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Importance of Jarosite-Family Minerals in the Environment and Hydrometallurgy

Jarosites form a family of iron hydroxysulphate minerals that commonly occur as secondary products in acidic (pH < 3.0) (Brown,
1971; Amoros et al., 1981), sulfate-rich environments formed by the oxidation of sulfide minerals, especially pyrite (FeS2), and in
ore processing wastes (Baron and Palmer, 1996; Welch et al., 2008). The environments that jarosite minerals commonly form in
include oxidized zones (gossans) of sulfide deposits (Brown, 1971; Craddock, 1995), areas of acid rock drainage and acid mine
drainage (AMD), mine wastes, and acid sulfate soils from pyrite-bearing sediments (Brophy and Sheridan, 1965; Brown, 1971;
Baron and Palmer, 1996; Dutrizac and Jambor, 2000; Becker and Gasharova, 2001; Welch et al., 2008; Murphy et al., 2009). Jarosite
precipitation is also used for industrial uses and contaminated land remediation (Welch et al., 2007). In hydrometallurgy, especially
the zinc industry, the precipitation of jarosite group phases is used in the processing of sulfide ore minerals to control iron (Fe),
sulfate (SO4), alkali metals and other impurities (Dutrizac and Jambor, 1984; Groat et al., 2003; Murphy et al., 2009). These
jarosites can contain metals such as cadmium (Cd), copper (Cu), lead (Pb), nickel (Ni), and zinc (Zn), as well as silver (Ag)
(Sanchez et al., 1996; Ju et al., 2013; Kerolli-Mustafa et al., 2015). Significant losses of silver can occur in the precipitation of
jarosites in hydrometallurgical circuits (Dutrizac and Jambor, 1984), as well as in tailings as a by-product of the processing of
economically important minerals (Cabri, 1987).

End-member jarosite sensu stricto contains potassium (K) and has the chemical formula KFe3(SO4)2(OH)6, while other end-
member minerals in the jarosite group also contain iron (Fe3þ) and sulfur (S6þ) (Scott, 1987; Jambor, 1999; Dutrizac and Jambor,
2000). In other end-member jarosite minerals, Kþ is replaced by, for example, sodium (Naþ) in natrojarosite, ammonium (NH4

þ) in
ammoniojarosite, hydronium (H3O

þ) in hydronium jarosite, silver (Agþ) in argentojarosite and lead (Pb2þ) in plumbojarosite
(Jambor, 1999; Dutrizac and Jambor, 2000). Extensive element substitution may take place in the jarosite crystal structure (Scott,
1990; Jambor, 1999; Dutrizac and Jambor, 2000), which has the ability to incorporate ‘much of the Periodic Table’ as minor and
trace elements (Burger et al., 2009). For example, element substitution in jarosite family minerals may result in Fe3þ being replaced
by aluminium (Al3þ), chromium (Cr3þ), copper (Cu2þ), gallium (Ga3þ) or vanadium (V3þ) (Dutrizac and Jambor, 2000; Basciano,
2008; Hudson-Edwards et al., 2008; Murphy et al., 2009) and in S6þ being replaced by phosphorus (P5þ) or arsenic (As5þ) (Jambor,
1999; Dutrizac and Jambor, 2000; Basciano, 2008).

Element substitution means that, in environments such as mine wastes, jarosite minerals are able to scavenge and act as sinks for
potentially toxic elements such as As, Cr, Cu and Pb (Smith et al., 2006; Hudson-Edwards et al., 2008; Murphy et al., 2009; Kerolli-
Mustafa et al., 2015) and precious metals such as Ag (Ju et al., 2013) that escaped extraction or were mobilized in the natural
environment. The take-up of elements by jarosite may also take place at the mineral boundary through sorption or coprecipitation
(Smith et al., 2006). In addition, jarosite minerals are potential sources of acid generation (Desborough et al., 2010) and break
down readily to release sulfate (SO4

2�) and hydrogen (Hþ) ions, as well as metal cations including Fe3þ, Kþ, trace metals and other
contaminants, into stream systems when they are removed from their stability region and dissolve (Smith et al., 2006; Welch et al.,
2008). For example, arsenic released by oxidation of As-bearing sulfide minerals, such as pyrite, can be taken up by jarosites formed
in mineralized outcrops and mine tailings, and subsequent weathering of the jarosite crusts, which are vulnerable to storm erosion,
may be a source for the transport of As into watersheds (Savage et al., 2005).

