ResearchGate

See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/275733349
Alunite-Jarosite Crystallography, Thermodynamics, and Geochronology

Article in Reviews in Mineralogy and Geochemistry - January 2000

DOI: 10.2138/rmg.2000.40.9

CITATIONS READS
196 1,138

3authors, including:

Roger E. Stoffregen @ Charles N Alpers
21 PUBLICATIONS 1,297 CITATIONS United States Geological Survey
168 PUBLICATIONS 5,426 CITATIONS
SEE PROFILE

SEE PROFILE

Some of the authors of this publication are also working on these related projects:

ot Arsenic Geochemistry, Mineralogy, and Bioavailability in Mine Waste View project

roject  Metal transport in the Sacramento River, California View project

All content following this page was uploaded by Charles N Alpers on 10 October 2016.

The user has requested enhancement of the downloaded file.


https://www.researchgate.net/publication/275733349_Alunite-Jarosite_Crystallography_Thermodynamics_and_Geochronology?enrichId=rgreq-bf4f8d306f059b0f438f593f806d04f6-XXX&enrichSource=Y292ZXJQYWdlOzI3NTczMzM0OTtBUzo0MTU2NjkyNjgwNDE3NDNAMTQ3NjExNDY4NDM2Nw%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/275733349_Alunite-Jarosite_Crystallography_Thermodynamics_and_Geochronology?enrichId=rgreq-bf4f8d306f059b0f438f593f806d04f6-XXX&enrichSource=Y292ZXJQYWdlOzI3NTczMzM0OTtBUzo0MTU2NjkyNjgwNDE3NDNAMTQ3NjExNDY4NDM2Nw%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Arsenic-Geochemistry-Mineralogy-and-Bioavailability-in-Mine-Waste?enrichId=rgreq-bf4f8d306f059b0f438f593f806d04f6-XXX&enrichSource=Y292ZXJQYWdlOzI3NTczMzM0OTtBUzo0MTU2NjkyNjgwNDE3NDNAMTQ3NjExNDY4NDM2Nw%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Metal-transport-in-the-Sacramento-River-California?enrichId=rgreq-bf4f8d306f059b0f438f593f806d04f6-XXX&enrichSource=Y292ZXJQYWdlOzI3NTczMzM0OTtBUzo0MTU2NjkyNjgwNDE3NDNAMTQ3NjExNDY4NDM2Nw%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-bf4f8d306f059b0f438f593f806d04f6-XXX&enrichSource=Y292ZXJQYWdlOzI3NTczMzM0OTtBUzo0MTU2NjkyNjgwNDE3NDNAMTQ3NjExNDY4NDM2Nw%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Roger_Stoffregen?enrichId=rgreq-bf4f8d306f059b0f438f593f806d04f6-XXX&enrichSource=Y292ZXJQYWdlOzI3NTczMzM0OTtBUzo0MTU2NjkyNjgwNDE3NDNAMTQ3NjExNDY4NDM2Nw%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Roger_Stoffregen?enrichId=rgreq-bf4f8d306f059b0f438f593f806d04f6-XXX&enrichSource=Y292ZXJQYWdlOzI3NTczMzM0OTtBUzo0MTU2NjkyNjgwNDE3NDNAMTQ3NjExNDY4NDM2Nw%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Roger_Stoffregen?enrichId=rgreq-bf4f8d306f059b0f438f593f806d04f6-XXX&enrichSource=Y292ZXJQYWdlOzI3NTczMzM0OTtBUzo0MTU2NjkyNjgwNDE3NDNAMTQ3NjExNDY4NDM2Nw%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Charles_Alpers?enrichId=rgreq-bf4f8d306f059b0f438f593f806d04f6-XXX&enrichSource=Y292ZXJQYWdlOzI3NTczMzM0OTtBUzo0MTU2NjkyNjgwNDE3NDNAMTQ3NjExNDY4NDM2Nw%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Charles_Alpers?enrichId=rgreq-bf4f8d306f059b0f438f593f806d04f6-XXX&enrichSource=Y292ZXJQYWdlOzI3NTczMzM0OTtBUzo0MTU2NjkyNjgwNDE3NDNAMTQ3NjExNDY4NDM2Nw%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/United_States_Geological_Survey?enrichId=rgreq-bf4f8d306f059b0f438f593f806d04f6-XXX&enrichSource=Y292ZXJQYWdlOzI3NTczMzM0OTtBUzo0MTU2NjkyNjgwNDE3NDNAMTQ3NjExNDY4NDM2Nw%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Charles_Alpers?enrichId=rgreq-bf4f8d306f059b0f438f593f806d04f6-XXX&enrichSource=Y292ZXJQYWdlOzI3NTczMzM0OTtBUzo0MTU2NjkyNjgwNDE3NDNAMTQ3NjExNDY4NDM2Nw%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Charles_Alpers?enrichId=rgreq-bf4f8d306f059b0f438f593f806d04f6-XXX&enrichSource=Y292ZXJQYWdlOzI3NTczMzM0OTtBUzo0MTU2NjkyNjgwNDE3NDNAMTQ3NjExNDY4NDM2Nw%3D%3D&el=1_x_10&_esc=publicationCoverPdf

9 Alunite-Jarosite Crystallography,
Thermodynamics, and Geochronology

R. E. Stoffregen

AWK Consulting Engineers, Inc.
1611 Monroeville Avenue,
Turtle Creek, Pennsylvania 15145

C. N. Alpers

U.S. Geological Survey
Water Resources Division,
6000 J Street Sacramento, California 95819

J. L. Jambor

Leslie Research and Consulting
316 Rosehill Wynd
Tsawwassen, British Columbia, Canada V4M 3L9

The alunite supergroup consists of more than 40 mineral species that have in
common the general formula DGj3(TO4)(OH,H,O)s. The D sites are occupied by
monovalent (e.g. K, Na, NHy, Ag, T, H;0), divalent (e.g. Ca, Sr Ba, Pb), trivalent (e. g
Bi, REE) or more rarely quadrivalent (Th) ions; G is Al or Fe’* or rarel‘y GaorV; Tis
S6+ As”, or P°*, and may include subordlnate amounts of Cr®" or Si*". Many of the
minerals in this supergroup are exotic, having been described from relatively few
localities worldwide, generally in association with ore deposits. Rarely are end-member
compositions attained in these natural occurrences, and extensive solid solution is typical
for one or more of the D, G, and T sites. In this chapter, the two solid-solution series
considered in detail are alunite-natroalunite [KAIl3(SO4)2(OH)s — NaAlz(SO4)2(OH)s] and
jarosite-natrojarosite [KFe3(SO4)2(OH)s — NaFes(SO4)2(OH)s]. These minerals are by far
the most abundant naturally occurring species of the alunite supergroup.

Minerals with the generalized formula cited above can be variously grouped, but the
simplest initial subdivision is on the basis of Fe > Al versus Al > Fe. Further subdivision
is generally made on the basis of the predominant cation within the two TOy, sites. Thus,
within the supergroup, the alunite group consists of minerals in which both of the T sites
are occupied by sulfur. This leads to a total negative charge of four on the TO4 sites. In
the ideal formulas of some members of the supergroup [e.g. woodhouseite,
CaAl3(PO4)(SO4)(OH)g], half of the T sites are occupied by sulfur, and the other half by
arsenic or phosphorus, which produces a total negative charge of five on the TOy sites. In
still other end-members of the supergroup [e.g. crandallite, CaAl3(PO4),(OH)s(H,0), and
arsenocrandallite, CaAl3;(AsO4)2(OH)s(H,0)], both of the T sites are occupied solely by
phosphorus or arsenic, thus producing a total negative charge of six on the TOj sites (see
Table 1 of Dutrizac and Jambor, this volume). In this chapter, however, the primary
concern is with those minerals for which TOj is represented by SO4™ (Table 1).

Precipitates with compositions near those of the end-members in the system alunite-
natroalunite and jarosite-natrojarosite are readily prepared using sulfate salts The
products, however, almost invariably have a slight to appreciable deficiency in G**, and
have an apparent non-stoichiometry for D. The latter may reflect incorporation a H30 ,a
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Table 1. Minerals of the alunite group.

Alunite Subgroup Jarosite Subgroup
alunite KAIL(SO4)2(OH)s jarosite KFe3(SO4),(OH)g
natroalunite NaAl;(SO,4),(OH)g natrojarosite NaFe;(S0,),(OH)g
ammonioalunite  (NH);AI3(SO,),(OH)s ammoniojarosite  (NH4)Fe3(SO4),(OH)s
schlossmacherite  (H30,Ca)Al;(SO4),(OH,H,0)q hydronium (H30)Fe3(SO4),(OH)g
jarosite
— argentojarosite AgFe;(S04),(OH),
o dorallcharite T1Fe;(SO4),(OH)g
osarizawaite Pb(Al,Cu)3(S0O4),(OH,H,0), beaverite Pb(Fe,Cu)3(SO,),(OH,H,0),
o plumbojarosite*  PbFeg(SO,)4(OH);,
minamite* (Na,Ca),Als(SO,4)4(OH,H,0),, —
huangite* CaAlg(SO,4)4(OH) —
walthierite BaAlg(SO4)4(OH);, —

*C axis is ~34 A, which is double that of other members

solid solution that is difficult to prove because H;O™ cannot be determined directly by
wet-chemistry or microprobe methods. Nevertheless, the existence of two minerals in the
alunite supergroup is dependent solely on their D-site predominance of H;O", namely,
hydronium jarosite [(H3O)Fe3;(SO4)2(OH)s] and schlossmacherite [(H30,Ca)Alz(SO4),
(OH,H20)¢].

