. The scale sample was extracted from the

autoclave in September 2012. The sample yields a clearly-

defined jarosite X-ray diffraction pattern, identical to syn-

thetic jarosite (Basciano and Peterson 2007; Fig. 3). The

sample also contains subordinate crystalline ferric arsenate,

whose X-ray diffraction pattern is largely masked by the

dominant jarosite (Fig. 3). At the time of examination, the

ferric arsenate had an X-ray diffraction pattern similar to

ferric orthoarsenate hydrate.

A portion of the sample was made into a standard pol-

ished thin section (30 lm thick), cut perpendicular to the

mineral layering (Fig. 2a, b). The scale material is hard and

brittle, so only superficial impregnation with epoxy resin

was required for thin section production and subsequent

polishing. The resultant thin section was examined with a

polarized light microscope to select suitable areas for more

detailed examination. The polished thin section was coated

with carbon and examined with a Zeiss Sigma FEG scan-

ning electron microscope (SEM) with an Oxford Instru-

ments XMax 20 Si drift energy dispersion X-ray detector

(EDX). The EDX analytical system was operated at

15 keV for chemical analyses, and lower voltages (down to

5 keV) for some imaging. Element maps were constructed

by scanning at 15 keV. Spot analyses were obtained with a

tightly focussed beam that interacted with sample volumes

with diameters of &2 lm. Analytical uncertainties for Na

and heavier elements are ±0.2 wt%. The detection limit for

As is\0.2 wt% for spot analyses of 1 min.

It is not possible to sample the solutions in the autoclave

to measure dissolved concentrations because of the prac-

tical and safety issues associated with a hot pressurised

system. The solutions change composition rapidly when

they discharge, cool, and precipitate dissolved load, and the

discharge slurry is rapidly neutralised for further process-

ing, so external measurements are of little value for sci-

entific study of the autoclave processes. Consequently,

A

B

Fig. 1 Model geochemical and mineralogical phase diagrams (Geo-

chemists Workbench; partly after Craw 2006) for the Macraes mine

autoclave oxidation process (grey arrows). a Progressive oxidation, as
measured by ferrous/ferric iron ratio, and pH variations of waters for

pyrite (Fe system = black lines and lettering) and arsenopyrite (As

system = red lines and lettering) decomposition in the ore concen-

trate. Aqueous species are in italics. Jarosite forms immediately

before, and during, discharge from the autoclave. b Phase relations

among common sulfate minerals in the autoclave, showing the

relative stabilities of jarosite and alunite, and the inferred conditions

under which solid solution occurs between these minerals (pink

ellipse)
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A

B

Fig. 2 Photomicrographs (plane polarized light) of jarosite-rich

mineral scale formed in the Macraes mine autoclave. Clear and pale

yellow material is jarosite, except for zones of mounting medium

(m) filling voids in the specimen. Opaque material is ferric arsenate

(FeAs), and dark brown layers (fg) are fine-grained mixtures of

jarosite and ferric arsenate impregnated with dusty hematite. a View

of multiple layers formed as the scale grew (from left to right) over

several months. b Detailed view of scale (red rectangle in top right of

A) showing the layers and intimate intergrowths of jarosite and ferric

arsenate

Fig. 3 X-ray diffraction pattern

(Cu Ka radiation) for autoclave

scale material shown in Fig. 2,

with indicated standard

K-jarosite peaks (Basciano and

Peterson 2007), and minor ferric

orthoarsenate hydrate, whose

peaks are largely obscured by

the jarosite
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solution parameters can merely be estimated from the

known stabilities and solubilities of the minerals present.

This has been done for the autoclave system using the

modelling software package Geochemists Workbench 8.0

(Fig. 1a, b; Craw 2006). Models were run at 200 �C, as this
is the highest practical temperature for the database for the

minerals relevant to this study.