Argentojarosite and Ag-bearing plumbojarosite can be valuable ores of the precious metal Ag (Dutrizac and Jambor, 1984;
Craddock, 1995). The main mineral sources of Ag include jarosites formed in supergene enrichment zones below the upper,
oxidized zones (gossans) of orebodies (Hahn, 1929; Craddock, 1995). By contrast to Ag, the precious metal gold (Au) is not known
to substitute for Kþ in jarosite (Fairchild, 1933; Jambor, 1999), but Au associated with jarosite in gossans has been reported (Darke
et al., 1997).
Earth Systems and Environmental Sciences https://doi.org/10.1016/B978-0-12-409548-9.10960-1 1

https://doi.org/10.1016/B978-0-12-409548-9.10960-1


2 Jarosite
Chemistry of Jarosite Family Minerals

Jarosite-family minerals form part of the isostructural alunite supergroup, which has the general chemical formula AB3(TO4)2(OH)6
(Jambor, 1999; Dutrizac and Jambor, 2000; Smith et al., 2006). There is extensive element substitution in the A, B, and T sites in the
alunite supergroup, which contains >40 end-member natural minerals (Jambor, 1999; Dutrizac and Jambor, 2000; Basciano,
2008). The A site of the various end-member alunite-supergroup minerals contains a total of 16 different ions: K, Na, H3O, Ag, Pb,
NH4, Cu, Tl, Ca, Ba, Sr, Ce, La, Nd, Bi, and Th (Jambor, 1999; Dutrizac and Jambor, 2000; Basciano, 2008). In the alunite
supergroup, the T site contains S6þ, As5þ, and/or P5þ, as well as Si4þ in two end-member minerals (Scott, 1987; Jambor, 1999;
Dutrizac and Jambor, 2000). In the supergroup, the B site contains Al3þ or Fe3þ, as well as Ga3þ and V3þ in one mineral each
(Dutrizac and Jambor, 2000; Basciano, 2008). Alunite minerals contain Al3þ > Fe3þ occupying the B site, while in jarosite minerals
B-site occupation is Fe3þ > Al3þ (Jambor, 1999; Dutrizac and Jambor, 2000); in natural alunite and jarosite samples, extensive
substitution between Al and Fe has been reported (Scott, 1987).

The jarosite family of end-member minerals contains the jarosite group (see Table 1) plus two members of the beudantite group
(Fe3þ > Al3þ)—beudantite PbFe3[(As,S)O4]2(OH,H2O)6 and corkite PbFe3[(P,S)O4]2(OH,H2O)6—and six members of the cran-
dallite group (Fe3þ > Al3þ)—benauite SrFe3(PO4)2(OH,H2O)6, kintoreite PbFe3(PO4)2(OH,H2O)6, lusungite (Sr,Pb)
Fe3(PO4)2(OH,H2O)6, zairite BiFe3(PO4)2(OH)6, dussertite BaFe3(AsO4)2(OH)5, and segnitite PbFe3(AsO4)2(OH,H2O)6. End-
member jarosite group minerals contain S6þ in the T site, whereas in the beudantite group there is AsdS and PdS substitution and
in the crandallite group P and As replace S (Jambor, 1999; Dutrizac and Jambor, 2000; Basciano, 2008). The jarosite group
comprises eight minerals (see Table 1), including jarosite sensu stricto, natrojarosite, hydronium jarosite, argentojarosite, and
plumbojarosite (Dutrizac and Kaiman, 1976; Jambor, 1999; Dutrizac and Jambor, 2000; Drouet and Navrotsky, 2003). Analogues
of all these minerals have been synthesized. Mercury jarosite [Hg0.5Fe3(SO4)2(OH)6] and rubidium jarosite [RbFe3(SO4)2(OH)6]
have also been synthesized but no natural examples are known (Dutrizac and Kaiman, 1976; Jambor, 1999). However, natural and
synthetic jarosite minerals rarely have end-member compositions (Welch et al., 2008). Hydronium (H3O) often substitutes for
cations in the A site of jarosite (Majzlan et al., 2004; Basciano and Peterson, 2007), and the presence of H3O as a substitute ion in
the A site has been demonstrated by the use of nuclear magnetic resonance (NMR) spectroscopy (Ripmeester et al., 1986).