This chapter is organized into four sections. In the first section, crystallographic data
for alunite-natroalunite and jarosite-natrojarosite are presented and discussed. The second
section describes available thermodynamic data for these two solid-solution series, in
terms of properties of the end-members and mixing properties for intermediate
compositions. The third section discusses the geochemistry and occurrences of alunite
and jarosite, and the last section summarizes the published literature on the use of alunite
and jarosite in geochronology.

CRYSTALLOGRAPHIC DATA

The crystal structures of minerals within the alunite supergroup were first
determined by Hendricks (1937), who reported data for alunite, jarosite, and
plumbojarosite. Structure studies of numerous additional minerals within the supergroup
have since been determined; although there are several exceptions, most of the minerals
have trigonal symmetry, space group R3m, and unit-cell parameters of a = ~7, ¢ = ~7A.
Even among the exceptions, the minerals are strongly pseudotrigonal, and the basic
topology of the structure remains the same regardless of chemical composition.

The basic structural motif of the supergroup consists of TO4 tetrahedra and variably
distorted octahedra of G(O,0OH)s. The latter corner-share hydroxyl ions, and two oxygen
ions from two TOy tetrahedra, to form sheets parallel to the (001) plane, thereby forming
a sequence that is perpendicular to the ¢ axis. This arrangement is illustrated in Figure 1,
a simplified representation of the alunite structure, and in Figure 2, a more detailed
representation of the jarosite structure. Substitutions in G mainly affect the a dimension,
and a increases as Fe-for-Al substitution increases. The TOj tetrahedra, which are aligned
along [001], occur as two crystallographically independent sets within a layer; one set of
TO4 points upward along c, and this set alternates with another pointing downward. The
oxygen and hydroxyl form a polyhedron amidst which is the D cation, sandwiched
between the sheets of G(O,0H)¢ octahedra. Thus, if TO, sites are entirely occupied by
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Figure 1 (left). The structure of alunite, viewed parallel to the a axis. (Slightly modified from
Menchetti and Sabelli 1976).

Figure 2 (right). The structure of jarosite, viewed parallel to the a axis. (Illustration courtesy of
Eric Dowty).

SO, variations in the length of ¢ are mainly influenced by the size of the D cation. In the
natroalunite—alunite and natrojarosite—jarosite series, therefore, as compositions approach
those of alunite and jarosite the length of the C parameter increases as a consequence of
the larger ionic radius of K versus Na. A corresponding increase in a does not occur
because the expected expansion is instead accommodated by a closer fitting of the rough
surfaces of the sheet-like layers of octahedra (Menchetti and Sabelli 1976, Okada et al.
1982).

Symmetry changes within the supergroup arise mainly because of ordering of the
TO4 tetrahedra, or because of ordering or distortion effects within D sites. Ordering of
TO4 reduces the symmetry, generally from R3m to R3m. As was discussed by Szymanski
(1985), however, the space group of alunite-jarosite minerals should be assumed to be
R3m unless structure data prove otherwise. Ordering of D-site cations can lead to a
doubling of the length of c, an effect that is especially evident in alunite-group minerals
in which D is occupied by a divalent element (Table 1). In plumbojarosite, for example,
half of the D sites are vacant because of the need to maintain electroneutrality. Ordering
of the Pb*" and the vacancies produces a supercell with ¢ = 33-34 A.

Non-stoichiometry in both D and G is common, particularly in synthetic samples and
in minerals in which D is occupied by a combination of monovalent and divalent
elements. Calculation of formulas on the basis of TO4 = 2 is the preferred approach
because, whereas deficiencies in D and G occupancy may be tolerable, it is not possible
to maintain a coherent structure with vacancies in TOj.

The compositions of all of the minerals within the alunite supergroup are
characterized by a predominance of SO4, AsO4, or PO4. Extensive solid solution among
these, well beyond that known at the time of Palache et al. (1951), is prevalent in many of
the phosphate and arsenate members. Although the TO4 groups provide well defined
boundaries for a ternary system of nomenclature (Jambor 1999), the boundaries currently
are set at 25 and 75 mol % (Scott 1987). For example, the composition of beudantite,
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which is generally assigned the formula PbFe;(AsO4)(SO4)(OH,H,0)6, extends from
PbFe3[(SO4)0,75(ASO4)0.25](OH,H20)6 to PbFe3[(SO4)0,25(ASO4)0,75](OH,H20)6, wherein
OH is converted to H,O, as necessary, to achieve charge balance. Compositions with the
molar site occupancy of >0.75 total SO4 on the T site apply to plumbojarosite, and those
with AsO4 > 0.75 are segnitite. The consequence is that, within each compositional
triangle with AsQO4, POy, and SOy at the apices, five mineral names are permitted rather
than three more rigorously applicable to a ternary system.

Figure 3. Variations in the unit-cell
dimensions of alunite, natroalunite,
and schlossmacherite (hydronium
1 alunite). Sources of data: 1 =
1 Kashkai (1969); 2 = Parker (1962):
2a = alunite and
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single crystal, 3b = powder; 4 =
Kubisz (1964, 1970); 5 = Brophy
and Sheridan (1965): 5a
synthetic, 5b = natural; 6
Ripmeester et al. (1986); 7

Stoffregen and Alpers (1992).

cA) Modified from Alpers et al. (1992).

Unit-cell parameters

Alunite. Stoffregen and Alpers (1992) provided a review of unit-cell parameters for
synthetic and natural alunite. Published unit-cell dimensions for “end-member” alunite,
natroalunite, and hydronium alunite are shown in Figure 3. The large range in a and ¢ for
each end-member is probably the result of non-hydroxyl water (most likely as hydronium
ion) in some samples. For example, Menchetti and Sabelli (1976) reported a ¢ value for
alunite which is about 0.1 A lower than most other published values. On the basis of their
description of the synthesis method used, this lower value almost certainly reflects the
presence of non-hydroxyl water in their sample. Many other studies do not provide on
information on the water content of the samples (e.g. Wang et al. 1965), and as such the
results cannot be assumed to be representative of stoichiometric alunite or natroalunite.

Published data for unit-cell dimensions of alunite can be compared with results
obtained for synthetic samples by Stoffregen and Alpers (1992; Table 2, Fig. 3). Unit-cell
dimensions for the end-member alunite samples synthesized at 250 and 450°C agree
within 2c for ¢ and a, whereas the sample obtained at 150°C has significantly higher a
and lower ¢ and cell volume (V). These results are similar to data from Parker (1962) for
alunite synthesized at 100°C, for which C increased and a decreased after heating in air
for one hour at 300°C. Parker attributed this shift in unit-cell dimensions to the loss of
non-hydroxyl water (hydronium) during heating. This loss is confirmed by a decrease in
water content from 128% of the amount predicted for stoichiometric alunite in the 150°C
sample to about 105% of this amount in the other two synthetic alunite samples (Table 2).

Natroalunite. Unit-cell values for various samples of natroalunite are also shown in
Figure 3. Table 2 indicates that natroalunite prepared at 150°C has a significantly larger
value of a than those of the 250 and 450°C samples and also contains the most water of
the three (Stoffregen and Alpers 1992).

Also given in Table 2 are unit-cell data for synthetic schlossmacherite (hydronium
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Table 2. Unit-cell parameters for synthetic alunite-group minerals
(from Stoffregen and Alpers 1992).

a, A ¢, A v, A Excess Water
(% of stoich.)
Alunite (150°C) 7.000(2) 17.180(7) 729.1(4) 128.2
Alunite (250°C) 6.9831(5) 17.334(2) 732.03(9) 103.9
Alunite (450°C) 6.981(1) 17.331(4) 731.5(2) 105.5
Natroalunite (150°C) 6.9990(8) 16.690(3) 708.0(2) 119.6
Natroalunite (250°C) 6.9823(5) 16.700(2) 705.1(1) 113.0
Natroalunite (450°C) 6.9786(7) 16.696(3) 704.2(2) 99.1
Schlossmacherite 7.005(2) 17.114(7) 727.2(4) n.d.
Jarosite (95°C) 7.310(1) 17.042(3) 788.8(2) n.d.
Jarosite (200°C) 7.300(1) 17.216(4) 794.6(2) n.d.
Natrojarosite (98°C) 7.336(2) 16.621(5) 774.7(3) n.d.
Natrojarosite (200°C) 7.316(1) 16.590(3) 768.9(2) n.d.

*Excess water computed as water content of samples divided by water content of stoichiometric end-member; n.d,
not determined

alunite) prepared following the method of Ripmeester et al. (1986). For hydronium
alunite, ¢ is intermediate between those of alunite and natroalunite, but a is 7.005(2) A.
The value for a is similar to those of alunite and natroalunite samples prepared at 150°C,
but is significantly larger than the 6.978-6.983 A range obtained for the alunite and
natroalunite samples prepared at 250 and 450°C. These results suggest that the presence
of significant non-hydroxyl water in alunite can be recognized by an anomalously large
value of a, which should be apparent regardless of the Na content of the sample.

