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ABSTRACT

Experimental studies have demonstrated that solid solutions ofminerals from the alunite group, with
chemical compositions intermediate between the Al and Fe end-members, can be readily synthesized in
the laboratory. In contrast, up until about a dozen years ago, there were no confirmed reports of alunite
group minerals with intermediate Al-Fe compositions in natural settings, leading some to suggest that
minerals with such compositions might not exist in nature. In recent years, however, alunite group
minerals with intermediate Al-Fe compositions have been documented in a few isolated locations,
which were previously limited to basalt-hosted acid-sulfate fumarole deposits and acid mine drainage
pit lakes. These occurrences contrast with nearly all other reports of minerals from this group, whose
measured chemical compositions are very close to either the Al or Fe end-members. Here, we report
jarosite-alunite solid solutions containing approximately equal amounts of Al and Fe, which are found
in mineralized fractures of the Aztec Sandstone in southeast Nevada. Analysis of the minerals by X-ray
diffraction, Raman spectroscopy, and visible-near infrared spectroscopy confirms that they are bona
fide solid solutions and not intimate mixtures of end-member minerals. This study represents the first
documented occurrence of alunite group solid solutions with intermediate Al-Fe compositions in sed-
imentary rocks. The results further demonstrate that alunite group minerals with a wide range of Al-Fe
compositions occur naturally and can persist for millions of years or more in natural systems.
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INTRODUCTION

Minerals in the alunite group have an ideal chemical formula
of AB3(SO4)2(OH)6, where the A site is most commonly occu-
pied by the monovalent ions K�, Na�, and H3O

� (hydronium)
and the B site is occupied predominantly by Al3� and Fe3�

(Jambor 1999; Stoffregen et al. 2000; Dutrizac and Jambor
2000; Papike et al. 2006b; Mills et al. 2009). Members of this
group with Al> Fe can be classified in the alunite subgroup,
while those with Fe >Al comprise the jarosite subgroup
(Fig. 1a). Structurally related minerals in the broader alunite
supergroup encompass the substitution of PO4 or AsO4 for
SO4, which is typically accompanied by increased incorporation
of divalent cations such as Ca and Pb in the A site (Jambor 1999;
Papike et al. 2006b; Mills et al. 2009).

Within the alunite group itself, the potential for the A and B
sites to be occupied by several different cations raises the pos-
sibility of crystallization as solid solutions containing mixtures
at these sites. Solid solution mixing of K�, Na�, and H3O� (as
well as other cations) in the A site is widespread in natural sam-
ples, and has also been extensively studied using synthetic solid
solutions (e.g., Brophy and Sheridan 1965; Ripmeester et al.
1986; Stoffregen and Cygan 1990; Stoffregen and Alpers

1992; Polyak and Güven 1996; Stoffregen et al. 2000; Dutrizac
and Jambor 2000; Deyell and Dipple 2005; Juliani et al. 2005;
Papike et al. 2006a, 2006b, 2007; Basciano and Peterson 2007,
2008; Burger et al. 2009; Holley et al. 2016; Whitworth et al.
2020). The wide range of solid solution mixing in the A site
is illustrated in Figure 1a, which shows a summary of measured
alunite group mineral compositions compiled from the literature
(black diamonds). The measured compositions exhibit a wide
range of K/(K�Na) ratios, reflecting a complete range of
mixing of K and Na on the A site. Note also that many of
the measured compositions included in the compilation have
(K�Na)< 1 atoms per formula unit (pfu), indicating the A sites
also include H3O� (Stoffregen et al. 2000), which adds to the
broad extent of solid solution mixing on this site.

In contrast to the extensive solid solution mixing observed in
theA site, reports of solid solutions of alunite groupminerals from
natural samples that contain mixtures of Al and Fe in the B site
have been extremely limited (e.g., Scott 1987; Stoffregen et al.
2000). As shown by the black diamonds in Figure 1a, nearly
all measured compositions of alunite group minerals have Al
and Fe contents that are close to the end-members (i.e., alunite
subgroup minerals with <10 mol% Fe-for-Al substitution or jar-
osite subgroup minerals with <15 mol% Al-for-Fe substitution).
As first noted by Brophy et al. (1962), alunite subgroup minerals
typically contain very little Fe, even when they precipitate in iron-
rich environments. Even in environments where minerals from
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FIGURE 1. Quadrilateral diagram for alunite group minerals showing the relative proportions of K and Na molecules in the A site and propor-
tions of Al and Fe molecules in the B site (after Papike et al. 2006a, 2006b). Corners of the quadrilateral represent ideal end-member compositions
for stoichiometric alunite and jarosite subgroup minerals, as labeled. (a) Data for natural samples from previous studies. (b) Measured composi-
tions of jarosite-alunite solid solutions from mineralized fractures in the Aztec Sandstone (this study). The black diamonds in (a) represent a
compilation of published chemical compositions for alunite group minerals from 32 separate studies and include >245 measurements from
62 sample localities (McCollom 2024). The data set encompasses a broad spectrum of geologic environments that includes: supergene and hypo-
gene hydrothermal deposits, fumaroles, acid mine drainage sites, acid-saline lakes, shales, a martian meteorite, intertidal algal mats, soils, and
laterites. (Note: In this context, the large majority of studies that report the presence of alunite group minerals in geologic samples provide incom-
plete or no information on their chemical composition, so their compositions in many settings are unknown.) Triangles in (a) represent average
values for JASS in active acid-sulfate fumarole deposits from Nicaragua (Masaya, Telica, Cerro Negro; McCollom et al. 2014) and Kamchatka
(Zhitova et al. 2022), squares are measurements from minerals in acid pit lakes (Sánchez-España et al. 2016), and the circle represents average
values for Cambrian black shale from Zuo et al. (2021; their “Type II jarosite”). For average values, vertical and horizontal black lines reflect
one standard deviation from the average. In (b), gray areas encompass most compositions reported in the literature for alunite and jarosite
subgroup minerals, excluding a couple of outliers. Note that the diagram does not account for any H3O

� molecules that may be present in
the A and B sites. (Color online.)
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the alunite and jarosite subgroups are found adjacent to one
another in the same sample, they typically occur as separate min-
eral phases with near-end-member Al- and Fe-rich compositions
rather than as solid solutions with intermediate Al-Fe composi-
tions (e.g., Keith et al. 1979; Long et al. 1992; Alpers et al.
1992; Vasconcelos et al. 1994; Bouzari and Clark 2002; Zimbel-
man et al. 2005; Papike et al. 2006a, 2006b; Holley et al. 2016;
Potter-McIntyre and McCollom 2018). While extensive solid
solution mixing of Fe and Al in the B site has been observed
for structurally related minerals in the broader alunite supergroup,
this mixing is only found to be continuous when there was sub-
stantial (>55%) substitution of PO3−

4 for SO2−
4 as well as >80%

substitution of a divalent cation into theA site (Scott 1987), which
places these solid solutions outside of the alunite group itself.

The scarcity of alunite groupminerals with intermediate Al-Fe
compositions has led some authors to propose that formation of
such solid solutions might be precluded in natural settings
(e.g., Scott 1987; Stoffregen et al. 2000). The relatively facile syn-
thesis of alunite groupminerals with a full range of chemical com-
positions between the Al and Fe end-members in the laboratory
(e.g., Brophy et al. 1962; Härtig et al. 1984; Drouet et al. 2004;
McCollom et al. 2014) suggests that there is no inherent immis-
cibility gap or thermodynamic prohibition that would preclude
precipitation of solid solutions with intermediate compositions.
Previous studies have therefore focused on fluid chemistry to
explain the dearth of Al-Fe solid solutions in natural settings
rather than invoking thermodynamic or crystal structure inhibi-
tions. For example, Stoffregen et al. (2000) attribute the scarcity
of minerals with intermediate compositions to differences in the
hydrolysis constants of dissolved Al and Fe species, which could
potentially lead to preferential precipitation of one end-member or
the other in lieu of solid solutions, depending on local environ-
mental conditions. Others have pointed to environmental factors,

such as oxidation state or pH, that might lead to the preferential
precipitation of either the alunite or jarosite subgroup minerals
with little or no Al-Fe substitution (e.g., Keith et al. 1979; Papike
et al. 2006a, 2006b).