Minerals of the alunite supergroup have the ability to incorporate many minor and trace elements into their crystal structure
(Burger et al., 2009). A wide range of combinations of elements is possible in the A, B, and TO4 sites. Reported substitutions in the A
site include Mn2þ, Mo2þ and ions of end-member alunite supergroup members Naþ, H3O

þ, Pb2þ, Ca2þ, Sr2þ, Ba2þ, Nd3þ, Ce3þ,
and La3þ, as well as other rare earth elements Sm, Eu, Dy, Er, and Yb; reported substitutions in the B site include Pb2þ, Mg2þ, Zn2þ,
In3þ, Sb3þ, Cr3þ, and Ti4þ, as well as ions of end-member alunite supergroup members Cu2þ, V3þ and Ga3þ; and reported
substitutions in the T site include Cr6þ, Se6þ, and Sb5þ, as well as P5þ and As5þ (Scott, 1987; Elgersma et al., 1993; Jambor,
1999; Sejkora et al., 2001; Paktunc and Dutrizac, 2003; Welch et al., 2007, 2008; Burger et al., 2009). In addition, a reported
substitution for TO4

2� is CO3
2– (Scott, 1987). Reported substitutions in the OH– site are Cl�, F�, and H2O (Scott, 1987; Sejkora

et al., 2001; Burger et al., 2009).
In synthetic jarosite, reported substitutions for S in the T site are As, Se, and Cr, with a maximum As substitution of 17 mol%

AsO4/(AsO4 þ SO4), or As/(As þ S) ¼ 0.17 (Paktunc and Dutrizac, 2003). In synthesized jarosite- and alunite-group phases and
analogues, substitution between Al3þ, Fe3þ, Cr3þ, and V3þ in the B site has been reported (Murphy et al., 2009).

There is a strong relationship between occupancy of the crystallographic sites to maintain charge balance in alunite- and jarosite-
group minerals (Scott, 1987; Burger et al., 2009). For example, studies have demonstrated coupled substitution of Pb2þ (Scott, 1987)
and of Ba2þ and Sr2þ (Burger et al., 2009) for alkali cations in the monovalent A site combined with trivalent anions PO4

3� and
AsO4

3� for SO4
2� in the T site. In addition, a study of alunite supergroup minerals has reported the substitution of AsO3OH for AsO4

and of PO3OH for PO4 tomaintain charge balance where there are substitutions or vacancies in the A and B sites (Sejkora et al., 2001).
Table 1 End-member minerals of the jarosite group and synthetic analogues

Mineral name Formula Synthetic analogue References

Jarosite KFe3(SO4)2(OH)6 Potassium jarosite Jambor (1999), Dutrizac and Jambor (2000),
Drouet and Navrotsky (2003), Smith (2004),
Basciano (2008), and
Hudson-Edwards et al. (2008)

Natrojarosite NaFe3(SO4)2(OH)6 Sodium jarosite
Hydronium jarosite (H3O)Fe3(SO4)2(OH)6 Hydronium jarosite
Argentojarosite AgFe3(SO4)2(OH)6 Silver jarosite
Plumbojarosite Pb0.5Fe3(SO4)2(OH)6 Lead jarosite
Ammoniojarosite (NH4)Fe3(SO4)2(OH)6 Ammonium jarosite
Beaverite Pb(Fe,Cu)3(SO4)2(OH)6 Lead Fe-Cu-jarosite
Dorallcharite Tl0.8K0.2Fe3(SO4)2(OH)6 Thallium jarosite
No natural mineral Hg0.5Fe3(SO4)2(OH)6 Mercury jarosite Dutrizac and Kaiman (1976) and Jambor (1999)
No natural mineral RbFe3(SO4)2(OH)6 Rubidium jarosite
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In non-stoichiometric jarosite group minerals in which there are deficiencies in occupancy of Kþ, Naþ or other substitute ions in
the A site, studies often assume the site is occupied by hydronium (H3O) (Basciano and Peterson, 2007; Desborough et al., 2010);
however, occupancy by H3O is not necessarily the case and often there may be vacancies in the A site (Majzlan et al., 2004).

Deficiencies in the B site are also reported to be charge balanced by the incorporation of water, in the form of hydronium, into
the jarosite structure (Hudson-Edwards et al., 2008). Studies of natural alunite supergroup minerals have reported deficiencies in
the B site (Scott, 1987; Rattray et al., 1996; Roca et al., 1999) and studies of synthesized jarosite-group minerals have shown
deficiencies of Fe in the B site (Dutrizac and Kaiman, 1976; Basciano and Peterson, 2007, 2008; Hudson-Edwards et al., 2008).
However, a vacancy in the B site may be compensated for by the addition of 4Hþ (protonation) at the B site to form four B-OH2

bonds per vacancy, so H3O in the A site is not necessary for charge balance, hence vacancies in the A site are commonly seen (Kubisz,
1970; Basciano and Peterson, 2007, 2010). In addition, to maintain charge balance where substitutions or vacancies exist in
crystallographic sites of alunite supergroupminerals, including jarosite, many studies have assumed the presence of H2O in the OH–

site (Hendricks, 1937; Rattray et al., 1996; Sejkora et al., 2001; Drouet et al., 2004; Burger, 2009). These considerations have resulted
in a modified general chemical formula being proposed for jarosite compounds: A1� x(H3O)xFe3� y[(OH)6�3y(H2O)3y(SO4)2]
(Kubisz, 1970).