Jarosite. Values of a and c for jarosite, natrojarosite, and hydronium jarosite are
plotted in Figure 4. The ¢ dimension for jarosite is slightly lower than that for alunite
(17.24 versus 17.32 A), and the a value for jarosite is significantly larger, at between 7.28
and 7.34 A versus about 6.98 A for alunite. As with alunite, the range of unit-cell values
reported for jarosite seems to be due in large part to variations in the hydronium content.
This relationship is particularly evident in the two samples from Stoffregen (unpublished
data): the sample synthesized at 95°C had a =7.310(1) and ¢ =17.042(3) A, whereas the
same sample heated to 200°C had a =7.300(1) and ¢ =17.216(4) A (Table 2, Fig. 4).

Natrojarosite. Unit-cell data for natrojarosite (Fig. 4) show values of a in the range
of 7.29 to 7.33 A, and ¢ in the range of 16.5 to 16.7 A. As with jarosite, the trend is for
higher values of a to be associated with samples known or inferred to have an appreciable
hydronium content. However, as discussed later, there also seems to be a slight increase
in a that is related to the Na content.

THERMODYNAMIC DATA
Alunite and natroalunite

Overviewof stability relations. The stability relations of alunite with silicate
minerals in the system K—Al-Si—SO, are defined by the following reactions to form
muscovite (Eqn. 1), kaolinite (Eqn. 2) (or pyrophyllite), and K-feldspar (Eqn. 3)
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—r r T [ r r T LA UL B Figure 4. Variations in the unit-cell
2# H,0 Jarosite dimensions pf jarosite, natro-jarosite,
and hydronium jarosite. Sources of
31 data: 1 = Dutrizac and Kaiman
(1976; JCPDS card 301203); 2 =
Brophy and Sheridan (1965); 3 =
Kubisz (1970); 4 = Menchetti and
Sabelli (1976): 4a = powder, 4b =
single crystal; 5 = Kato and Miura
(1977, JCPDS card 22-827); 6 =
JCPDS card 22-827; 7 =JCPDS card
31-650; 8 = synthetic jarosite and
natrojarosite  (250°C), Stoffregen,
unpublished data (see Fig. 12).
Modified from Alpers et al. (1992).
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(Hemley et al. 1969):
KA13(SO4)2(OH)6(S) +3 SlOz(S) < KA13SI3010(OH)2(5) +2 SO 4 (g T 4H" (aq) (1)

2 KA13(SO4)2(OH)6(S) +6 8102(5) +3H,0< 3 A12812305(OH)4(S) +4S07% 4 (g T
6 H'wg+ 2 K'tag) (2)

and
KAI3(SO4)2(0H)s(s) + 9 SiOas) + 2 K'(aq) < 3 KALSi305 (5) + 25075 (aq) + 6 H (ag (3)

These reactions are generally represented in log(a’i'aso? ) — log (a’kaso? ) activity space
(e.g. Hemley 1969, Stoffregen 1987) as illustrated in Figure 5. The congruent reaction for
alunite dissolution

KAI;(SO4)2(OH)ss) + 6 H gy = 3 A"+ K'(ag + 2 SOF (ag + 6 HyOpy 4)

can also be presented on this type of diagram for a specified value of log(a’a’*a’so2 )
(Fig. 5). This reaction limits alunite stability at high H,SO4 concentrations.

In the absence of silica, the stability of alunite is defined by the alunite-bohmite
reaction

KA13(SO4)2(OH)6(S) =3 AlO(OH)(bahmite) + K+(aq) + 2SO 42[ (aq T 3 H+(aq) (5)

or the similar alunite-to-corundum reaction (Stoffregen and Cygan 1990). These reaction
boundaries parallel the kaolinite-alunite reaction in Figure 5.

Data on the stability of alunite relative to silicate minerals have been obtained by
Hemley et al. (1969). Experimental results at 200, 300, and 380°C from that paper are
presented in Figure 6. As is discussed later, the assemblages alunite + kaolinite and
alunite + kaolinite + muscovite (or illite) are common as part of the advanced argillic
alteration. The invariant point for the assemblage alunite + muscovite + kaolinite (or
pyrophyllite) + quartz in terms of total molal H,SO4 and K,SOs, respectively, was
reported at 0.002m and 0.03m at 200°C; 0.012m and 0.013m at 300°C; and 0.02m and
0.016m at 380°C. In contrast, the natural assemblages alunite + K-feldspar and alunite +
K-feldspar + muscovite have not been reported. As noted by Hemley et al. (1969), this
apparent absence suggests that the elevated K,SO4 concentrations required to stabilize
such assemblages (Fig. 6) are rarely, if ever, obtained in nature.

The congruent reaction for alunite dissolution (Eqn. 4) has been used to evaluate the
thermodynamic properties of alunite on the basis of its equilibrium relations with an
aqueous phase in modern lake and hot-spring environments. Reaction (4) is also
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applicable to the interpretation of advanced
log argillic alteration, which is limited by the
formation of an intensely leached,
predominantly quartz-only assemblage. This
type of alteration is typified by the so-called
vuggy silica rock. The congruent reaction for
alunite dissolution has not been studied
experimentally at elevated temperature.

The alunite-bohmite and alunite-
corundum reactions have not been studied
experimentally, except indirectly in alkali-
exchange experiments conducted by
Stoffregen and Cygan (1990). In their
experiments at 450°C, alunite reacted with
0.5m (K,Na),SO4 — 0.3m H,SOy solutions to
form corundum. When the initial H,SO4
concentration was 1.0 m, alunite reacted to
form an Al-sulfate compound that is of
uncertain stoichiometry and that has not been
reported in nature. The silica-free system
may be relevant to certain occurrences of
alunite in  Al-rich intermediate-grade
metamorphic as discussed below.

End-member thermodynamic data.
Kelley et al. (1946) obtained heat-capacity

data and an enthalpy of formation for a sample of Marysvale alunite and for a synthetic
alunite. Subsequent work on the stability relations of alunite (e.g. Hemley et al. 1969,
Helgeson et al. 1978) has generally been based on the data for the synthetic sample,
presumably because of the impurities reported by Kelley et al. (1946) in the Marysvale
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Figure 6. Experimentally determined
phase relations of alunite with silicate
minerals. Modified from Hemley et al.
(1969).
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alunite. As discussed above, many samples of synthetic alunite described in the literature
seem to be non-stoichiometric because of the presence of hydronium. However, the
250°C synthesis temperature used by Kelley et al. (1946) is high enough to minimize the
incorporation of hydronium, and their analytical data show the alunite to be almost
stoichiometric. The Kelly et al. (1946) thermodynamic values for the synthetic alunite are
also the values recommended here (Table 3).

Table 3. Recommended thermodynamic data for alunite group end-members.

Units Alunite Natroalunite Jarosite Natrojarosite
AHpoosk b kJ mol™ ~ 5169.8" ~ 5131.97° —3715.1¢ ~ 3673.1¢
Sa0sK. 1 bar J mol™(K°)! 328.0° 321.08° 388.9¢ 382.4¢
AGirosk 1bar  KkJ mol™ — 4659.3 — 4622.40° — 3309.8° — 3256.7"
a J mol'(K°)! 642.03° 641.5° 616.89¢ 616.39¢
b (x 10%) J mol'(K°)? 0° — 787 98.74¢ 91.21¢
¢ (x 107) Jmol'(K®)'  —229.91° — 234.12°¢ - 199.6¢ — 203.76°

* Kelley et al. (1946); b Kelley (1960); © Stoffregen and Cygan (1990); d Stoffregen (1993);
¢ Baron and Palmer (1996); f Kashkai et al. (1975)

Other published determinations of the free energy of formation of alunite have been
based on mineral-water equilibrium (Kashkai et al. 1975, Raymahashay 1969, Zotov
1967). These values are considered to be less reliable than the data from Kelly et al.
(1946) because the alunite that was used in the determinations was almost certainly non-
stoichiometeric.

We are not aware of any published values for the entropy, enthalpy, or heat capacity
of natroalunite. Stoffregen and Cygan (1990) used Na-K exchange data for alunite-
natroalunite, together with a heat-capacity estimate based on the method of Helgeson et
al. (1978), to obtain thermodynamic data for natroalunite at 25°C (Table 3). In the
absence of measured thermodynamic data on natroalunite, the values from Stoffregen and
Cygan (1990) are recommended.