In recent years, however, a few cases have emerged where
solid solutions of alunite group minerals with intermediate
Al-Fe compositions have been reported in natural samples, with
compositions occupying the middle portion of the diagram in
Figure 1a. McCollom et al. (2013a, 2014) described the occur-
rence of Fe-rich natroalunite containing up to 40 mol% Fe in
the B site in deposits formed by acid-sulfate alteration of basalts
at active fumaroles in Central America (Fig. 1a), and solid
solutions with similar intermediate Al-Fe compositions were also
produced during laboratory simulations of acid-sulfate alteration
of basalt (McCollom et al. 2013b). Zhitova et al. (2022) subse-
quently reported alunite group minerals with intermediate
Al-Fe compositions in similar fumarolic settings fromKamchatka
(Fig. 1a).Minerals from the alunite groupwith intermediateAl-Fe
compositions have also been reported in pit lakes formed from
acid mine drainage (Sánchez-España et al. 2016). Although the
alunite group minerals in the pit lakes exhibited a range of com-
positions that evidently reflect fluctuating conditions (Fig. 1a),
fine-scale elemental mapping showed the co-occurrence of Al
and Fe, indicative of solid solutions in many crystals.

Here, we report an additional occurrence of alunite group
minerals with intermediate Al-Fe compositions from the Aztec
Sandstone in southeastern Nevada, just south of Valley of Fire
State Park (VoF). Since these minerals have chemical composi-
tions intermediate between the jarosite and alunite end-members,
we refer to them herein as jarosite-alunite solid solutions, or
“JASS” for short. The JASS occupy pore spaces in mineralized
fractures within the sandstones (Fig. 2). To our knowledge, this
study is the first to describe mineralized fractures within the Aztec

FIGURE 2. Examples of mineralized fractures containing jarosite-alunite solid solutions in the Aztec Sandstone (white arrows). Note the presence of
many adjacent fractures and joints that are unmineralized. Backpack in (a) for scale. In (b), the mineralized fracture on the right has a diameter of about
3 cm and is the site of sample VoF23-24. Additional field images of mineralized fractures are provided in Online Materials1 Figure S1. (Color online.)
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Sandstone that are dominated by alunite group minerals, and the
first to rigorously document the presence of intermediate Al-Fe
solid solutions for this mineral group in sedimentary rocks.

Because alunite group minerals commonly occur as dense
aggregates of very fine-grained crystals (<1 μm diameter; “porce-
laneous”) or display chemical and mineralogical zonation on a
submicrometer scale, chemical analyses alone cannot always be
relied upon to differentiate bona fide solid solutions from fine-
scale intergrowths of end-member components (e.g., Desborough
et al. 2010). Therefore, additional methods must be employed to
verify that the minerals are solid solutions rather than intimate
mixtures of end-members. In crystallography, Vegard’s Law
posits that substitution of an element in a crystal structure produces
approximately linear variation in unit cell dimensions (Vegard
1921), and in many cases, this results in lattice parameters and
spectral band positions for solid solutions that display linear trends
as a function of mineral composition with values intermediate
between those of the pure end-members. For example, solid
solutions of sulfate minerals, including those of the alunite group,
have been shown to display linear trends as a function of chemical
composition for cell lattice parameters, position of X-ray diffrac-
tion peaks, and band positions in Raman and Fourier transform
infrared spectra (e.g., Brophy et al. 1962; Stoffregen and Alpers
1992; McCollom et al. 2014; Cao et al. 2017; Talla and Wildner
2019; Talla et al. 2020). We show here that JASS in the mineral-
ized fractures exhibit lattice parameters, X-ray diffraction peaks,
and spectral band positions for Raman spectroscopy that are inter-
mediate between those of Al- and Fe-end-members and consistent
with their measured chemical compositions, confirming that they
are bona fide solid solutions.

GEOLOGIC SETTING
Rock samples were collected from the Aztec Sandstone in

the Buffington Pockets area just south of Valley of Fire State
Park near Overton, Nevada (36°23 009 00 N, 114°41 021 00 W).
The characteristics and geologic history of the Aztec Sandstone
in the region have been described by Taylor et al. (1999), Flodin
and Aydin (2004a, 2004b), and Eichhubl et al. (2004) and are
summarized briefly here. The Aztec Sandstone is an eolian,
quartz-rich subarkosic sandstone, containing about 8%K-feldspar
that is variably replaced by kaolinite. The Aztec Sandstone is
heavily faulted and jointed in VoF and the surrounding region,
which has been attributed to Basin and Range tectonics during
the Miocene (Taylor et al. 1999; Taylor and Pollard 2000; Flodin
and Aydin 2004a, 2004b; Eichhubl et al. 2004). Some of the frac-
tures aremineralized, but in previously reported cases, the fracture
mineralization was found to be dominated by phyllosilicates, iron
oxides, and/or carbonate minerals (Taylor et al. 1999; Eichhubl
et al. 2004), rather than the alunite group minerals reported here.

Eichhubl et al. (2004) initially reported the occurrence of
minor amounts of alunite and jarosite in the Aztec Sandstone
at VoF and adjacent areas (including at the study site). However,
Eichhubl et al. (2004) only noted the presence of these minerals
in some of their samples and provided no chemical analyses or
further description of the minerals. Moreover, the jarosite and
alunite described by Eichhubl et al. (2004) were dispersed in
the host rocks, and they do not describe any occurrences of these

minerals in fractures like the ones described here. Eichhubl et al.
(2004) proposed that the alunite and jarosite were deposited
when deeply sourced sulfide-rich basinal fluids mixed with
oxidizing meteoritic fluids, resulting in the oxidation of sulfide
to sulfate and precipitation of sulfate minerals together with
goethite and/or hematite. Those authors propose that the spatial
distribution patterns of these minerals within the host rock in
VoF were strongly influenced by enhanced fluid flow along
previously formed joints and fractures.

METHODS

Samples of the mineralized fractures were examined using various methods.
Initial characterization of the mineralogy of the fractures was conducted using
powder X-ray diffraction (XRD) with a Terra instrument (Olympus, Inc.) and
CuKα radiation. To focus on the composition of pore-filling minerals in the
quartz-dominated sandstones, the XRD analyses were performed on a fine-grained
fraction prepared by lightly grinding the bulk samples in a ceramic mortar and
pestle, followed by sieving to obtain the <53 μm fraction. Calculation of unit-cell
parameters based on the XRD data was performed using XPowder (https://
www.xpowder.com/)

Visible-near infrared (VNIR) spectroscopy of whole rock hand samples
was performed in the laboratory using a TerraSpec Halo handheld spectrometer
(Malvern Panalytical, Inc.). The spectra were obtained from freshly exposed faces
on whole-rock hand samples. Spectra were obtained over a wavelength range
of 0.35–2.5 μm, with data accumulated over 50 scans. The spectral resolution
is 3 nm at 0.700 μm, 9.8 nm at 1400 nm, and 8.1 nm at 2.100 μm, according to
the instrument documentation. The spectra shown were processed using the pro-
prietary software provided with the instrument, with no background subtraction.

Morphological and textural characterization of the samples, as well as initial
chemical analyses of mineral phases, were performed by scanning electron micros-
copy coupled with energy-dispersive X-ray spectroscopy (SEM/EDS). The analy-
ses were performed with a Hitachi SU3500 SEM equipped with an Oxford
Instruments EDS and AZTEC data processing software. Observations were made
on both polished thin sections and on small rock pieces mounted on Al stubs using
carbon tape. More detailed chemical compositions of the JASS and associated
minerals were obtained using electron microprobe analysis (EMPA) of polished
thin sections. The measurements were performed using a JEOL 8230 electron
microprobe with a beam energy of 15 keV, a beam current of 10 nA, and a beam
diameter of 1 μm. By convention, measured chemical compositions of alunite
group minerals are converted to molecular formulas by assuming two Σ(SO4�
PO4) per formula unit (pfu) and adjusting the abundances of other elements
proportionally (e.g., Stoffregen et al. 2000), and that convention is followed here
(see Online Materials1 Data set 1 for calculations).