Many solid solutions are complete among most or all synthetic jarosite species (Dutrizac and Jambor, 2000). Studies have
reported solid solution involving Kþ, Naþ, and H3O

þ is extensive in synthetic alunite (Parker, 1962) and jarosite (Brophy et al.,
1962; Brophy and Sheridan, 1965; Kubisz, 1970; Jambor, 1999; Basciano and Peterson, 2007, 2008). Hydronium jarosite forms a
complete solid-solution series with alkali jarosites. In addition, there is a complete solid solution among synthetic K, Na, and NH4

jarosites (Brophy and Sheridan, 1965). Substitution involving Kþ and Pb2þ has also been shown to be extensive in jarosite (Roca
et al., 1999). Lead jarosite forms solid-solution series with monovalent jarosites, but the series are not crystallographically perfect
because order-disorder often results in superstructure effects in Pb-rich members, with the c axis 34 Å (double axis length of
monovalent jarosites) in Pb-jarosite (Dutrizac and Jambor, 1984).

However, studies of natural minerals have reported only limited solid solution between K and Na in low-temperature jarosite
and natrojarosite (Burger et al., 2009; Desborough et al., 2010), suggesting the presence of a solvus in the jarosite-natrojarosite
system at temperatures below about 140�C (Desborough et al., 2010). In one of these studies, hydronium-bearing jarosite was
detected in only one relatively young supergene sample, suggesting H3O-bearing jarosites are unstable over geological timescales.
The extent of solid solution between Na, K, and H3O affects the stability of natural jarosite and natrojarosite minerals (Desborough
et al., 2010).

Synthetic Ag jarosite has been proposed to form an unbroken solid-solution series with K-jarosite in the presence of hydronium
(Dutrizac and Jambor, 1984, 2000), as well as with Na-H3O jarosite (Dutrizac and Jambor, 1984). In addition, in synthetic systems,
solid solution between Ag-H3O and Pb-H3O in jarosite has been reported; however, despite extensive solid solution between
Ag-rich and Pb-rich jarosites, end-member compositions have not been achieved because of partial replacement of the non-ferrous
metals by hydronium (Dutrizac and Jambor, 1984).
Crystal Structure of the Jarosite Family of Minerals

The crystal system of jarosite minerals is hexagonal and the crystal structure is in space group R-3m (Figueiredo and Pereira da Silva,
2011), and has trigonal symmetry (Figueiredo and Pereira da Silva, 2011). The structure has three formula units per unit cell
(Z ¼ 3), and in jarosite sensu stricto [KFe3(SO4)2(OH)6] the unit cell contains 3 K, 9 Fe, 6 S, 24 O, and 18 (OH).

The structures of minerals in the alunite supergroup, which includes jarosite family minerals, are layered and based on
octahedral-tetrahedral sheets (Jambor, 1999; Hawthorne et al., 2000). These sheets are composed of variably distorted B-site
cations in octahedral coordination (coordination number [CN] ¼ 6) and T-site cation in tetrahedral coordination (CN ¼ 4) (see
Fig. 1) (Dutrizac, 1983; Jambor, 1999; Figueiredo and Pereira da Silva, 2011). The B3þO6 octahedra are capped by the TO4

tetrahedra and make up in-plane corner-sharing B3(OH)6(TO4)2
� trimers, forming the layers (Hawthorne et al., 2000). The

interlayer space is filled by monovalent A-site ions, which set the interlayer distance (Grohol and Nocera, 2007).
In jarosite, the B-site cation is Fe3þ in sixfold (octahedral) coordination with four OH– and two O2�, while the tetrahedra

contain SO4
2� (Brophy et al., 1962; Stoffregen et al., 2000). In alunite minerals, the B site is filled by Al3þ, which can form a solid

solution with Fe3þ. In the B site, Fe3þ preference over Al3þ increases at higher acidity (pH < 3), lower temperature and/or increased
Eh of formation (more oxidizing conditions) (Brophy et al., 1962; Burger et al., 2009). Other cations that are known to substitute in
the B site include Zn2þ, Mg2þ, and V4þ (Burger et al., 2009), Ga3þ and Cr3þ (Drouet and Navrotsky, 2003) and In3þ (Baron and
Palmer, 2002).