Results

Autoclave Mineralogy

Scale mineralogy shows that the first half of the autoclave

is dominated by Ca sulfate, alunite (KAl3[SO4]2[OH]6),

and ferrous sulfates, and the principal As minerals are

As(III) oxides (arsenolite or claudetite, As2
IIIO3). The iron

and As minerals are all the result of incomplete oxidation

of the pyrite and arsenopyrite (Fig. 1a). More advanced

oxidation occurs in the downstream half of the autoclave,

where ferric sulfates can precipitate (Fig. 1a; Craw 2006).

Some scale in the downstream half of the autoclave contain

abundant jarosite, some contain alunite, and some contain

both minerals (Fig. 1b; Craw 2006). The slurry discharging

from the autoclave contains crystalline jarosite, Ca sulfate,

and ferric arsenate, and abundant amorphous Fe-As-S

bearing material (Craw 2006). The jarosite in the oxidised

concentrate that discharges from the autoclave is fine-

grained (typically 1–10 lm) and intimately intergrown

with the ferric arsenate and Ca sulfate precipitates. Despite

the strong oxidative environment of the autoclave, and

precipitation of FeIII and AsV minerals, some dissolved

FeII, and possibly AsIII, persist in the discharge waters

(Craw 2003). There are apparently steep and complex

redox gradients and/or variable chemical disequilibrium

because of reaction kinetics within the autoclave system.

The studied scale material was confirmed to be jarosite

by light microscopy, X-ray diffraction, electron backscatter

imaging, and microchemical analysis (Figs. 2, 3, 4, 5 and

6). The jarosite scale sample is laminated on the 1 mm

scale, with interlayered brown and pale green horizons

visible in hand specimen. The brown colour of some layers

is a result of disseminated dusty hematite, and rare bright

red layers reflect a higher proportion of hematite. Jarosite is

pale green to white, with the greenish tinges resulting from

scattered ferric arsenate. Thin (&0.5 mm) darker green

laminae are richer in ferric arsenate than the paler jarosite-

dominated laminae. Coarse-grained jarosite layers are

made up of elongate crystals (0.1–0.5 mm) that have

grown perpendicular to the underlying layers (Fig. 2a, b).

Crystals are complexly intergrown, and impinge on each

other, but some terminated crystals occur within these

masses (Fig. 4a).

Jarosite Compositional Zoning

Distinct compositional growth zoning is visible in some

jarosite crystals in thin section and in electron images

(Figs. 4a, 5a). This prominent zoning reflects variations in

Fe and Al contents; the complementary nature of these

variations (Fig. 5b, c), with low Fe zones corresponding to

high Al, has been quantified with spot analyses across the

crystal in Fig. 5a, and plotted in Fig. 6a. These data show

that most jarosite contains 1–2 wt% Al, but that some

zones have up to 12 wt% Al (Fig. 6a). Individual growth

zones have essentially constant compositions, and this,

combined with the complementarity of the Fe and Al

variations between zones, implies that the Al is in solid

solution in the trivalent site in jarosite, as part of the

jarosite-alunite series. While jarosite and alunite have been

identified as separate minerals in the scales by X-ray dif-

fraction, reflecting locally different solution compositions

in the autoclave (Craw 2006), the mineralogical and geo-

chemical boundary between these phases is diffuse because

of the solid solution identified herein (Fig. 1b).

Potassium and Na content of the jarosite also vary in a

complementary manner, and presumably reflect solid

solution in the monovalent ion site of the jarosite between

growth zones, with Na ranging up to 1.7 wt% (Figs. 5e,

6b). The Na variations are too subtle to be detectable via

element mapping (Fig. 5f). The prominent Al-rich zones

near the outside of the crystal in Fig. 5a have the highest K

content, but the other variations in K content are not cor-

related with variations in Fe and Al content (Fig. 6a, b).

Calculated formulae for the jarosite analyses, assuming

2.00 sulfate ions, result in an apparent deficiency in the

monovalent and trivalent sites of most of the analyses,

compared to ideal jarosite (Fig. 7). This type of deficiency

has been noted for many natural jarosites, and has been

attributed to protonation of the hydroxyl groups (Basciano

and Peterson 2007; Bigham 1994; Bigham and Nordstrom

2000; Ripmeester et al. 1986). The deficiency in the sites

ranges up to &0.3 atomic units (Fig. 7). The calculated

ideal jarosite components of the analysed crystal zones

show wide variations, reflecting the two largely indepen-

dent solid solution substitutions described above (Fig. 7).