Chemical compositions of bulk rock powders were analyzed at Activation
Laboratories Ltd. (Ancaster, Canada) using a combination of inductively coupled
plasma optical emission spectroscopy (ICP-OES) and instrumental neutron activa-
tion analysis (INAA). Sulfate was analyzed separately using infrared detection
during the combustion process. Isotopic analysis of S and O in sulfate minerals
was also performed by Activation Laboratories. In most cases, the chemical
and isotope analyses were performed on the fine-grain fractions of powdered rocks
to focus on the compositions of the secondary pore-filling materials, prepared as
described above for XRD analysis.

Mössbauer spectroscopy (MS) was performed at room temperature in zero
applied magnetic field using a conventional constant-acceleration spectrometer
(model MS6, SeeCo, U.S.A.) in transmission geometry with a 57Co/Rh source.
Spectra were obtained using a triangular waveform and a 1024-channel analyzer.
An α-Fe foil at room temperature was used to calibrate isomer shifts and velocity
scale.Mössbauer spectra were fit by least-squares to sums of Lorentzian lines using
custom software to obtain estimates for isomer shift (IS), quadrapole splitting (QS),
hyperfine field (BHF), linewidth (Γ), and relative area (A) for each subspectrum.
Spectra were collected using bulk samples. Low-temperature remanent magneti-
zation was measured with a superconducting quantum interference device magne-
tometer (Quantum Design, San Diego, California; MPMS-XL).

Raman spectra were collected using a Horiba LabRAM HR Evolution Raman
spectrometer. Measurements were acquired using a 532 nm excitation laser at
50% or 100% power, 600 mm−1 diffraction grating, 50× long working distance
microscope objective, and 5 s laser acquisition times with 5 spectra accumulations,
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equating to 25 s of laser focus per spectra acquired. The spectrometer was
calibrated using the 520 cm−1 Raman peak of a reference Si sample prior to
analysis. Results shown here were background subtracted.

For comparison with the natural samples, several synthetic solid solutions of
alunite group minerals with intermediate Al-Fe compositions were prepared using
methods described in the Online Materials1. The products were analyzed using the
same methods as the natural samples. Mineral stability diagrams were constructed
with the aid of the Act2 component of Geochemist’s Workbench, version 11.0.8
(Aqueous Solutions LLC). The calculations utilized the thermo.com.V8.R6�
database supplied with the software, which was modified by the addition of data
for the alunite group solid solution, as described in the Online Materials.

RESULTS

Occurrence and habit of jarosite-alunite solid solutions

The jarosite-alunite solid solutions with intermediate Al-Fe
compositions were found in mineralized fractures that crosscut
Aztec Sandstone (Fig. 2; Online Materials1 Fig. S1). The miner-
alized fractures are typically dark tan in color and, where exposed
by erosion, many of the mineralized fractures form a dark brown-
to-black surface coating (e.g., Online Materials1 Figs. S1a and
S1f). The fractures have mineralized selvages that extend up to
∼3 cm into the host rock and have exposed lengths ranging from
<1 to>30m. Themineralized fractures and selvages exhibit sharp
boundaries with the adjacent unmineralized host rocks. In most
samples, few alunite groupminerals were found in the pore spaces
of the host sandstone outside of the mineralized regions.

The JASS occupy pore spaces between larger quartz and K-
feldspar grains (Fig. 3; Online Materials1 Figs. S2 and S3). Iden-
tification of theminerals asmembers of the alunite groupwas con-
firmed by XRD and Raman spectroscopy (Online Materials1

Figs. S4 and S5). The JASS have a pseudocubic morphology,

with diameters ranging from<1 to∼15 μm, and they are the most
abundant cement mineral, by far, within the pores. Other cement
minerals commonly observed in the pore spaces (albeit in substan-
tially lower abundances) included calcite, an unidentified
Ca-phosphate mineral with a molar Ca:P ratio of ∼1.8 (presum-
ably apatite), and unidentified Fe-oxides/oxyhydroxides. The
calcite and Ca-phosphate typically envelop the JASS, indicating
that they precipitated after the JASS crystals were already present
(Figs. 3e and 3f; Online Materials1 Figs. S2a and S2c). The
Fe-oxides/oxyhydroxides were consistently found to contain
small amounts of Si, Al, P, S, and Mg in addition to Fe (Online
Materials1 Fig. S6). Thin gray zones found within a couple of the
mineralized fractures contained spherules composed of hematite
(Online Materials1 Fig. S2f); these spherules are the subject of
ongoing study andwill be described in a separate communication.

Chemical compositions of JASS

Average chemical compositions of JASS from several repre-
sentative mineralized fractures as determined by EMPA are sum-
marized in Table 1, with more comprehensive analyses provided
in Online Materials1 Data set 1. Average molecular formulas for
the JASS based on the EMPA measurements are provided in
Table 2. The relative proportions of Al and Fe in the JASS from
several individual EMPAanalyses are also illustrated inFigure 1b.
Chemical compositions of co-occurring calcite, Ca-phosphate,
and Fe-oxides/oxyhydroxide are provided in Online Materials1

Table S1.
As seen in Figure 1b, the JASS in the mineralized fractures

contain intermediate Al-Fe compositions, corresponding to
average Fe# [Fe# = 100 × Fe/(Al�Fe), mole basis] between

FIGURE 3. Backscattered electron images of pore-filling secondary minerals in mineralized fractures. (a) Pseudocubic jarosite-alunite solid solu-
tion crystals occupying an exposed pore space. (b) Enlarged view from (a). (c,d) Typical cross sections of pore-filling JASS from thin sections. (e,f)
Calcite and Ca-phosphate minerals surrounding JASS crystals in pore space, with element map shown in (e). White arrows point to examples of
unidentified Fe-oxide/hydroxide minerals (bright crystals in images). Additional examples and context images are provided in Online Materials1

Figures S2 and S3. Mineral abbreviations: Qz = quartz; Cal = calcite; JASS = jarosite-alunite solid solutions; Ca-P = unidentified Ca-phosphate.
Samples shown: (a,b,e,f) VoF23-19a, (c,d) VoF23-24. (Color online.)
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45 and 67 in different samples (Tables 1 and 2). Individual anal-
yses within a single rock sample exhibited some chemical varia-
tion, although this variation was limited in extent (Fig. 1b;
Online Materials1 Data set 1). The A site of the JASS was
predominantly occupied by K, with essentially no Na present.
However, the minerals consistently had <1 K per formula unit,
suggesting the presence of substantial amounts of H3O� in the A
site (Tables 1 and 2). The JASS also consistently have elevated
P contents (Table 1), indicating substantial substitution of
PO3−

4 for SO2−
4 (∼6–15 mol%). However, there was no detect-

able increase in divalent cations (e.g., Ca, Pb) as is typically
observed for other minerals within the alunite supergroup that
contain PO4 (e.g., Scott 1987; Jambor 1999; Papike et al.
2006b); therefore, charge balance for the PO3−

4 is likely accom-
modated by either additional H3O

� or substitution of H2O for
OH− in the crystal structure (Tables 1 and 2).