Jarosite and natrojarosite

Overviewf stability relations. Unlike alunite, jarosite does not display equilibrium
relations with silicate minerals. Instead, the principal reaction that limits its stability in
nature is simply its conversion to iron oxide or oxyhydroxide minerals. At surficial
conditions, conversion of jarosite to goethite occurs by the reaction

KFe3(SO4)2(OH)s(s) < 3 FeO(OH) goethite) + K+(aq) +280% (ag) T3 H+(aq) (6)

although this reaction may be complicated by the formation of metastable phases such as
schwertmannite [FegOg(OH)g2x(SO4)x] and ferrihydrite (~FesHOg-4H,0) (Nordstrom and
Alpers 1999, Bigham and Nordstrom, this volume). At temperatures above the goethite-
to-hematite transition, which occurs at about 100°C for phases of equal surface area
(Langmuir 1971), the incongruent dissolution reaction for jarosite becomes

KFe3(S04)2(0H)s(s) <> 1.5 Fe0306 + K'ag T2 SO5 a9 + 3 H o + 1.5 20y (7)

The compound Fe(SO4)(OH) provides a second boundary to the jarosite field by the
reaction

KFe3(SO04)2(OH)s(s) + 3 H'(ag) + SO (aq) < 3 Fe(SO4)(OH) ) + K (aq) + 3 H201) (8)
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Although not reported in nature, Fe(SO4)(OH), which is the anhydrous equivalent of
butlerite and related phases (see Bigham and Nordstrom, this volume), has been observed
in several studies of the system H,O—-SOs—Fe,0; (Posnjak and Merwin 1922, Umetsu et
al. 1977, Tozawa et al. 1983, Stoffregen 1993).

Reactlons (7) and (8) can be used to define a field of jarosite stability in
log(a’n'aso? ) — log(a’k aso? ) space This is illustrated in Figure 7, which indicates that
jarosite should occur at log(a™y aso4 ) values 1ntermed1ate between those required to
produce hematite and Fe(SO4)(OH)" a given value of log(a’k*aso? ) Figure 7 also 1mp11es
that, at a given temperature and concentration of dissolved ferric iron, there is a minimum
value of log(a’k asol ) necessary for jarosite stability. This minimum is the jarosite-
hematite-Fe(SO4)(OH)* triple point. The stability limit for jarosite is reached when this
triple point occurs at log(a“x*aso? ) equal to the saturation value for potassium sulfate.

Also shown in Figure 7 are contours for the activity product log(a’re*aso? ) in
equilibrium with each of the solid phases. These contours are based on the congruent
dissolution reactions

KFe3(S04)2(OH)g(s) + 6H (aq) < K'(ag) + 2 SO3 (aq) + 3Fe’(ag) + 6H20(1) 9)

Fe;03(s) + 6H ' (oq) < 2Fe’ (uq + 3H20()) (10)
and

Fe(S04)(OH)s) + H'(aq) < Fe* (aq) + 8O3 (aq) + H2Oq1) (11)

The contours of log(a’r**aso? ) in Figure 7 imply that the amount of dissolved Fe in
equlhbrlum with jarosite 1ncreases as
log(a Hasor) and as log(a K'asol)

N ] [ decreases.

.. The stability relations of jarosite
2 i have been studied primarily at surficial
o i conditions, using Reaction (9). Numerous
= . other studies on the phase relations in the

. system Fe—S—H,O have been conducted,
mainly for hydrometallurgical purposes
(Dutrizac and Jambor, this volume).
Stoffregen (1993) conducted experiments
to identify the phase boundaries given by
~— log a}-ase: Reactions (7) and (8) at 150 to 250°C.
These experiments indicated that a HSO4
Figure 7. Schematic illustration of the stability molality of 0.25 to 0.63 was required to
relations of jarosite. Dashed lines represent  gtabilize jarosite over this temperature
contours of log(are a’so4™), increasing to the Fig. 8). Natrojarosite formed from
left. Used by permission of Elsevier Science range ( 12 0] .
Ltd, from Stoffregen (1993), Geochim  hematite in experiments with H>SO4 of
Cosmochim Acta, Vol. 57, Fig. 1, p. 2418. 0.79 m at 200°C but could not be
produced from hematite at 250°C.

I
I I
I I
I 1
1 1

End-member thermodynamic data.
The many determinations of the free energy of jarosite at surface conditions, based on
assumed equilibrium between jarosite and a coexisting aqueous phase, have been
summarized by Baron and Palmer (1996). The most reliable values are considered to be
those of Alpers et al. (1989), Kashkai et al. (1975), Zotov et al. (1973), and Baron and
Palmer (1996). The respective values for AG°s,9s are -3300.2+2.6; -3299.7+4; -3305.8+4;
and -3309.841.7 kJ/mol. The recommended value is -3309.8+1.7 kJ/mol
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Figure 8. Experimentally determined jarosite-hematite boundary. Filled squares = hematite
starting material, run product with both hematite and jarosite; open squares = jarosite starting
material, run product with both hematite and jarosite. (a) 250°C; (b) 200°C. The solid line in (b) is
the hematite-jarosite boundary computed with PHRQPITZ (see text). Error bars represent
uncertainty in SO, and K measurements. Used by permission of Elsevier Science Ltd., from
Stoffregen (1993), Geochim Cosmochim Acta Vol. 57, Fig. 2, p. 2420.

(Baron and Palmer 1996). Recommended enthalpy and entropy values for jarosite and
natrojarosite are also included in Table 3. There are only a few published values for
AG°®¢295 of natrojarosite. The recommended value is -3256.7 kJ/mole reported by Kashkai
etal. (1975).

For jarosite, Stoffregen (1993) reported a Gibbs free energy at 200°C of -3416.3
kJ/mole. On the basis of the experimental reversals shown in Figure 8, this value was
computed using the program PHRQPITZ (Plummer et al. 1988) to model the aqueous
phase. Because information on the temperature dependence of the H'-HSO;, K'-HSO
and Na'—HSO; interaction parameters was not available, all were assumed equal to the-
25°C values in the computation. This assumption, and the high ionic strength of the
coexisting aqueous phase (I = 0.33), introduce uncertainty into the free-energy value
reported for jarosite. Nevertheless, the phase boundary predicted with PHRQPITZ is
consistent with the reversals observed for Reaction (7).

No measured heat-capacity data are available for jarosite or natrojarosite. For both,
Stoffregen (1993) presented values of the Meier-Kelley a, b, and ¢ terms estimated from
thermodynamic data on alunite, hematite, and corundum using the method of Helgeson et
al. (1978). These values are listed in Table 3. The AG°sy9s of jarosite based on these
values is -3328.4 kJ/mole, in poor agreement with the range of -3299.7 to -3310.4
kJ/mole discussed above. The discrepancy is thought to result from inaccuracies in the
estimated thermodynamic parameters in Table 3, but it may also reflect errors in the
determination of the aqueous activity coefficients, as noted above. Similarly, AG®,9g for
natrojarosite obtained from the data in Table 3 is 29 kJ more negative than the value
reported by Kashkai et al. (1975).

Other minerals in the alunite-jarosite supergroup

The AG° values of synthetic goyazite SrAl;(PO4),(OH,H,0)¢, arsenogoyazite
SrAl3(AsO4)2(OH,H,0)6, gorceixite BaAl;(PO4)2(OH,H,0)6, arsenogorceixite BaAls
(As04)2(OH,H,0)6, plumbogummite PbAl;(PO4),OH,H,0)s, florencite-(Ce) to -(Eu), and
As analogs of the florencite minerals were reported by Schwab et al. (1993), who
determined the equilibrium constants for dissolution reactions. Because of the low
solubility of these minerals, at least one year was needed for each experiment, and there
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‘7"15 ; T ' ' are significant uncertainties in the data
oo because of the poor crystallinity and fine
17.2¢ . 1  grain size of the precipitates. Nevertheless,
N 1 Schwab et al. (1993) reported excellent
< 170} R - | agreement with independent estimates by
o | o Herold (1987) for the AG®¢295 of crandallite,
teal oo, | although both studies used extrapolation
' . from goyazite-crandallite solid solutions
T because pure crandallite could not be

;60-? : ‘ ’ ) synthesized.

Mixing relations

7.00f 1 . .
Alunite-natroalunite. Stoffregen and

6.9} 1 Alpers (1992) presented data on unit-cell
dimensions for 17 samples on the
alunite—natroalunite binary. These samples
were prepared in alunite—-water Na-K
.97t 1 exchange experiments at 450°C. The data
| are plotted as a function of composition in
Figure 9, along with data for end-member
alunite and natroalunite. The variation in a
XnNa across this binary is approximately the same
Figure 9. Unit-cell parameters of alunite as a  Size as the average 2c for a and is thus not
function of Na mole fraction. From Stoffregen  significant. Most values of ¢ and V plot on
and Alpers (1992). the ideal mixing lines and connecting the
450°C alunite and natroalunite samples,

which have the equations

Xna = (17.331 = Cpneas)/0.635 (12)
XNa 2(73 1.5- Vmeas)/27-3 (13)

If the uncertainty in the end-member values is also considered, all but four of the
samples are within 2c of ideal mixing. These samples do not define a systematic
departure from ideal mixing and are believed to reflect errors in Xy, caused by
compositional heterogeneity.

a (A)

6,98@0?.;5 “Q‘O‘%- - =

696 L 1 " L i
0.0 0.2 0.4 0.6 0.8 1.0

Mixing relations along the alunite-natroalunite binary were investigated in mineral-
water Na-K exchange experiments by Stoffregen and Cygan (1990). The exchange
reaction is

KA13(SO4)2(OH)6(S) + Na+(aq) = NaAlg(SO4)2(OH)6(S) + K+(aq) (14)

The starting fluid in these experiments contained 0.5 m (Na,K),SO4, which provided
the alkalis necessary to drive the exchange reaction and also helped to stabilize alunite,
but did not eliminate incongruent dissolution of alunite by Reaction (5). Defining the
distribution coefficient Ky, for this exchange as (Xn./Xx)(Mno/Mk) where X indicates the
mole fraction in the solid and m the molality in the aqueous solution, gives the
expression:

RTanD = ACYOr,P,T + (des,alun/dXNa) - (des,soln/dNNa) (15)

where AG® p1 is the standard-state Gibbs free-energy change for the alkali-exchange
reaction at a given pressure and temperature, the Gy terms are the excess Gibbs free
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Figure 11 (above). Results of alunite-fluid Na-
K exchange reactions at 350°C and 500 bars.
Symbols and curve as in Figure 10. From

1 . [ Stoffregen and Cygan (1990).
r Figure 12 (left). Results of alunite—fluid Na-K
5 ' r - r exchange reactions at 250°C and 500 bars.