Arsenic Distribution

A notable feature of the jarosite crystals examined in detail

is that they contain little or no detectable As in solid

solution (Fig. 5d). Some spot analyses indicated up to

0.3 wt% As, but most spots were below 0.2 wt%. There

has been no As-related shift in the d-spacings of jarosite

structure, as quantified in the jarosite X-ray diffraction

patterns (cf. Kendall et al. 2013; Paktunc and Dutrizac

2003; Savage et al. 2005). Arsenic is present only as ferric
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arsenate within and around the jarosite crystals (Figs. 2a, b,

4a–c). Ferric arsenate forms discrete layers between jaro-

site laminae, and also fills interstices between jarosite

crystals in jarosite-rich laminae (Figs. 2a, b, 4a). In addi-

tion, numerous anhedral inclusions of ferric arsenate are

scattered through jarosite crystals, and these are more

abundant in some zones of the jarosite crystals than in

others (Fig. 4a, c). Irregular cracks in jarosite crystals are

locally filled with ferric arsenate as well (Fig. 4b).

Discussion

Arsenic in Jarosite

The dissolved As content of solutions in the autoclave can

reach very high levels ([0.1 mol/L), so that As(III) oxide

minerals such as arsenolite can precipitate (Figs. 1a, 8). In

this As-rich environment, significant solid solution of As in

jarosite is expected (Paktunc and Dutrizac 2003; Savage

et al. 2005, 2009). Experimental synthesis suggests that

jarosite can preferentially partition As into its structure at

higher As/S ratios than the starting solution (Savage et al.

2005). Arsenic can enter the jarosite crystal structure by

replacing sulfate ions (SO4
2-) with arsenate ions (AsO4

3-),

with compensating addition of hydrogen ions (Paktunc and

Dutrizac 2003; Savage et al. 2005). Hence, As solid solu-

tion in jarosite occurs under oxidized conditions where AsV

prevails (Kendall et al. 2013; Paktunc and Dutrizac 2003;

Savage et al. 2005).

Geochemical modelling suggests that high As concen-

trations occur in the Macraes mine autoclave ([0.1 mol/L;

&10,000 mg/L), with the highest dissolved As concen-

trations occurring when the As from arsenopyrite has been

only partially oxidized, to yield AsIII (H3AsO3; Fig. 8).

Under more oxidized conditions, with abundant AsV

(H3AsO4; Fig. 8), the modelling suggests that ferric arse-

nate precipitates from solution and the dissolved As con-

centrations drops by one or more orders of magnitude

(Fig. 8). The drop in dissolved As concentrations implied

A

B C

Fig. 4 Backscatter electron

images of jarosite crystals in

Macraes mine autoclave scale.

Jarosite is shades of grey

(darker higher Al content),

white ferric arsenate or

hematite, and black mounting

medium. a View of a set of

impinging crystals that have

grown progressively from top to

bottom, with intervening layers

of ferric arsenate, and minor

fine layers of hematite (top

centre). b Closer view of area

indicated in A (dashed red box)

with fine veinlets of ferric

arsenate at a high angle to

growth zones in jarosite.

c Closer view of area indicated

in a (dashed red box), with

micron scale ferric arsenate and

hematite inclusions scattered

through the jarosite
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by the model in Fig. 8 must occur rapidly (minutes to tens

of minutes) over a short distance (metres or less) within the

autoclave, as suggested by downstream changes from ar-

senolite-bearing to ferric arsenate-bearing scale deposits.

Solid solution substitution of AsV into the jarosite structure

is apparently limited to the oxidised part of the autoclave.