In most samples, individual JASS crystals viewed in cross
section showed no chemical zonation (Fig. 3). In one sample,
however, some JASS crystals were observed to have cores that
were relatively enriched in Al and P with rims enriched in Fe
(i.e., VoF23-15; Online Materials1 Fig. S7). In another sample

that contained hematite spherules, the JASS crystals had rims
that were slightly darker than the interiors in backscattered
electron images, indicating higher Al and lower Fe contents
(Online Materials1 Fig. S2f). In a few other instances, examina-
tion of thin sections revealed areas where individual JASS crys-
tals have hollow interiors (e.g., Online Materials1 Fig. S2d),
which could potentially represent redissolution of cores formed
early on. In addition to the hollow interiors, there were a few
areas in some samples where the JASS crystals appeared to
be partially corroded; overall, however, the majority of JASS
crystals seem to be fully intact with little evidence for dissolution
after they formed, even where they were enshrouded by carbon-
ate and phosphate minerals (Fig. 3; Online Materials1 Fig. S2).

Confirmation of solid solutions

Several analytical methods were employed to confirm that
the minerals with intermediate Al-Fe compositions were bona
fide solid solutions, including XRD, Raman spectroscopy,
and VNIR spectroscopy (Fig. 4). Each of these methods pro-
duced results consistent with solid solutions for the JASS in
the mineralized fractures. Key results of the measurements are

TABLE 1. Representative average chemical compositions (in weight percent) for alunite group minerals in mineralized fractures and host
rocks

Sample
VoF23-15
(n = 12)

VoF23-16
(n = 13)

VoF23-19a
(n = 17)

VoF23-25
(n = 13) VoF23-44 (n = 1)

VoF17-T11
(n = 17)

VoF23-11
(n = 4)

Sample type Fracture Fracture Fracture Fracture Fracture Host rock Host rock
mineral JASS JASS JASS JASS Alunite Jarosite Jarosite

SiO2 1.0 (0.7) 0.8 (0.7) 0.4 (0.3) 0.3 (0.5) 1.9 0.7 (0.4) 1.4 (0.9)
Al2O3 16.5 (4.7) 10.0 (1.2) 12.5 (3.8) 13.7 (5.0) 34.2 1.9 (0.5) 2.8 (0.6)
Fe2O3 21.0 (6.0) 31.8 (1.5) 29.7 (5.4) 26.9 (6.0) 0.9 41.6 (1.1) 39.4 (1.7)
MgO b.d. b.d. b.d. b.d. b.d. b.d. b.d.
CaO 1.0 (1.0) 0.3 (0.1) b.d. b.d. 0.6 b.d. b.d.
Na2O b.d. b.d. b.d. b.d. b.d. b.d. b.d.
K2O 6.6 (0.8) 5.2 (0.9) 5.0 (0.8) 6.4 (1.6) 6.8 7.5 (1.4) 6.5 (1.8)
TiO2 b.d. b.d. b.d. b.d. - b.d. b.d.
P2O5 4.6 (2.9) 2.7 (0.4) 1.9 (0.8) 2.0 (0.5) 2.4 3.0 (0.6) 3.2 (0.4)
SO3 26.7 (2.0) 30.7 (0.7) 31.7 (1.1) 32.3 (1.1) 34.3 28.4 (1.1) 27.5 (1.4)
Sum 77.8 (3.3) 81.7 (1.4) 83.3 (2.3) 81.7 (1.8) 81.5 83.2 (2.2) 81.1 (2.5)
Est. H2Oa 22.2 18.3 16.7 18.3 18.5 16.8 18.9
Atoms pfub

K 0.71 0.53 0.50 0.63 0.63 0.80 0.72
Na <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
(H3O

�)Ac 0.29 0.47 0.50 0.37 0.37 0.20 0.28
Fe 1.34 1.89 1.76 1.57 0.05 2.63 2.55
Al 1.60 0.93 1.16 1.24 2.90 0.19 0.28
(H3O

�)Bc 0.06 0.18 0.08 0.19 0.05 0.18 0.17
P 0.31 0.18 0.13 0.13 0.15 0.21 0.23
S 1.69 1.82 1.87 1.87 1.85 1.79 1.77
Fe# 45 67 60 56 2 93 90

Notes: Oxide wt% data represent averages with standard deviation shown in parentheses; n = number of analyses included in average. “b.d.” = Below detection
limit of ∼0.2 wt%.
a Estimated H2O contents calculated as the amount required to bring the wt% total to 100.
b Number of atoms per formula unit (pfu) calculated assuming Σ(S� P) = 2 (e.g., Jambor 1999).
c Estimated number of H3O

� molecules per formula unit required to achieve charge balance in the A and B sites. Data for individual measurements, as well as
additional samples and all calculations, are provided in Online Materials1 Data set 1.

TABLE 2. Average inferred molecular formulas for alunite group minerals at the study site based on the measured chemical compositions
Sample Type Mineral Estimated molecular formulaa

VoF23-15 Fracture JASS �K0.71H3O+
0.39��Fe0.45Al0.53H3O+

0.02�3�SO4�1.69�PO4�0.31�H2O�0.31�OH�5.69
VoF23-16 Fracture JASS �K0.53H3O+

0.47��Fe0.63Al0.31H3O+
0.06�3�SO4�1.82�PO4�0.18�H2O�0.18�OH�5.82

VoF23-19a Fracture JASS �K0.50H3O+
0.50��Fe0.59Al0.39H3O+

0.02�3�SO4�1.87�PO4�0.13�H2O�0.13�OH�5.87
VoF23-25 Fracture JASS �K0.63H3O+

0.37��Fe0.52Al0.41H3O+
0.07�3�SO4�1.87�PO4�0.13�H2O�0.13�OH�5.87

VoF23-44 Fracture Alunite �K0.63H3O+
0.37��Fe0.02Al0.96H3O+

0.02�3�SO4�1.85�PO4�0.15�H2O�0.15�OH�5.85
VoF17-T11 Host rock Jarosite �K0.80H3O+

0.20��Fe0.88Al0.06H3O+
0.06�3�SO4�1.79�PO4�0.21�H2O�0.21�OH�5.79

VoF23-11 Host rock Jarosite �K0.72H3O+
0.28��Fe0.85Al0.09H3O+

0.06�3�SO4�1.77�PO4�0.23�H2O�0.23�OH�5.77
a Molecular formulas estimated by assuming: (1) the deficiencies of cations in the A and B sites relative to the ideal formula are accommodated by H3O�, and (2)
charge balance from substitution of PO3−

4 for SO2−
4 is accommodated by conversion of OH groups to H2O.
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displayed in Figure 4, with more complete results provided in
Online Materials1 Figs. S4, S5, and S8, and in Online Materials1

Data set 1. In each panel of Figure 4, JASS in the mineralized
fractures are represented by samples VoF23-19a and Vof23-25.
Also included in the analyses for reference were several syn-
thetic jarosite-alunite solid solutions (see Online Materials
for synthesis methods) as well as Jurassic sandstone samples
containing end-member jarosite and alunite from Mollies
Nipple, Utah (Bell and Bowen 2014; Potter-McIntyre and
McCollom 2018). The end-member jarosite and alunite in the
Mollies Nipple (MN) samples occur as pore-filling cements in
quartz-dominated sandstones with age and provenance similar
to the Aztec Sandstone, and these minerals have pseudocubic
morphology and size range comparable to the JASS at the study
site (Online Materials1 Fig. S9).

Analysis of representative fracture samples byXRD is shown
in Online Materials1 Figure S4, with data for additional samples
provided in Online Materials1 Data set 1. Unit-cell lattice para-
meters derived from the analyses are provided in Online Materi-
als1 Table S4 and Figure S10. The primary diagnostic XRD
peaks for alunite group minerals are highlighted in Figure 4a,
which shows data in the 28 to 31° range. As illustrated by the
MN samples in Figure 4a, end-member alunite has a prominent
peak at 29.9° (equivalent to d-spacing of 2.99 Å) while jarosite
has a major peak at 29.0° (3.08 Å).