The octahedra occur at the vertices of a 63 plane net, forming six-membered rings with the octahedra linked by corner-sharing
four OH– (Hawthorne et al., 2000). At the junction of three six-membered rings is a three-membered ring, and one set of apical
vertices of those three octahedra link to a T-site tetrahedron. The resultant sheets are held together by interstitial cations and
hydrogen bonds (see Fig. 1).

Fe octahedra corner share (four hydroxyls, OH�) to form sheets perpendicular to the c axis (Basciano and Peterson, 2007;
Basciano, 2008), and Fe octahedra also corner-share with SO4 tetrahedra (two oxygens, O2�), aligned along (001), that is,



Fig. 1 Jarosite structure of FeO6 octahedra bonded to (corner-sharing with) SO4 tetrahedra, forming sheets perpendicular to the c axis, with A-site ions (e.g., Ag,
K, Na, Pb, and H3O) located between the tetrahedral–octahedral–tetrahedral sheets. Reproduced from Cogram, P. F. (2016). Capacity and mechanisms of uptake of
silver by jarosite family minerals. Birkbeck, University of London. PhD thesis published online.
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perpendicular to the c axis (see Fig. 1) (Jambor, 1999). This means substitutions in the B site mainly affect the a axis dimension, with
a decreasing as Al replaces Fe (Jambor, 1999). This is because Fe3þ has a larger effective ionic radius (0.645 Å) in sixfold
coordination than Al3þ (0.535 Å) (Shannon, 1976).

SO4 tetrahedra, aligned along [001], occur as two crystallographically independent sites within a layer: one set of TO4 points
toward þc (“upward” along the c axis), alternating with other set pointing toward –c (“downward” along the c axis) (see Fig. 1)
(Stoffregen et al., 2000; Basciano and Peterson, 2007; Basciano, 2008). The oxygens and hydroxyls of the octahedra and tetrahedra
form an icosahedron, amid which is the A-site cation in 12-fold (icosahedral) coordination (CN ¼ 12) (Figueiredo and Pereira da
Silva, 2011), with the site filled by monovalent Kþ in end-member jarosite, Naþ in natrojarosite and Agþ in argentojarosite and
divalent Pb2þ in plumbojarosite. Another monovalent cation that can also fill the A site is H3O

þ, which forms the end-member
mineral hydronium jarosite.

For compositions with the same TO4, the length of the c parameter of the unit cell is mainly influenced by the size of the A-site
cation (Jambor, 1999; Stoffregen et al., 2000), with the c-axis parameter increasing as the size of the cation increases; the a-axis
parameter decreases, but to a lesser extent, as cation size increases. For example, in 12-fold coordination, the effective ionic radius of
Kþ is 1.64 Å (Å) and Naþ is 1.39 Å (Shannon, 1976), while for synthesized K-jarosite the a-axis is 7.32 Å and the c-axis 17.12 Å and
for Na-jarosite the a-axis is 7.33 Å and the c-axis 16.70 Å (Dutrizac and Kaiman, 1976). Such unit-cell variations, which may be
revealed by X-ray diffraction data, can be used to estimate the elemental ratios in solid solution between jarosite end-members
because the variations are caused by the differences in A-site ionic radii (Brophy and Sheridan, 1965; Desborough et al., 2006;
Papike et al., 2006).

The Fe3þ position in the jarosite structure can be described by a kagome lattice (of interlaced two-dimensional triangles of
atoms) (Wills et al., 2004; Basciano and Peterson, 2008). The jarosite group is a main model for studying spin frustration: kagome
layers are formed from corner-sharing Fe3þ3-(m-OH)3 triangles—the most highly frustrated two-dimensional lattice. Jarosite
structures display novel physical properties connected with geometrically frustrated magnetism, such as superconductivity (Grohol
and Nocera, 2007).
Occurrence and Importance of Jarosite Family Minerals in the Natural Environment

Environments in which jarosite family minerals commonly form as secondary products include gossans, areas of acid rock drainage
and acid mine drainage (AMD), mine tailings, and acidic soils (Dutrizac and Jambor, 2000; Becker and Gasharova, 2001; Welch
et al., 2008; Murphy et al., 2009). Jarosites form as secondary (supergene) minerals in the oxidized zones (gossans) of sulphide
deposits, particularly at the base of gossans (Craddock, 1995), by the reaction of dilute sulfuric acid (H2SO4), Fe

3þ and other cations
such as Agþ and Pb2þ in ground water with gangue and wall-rock minerals (Brown, 1971; Craddock, 1995). Supergene jarosites are
of earthy appearance and have a range of colors, including red (Craddock, 1995).