N . A A 0.8 1.0 Symbols and curve as in Figure 10. From
Xy Stoffregen and Cygan (1990).
a

energy of mixing in the solid and in the aqueous solution, Xy, is the mole fraction of Na
in the solid, and Ny, is the molar Na/(Na+K) ratio in the aqueous solution. Stoffregen and
Cygan (1990) assumed that the excess free energy of mixing in the fluid, which is equal
to the difference in the activity coefficients for Na and K, was negligible and could be
ignored.

Experimentally derived values of 1nKp are plotted against Xy, at 450, 350, and
250°C in Figures 10, 11, and 12, respectively. Stoffregen and Cygan (1990) fit these data
using a subregular Margules model which assumes that the excess free energy of the solid
can be expressed as Gys = XgXna(WnaXk + Wk Xna). This model is necessary to describe
the nonlinear variation in 1nKp with Xy, that is evident in the figures.

Table 4 lists the parameters of fit for the excess mixing terms. The uncertainty in
these terms increases with decreasing temperature, reflecting the poorer quality of the
reversals at lower temperature. The data nevertheless indicate that the mixing terms
increase with decreasing temperature. This behavior is typical of many solid solutions

Table 4. Alunite-natroalunite mixing parameters (from Stoffregen and Cygan 1990).

LnK WaNa Wex
450 °C, 1000 bars —0.99(0.05) 1,837(427) 3159(435)
350 °C, 500 bars ~1.73(0.26) 2,867(1050) 4785(1229)
250 °C, 500 bars -2.56(0.42) 4,668(2091) 6443(4836)

W terms in J/mol
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17.3 ——T— (e.g. Powell 1974) and favors the
17.2 Lj ] formation of a solvus between
N 1 alunite and natroalunite as tem-

17.1 F e ] i
a | perature decreases. This solvus
= 17.0 1 >, 1 cannot occur at or above 350°C, at
— 169 | ®~a_ g 4 which the experimental results
e 15,8L, ““\n\ ] demonstrate complete miscibility,
167 L fo_ 1 but the results do not preclude a
66 o> miscibility gap at 250°C. As is

discussed below, data on the
chemistry of natural alunite also
suggest a miscibility gap.
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Figure 13. Unit-cell parameters of synthetic jarosite members, with the latter larger by
(200°C) as a function of Na mole fraction (Stoffregen, about 0.015 A. Values of ¢ and V

unpublished data). define the following two least-
squares relationships:

XNa = (17.222 — Cneas)/0.635 (16)

XNa=(795.20 — Vineas)/25.9 (17)

The slope on Equation (16) is identical to that observed for alunite (Eqn. 12). Most of the
samples plot within two standard deviations of the ideal mixing line. Thus, the data are
adequately described by an ideal mixing model.

Mixing relations along the jarosite-natrojarosite binary were investigated in
mineral-water Na-K exchange experiments at 150 to 250°C (Stoffregen 1993). The
exchange reaction is

KFC3(SO4)2(OH)6(S) + Na+(aq) = NaFe3(SO4)2(OH)6(S) + K+(3CI) (18)

As with the exchange experiments for alunite as discussed above, the initial fluid in
the experiments involving jarosite contained 0.5m (Na,K),SO4. However, to remain
within the field of stability of jarosite and natrojarosite, it was also necessary to include
1.0 m H2SOy in the starting solution.

In relation to Reaction (18), 1nKp is related to the Gibbs free energy of mixing in the
solid phase by an expression analogous to Equation (15) above, except with an excess-
free-energy term for jarosite instead of alunite. As discussed by Stoffregen (1993), the
excess-free-energy term for the fluid may be assumed constant at a given temperature and
H,S0O4 and (Na,K),SO4 concentration. This allows Equation (15) to be rewritten as

'RTanD* =+ AC}OP,T + (des,jar/dXNa) (19)



In Kp

In Kp
w
ma

466 Stoffregen, Alpers & Jambor

-2.6 v —— T —— -3.0 . — - T T

I 2 =
-2.8}F 250°C B asl 200C

-3.6

o al i a.l '
3.0 3.4 !i,.

34] - 1 asl .
L 4 L -
36k n ol e : = g

-3.8 . 1 1 1 " L i -4.2 " L 1 1 L

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8

xnatrojarosite Xnatroiarosile

-4.0 e : : Figure 14 (upper left). Results of jarosite—fluid
@ | Na-K exchange reactions at 250°C, 100 bars. Open
42| 1 symbols = runs in which Xuojarosicc increased; solid
squares = runs in which Xyayojaresite decreased. Used
by permission of Elsevier Science Ltd., from
a Stoffregen (1993), Geochim Cosmochim Acta Vol.
57, Fig. 4(a), p. 2424.

Figure 15 (upper right). Results of jarosite—fluid
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Figure 16 (above). Results of jarosite—fluid Na-K exchange reactions at 150°C, vapor saturation
pressure. Used by permission of Elsevier Science Ltd., from Stoffregen (1993), Geochim Cosmochim
Acta Vol. 57, Fig. 4(c), p. 2424.

_5.2 1 1 — 1 " L
0.0 0.2 0.4 0.6 0.8 1.0

where InKp* is the distribution coefficient corrected by a constant related to mixing in
the fluid. For mH,SO4 = 1.0 and m(Na,K),SO4 = 0.5, this constant is equal to 0.25 at
25°C and to 0.35 at 150°C and 200°C as calculated with PHRQPITZ (Plummer et al.
1988).

Experimental results at 250, 200, and 150°C are presented in Figures 14, 15 and 16,
respectively. The best constraints on the value of 1nKp for Reaction (18) are provided by
the experiments at 200°C (Fig. 15). After correction for excess mixing in the fluid phase,
these experiments indicate that 1nKp* is between -3.8 and -4.4 over the compositional
range of Xy, = 0.14 to 0.96. This data set is consistent with, but does not require, ideal
mixing along the jarosite-natrojarosite binary, for which InKp* is a constant.

The maximum departure from ideal mixing consistent with these data can be
evaluated by assuming that jarosite and natrojarosite obey a regular solution model. The
excess mixing term (dGysjar/dXna) 1n this model is equal to W(l — 2Xy,), which implies
that InKp* is a linear function of Xy,. The maximum value of W consistent with the
200°C data is 1275 J/mole, which was obtained by connecting the values for 1nKp at X,
from 0.14 to 0.96 as illustrated in Figure 15. For comparison, W must exceed 7800 J/mole

1.0
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for a solvus to occur at 200°C. Thus, although the experimental reversals at 200°C do not
preclude some departure from ideality on the jarosite-natrojarosite binary, they
demonstrate that the degree of non-ideality is small compared to that required for a
solvus.

The experimental data presented above on alkali exchange in jarosite and
natrojarosite demonstrate that the minerals form a nearly ideal solid solution at 200°C.
This is substantially different from the alunite-natroalunite binary, which could have an
asymmetric solvus at a temperature as high as 250°C, as was discussed above. The nearly
ideal behavior of jarosite and natrojarosite at 200°C strongly suggests that there is
complete miscibility on the jarosite-natrojarosite binary down to 25°C. Support for this
suggestion is that data on natural and synthetic jarosite from a number of sources include
compositions throughout the jarosite - natrojarosite - hydronium jarosite ternary (Brophy
and Sheridan 1965, Alpers et al. 1989). However, these data do not provide conclusive
proof of complete miscibility in this system for the following reasons: (1) amongst the
samples analyzed by bulk chemical methods there may be samples that are, in reality,
mixtures of two chemically distinct jarosites, and (2) the compositions may reflect non-
equilibrium processes.

Alunite-jarosite. The only published studies of mixing between alunite and jarosite
are those of Brophy et al. (1962) and Haértig et al. (1984). Brophy et al. (1962)
synthesized a range of intermediate compositions in the series K(AlFe)3(SO4)>,OH)s at
78, 105, and 150°C using 0.2 N sulfuric acid solutions. Recognizing the tendency for a
deficiency of trivalent ions and an excess of water in alunite and jarosite synthesized at
low temperature, Brophy et al. (1962) removed the excess water by heating to 300°C.
Hartig et al. (1984) synthesized nine intermediate compositions in the series
K(ALFe)3(S04)2(OH)s using mixed solutions of Fe—Al-K sulfate at 100°C, with an initial
pH of 2.0. The solids produced in the experiments of Hartig et al. (1984) were non-
stoichiometric with regard to (Al+Fe):S molar ratios, which ranged from 2.20:2 to 2.57:2.
In both studies, for a given Al/(Al+Fe) ratio in the initial solution, the alunite-jarosite
solid solution had a higher Fe content, which is expected because Fe’" hydrolyzes at a
lower pH than does AI’". The solids produced in both studies followed Vegard’s rule
with regard to the a unit-cell dimension, which varies from about 6.98 A in alunite to
about 7.30 A in jarosite. Little to no variation in the ¢ unit-cell dimension was observed.