If the minerals in the fractures at the study site were com-
posed of fine-scale mixtures of end-member minerals, the sam-
ples would be expected to show separate XRD peaks for both
end-member minerals (e.g., Desborough et al. 2010) as seen,
for example, in sample MN44 fromMollies Nipple that contains
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FIGURE 4. Highlights of analyses of jarosite-alunite solid solutions in mineralized fractures by (a) XRD, (b) VNIR spectroscopy, and (c) Raman
spectroscopy, with results for other natural samples and synthetic solid solutions shown for reference. More complete results are provided in Online
Materials1 Figures S4, S5, and S8, and data for additional Aztec Formation samples are provided in Online Materials1 Data set 1. Samples labeled
MN41,MN43, andMN44 are jarosite- and alunite-cemented sandstones fromMollies Nipple, Utah (OnlineMaterials1 Fig. S9) (Potter-McIntyre and
McCollom 2018). “Synth” samples are synthetic Al-Fe solid solutions produced using methods described in the Online Materials. Raman data for
jarosite and alunite in (c) are from the RRUFF database. Abbreviations: J = jarosite; A = alunite. (Color online.)
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both minerals (Fig. 4a; Online Materials1 Fig. S9f). Instead,
the VoF fracture samples display single peaks whose positions
are intermediate between those of the end-member minerals, as
expected for Al-Fe solid solutions (McCollom et al. 2014). For
instance, sampleVoF23-19a displays a peak at 29.4° (d-spacing =
3.035 Å), which is intermediate between those of the end-
member alunite and jarosite. Moreover, the position of the peak
is approximately equidistant from those of alunite and jarosite,
consistent with the subequal amounts of Al and Fe for the JASS
in this sample as measured by EMPA (Table 1). In addition, the
peak positions for the VoF fracture samples are similar to those of
synthetic solid solutions with comparable chemical composi-
tions (Fig. 4a).

Lattice parameters for the JASS minerals calculated from the
XRD results are also consistent with Al-Fe solid solutions
(Online Materials1 Fig. S10). Brophy et al. (1962) found that
unit-cell dimensions for synthetic jarosite-alunite solid solutions
varied linearly as a function of chemical composition, with sub-
stantially greater variability in scale for the a axis than for the c
axis. As seen in Online Materials1 Fig. S10, the unit-cell dimen-
sions for VoF fracture samples VoF23-19a and VoF23-25 are
intermediate between those of the jarosite and alunite end-mem-
bers. Furthermore, the dimensions for these samples lie close to
the linear trend between the end-members for the measured
chemical compositions. Although the fracture samples are offset
to slightly smaller cell dimensions relative to the linear jarosite-
alunite trend, this is likely attributable to the presence of some
hydronium in the structure since hydronium-bearing end-mem-
bers have somewhat smaller dimensions (Online Materials1

Fig. S10).
Raman spectroscopy of the alunite groupminerals in the VoF

fractures similarly yields features indicative of solid solutions
(Fig. 4c; Online Materials1 Fig. S5). Raman spectroscopy of
synthetic natrojarosite-natroalunite solid solutions displays reg-
ular shifts in the position of many spectral bands, resulting in
linear trends in band position between the pure end-members
as a function of relative Al-Fe compositions (McCollom et al.
2014). Similar linear trends are expected as a function of chemi-
cal composition for jarosite-alunite solid solutions. However, so
far, this has only been experimentally investigated for jarosite
with a limited extent of Al-for-Fe substitution (Grigg et al.
2024). Comparison of Raman spectra for JASS in the VoF frac-
tures with reference spectra for alunite and jarosite shows that
many of the spectral bands for the VoF samples have band posi-
tions intermediate between those of pure end-members (Online
Materials1 Fig. S5). For example, alunite displays a sharp, prom-
inent band at 1027 cm−1, assigned to the υ1 symmetric stretching
mode of SO2−

4 units, while the equivalent band for jarosite
occurs at 1006–1010 cm−1 (Fig. 4c; Frost et al. 2005, 2006;
Grigg et al. 2024). For the JASS-bearing VoF samples and syn-
thetic solid solutions that have comparable compositions, the
positions of the equivalent bands are observed to be intermediate
between the alunite and jarosite end-members, as expected for
solid solutions (Fig. 4c). For the O-H stretch region between
3300 and 3600 cm−1, the shape and position of the spectral fea-
tures for alunite groupminerals vary systematically with increas-
ing Al-for-Fe substitution (see, for example, Fig. 5 inMcCollom
et al. 2014). In this region, sample VoF23-19a as well as the

synthetic solid solutions display characteristics intermediate
between those of the alunite and jarosite end-members, compa-
rable to those observed in natroalunite-natrojarosite solid
solutions with similar Al-Fe contents (McCollom et al. 2014).

Analyses of mineralized fracture samples by VNIR spectros-
copy also produced features reflecting solid solution compositions
(Fig. 4b; Online Materials1 Fig. S8). Figure 4b shows a key diag-
nostic region used for detection of alunite groupminerals byVNIR
spectroscopy (e.g., Bell et al. 2010; Wray et al. 2011; Bell and
Bowen 2014; Ehlmann et al. 2016; Leask et al. 2024). Alunite
and jarosite have diagnostic VNIR absorption bands in this region
at 2.17 and 2.27 μm, respectively, related to OH bending and
stretching modes (Bishop and Murad 2005). Solid solutions with
intermediate Al-Fe compositions exhibit both bands but also have
a prominent third band at intermediate wavelengths (∼2.208 μm;
McCollom et al. 2014), whichmay be attributable to the stretching
and bendingmodes ofOHgroups that bridgeAl and Femolecules.
This intermediate third band is prominent in the mineralized frac-
ture samples, as well as in the synthetic samples (Fig. 4b). The
mineralized fracture samples have overall spectral shapes in the
2.1–2.4 μm range that very closely resemble those of synthetic
solid solutions with similar chemical compositions but are dis-
tinctly different from those of end-member minerals (Fig. 4b).

Other alunite group minerals at the study site

Within the same general area where the mineralized fractures
containing JASS were found, one fracture was observed that
contained near-end-member alunite (sample VoF23-44). This
mineralized fracture was white, and the pore spaces were occu-
pied predominantly by microcrystalline (submicrometer) alunite
(Online Materials1 Figs. S11; Table 1). Jarosite and alunite were
also observed sparsely distributed in a few host rocks at the same
study site outside of the immediate vicinity of any JASS-
mineralized fractures (Online Materials1 Figs. S11); however,
these minerals were found in only a few samples, and most of the
surrounding rocks investigated contained no identifiable jarosite
or alunite. In contrast to the JASSwithin themineralized fractures,
the jarosite and alunite found in the host rocks had near-end-
member compositions (Table 1). Jarosite and alunite in the host
rocks have pseudocubic habits and size ranges similar to the JASS
associated with the fractures (Online Materials1 Fig. S11). Other
pore-filling minerals identified in the host rocks included small
amounts of calcite, Ca-phosphates, and phyllosilicates, including
kaolinite. A few Aztec Sandstone samples collected from within
the boundaries of Valley of Fire State Park were also found to
contain small amounts of jarosite and alunite. These minerals
were too small to obtain reliable quantitative chemical analyses,
and jarosite, in particular, was generally partially corroded;
however, EDS analyses indicated that these occurrences had
near-end-member compositions as well.

BULK CHEMISTRY MEASUREMENTS

Bulk chemical compositions were obtained for a few samples
of mineralized fractures and host rocks. Initially, these analyses
were conducted on powders prepared from whole-rock hand
samples. However, the resulting chemical compositions were
heavily dominated by framework quartz and feldspar grains.
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Therefore, to focus more on the composition of the pore-filling
cement minerals, a second set of samples was analyzed using
powders prepared by crushing whole-rock samples and then
sieving to <53 μm to obtain fine-grained fractions for analysis.
Major and minor element abundances for these samples are
reported in Online Materials1 Table S2, with additional data
for trace elements provided in Online Materials1 Data set 1.
Included in the bulk chemistry data are a sample from the upper
red sandstone unit within VoF State Park (Eichhubl et al. 2004),
which potentially represents relatively unaltered Aztec Sand-
stone (sample VoF17-T25).