The sudden decrease of dissolved AsV concentrations in

the oxidizing ore concentrate slurry, implied by scale

mineralogy and geochemical model (Fig. 8) leads to pre-

cipitation of abundant, fine-grained ferric arsenate, which

is a significant component of the material discharged. Some

of this fine-grained ferric arsenate has apparently been

incorporated as inclusions in the growing jarosite crystals,

along with hematite (Fig. 4a–c). There is additional fine-

grained ferric arsenate that fills cracks that cut across the

jarosite growth structures (Fig. 4b). This later-stage min-

eralization process has added additional fine-grained ferric

arsenate particulate material to the jarosite crystals. Hence,

the jarosite in this study contains As that has been physi-

cally incorporated as a separate ferric arsenate phase, rather

than as the solid solution As that is commonly observed

elsewhere.

A B C

D E F

Fig. 5 Element maps of jarosite

crystals and associated ferric

arsenate. a Backscatter electron

image to show the location of

the maps (area indicated in

Fig. 4a, red rectangle). The

locations of analytical profiles

in Fig. 6 are indicated. b Iron

map. c Aluminium map.

d Arsenic map. e Potassium

map. f Sodium map
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Environmental Stability of Jarosite

The tailings impoundment at Macraes mine is the ultimate

destination for the autoclaved material (apart from the

gold), including the jarosite-rich slurry and scales. The

tailings impoundment contains water with a pH near 6,

despite the abundant carbonate minerals in accompanying

flotation tailings, because of on-going oxidation and

hydrolysis of minor remnants of dissolved ferrous iron

(Craw 2003). Dissolved sulfate concentrations in tailings

impoundment waters are typically 3,000–6,000 mg/L or

0.03–0.06 mol/L (Fig. 9). Since there has been around a

ten-fold dilution in the tailings impoundment by flotation

tailings slurry, the discharge waters from the autoclave
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Fig. 6 Concentrations of major

elements in a traverse across a

jarosite crystal (line shown in
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Fig. 7 Plots of the analytical data depicted in Fig. 6, after recalcu-

lation to a mineral formula assuming the sulfur content = 2.00 atomic

units, presented in comparison to ideal jarosite (red box). Blue

diamonds are the total results for trivalent Fe ? Al site versus

monovalent K ? Na site. Black squares show the K-jarosite compo-

nent of the analyses

Fig. 8 Model variations in dissolved As concentrations during

progressive oxidation (red arrow) of arsenopyrite to ferric arsenate

in the Macraes mine autoclave. Solid fields are grey. Model was

constructed with Geochemists Workbench by suppressing phases

irrelevant to arsenic in the autoclave system
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probably had dissolved sulfate concentrations[0.1 mol/L,

similar to that inferred from minerals in the autoclave

(Fig. 1a). As the tailings waters percolate through the

impoundment structure, the dissolved sulfate concentration

drops because of gypsum precipitation (Craw 2003), and

waters seeping from the impoundment have &2,000 mg/L

dissolved sulfate (Fig. 9).

Jarosite dissolves relatively slowly at pH 6 compared to

alkaline or low pH (\2) conditions and the dissolution is

incongruent, yielding solid ferric oxide/hydroxide phases

(Elwood Madden et al. 2012; Smith et al. 2006). The dis-

solution reaction (Elwood Madden et al. 2012) is of the

form:

KFe3 SO4½ �2 OH½ �6 + 3OH� = 3Fe OH½ �3 + Kþ + 2SO2�
4

ð1Þ

This dissolution reaction is further limited by the high

dissolved sulfate in the mine tailings waters (Fig. 9). The

presence of Na substituting for K in the monovalent site of

jarosite facilitates faster dissolution, and 100 % substitu-

tion by Na causes a threefold increase in dissolution rates

(Zahrai et al. 2013). The small amount of Na substitution in

jarosites in this study (&20 at. %; Fig. 7) has only a minor

effect on overall stability of the jarosite. Calculated dis-

solution lifetimes of 1 mm jarosite particles at pH 6 are

&100 years for low sulfate environmental solutions

(Zahrai et al. 2013). High dissolved sulfate and potential

particle armouring by ferric oxide precipitates (Eq. 1;

Elwood Madden et al. 2012; Kendall et al. 2013) should

substantially increase this particle lifetime. Hence, jarosite

dissolution in the Macraes mine tailings impoundment will

be very slow and will probably occur on a time scale of

hundreds of years.