In the supergene enrichment zones between gossans and sulfide-bearing ore deposits, Ag-bearing jarosite deposits can be an
economically important mineral source of silver (Hahn, 1929; Craddock, 1995; Darke et al., 1997; Blowes et al., 2003). An example
of supergene Ag-bearing jarosite minerals formed in the oxidation zone of volcanogenic massive sulphide (VMS) deposits is at Rio
Tinto, Spain, and such jarosites may also form in the oxidation zones of felsic and mafic volcanic host rocks, as well as other
sulphide deposits (Hahn, 1929; Amoros et al., 1981; Craddock, 1995; Roca et al., 1999). Supergene jarosites in oxidized zones can
become enriched in Ag compared with the sulphide ore deposits (Darke et al., 1997; Leverett et al., 2005); for example, Rio Tinto



Jarosite 5
jarosites containing 1000 ppm Ag (0.1%) (Craddock, 1995). In historical times, mines in Rio Tinto and Tharsis, southern Spain,
exploited jarosite deposits for Ag (Craddock, 1995), with Ag-bearing jarosite being exploited at Rio Tinto from pre-Roman times
(Dutrizac and Jambor, 2000). Argentojarosite was first observed in 1925 as a secondary product from the weathering of sulphide-
rich ore veins at Tintic Standard Mine, Dividend, Utah (Dutrizac and Jambor, 2000).

Within saturated (phreatic) or vadose zones of mine tailings and acid sulphate soils, jarosites occur as yellow crusts and coatings
(Basciano, 2008). In AMD fluvial environments, jarosite is one of the Fe hydroxides, oxyhydroxides or oxyhydroxysulphates
collectively termed “ochre,” “boulder coats” or “yellowboy” (Lottermoser, 2003). Ochre commonly occurs as bright reddish-
yellow to yellowish-brown stains and coatings, and the precipitates are amorphous, poorly crystalline or crystalline
(Lottermoser, 2003).

Jarosite minerals can also form in environments including acidic hypersaline lake sediments and evaporite basins, weathered
coal refuse from pyritic coal seams, nodules and disseminations in clays, and hot springs and hydrothermal vents, particularly
through gases H2S and SO2 being dissolved and oxidized (Brophy and Sheridan, 1965; Dutrizac and Jambor, 2000; Battler et al.,
2013). Hypogene jarosite minerals have formed during albitisation, by hydrothermal alteration of alunitised volcanic rocks, as
primary argentojarosite in polymetallic ore deposits, and in secondary quartzites (Dutrizac and Jambor, 2000).

Jarosite minerals have been reported in other geological environments that include glauconite sandstones, fillings in cavities in
arkoses, bedded cherts, heavy-mineral assemblages in sandstone, and altered quartz porphyry oxidation products (Brophy and
Sheridan, 1965). Jarosite, including chromium-jarosite, can form during the corrosion of Portland cement concrete (Becker and
Gasharova, 2001; Tazaki et al., 1992). Jarosite-group minerals have accumulated as stalactites and fine-grained mud on massive
pyrite in mines (Jamieson et al., 2005). In addition, the presence of jarosite on the surface of Mars has been reported (Papike
et al., 2006).

AMD forms from the oxidation of sulphide minerals such as pyrite (FeS2) and produces acidic waters and secondary minerals
such as metal-bearing sulphates, hydrosulphates, such as jarosite, and hydrous oxides, for example goethite (a-FeOOH). Jarosite
group minerals form in strong acidity and moderate to highly oxidized sulphate-rich waters. Jarosites occur as yellow crusts and
coatings within saturated (phreatic) or vadose zones of mine tailings and acid sulphate soils (Basciano, 2008). Jarosite can form by
precipitation of Kþ with Fe3þ and SO4

2� generated by pyrite oxidation as follows (Blowes et al., 2003; Basciano, 2008):

Kþ
aqð Þ þ 3Fe3þaqð Þ þ 2SO4

2� þ 6H2O lð Þ $ KFe3 SO4ð Þ2 OHð Þ6 sð Þ þ 6Hþ
aqð Þ

The equivalent equation applies for the formation of sodium-jarosite (natrojarosite) from Naþ ions (Casas et al., 2007).
The Fe3þ and SO4

2� required for jarosite formation can be supplied by processes other than sulphide mineral oxidation.
Hypogene jarosites, for example, form as a result of the oxidation of H2S gas to SO4 and host-rock Fe2þ to Fe3þ upon ascent of
hydrothermal fluids, and precipitation of the resultant oxidized species. In evaporative environments, the necessary ions for jarosite
formation are provided by oxidation of sulphides, Fe(II)-bearing silicates and sulphate aerosols, and acidity from ferrolysis or
sulphide oxidation.