As expected, based on the mineralogy, the bulk chemical
compositions of the mineralized fractures exhibit elevated abun-
dances of SO4, Al, Fe, and K (Online Materials1 Fig. S12 and
Table S2). The abundances of Fe and SO4 far exceed the
amounts originally present in the sandstones (Eichhubl et al.
2004), indicating local enrichment of these components.
Because the host rocks contain several percent K-feldspar, it
is not possible to determine whether the mineralized fractures
are enriched in K and Al relative to the original sandstone.
However, there is no clear evidence for significant dissolution
of K-feldspar within the fracture zones, and the abundance of
K-feldspar within the mineralized fractures appears to be similar
to that of adjacent host rocks (e.g., Online Materials1 Fig. S3b).
Furthermore, there is no evidence in SEM images for accumula-
tions of SiO2 that would be expected if there had been extensive
dissolution of K-feldspar. It appears likely, therefore, that much
of the K andAl present in the JASSwas transported into themin-
eralized fractures from elsewhere. Calcium and phosphorus also
appear to be significantly enriched in most of the mineralized
fractures relative to the host rocks, reflecting transport of these
elements by later-stage fluids and deposition of calcite and Ca-
phosphate minerals. Except for a possible increase in Sr that par-
allels that of Ca, there are no other minor or trace elements that
clearly have higher abundances in the mineralized fractures rel-
ative to the host rock.

Isotopic composition of alunite group minerals

The isotopic compositions of S and O for sulfate in the JASS
were analyzed for several mineralized fracture samples as well
as one host rock that had sufficient jarosite for measurement,
with results listed in Table 3. The mineralized fracture samples
had δ34SSO4

compositions ranging from −6.6‰ to 0.1‰, which
are all significantly depleted in 34S relative to historic seawater
values since the Jurassic (13–24‰; Claypool et al. 1980). These
minerals had δ18OSO4

compositions ranging from 9.6‰ to
13.2‰, which is within the range of historic seawater values
(7–25‰; Claypool et al. 1980). Jarosite in the host rock sample
had an isotopic composition similar to the fracture samples
(Table 3).

Mössbauer and magnetic analysis of Fe-bearing minerals

To obtain additional information on JASS and other Fe-bear-
ing minerals in the mineralized fractures, a sample from one of
the fractures (VoF23-19a) was analyzed byMössbauer spectros-
copy and magnetization measurements. The MS analysis was
performed on a <53 μm fraction to focus on the pore-filling
minerals. The best fit to the resulting MS spectra included
two doublets (Online Materials1 Fig. S13). One doublet was
assigned to the JASS and had a quadrupole shift (QS) value
of 1.30 mm/s, an isomer shift (IS) of 0.37 mm/s, and accounted
for 73 mol% of the Fe. The MS parameters for this doublet are
consistent with those observed for synthetic Al-Fe solid solu-
tions of alunite group minerals (McCollom et al. 2014) as well
as other natural jarosite samples (Morris et al. 2006; Dyar et al.
2013). The second doublet accounted for 27 mol% of the Fe and
had QS = 0.54 mm/s and IS = 0.36 mm/s. The second doublet
has parameters consistent with some Fe-bearing phyllosilicates
(e.g., kaolinite), several Fe-sulfates (Dyar et al. 2013), and Fe-
oxide/oxyhydroxides (Murad and Johnston 1987). However, no
phyllosilicates were observed in XRD or SEM analyses of the
sample, and JASS was the only sulfate mineral found during
extensive examination of the sample by SEM/EDS and EMPA.
Conversely, Fe-oxides/oxyhydroxides were observed at suffi-
cient abundances to account for the second doublet (Online
Materials1 Fig. S6), indicating that this doublet is most likely
attributable to Fe-oxides/oxyhydroxides. This interpretation is
further supported by low-temperature magnetization measure-
ments that suggest the presence of goethite (Online Materials1

Fig. S14). While the identity of the Fe-oxide/oxyhydroxide
cannot be determined with certainty, the derived MS parameters
are consistent with nanogoethite, where the doublet at 300 K
represents a collapsed sextet due to superparamagnetism in
nano-sized particles (Berquó et al. 2007; van der Zee et al.
2003). There was no detectable hematite in either the MS or
magnetic analyses of the sample.

DISCUSSION

Solid-solutions in the alunite-jarosite group

Analyses of the JASS found within the mineralized fractures
from the Aztec Sandstone using XRD, VNIR, and Raman spec-
troscopy all confirm that they are bona fide solid solutions and
not intimate mixtures of end-member minerals (Fig. 4). As far
as the authors are aware, this is the first confirmed occurrence
of solid solutions with significant Al-Fe substitution for this
mineral group preserved in sedimentary rocks. This finding adds
to a list of environments where solid solutions with intermediate
Al-Fe compositions have been documented in natural settings
that previously included only acid-sulfate fumaroles and
acid-mine drainage pit lakes (Fig. 1a; McCollom et al. 2013a,
2014; Sánchez-España et al. 2016; Zhitova et al. 2022). Zuo et al.
(2021) reported alunite group minerals with intermediate
Al-Fe compositions in Cambrian black shales from China (their
“Type II jarosite,” Fig. 1a); however, the minerals they describe
were analyzed using only semiquantitative energy-dispersive
X-ray spectroscopy (EDS) and exhibit considerable Al-Fe
zoning in elemental maps. Consequently, it is uncertain whether
their analyses represent bona fide solid solutions or mixtures of

TABLE 3. Isotope analyses of alunite group minerals
Sample Type Mineral δ34SSO4

δ18OSO4

VoF23-10 Fracture JASS −6.6 11.4
VoF23-19b Fracture JASS 0.1 10.2
VoF23-23 Fracture JASS −0.8 9.6
VoF23-24 Fracture JASS −0.3 13.2
VoF17-T11 Host rock Jarosite −3.3 11.7
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discrete, near-end-member minerals present within the analyti-
cal volume. If the report of alunite group minerals with interme-
diate Al-Fe compositions in Cambrian black shales by Zuo et al.
(2021) can be verified by other methods to be actual solid solu-
tions and not fine-grained mixtures of end-members (Fig. 1a),
those deposits would provide additional evidence that interme-
diate Al-Fe solid solutions can precipitate and be preserved in
sedimentary rocks.

It is not immediately apparent what conditions or circum-
stances allowed the alunite group minerals in the Aztec Sand-
stone fractures to precipitate as solid solutions rather than as
separate end-member minerals. There are many localities docu-
mented in the literature where separate end-member alunite and
jarosite subgroup minerals are found adjacent to one another in
the same sample (e.g., Keith et al. 1979; Long et al. 1992; Alpers
et al. 1992; Vasconcelos et al. 1994; Bouzari and Clark 2002;
Zimbelman et al. 2005; Papike et al. 2006a, 2006b; Holley et al.
2016;Morales-Leal et al. 2023). These occurrences indicate that,
even when all of the chemical ingredients to form solid solutions
are present, the minerals do not always precipitate as solid solu-
tions, and additional factors must be involved. Particularly nota-
ble in this regard are the pore-filling jarosite and alunite cements
in sandstones from Mollies Nipple, which precipitated together
as end-member minerals rather than as solid solutions despite a
geologic setting very similar to that at VoF (Online Materials1

Fig. S9; Potter-McIntyre and McCollom 2018).
Some studies have suggested that the co-occurrence of near-

end-member alunite and jarosite may be attributable to changing
environmental conditions. For example, the cooccurrence of alu-
nite and jarosite in epithermal deposits from the Goldfield min-
ing district in Nevada has been attributed to either: (1) a shift
from Al-dominated to Fe-dominated hydrothermal fluids, or
(2) a transition from reducing, circumneutral conditions that
favored alunite precipitation to more oxidizing and acidic con-
ditions that favored precipitation of jarosite (Keith et al. 1979;
Papike et al. 2006a, 2006b). The latter process has been illus-
trated using the diagram shown in Figure 5a, where a fluid that
is initially relatively reducing andmildly acidic would favor pre-
cipitation of alunite but a transition to more oxidizing and acidic
conditions would favor precipitation of jarosite (it is worth not-
ing that Figure 5a, which is redrawn from Keith et al. (1979), is
actually incorrect since alunite should occupy the entire right
side of the diagram and not just the lower right corner; see Online
Materials1 Fig. S15).