The presence of solid solution arsenic in jarosite causes

faster dissolution, combined with release of the As (Ken-

dall et al. 2013). Hence, the absence of solid solution As in

the jarosite in the Macraes mine tailings is a positive fea-

ture from an environmental perspective. Nevertheless, the

associated ferric arsenate (Figs. 2a, b; 4a–d) is also sig-

nificantly soluble in mine waters (Krause and Ettel 1989;

Langmuir et al. 2006; Paktunc and Bruggeman 2010;

Paktunc et al. 2008, 2013). Further, dissolution of the

jarosite will progressively expose more of the intimately

intergrown ferric arsenate (e.g., Fig. 4b–d) to environ-

mental waters. However, ferric arsenate dissolution at pH 6

is incongruent and yields ferric oxide/hydroxide precipi-

tates and residues, in a similar manner to jarosite dissolu-

tion (Eq. 1). These ferric oxide/hydroxide precipitates and

residues adsorb As released from the dissolution reactions

(Asta et al. 2010; Giere et al. 2003; Kendall et al. 2013;

Roddick-Lanzilotta et al. 2002). Adsorption of As to ferric

hydroxide is an important mechanism for limiting dis-

solved As, and this adsorption has contributed to lowering

of dissolved As concentrations in the Macraes mine tailings

impoundment to \30 mg/L (Fig. 9; Craw 2003; Milham

and Craw 2009). Adsorption of As to ferric hydroxides in

waters seeping beneath the tailings impoundment generally

restricts dissolved As to \5 mg/L (Fig. 9; Roddick-Lan-

zilotta et al. 2002).

Conclusions

Coarse-grained jarosite precipitates from process waters in

the pressure-oxidation autoclave (225 �C) at the Macraes

mine, and this coarse-grained material provides insights

into the mineralogical nature of jarosite, which is a

principal mineral product in the processing system dis-

charge waters. The coarse-grained jarosite includes

growth zones of differing composition, primarily as a

result of solid solution substitution of Al (up to 12 wt%

Al, or 10 at.%) for Fe in the trivalent site in the jarosite-

alunite mineral series. In addition, there has been up to 20

at.% substitution of Na for K in the monovalent site.

Jarosite dissolves slowly in the surface environment at pH

6 in high sulfate waters, the conditions prevailing in the

Macraes tailings impoundment that stores the jarosite-

bearing mine wastes. The effects on dissolution rates of

the substitution of minor Na for K in the structure are

negligible, and jarosite particles can be expected to sur-

vive for hundreds of years.
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Fig. 9 Comparison of dissolved arsenic and dissolved sulfate con-

tents (log scales) of mine waters in the Macraes mine system.

Dissolved arsenic and dissolved sulfate were approximately equal at

*10,000 mg/L in the middle of the autoclave (red box). Arsenic has

since been progressively precipitated and/or adsorbed to a much

greater extent than sulfate, so that the tailings impoundment waters

(green circles) have lower dissolved As, and waters seeping from the

tailings dam (blue squares) have even lower dissolved As, as well as

lower sulfate
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Dissolved AsIII concentrations in the autoclave solutions

can be[0.1 mol/L during the oxidation process, similar to

dissolved sulfate concentrations. Further oxidation to AsV

causes precipitation of ferric arsenate and associated

decrease of dissolved As, possibly by several orders of

magnitude locally. The resultant relatively low dissolved

AsV in the process waters ensures that arsenate ions do not

replace sulfate ions in the jarosite structure, and solid

solution As in the studied jarosite is not detectable

(\0.3 wt%). Both jarosite and ferric arsenate dissolve

incongruently in mine waters in the tailings impoundment,

yielding ferric oxide/hydroxide, which adsorbs As from

solution. The combination of high temperature, high redox,

ferric arsenate precipitation in the autoclave, and adsorp-

tion of As from solution in the tailings impoundment under

surficial conditions, ensures that dissolved As in the mine

water environment generally remains below 10 mg/L.

Hence, arsenic is selectively retained with the solids, while

dissolved sulfate concentrations remain high in the mine

waters (1,000–8,000 mg/L).
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