Bacteria can metabolize metals and sulfur, accelerating sulphide oxidization, the release of metals into solution and the creation
of AMD (Blowes et al., 2003). Bacterial oxidation of Fe2þ from pyrite and other sulphides aids the formation of jarosite (Sasaki and
Konno, 2000; Becker and Gasharova, 2001). Acid tolerant (acidophile) bacterium Thiobacillus ferrooxidans is one of 18 bacteria
species and four archaea species that are known oxidisers of pyrite. The process takes place either by direct interaction, with the
microbe attaching to the mineral surface and solubilizing it by enzymatic reactions, or by indirect interaction, with reactions taking
place close to the mineral surface but not on it (Blowes et al., 2003).
Jarosites in Hydrometallurgy

The precipitation of jarosite group phases is used in hydrometallurgy, especially the zinc industry, to control Fe, sulphate, alkalis
and other impurities (Groat et al., 2003; Murphy et al., 2009). Hydrometallurgical treatment of Zn sulphide ore involves separation
of Zn from Fe, as most Zn processing concentrates contain 5%–12% Fe. Processes involving the formation of jarosite remove Fe
from acidic zinc sulphate solutions prior to Zn electrolysis (Dutrizac and Kaiman, 1976; Arslan and Arslan, 2003).

As well as Fe, these jarosites can contain Ag and other metals such as Cd, Cu, Ni, Pb, Zn (Sanchez et al., 1996; Ju et al., 2013;
Kerolli-Mustafa et al., 2015). Argentojarosite and Ag-bearing plumbojarosite can be valuable ores of Ag and Pb, and precipitation of
jarosites as controls of Fe and other impurities, including trace metals, in hydrometallurgical circuits can lead to significant losses of
Ag (Dutrizac and Jambor, 1984). In hydrometallurgy, much of the Ag present may enter the jarosite fraction and could be a cause of
erratic recoveries of Ag “values” (Dutrizac and Kaiman, 1976; Dutrizac and Jambor, 2000), as during conventional cyanidation
processing of gossan, precipitation of Ag as silver jarosite can prevent its recovery (Dutrizac and Kaiman, 1976; May et al., 1973);
cyanidation under conventional conditions recovers 40% of Ag from gossan ores of Rio Tinto, Spain (Roca et al., 1999).
Synthesis Methods for Jarosite Compounds

The factors affecting the extent of jarosite precipitation and the composition of jarosites are important for mineralogists in terms of
understanding the partitioning of alkali ions during jarosite formation in supergene deposits and the extent of element and
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hydronium substitution for alkalis (Dutrizac, 1983). Synthetic jarosites are often used in studies as analogues for natural jarosites
(Brown, 1970; Desborough et al., 2006; Swayze et al., 2008). Other experiments of jarosite synthesis have been carried out as
research on jarosite processes used in the hydrometallurgical industry (Dutrizac and Jambor, 2000). Metallurgists are concerned
with the effect of synthesis factors such as temperature, seeding and pH on the yield and composition of the jarosite product
(Dutrizac, 1983).

Synthesis experiments to form jarosite minerals have been carried out at least since the 1930s (Fairchild, 1933). A variety of
methods have been used in these jarosite syntheses, creating different amounts of product of various chemical compositions.
Dutrizac and Jambor (2000) provide a summary of the literature on many of the synthesis parameters of jarosite formation,
especially K- and Na-jarosite, and since that time there have been numerous other experiments; for example, Basciano and Peterson
(2007 and 2008).

In synthesis experiments on jarosite, most studies have assumed the necessary presence of ferric iron for jarosite formation by
using reactant Fe2(SO4)3 or Fe2(SO4)3�5H2O to supply Fe(III) to synthesis experiments (Fairchild, 1933; Baron and Palmer, 1996).
The lower limit of molar concentration (M, mol dm�3) of Fe(III) for jarosite precipitation is near 10�3 M (0.001 M) (Brown, 1971),
while synthetic jarosites readily precipitate from sulphate-rich solutions containing 0.025–3.0 M Fe(III) (Brophy et al., 1962;
Brophy and Sheridan, 1965; Brown, 1970). To synthesize K-, Na- and Ag-jarosite at 25�C, Brown (1970) used the 1:3 M ratio of
(Kþ-Agþ):Fe3þ or (Naþ-Agþ):Fe3þ in stoichiometric jarosite. This achieved Kþ occupancy of 97%–100% in synthesized jarosite. In
other studies 20% extra ferric sulphate was used (Fairchild, 1933; Brophy et al., 1962), raising the molar ratio to 1:3.6.