While explanations like those outlined above provide a ratio-
nale for why precipitation of either alunite subgroup or jarosite
subgroup minerals might be preferred under certain environmen-
tal conditions, they do not really addresswhy precipitation of solid
solutions would be precluded, particularly in environments where
dissolved Al, ferric Fe, and sulfate are all simultaneously avail-
able. Under such circumstances, it seems reasonable to expect that
solid solutions should precipitate in natural systems, just as they
do in laboratory experiments (Brophy et al. 1962; Härtig et al.
1984; Drouet et al. 2004; McCollom et al. 2014). Precipitation
of solid solutions would also appear to be favored based on
thermodynamics, as illustrated in Figure 5b. This figure shows
a mineral stability diagram in which an example solid solution
with a composition intermediate between jarosite and alunite

has been included among the minerals considered in the construc-
tion of the diagram, assuming an ideal mixing model for the solid
solution (see Online Materials1). It can be seen in the figure that
the solid solution occupies a large portion of the diagram, which
lies between end-member jarosite and alunite, indicating that
precipitation of solid solutions should be favored over that of

FIGURE 5. Mineral stability diagrams for the system Al-Fe-K-SO4-
H2O. (a) Stability diagram redrawn after Keith et al. (1979) and Papike
et al. (2006b). Arrow illustrates their nominal pathway for transition
from conditions favoring alunite precipitation to those favoring jarosite
precipitation. (b) Analogous diagram that includes a representative jar-
osite-alunite solid solution that has a composition intermediate between
jarosite and alunite end-members. The diagram in (b) was constructed
with Geochemist’s Workbench using the thermo.com.V8.R6� database
modified to include the solid solution, using estimated thermodynamic
parameters as described in the Online Materials1. Following Keith et al.
(1979), both diagrams assume aΣFe = 10−1, aAl = 10−3, aSO4

= 10−2, and
aK = 10−3. The calculations are for 25 °C and 1 bar. Both diagrams
exclude hematite, and (b) also excludes goethite, which precludes the
formation of the solid solution. Diaspore is stable relative to alunite
for pH>∼4.9 at the specified conditions but has been excluded from
the diagrams for simplicity. (Color online.)
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the end-members for conditions in the upper right part of the dia-
gram. Therefore, any transition in environmental conditions from
relatively reducing to oxidizing, or a lowering of pH, would tra-
verse the stability field of the solid solution and should lead to
precipitation of a solid solution rather than end-member compo-
nents. Yet, there are many environments where alunite subgroup
and jarosite subgroup minerals co-precipitate with near-end-
member compositions rather than forming solid solutions, includ-
ing epithermal deposits (Keith et al. 1979; Papike et al. 2006a,
2006b; Morales-Leal et al. 2023), acid-saline lake sediments
(Long et al. 1992; Alpers et al. 1992), volcanic deposits (Zimbel-
man et al. 2005), and the Jurassic sandstone cements at Mollies
Nipple (Online Materials1 Fig. S9) (Bell and Bowen 2014;
Potter-McIntyre and McCollom 2018).

Sánchez-España et al. (2016) report the occurrence of JASS
with a range of chemical compositions intermediate between jar-
osite and alunite in acid-mine pit lakes in Spain (Fig. 1a). They
propose that the solid solutions precipitate as a result of variable
environmental conditions within the lakes. At pH>∼4.4, dis-
solved Al derived from the acid-mine drainage precipitates as
Al-sulfate or Al-hydroxide minerals; however, at lower pH these
minerals are thermodynamically unstable so that Al remains dis-
solved and is thus available to precipitate along with ferric Fe
minerals, including JASS with intermediate compositions. In
this case, the circumstances that led to precipitation of Al-Fe
solid solutions include: (1) conditions that are sufficiently oxi-
dizing to allow dissolved Fe to be present as Fe3� rather than
Fe2�; (2) a substantial source of both dissolved Fe and Al as well
as sulfate; and (3) a pH below∼4. It is certainly feasible that such
conditions were met during the deposition of JASS in the min-
eralized fractures in the Aztec Sandstone. However, it is not yet
clear whether additional factors may have been involved that led
to the precipitation of solid solutions rather than separate near-
end-member minerals in these environments.

Prior to the present study, one possible alternative explanation
for the scarcity ofAl-Fe solid solutions in natural samples (Fig. 1a)
was that theymay be able to precipitate but are inherently unstable
over longer timescales. That is, intermediate Al-Fe solid solutions
might initially precipitate but then decompose over time, perhaps
through exsolution into separate end-member components
(Desborough et al. 2010), thereby precluding the preservation
of these solid solutions in the geological record. In this regard,
it is worth noting that previously identified cases of Al-Fe solid
solutions had been limited to environments where the minerals
have a relatively recent origin (i.e., active fumaroles and acid-
mine pit lakes), and they might not persist in these environments
long enough to be preserved in the geologic record.

However, the occurrence of Al-Fe solid solutions in the Aztec
Sandstone demonstrates that they can persist for extended periods.
The age of deposition of the JASS in the fractures is presently
uncertain, but they likely formed at least several million years
ago. Faults in the Aztec Sandstone are thought to have initially
formed during Late Cretaceous Sevier thrusting (Taylor et al.
1999; Flodin et al. 2004; Eichhubl et al. 2004), which places
an upper limit on the age of mineralization. However, the miner-
alization of the fractures at the study site may have occurred at a
more recent time, and Eichhubl et al. (2004) inferred that the
jarosite and alunite in the Aztec Sandstone within Valley of Fire

State Park were deposited during fluid flow associated with Basin
and Range tectonics in the Miocene. The JASS mineralization at
the study site south of the park may well have been deposited dur-
ing this same period, and if so, the solid solutions have persisted
for at least several million years. Potassium-argon dating of the
JASS in future studies could potentially provide more robust con-
straints on their age (Keith et al. 1979; Stoffregen et al. 2000).

Precipitation of jarosite-alunite solid-solutions in the
mineralized fractures

Further investigation will be necessary to fully understand the
chemical environment and circumstances that lead to the precipi-
tation of Al-Fe solid solutions in the mineralized fractures. How-
ever, some preliminary constraints can be inferred from the
currently available data. It is generally thought that precipitation
of jarosite subgroup minerals requires a pH of less than about 4.5,
while alunite subgroup minerals can potentially precipitate to
somewhat higher pH (e.g., Keith et al. 1979; Papike et al. 2006a,
2006b; Sánchez-España et al. 2016). The upper limits of pH
values that allow the precipitation of Al-Fe solid solutions are cur-
rently uncertain, as laboratory syntheses of solid solutions have
only been conducted under strongly acidic conditions (Brophy
et al. 1962; Härtig et al. 1984; Drouet et al. 2004; McCollom et al.
2014). The preliminary calculations shown in Figure 5c suggest
that solid solutions may be thermodynamically favored over
end-member compositions across a broad pH range when both
Al and Fe are available in the environment. However, it should
be emphasized that the mineral stability boundaries in this partic-
ular diagram are dependent on the activities of dissolved species
assumed in the calculations. In any event, it appears likely that the
fluids which precipitated the JASS in the mineralized fractures
were at least mildly acidic. Precipitation of Fe-rich JASS also
requires relatively oxidizing conditions, sincemore reducing con-
ditions would favor precipitation of ferrous sulfate minerals
(e.g., Papike et al. 2006a, 2006b; Sánchez-España et al. 2016)
or sulfide minerals rather than sulfates.