Few data are available on the Al content of natural jarosite the Fe content of
natural alunite. Brophy et al. (1962, and references therein) reported the compositions of
four samples of alunite, three samples of jarosite, and one sample with equimolor
amounts of Al and Fe, from Kopec, Czech Republic (Jirkovsky 1927). An alunite of
composition K(Alys7Fep13)3(SO04)2(OH)s from the Copper Cap uranium prospect,
Marysvale, Utah, was reported by Brophy et al. (1962). Unit-cell dimensions reported by
Brophy et al. (1962) for the samples from Kopec and Copper Cap are consistent with
those of synthetic solids of similar composition, indicating that unit-cell dimensions
(especially a) can be used to make reliable estimates of Fe—Al substitution in the alunite-
jarosite series. Alpers et al. (1992) used the cell dimensions of alunite and jarosite from
Lake Tyrrell, Australia, together with chemical data, to estimate solid-solution
compositions of approximately [Ko s7Nag.04(H30)0.09](Alg.92F€0.08)3(SO4)2(OH)s for alunite
and [K0.89N80,07(H30)0_04](F60.80A10_20)3(SO4)2(OH)(, forjarosite.

Geochemical modeling of alunite and jarosite formation (e.g. Bladh 1982) has
generally considered alunite and jarosite to be distinct phases rather than members of a
solid-solution series. Whether a miscibility gap exists between alunite and jarosite
remains unknown, though it appears to be unlikely. It is more likely that the chemical
separation of Fe and Al and the rarity of intermediate compositions in the alunite-jarosite



468 Stoffregen, Alpers & Jambor

serles is caused primarily by the difference in hydrolysis constants between Fe®” (ag) and
Al (agy (Brophy et al. 1962, Nordstrom and Alpers 1999, Bigham and Nordstrom, this
volume).

GEOCHEMISTRY AND OCCURRENCES
Alunite and natroalunite

Substitutions. The most significant substitution in natural alunite is that of Na" for
K" on the alkali site. Hydronium (H;O") substitution is difficult to prove, but has been
inferred for most samples of synthetic alunite and most low-temperature natural alunite
samples because of a deficiency in alkalis and an excess of water compared with the
stoichiometric composition (e.g. Ripmeester et al. 1986). The non-stoichiometric water is
generally attributed to the presence of hydronium (H;O") but may also reflect other forms
of “excess water” as discussed by Ripmeester et al. (1986). Another substitution that
occurs in alunite is the coupled substitution of phosphate (or arsenate) and a divalent
cation for sulfate and a monovalent cation, as described by the exchange reaction

SOy + D' PO +D* (20)

The minerals woodhouseite and svanbergite consist of the alunite structure in Wthh
PO4 substitutes for 25-75% of the total formula SO and the divalent cations Ca®>" and
Sr**, respectively, predominate on the D site. There are a few published studies that
discuss the extent of the coupled substitution represented by Reaction (20) in alunite.
Significant solid solution between alunite and woodhouseite-svanbergite has been
documented by Wise (1975), who observed a “strontian natroalunite” with about 12
formula % POJ in substitution for SO} and a corresponding amount of Sr**
substitution for Na'. Stoffregen and Alpers (1987) reported that alunite from the
Summitville gold deposit in Colorado shows low phosphate, Ca, and Sr contents. Alunite
from La Escondida, a porphyry copper deposit in northern Chile, is somewhat richer in
phosphate and Sr than are the Summitville samples.

Stoffregen and Alpers (1987) also analyzed alunite from three other localities: La
Tolfa, Italy; Marysvale, Utah; and Goldfield, Nevada. La Tolfa is a hot-springs deposit,
in which alunite is believed to have formed at or near the surface (Lombardi and Barbieri
1983). The alunite analyzed from Marysvale is interpreted to be of magmatic-steam
origin (Cunningham et al. 1984, Rye et al. 1992). The alunites from both La Tolfa and
Marysvale are not thought to be directly related to precious-metal mineralization
(Lombardi and Barbieri 1983, Cunningham et al. 1984). In contrast, Goldfield, Nevada is
a magmatic-hydrothermal, gold—sulfosalt deposit similar to that at Summitville, Colorado
(Ashley 1974). Alunite analyzed by Stoffregen and Alpers (1987) from La Tolfa and
Marysvale has significant and fairly consistent SrO and P,Os contents (samples 3 and 4 in
Table 5). Alunite from Goldfield (sample 5 in Table 5) contains up to 0.20 wt % BaO but
has no detectable Sr and only 0.05 wt % P,0Os.

Allibone et al. (1995) determined that advanced argillic alteration assemblages at the
Temora mine in New South Wales, Australia, contain alunite, natroalunite,
woodhouseite, and svanbergite. Analyses plotted by Allibone et al. (1995) show an
almost continuous increase in PO, that is commensurate with substitution of divalent
cations (Ca, Sr, Ba) for monovalent cations (Na, K). Overall, however, the results from
the various deposits suggest a limited degree of this coupled substitution in samples of
magmatic-related, hypogene alunite formed at temperatures below about 300°C, although
solid solution at higher temperatures is more extensive. Grains of woodhouseite,
svanbergite, and related phases are found, in some cases, replacing apatite in zones of
advanced argillic alteration (Stoffregen and Alpers 1987); the availability of phosphate
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Table 5. Chemical composition of hydrothermal alunite (from Stoffregen
and Alpers 1987).

1 2 3 4 5

Weight %

K,O 7.49 9.18 10.79 10.84 9.66
Na,O 2.41 1.44 n.d. 0.19 1.04
CaO n.d. n.d. n.d. n.d. 0.05
SrO 0.05 0.34 0.38 0.31 n.d.
BaO n.a. n.d. n.d. n.d. 0.20
Al,O3 37.34 36.50 36.70 36.92 37.13
SO; 38.44 38.67 37.07 36.94 37.96
P,0s 0.23 0.30 0.63 0.86 0.05
H,0* 13.20 13.05 13.05 13.05 13.10
Total 99.16 99.78 98.62 99.11 99.19
Moles

K 0.656 0.505 0.961 0.952 0.853
Na 0.321 0.192 n.d. 0.024 0.139
Ca n.d. n.d. n.d. n.d. 0.003
Sr 0.002 0.014 0.016 0.012 n.d.
Ba n.d. n.d. n.d. n.d. 0.005
Al 3.017 2.980 3.021 2.998 3.029
S 1.978 1.994 1.944 1.91 1.975
P 0.013 0.018 0.036 0.049 0.002
OH" 6.048 5.981 6.080 6.003 6.034

* wt % H,O calculated based on elemental composition and stoichiometry of end-
member minerals in alunite supergroup (see Stoffregen and Alpers 1987)

® moles OH calculated based on wt % H,O

n.d. = not detected; n.a = not analyzed for.

Description of alunite samples: 1. Summitville, Colorado (255-629), 2. La
Escondida, Chile (1067-C-298), 3. La Tolfa, Italy, 4. Marysvale, Utah, 5.
Goldfield, Nevada

(and arsenate) may be the main limiting factor in determining the extent of solid solution
by Reaction (20). In the high-alumina rocks east of Lake Baykal, Russia, Ripp and
Kanakin (1998) and Ripp et al. (1998) have shown extensive solid solution of POy in
predominantly Sr-substituted natroalunite (Fig. 17). Muscovite in the prograde
metamorphic assemblage was formed at 520-600°C and >5 kbar, but the associated
minerals of the alunite supergroup were formed in the retrograde stage (Ripp et al. 1998).

Occurrences. Stoffregen and Alpers (1992) subdivided natural alunite into four
groups on the basis of their grain size, mode of occurrence, and morphology:
disseminated, coarse vein, porcelaneous vein, and fine-grained. Disseminated alunite
occurs in bladed crystals 1 to 10 mm in length, which replace feldspar grains and which
are accompanied by quartz and fine-grained disseminated pyrite. Coarse vein alunite
occurs in >1 mm crystals in nearly monomineralic veins or pods which may be up to
several meters in width. Porcelaneous vein alunite occurs as 5 to 100 um grains with
irregular surfaces within veinlets a few millimeters to a few centimeters wide and may be
accompanied by minor quartz and kaolinite. Fine-grained alunite occurs as 0.5 to 5 um
pseudocubic grains within veinlets, small concretions, or bedded sediments. Fine-grained
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alunite natroalunite
S

Al >Fe

S:P= 1:1 S:AS: 1:1
p As

Figure 17. Compositions of POg-substituted alunite and natroalunite. The compositional
fields for alunite and natroalunite are according to the current nomenclature system (Scott
1987); S:P = 1:1 and S:As = 1:1 indicate formula SO4:PO, = 1:1 and SO4:AsO, = 1:1,
respectively. Data points for alunite are from Allibone et al. (1995), and sources for
natroalunite are: open circles, Ripp et al. (1998) and Ripp and Kanakin (1998); triangles,
Wise (1975); solid circles, Allibone et al. (1995). The open square on the far right
represents the AsO4:SO4 composition of type schlossmacherite (Schmetzer et al. 1980).

alunite is generally formed at low temperature, but temperature may not be the only
factor affecting grain size.