Jarosite minerals can be precipitated from solutions with 0.05 MNaþ (Dutrizac and Jambor, 2000) or 0.02 M Kþ (Brown, 1970).
However, very high alkali-sulphate concentrations (> 1.0 M Na2SO4) can result in the precipitation of alkali-Fe3þ sulphates instead
of jarosites (Dutrizac and Jambor, 2000). Slightly excess alkali concentration (i.e., higher than the Mþ:Fe3þ stoichiometric ratio of
1:3) in the starting solution improves jarosite precipitate yield and alkali content (relative to hydronium content) (Dutrizac and
Jambor, 2000). In studies, a wide variety of alkali (K or Na) and substitute ion molar concentrations have been used in the starting
solutions in jarosite syntheses; for example, between 0.02 M Kþ and 0.2 M Kþ (Kþ:Fe3þ 1:3) by Brown (1970), and 0.6 M Naþ and
0.00048 M Agþ (Naþ:Agþ:Fe3þ 1.5:0.0012:1) by Patino et al. (1998).

An equation for the precipitation of jarosites from homogeneous solutions containing alkali (Aþ) ions is (Grohol and Nocera,
2007):

3Fe3þ þ 2A2SO4 þ 6H2O ! AFe3 SO4ð Þ2 OHð Þ6 þ 3Aþ þ 6Hþ

At least four different types of reactant have been used to supply K, Na and other cations in jarosite synthesis experiments:
sulphates (e.g., K2SO4 and Na2SO4) (Brophy et al., 1962; Brown, 1970; May et al., 1973; Dutrizac and Jambor, 1984); hydroxides
(e.g., KOH and NaOH) (Kubisz, 1970); nitrates (e.g., KNO3 and NaNO3) (Dutrizac and Kaiman, 1976; Frost et al., 2005); and
chlorides (e.g., KCl and NaCl) (Basciano and Peterson, 2007 and 2008). Hydroxides, nitrates and chlorides were used instead of
sulphates to reduce the sulphate-to-iron ratio in the synthesis solution and so create products with less hydronium content.

Laboratory syntheses of jarosites have been carried out at temperatures ranging from 20�C to 150�C, to simulate natural and
engineered (hydrometallurgical) environments, with elevated temperatures helping to speed up the reaction and form purer
compounds (Brown, 1970; Dutrizac, 1983; Dutrizac and Jambor, 2000).

The acidity (pH) of the synthesis solution plays a major role in jarosite stability and the amount of precipitate, but has little effect
on composition (Dutrizac, 1983; Dutrizac and Jambor, 2000). Dutrizac and Jambor (1984) state that pH values of 1.0–1.6 are near-
optimum jarosite synthesis conditions.
Morphology and Grain Size of Synthetic Jarosite Compounds

Scanning electron microscopy (SEM) has been used to produce secondary-electron images of synthetic samples of jarosite group
minerals (Gasharova et al., 2005; Cogram, 2016). Crystals of K-H3O-jarosite generally comprise rounded hexagonal plates on
{0001} (Anthony et al., 2003). Crystals of Na-H3O-jarosite comprise pyramidal {01-12} and {0001} faces and rhombohedral
{01-12} faces (Cogram, 2016). Crystals of Ag-H3O-jarosite comprise intergrown hexagonal plates on {0001} and dipyramidal
(octahedral) rhombs with {01-12} and {0001} faces (Gasharova et al., 2005), both sometimes rounded (Cogram, 2016). The
crystals are in compact texture and often intergrown and grain sizes are approximately 1–25 mm (see Figs. 2–4).



Fig. 2 K-H3O-jarosite. Reproduced from Cogram, P. F. (2016). Capacity and mechanisms of uptake of silver by jarosite family minerals. Birkbeck, University of
London. PhD thesis published online.

Fig. 3 Na-H3O-jarosite. Reproduced from Cogram, P. F. (2016). Capacity and mechanisms of uptake of silver by jarosite family minerals. Birkbeck, University of
London. PhD thesis published online.

Fig. 4 Ag-H3O-jarosite. Reproduced from Cogram, P. F. (2016). Capacity and mechanisms of uptake of silver by jarosite family minerals. Birkbeck, University of
London. PhD thesis published online.
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