The amount of Fe and S available locally in the fractures
themselves is insufficient to account for the JASSmineralization
(e.g., Eichhubl et al., 2004), indicating that Fe and S must be
transported into the mineralized fractures by migrating fluids.
The original Aztec Sandstone likely contained small amounts
of Fe as coatings on sand grains (Eichhubl et al. 2004), and
the surrounding rocks may have supplied some of the Fe to form
the JASS in the fractures. However, basinal fluids were likely
required as a source of S, and these fluids may have also contrib-
uted some of the Fe. The original sandstones contained abundant
K-feldspar (Eichhubl et al. 2004), and the K2O:Al2O3 ratios in
the mineralized fractures parallel those of this mineral (Online
Materials1 Fig. S12d). This suggests that the K and Al required
for the formation of the JASS are probably derived from feldspar
dissolution, either within themineralized fractures themselves or
from the surrounding host rocks.

Eichhubl et al. (2004) proposed that the small amounts of
end-member jarosite and alunite found in some Aztec Sandstone
rocks within the boundaries of VoF formed when reduced and
acidic basinal fluids containing dissolved Fe and S mixed with
more oxidized shallow meteoritic water. The oxidation of
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dissolved Fe and S, as the fluids mixed, would have led to con-
ditions that favored the precipitation of jarosite and alunite, with
K andAl presumably derived from the dissolution of K-feldspar.
Note that precipitation of alunite group minerals from solution
generates acidity according to the general reaction:

K+ + 3xFe3+ + 3yAl3+ + 2SO2−
4 + 6H2O

→ K�FexAly�3�SO4�2�OH�6 + 6H+ (1)

where y = 1 – x. While some H� may be consumed by dissolu-
tion of K-feldspar to create dissolved K� and Al3�, as well as
during oxidation of Fe2�, the net result would still be a local
increase in acidity when minerals from this group precipitate
from solution.

A similar mixing scenario could account for the precipitation
of JASS deposits in the mineralized fractures investigated for
this study, as well as the precipitation of the more sparsely
distributed end-member jarosite and alunite in the surrounding
host rocks at the study site. The higher permeability associated
with the fractures makes them a locus of increased fluid flux
(e.g., Taylor et al. 1999), which may have led to more intense
mixing and greater mineral precipitation, accounting for the high
density of pore-filling JASS in the mineralized fractures. The
intensity of oxidation reactions within the fractures may have
also provided a localized environment with simultaneously
abundant Fe3�, Al, and SO4, which favored the precipitation
of minerals as solid solutions rather than as separate end-mem-
bers. Increased acidity produced through reaction 1 in this local-
ized environment may also have contributed to precipitation
of the minerals as solid solutions rather than two separate
end-members.

A basinal source of the S in the fluids would be consistent
with the isotopic composition of the JASS (Table 3). The S in
the JASS is substantially depleted in 34S relative to seawater,
dating back to the Jurassic (Claypool 1980), as well as to gyp-
sumdeposits in other sedimentary rocks in the region (Chen et al.
2016), indicating that the sulfate must be derived from a source
not directly connected to seawater. Although the S and O isoto-
pic compositions of the JASS are similar to alunite group miner-
als formed by steam-heating of sulfides in supergene ore
deposits (e.g., Rye 2005), there is no evidence for volcanic or
hydrothermal activity in the vicinity of the study site, and the
precursor rocks contained essentially no sulfide minerals. Thus,
there is no reason to believe that analogous processes could have
provided a source of sulfate for the JASS. Whatever the ultimate
source is, reduced S in basinal fluids is likely to have an isotopic
composition that is more depleted in 34S than seawater (or from
dissolution of sulfate minerals derived from ancient seawater).
The similarity of the isotopic composition of jarosite in the host
rock to that of the mineralized fractures (Table 3) suggests that
the S for both types of mineral deposits came from the same
source.

The nature of the putative basinal fluids was not described in
detail by Eichhubl et al. (2004), but one possibility is that they
were organic-rich and that this promoted the formation of the
JASS. Organic acid anions, such as acetate and propionate in
the fluids, could have facilitated the reduction and transport
of ferrous Fe from underlying units, while dissolved H2S and

organosulfur compounds could have provided a source of sulfate
when the fluids were oxidized. This possibility is potentially
supported by the widespread presence of bituminous carbona-
ceous matter in the pore spaces of diagenetically altered Aztec
Sandstone samples collected within VoF State Park (Online
Materials1 Fig. S16). This bitumen is highly enriched in sulfur
(e.g., Online Materials Fig. S16e) that, once oxidized, could
have potentially served as a source of sulfate for the JASS. An
organic source would also be consistent with the 34S-depleted
isotopic composition of sulfate in the minerals (Orr 1974;
Amrani 2014). Although no bituminous deposits were found
in the samples from the area south of VoF examined for this
study, the organic matter could have been transported out of
the rocks at a later time or simply failed to accumulate locally
in the rocks at the study site.

Another possible scenario for the origin of the JASS in the
mineralized fractures is that they are products of remobilization
of jarosite and alunite from the surrounding host rocks. The ini-
tial precipitation of jarosite and alunite in the host rocks may
have resulted from mixing of oxidizing and reducing fluids,
as proposed by Eichhubl et al. (2004) elsewhere in the Aztec
Sandstone. Changing conditions over time, however, may have
caused these minerals to become unstable and redissolve, and
the dissolved components could have then been transported to
the fracture zones where they reprecipitated as solid solutions.
Evidence that might support this interpretation includes the
similar isotope compositions of alunite group minerals in the
host rocks and mineralized fractures (Table 3), and apparent
dissolution textures of jarosite within some of the host rocks
in the immediate vicinity of the mineralized fractures (Online
Materials1 Fig. S11).

At this juncture, the full range of circumstances that led to
formation of Al-Fe solid solutions in the Aztec Sandstones
remains obscure.While the environment that allowed the forma-
tion of solid solutions in the mineralized fractures certainly
shares some common characteristics with the other environ-
ments where solid solutions of alunite group minerals have
been found (e.g., high acidity, oxidizing conditions, presence of
sulfate), the settings for these occurrences are quite different. A
detailed comparison of the Aztec Sandstone samples with those
from other localities where Al-Fe solid solutions have been
documented (acid-sulfate fumaroles, acid-mine pit lakes) may
provide additional insight into why the alunite group minerals
in these environments precipitated as solid solutions rather than
end-member minerals.

IMPLICATIONS

Until very recently, it was generally thought that solid
solutions of alunite group minerals with intermediate Al-Fe
compositions did not exist in natural settings (e.g., Scott 1987;
Stoffregen et al. 2000; Papike et al. 2006a, 2006b). The results
reported here, combined with other recent reports on volcanic
fumaroles and mine-drainage pit lakes, provide increasing evi-
dence that intermediate solid solutions do exist in nature. These
findings may necessitate a reconsideration of the crystal chem-
istry of this widespread mineral group and could provide new
insights into the environmental conditions present when alunite
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group minerals precipitate as solid solutions, as well as when
they co-precipitate with near-end-member compositions. The
findings may also stimulate the discovery of intermediate
Al-Fe in other geologic settings.

One locality where these results may have immediate rele-
vance is the planet Mars. Using Mössbauer spectroscopy, the
Mars Exploration Rover Opportunity discovered the presence
of jarosite subgroup minerals in the layered, sulfate-rich sand-
stones of the Burns Formation onMeridiani Planum (Klingelhö-
fer et al. 2004; Morris et al. 2006). Although commonly referred
to as jarosite, elemental mass balance and other considerations
indicate that the minerals present on Meridiani are actually Al-
rich natrojarosites (Morris et al. 2006). Further studies of inter-
mediate Al-Fe solid solutions among alunite group minerals in
the Aztec Sandstone and elsewhere may therefore lead to new
insights into environmental conditions during formation and dia-
genesis of the Burns sandstones. Moreover, the ability of meth-
ods such as XRD, VNIR spectroscopy, and Raman spectroscopy
to detect Al-Fe solid solutions without the need tomakemicrom-
eter-scale chemical measurements may lead to additional detec-
tions of such solid solutions on Mars and elsewhere.
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