Sedimentary and lowemperature alunite. Fine-grained alunite seems to be limited
to near-surface environments. This type of alunite has been reported from weathered
profiles (e.g. Meyer and Pefia dos Reis 1985), intertidal marine environments (e.g. Khalaf
1990), lacustrine environments (e.g. Alpers et al. 1992), and caves (e.g. Polyak et al.
1998). Porcelaneous vein alunite may form at low temperature, as illustrated by the
alunite from Round Mountain, Nevada, which has been interpreted as supergene by
Fifarek and Gerike (1991) and Rye et al. (1992).

Most fine-grained alunite described to date, including the three specimens
investigated by Stoffregen and Alpers (1992), contain between 14 and 16 wt % H,O. This
corresponds to between 5 and 35 mol % H30" on the alkali site if all non-hydroxyl water
is assumed to be present as hydronium. More hydronium-rich, fine-grained alunites,
including possibly schlossmacherite (hydronium-dominant alunite) have also been
reported. The common occurrence of non-hydroxyl water in fine-grained alunite suggests
that at near-surface temperatures, fluid [H;0"/(Na+K)] ratios are generally large enough
to stabilize some hydronium component in alunite.

Low-temperature alunite is characterized by relatively large unit-cell values for a,
which as discussed above, are interpreted to result from hydronium substitution. This
substitution can be detected in XRD data, as illustrated in Figure 18. Values of @ show no
systematic variation with Xy,, but most of the fine-grained and porcelaneous vein alunite
has values for a that are larger than those of the other natural specimens and the synthetic
samples prepared at 450°C. These anomalously high values of a may reflect the presence
of non-hydroxyl water, but they may also be an indication of Fe’ -for-Al substitution,
which also causes an increase in a (Brophy et al. 1962).

Figure 18 also shows, on the basis of the ¢ unit-cell dimension, a range of Na
contents from pure alunite to pure natroalunite at low temperature. However,
intermediate compositions are not common.
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Hydrothermal. Porcelaneous vein alunite can occur in hot-spring environments, as
demonstrated by a specimen from the modern-day Waiotapu geothermal field included in
the data set shown in Figure 18. Disseminated alunite forms at 200-300°C as determined
by isotope geothermometry and corroborative geological evidence (Rye et al. 1992).
Although formation temperatures for coarse vein alunite are not well-constrained, they
are likely to be similar to those of disseminated alunite on the basis of the common
spatial association of the two alunite types.

Magmatic-hydrothermal alunite characteristically occurs intimately intergrown with
fine-grained disseminated pyrite in what is commonly interpreted as an equilibrium
assemblage. This association, with quartz and commonly with kaolinite, is the classic
“advanced argillic” assemblage of Meyer and Hemley (1967), described from many
hydrothennal ore deposits. A higher temperature variant includes pyrophyllite.

The large overlap between the stability fields of alunite and pyrite is consistent with
the common association of alunite and pyrite in volcanic-hydrothermal environments at
temperatures in excess of 200°C (e.g. Rye et al. 1992). Log fo, in these environments is
generally buffered on or near HSO ; —H;,S equivalence by the influx of magmatic SO, and
H,S (e.g. Rye et al. 1992).

Some alunite from modern geothermal areas also contains hydronium (e.g. Aoki
1983), which suggests that a hydronium component may be stable to at least 100°C. Such
stability is consistent with the presence of non-hydroxyl water in alunite and natroalunite
synthesized at 150°C. However, as the non-hydroxyl water in these and the fine-grained
natural alunite may also be a non-equilibrium effect, such water does not prove that a
hydronium component is stable in alunite at any temperature. The absence of non-
hydroxyl water in disseminated alunite, as indicated by H,O determinations and by the
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lack of the anomalous values of unit-cell a, strongly suggests that a hydronium alunite
component is not stable above 200°C. This temperature limit is consistent with the
observed decrease in water content of synthetic 150°C alunite and natroalunite when
heated to 250 and 450°C.

Figure 18 includes data for four natural samples that are mixtures of two alunites
with different Xy,. The bulk Xy, for these specimens is between 0.40 and 0.70, but the
unit-cell data indicate that three of the four are mixtures of relatively pure alunite and
natroalunite. In the fourth sample, from Summitville, Colorado, alunite compositions of
XNa = 0.68 and 0.23 were determined from the XRD data. It is interesting to note that
coarse vein alunite from Komatsuga, Japan, and disseminated alunite from Goldfield,
Nevada, are the only specimens studied, besides the more sodic Summitville alunite, that
are within the range of Xy, = 0040 and 0.70 on the basis of Equation (12). The absence of
fine-grained and porcelaneous vein alunite in this range may reflect a miscibility gap
between alunite and natroalunite, a possibility also suggested by the experimental data on
alunite-natroalunite mixing discussed above.

Metamorphic alunite. Alunite and natroalunite have been reported in low- to
intermediate-grade, Al-rich metamorphic rocks that have no obvious hydrothermal
affinities. The best documented of these occurrences are from the White Mountains of
California (Wise 1975), from South Africa (Schoch et al. 1989), and from Russia (Ripp et
al. 1998). At the South African locality, natroalunite occurs “as alteration veins and
incrustations in massive sillimanite bodies which form part of a biotite—sillimanite
schist.” Quartz is not reported. The natroalunite contains only 1-6 mol % K but shows up
to 18 mol % Ca and small amounts of phosphate.

No formation temperatures are reported for the alunite-supergroup minerals within
these paragenetic associations. However, the association with rocks that may be
generalized as of intermediate metamorphic grade suggests that alunite and natroalunite
may persist in rare instances to temperatures in the range of 400 to 500°C if bulk-rock
compositions are favorable. It is likely that fluid flow through such rocks was inhibited,
as a significant flux of water would remove the alunite through reactions of the
generalized form alunite — aluminosilicate + H,SO4. The alunite in these environments
generally contains partial phosphate substitution for sulfate (e.g. Fig. 17), which suggests
increased miscibility among the members of the group at the higher temperatures of
origin inferred for this environment.

Jarosite and natrojarosite

Substitutions. Like alunite, the most common substitutions in jarosite are Na and
H;0 on the alkali site. Hydronium substitution seems to be more common in jarosite than
in alunite formed at similar temperature (Dutrizac and Kaiman 1976, Dutrizac and
Janlbor, this volume). This may be correlated with the fact that solutions that form
jarosite are generally of lower pH (greater hydronium activity) compared with those that
form alunite. Although plumbojarosite and argentojarosite (Table 1) occur only rarely in
great abundance, these minerals and Pb- and Ag-bearing jarosite solid solutions may play
a role in limiting the concentration of Pb and Ag in acidic waters such as mine drainage
(e.g. Hochella et al. 1999).

Occurrences. Jarosite is common in weathering environments, where it forms as a
supergene product of Fe-sulfide oxidation, but occurrences of jarosite in hydrothermal
environments are uncommon (see Dutrizac and Jambor, this volume). Jarosite is
generally absent as a hypogene mineral even in the sulfur-rich volcanic-hydrothermal
systems that produce extensive zones of alunitic alteration. Supergene jarosite may
replace alunite of either hypogene or supergene origin in situations where fluids become
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either more acidic or more oxidizing, or both. A mechanism for this type of evolution is
long-term descent of the water table in response to erosion or climatic fluctuation.
Hypogene or supergene alunite tends to form at or below the water table, and then
jarosite forms in association with acidic, oxidizing conditions most commonly associated
with the weathering of sulfide minerals.

The Paradise Peak Au—Ag—Hg deposit in Nevada contains perhaps the best
documented example of hydrothermal jarosite. John et al. (1991) suggested that relatively
coarse crystals (~ 2 mm) of jarosite occurring as a breccia matrix at Paradise Peak were
formed at shallow depth (<200 m) over a temperature range of 150-200°C. This range is
consistent with a formation temperature of 150°C that was obtained from the
fractionation of '®O between the sulfate and hydroxyl sites in this jarosite (Stoffregen et
al. 1994). Other possible examples of hydrothermal jarosite occur in the Marysvale
Volcanic Field, and are believed to have formed in a near-surface geothermal
environment similar to that inferred for Paradise Peak (Cunningham et al. 1984).
Polycrystalline masses of jarosite, up to 10 cm in size, at the Apex germanium-gallium
mine in Utah have been described by Mahin (1990). On the basis of this coarse grain size,
and on data from fluid inclusions, Mahin (1990) argued that jarosite in the Apex mine
may have formed at a temperature of 200°C. Coarsely crystalline jarosite from Gilbert,
Nevada, gave a formation temperature of 150°C (Rye and Alpers 1997) on the basis of
0 fractionation between the sulfate and hydroxyl sites (Stoffregen et al. 1994). Such
jarosite occurrences in the range of 150-200°C require fluids that were highly oxidizing
and rich in sulfuric acid, and which were present roughly 20 to 100 m below the water
table in these deposits. Another occurrence of coarsely crystalline jarosite, likely of
hydrothermal origin, is known from the uranium deposit at Pefia Blanca, Chihuahua,
Mexico (P. Goodell, unpublished data).

The relatively rare occurrence of jarosite in hydrothermal environments is consistent
with the experimental data described above, which demonstrate that jarosite requires
more extreme acidity and more oxidizing conditions to form than does alunite. The
jarosite-pyrite phase boundary lies more than two log units above the line in log fo, space
representing equal activities of HSO; and H,S in the aqueous phase. As log fo, in
volcanic environments is generally buffered on or near HSO ;—H,S equivalence by the
influx of magmatic SO, and H,S (Rye et al. 1992), jarosite cannot be stabilized regardless
of the pH attained in the system.

GEOCHRONOLOGY USING ALUNITE AND JAROSITE

The large concentration of K in alunite and jarosite makes these minerals potentially
useful for age determinations by K-Ar and **Ar/*’Ar methods. Because both alunite and
jarosite may form at either high- or low-temperature conditions, these minerals can
provide information on the geochronology of both hydrothermal systems and weathering
profiles. The multiple crystallographic sites available for measurement of stable isotopes
in alunite and jarosite (S, H, Oop, and Oso. ) make weathering-related alunite and jarosite
desirable candidates for paleoenvironmental studies because the direct radiometric dating
of the minerals can be coupled with information about the stable isotopes of the meteoric
waters from which the minerals formed (see Seal et al., this volume). This section
provides an overview of the literature on K-Ar and *’Ar/*’Ar methods as applied to
alunite and jarosite. For additional details on geochronology using alunite and jarosite,
see the recent, comprehensive reviews by Vasconcelos (1999a,b).

The first published K-Ar dates on alunite were by Shanin et al. (1968), Webb and
McDonald (1968), and Chuchrov et al. (1969). Silberman and Ashley (1970) presented
data on hydrothermal alunite from the epithermal gold deposit at Goldfield, Nevada, as
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part of a stratigraphically controlled study that provided the first geological evidence of
the suitability of alunite for K-Ar dating. Argon-release experiments by Itaya et al. (1996)
have since confirmed that both coarse-grained, hypogene alunite and fine-grained,
supergene alunite are suitable for K-Ar dating.

Among additional studies that have used K-Ar dating of alunite to date hydrothermal
events and associated precious- and base-metal mineralization are those by Mehnert et al.
(1973), Ashley and Silberman (1976), Steven et al. (1979), Whalen et al. (1982), Pécksay
et al. (1986), Alpers and Brimhall (1988), John et al. (1989), Sillitoe et al. (1991), Perello
(1994), and Arribas et al. (1995a,b). An important factor in the interpretation of K-Ar
data for hypogene alunite is the need for careful paragenetic analysis to determine the
relationship between alunite deposition and sulfide mineralization. Although alunite and
pyrite may be co-deposited, the acid-sulfate conditions associated with formation of
hypogene alunite (and more rarely, hypogene jarosite; see Dutrizac and Jambor, this
volume) are generally not simultaneous with the deposition of ore sulfides or gold. The
acid-sulfate (or advanced argillic) hydrothermal alteration with which hydrothermal
alunite is associated can set the stage for later mineralization by establishing permeability
in the host rocks, such as the vuggy silica alteration at Sunlmitville, Colorado (Stoffregen
1985).

The first K-Ar dating of supergene alunite from a porphyry copper deposit was
reported by Gustafson and Hunt (1975) for EI Salvador, Chile. They reported ages of
roughly 36 Ma for two samples, in contrast with an age of about 39 Ma for hypogene
alunite from advanced argillic alteration; other hypogene minerals indicated that the main
hydrothermal system was active from about 42-40 Ma. Gustafson and Hunt (1975)
inferred that the main period of supergene oxidation and enrichment of Cu-sulfide ores
took place within about 5 Ma of the hypogene mineralization. Also reported was that five
samples of supergene jarosite gave ages of less than 21 Ma, with two younger than the
10-13 Ma gravels that cap the erosional surface; thus, it was interpreted that even
coarsely crystalline jarosite does not retain Ar well enough to be useful for K-Ar dating.
Another interpretation of these data is that jarosite at El Salvador may have been
dissolved and recrystallized in response to periodic influxes of meteoric water.

Alpers and Brimhall (1988) used K-Ar dates on supergene alunite from the porphyry
copper deposit at La Escondida, Chile, to determine that supergene-Cu enrichment took
place about 15-18 million years ago. K-Ar dates for hypogene alteration minerals from
La Escondida reported by Alpers (1986), Ojeda (1986), and Alpers and Brimhall (1988),
including two dates on hypogene alunite, indicated that the hydrothermal system was
active between about 31 and 39 Ma. More recent studies by Richards et al. (1999) at La
Escondida and the adjacent degosits of Zaldivar and Chimborazo, using U-Pb on zircon
and the more precise Ar/”Ar methods on biotite, have suggested that primary
mineralization and alteration was most important around 38 Ma, and that non-
mineralizing systems continued to be active until 31 Ma. Alpers and Brimhall (1988)
used K-Ar dates from supergene alunite to infer that regional climate change, resulting in
the present hyper-arid conditions in the Atacama Desert, the lowering of long-term
erosion rates, and the preservation of the supergene-enriched Cu deposits, was caused by
uplift of the central Andes as well as intensification of the Humboldt Current related to
build-up of the Antarctic ice cap during the middle Miocene. On the basis of results from
analyses of 25 samples of supergene alunite from porphyry copper deposits in northern
Chile, Sillitoe and McKee (1996) reached a similar conclusion to that of Alpers and
Britnhall (1988), namely, that supergene processes were most active between 34 and 14
Ma, and that intensifying aridity related to regional uplift was the most likely reason for
cessation of enrichment and preservation of the supergene deposits. K-Ar dates of
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supergene alunite from porphyry copper deposits in southwestern North America were
provided by Cook (1994).

The K-Ar and **Ar/*’ Ar methods have been used to analyze supergene alunite from
several gold deposits, including breccia-hosted deposits in Queensland, Australia (Bird et
al. 1990), epithermal deposits in Nevada (Ashley and Silberman 1976, Tingley and
Berger 1985, Sander 1988, Arehart and O'Neil 1993, Sillitoe and Lorson 1994,
Vasconcelos et al. 1994), and sediment-hosted (Carlin-type) deposits, also in Nevada
(Bloomstein et ai. 1990, Ilchik 1990, Sillitoe and Bohnam 1990, Arehart et al. 1992,
1993; Heitt 1992, Williams 1992, Arehart and O'Neil 1993, Teal and Branham 1997).
The range for 30 published K-Ar dates of supergene alunite from the Carlin-type deposits
is 3.6+0.2 to 30.0+1.2 Ma (Hofstra et ai. 1999). Hypogene mineralization in the Carlin
Trend and the Battle Mountain-Eureka Belt is thought to have taken place between about
35 to 45 Ma (Hofstra et al. 1999).

Several studies of alunite and jarosite have combined the use of geochronology and
stable isotopes to provide information about paleoclimate. An important development
that has allowed these studies to reconstruct the stable isotopic composition of paleo-
meteoric waters was the determination of fractionation factors for O and H for the
alunite—water and jarosite—water systems (see Seal et al., this volume, and references
therein). Bird (1988) and Bird et al. (1989, 1990) analyzed surficial alunite from the
Australian regolith and concluded that recrystallization under moist conditions might
complicate the interpretation of weathering profiles. Arehart and O'Neil (1993) used the
stable isotopes of supergene alunite, coupled with K-Ar dates, to reconstruct the history
of paleo-meteoric waters in Nevada for the past 30 million Jears (see Seal et al., this
volume). Vasconcelos et al. (1994) used the results of **Ar/*’Ar analysis of supergene
jarosite and alunite from Goldfield, Nevada, to infer that a pervasive Middle to Late
Miocene oxidation event occurred in the western USA, and they correlated this event
with results from weathering profiles of similar age in western Africa, Brazil, and Chile.
The epithermal Ag and base-metal deposits at Creede, Colorado, were studied using K-Ar
age determinations and stable-isotope data on supergene alunite and jarosite (Rye et al.
2000). The age range of alunite was 4.8 to 3.1 Ma, whereas the range for jarosite was 2.6
to 0.9 Ma. The isotopic results and their interpretation with regard to paleoclimate and
regional uplift are discussed by Seal et al. (this volume).

Vaconcelos (1999b) compiled available data for about 200 age determinations of
supergene minerals (alunite, jarosite, and K-Mn oxides) by K-Ar and “°Ar/*’ Ar methods.
Most published ages of alunite and jarosite fall within the past 20 Ma, with some as old
as 92 Ma, whereas the published ages for K-Mn oxides are distributed fairly evenly over
the last 60 Ma, with some ages to 100 Ma or older. It remains to be seen whether the
clustering of radiometric ages of alunite and jarosite to the past 20 Ma reflects bias in the
selection of study sites (predominantly Nevada and Chile), or whether there was a global
increase in weathering rates during the Miocene. Regardless of the outcome, the future
looks promising for alunite and jarosite to be increasingly useful on a global scale as
indicators of weathering history, regional tectonic history, and paleoclimate.
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