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Abstract

The importance of the discovery of jarosite at the Meridiani Planum region of Mars is discussed. Terrestrial studies demonstrate that
jarosite requires a unique environment for its formation, crystallizing from highly acidic (pH < 4) S-rich brines under highly oxidizing
conditions. A likely scenario for jarosite formation on Mars is that degassing of shallow magmas likely released SO2 that reacted with
aqueous solutions in shallow aquifers or on the martian surface. This interaction forms both H2SO4 and H2S. A martian oxidant must be
identified to both oxidize H2S to produce the required acidity of the fluid, and to oxidize Fe2+ to Fe3+. We suggest that reactions involv-
ing both sulfur and the reduction of CO2 to CO may provide part of the answer. The jarosite crystal structure is truly remarkable in terms
of its tolerance for the substitution of a large number of different cations with different ionic radii and charges. The structure accommo-
dates hydrogen, oxygen, and sulfur, the stable isotope systematics of which are strong recorders of low-temperature fluid-rock-atmo-
sphere interactions. Jarosite has been proven to be a robust chronometer for Ar–Ar and K–Ar dating techniques, and there is every
reason to believe that U–Pb, Rb–Sr, and Nd–Sm techniques for older jarosite from Mars will also be robust. Although the discovery
of jarosite on Mars alone, with no other analytical measurements on the phase, has given us insights to martian surficial processes,
the true power of jarosite can not be exploited until jarosite is sampled and returned from Mars. Mars sample return is a long way
off but, until then, we should be vigilant about examining martian meteorites for alteration assemblages that contain jarosite. A suite
of jarosite samples representing a significant time span on Mars may hold the key to reading the record of martian atmospheric
evolution.
� 2005 Elsevier Inc. All rights reserved.
1. Introduction

This is a paper in our comparative planetary mineralogy
series where specific minerals that occur on different plane-
tary bodies are compared and contrasted. We use this ap-
proach to take advantage of the natural laboratory
conditions present on different planetary bodies (e.g., dif-
ferent oxygen fugacity, atmospheric pressure and composi-
tion, ambient temperature and temperature range, etc.).
This approach has provided useful insights into differing
planetary processes (e.g., Papike et al., 2005, and included
references). Our previous studies in this series emphasized
phases in planetary basalts such as pyroxene, olivine, pla-
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gioclase, and spinel. This paper is our first consideration
of lower temperature minerals that crystallize from aque-
ous solutions (not melts) and specifically addresses the
jarosite–alunite group of sulfates found on Earth and
Mars. This study differs from our others in another way be-
cause past studies considered samples from different plane-
tary bodies (Earth, Moon, Mars, 4 Vesta) but analyzed in
terrestrial laboratories, where the full power of state of the
art analytical instruments were used. This study refers to
data collected in terrestrial laboratories for terrestrial jaro-
site–alunite. For martian jarosite we use data collected by
the Mars Exploration Rover (MER) Mössbauer instru-
ment (Klingelhöfer et al., 2004). The Mössbauer instru-
ment has identified jarosite and hematite as important
phases in outcrop and regolith of the equatorial site Merid-
iani Planum but could not provide the detailed chemistry
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(major, minor, and trace), stable isotope data for sulfur,
hydrogen, and oxygen, or ages from Ar–Ar or K–Ar tech-
niques that terrestrial laboratories have provided for terres-
trial samples. We will have to wait for martian sample
return from surface deposits before similar measurements
can be performed on martian sulfates.

The occurrence and potential of terrestrial jarosite is
summarized by Lueth et al. (2005). Jarosite [KFe3(SO4)2(OH)6]
mainly forms in highly acidic and oxidizing environments
and is a relatively common mineral in the weathering zones
of pyrite-bearing ore deposits (supergene jarosite). A sec-
ond occurrence of the sulfate mineral is in near-surface pla-
ya sediments in acid-saline lakes, from aqueous sulfate
derived either from the oxidation of pyrite and transported
many kilometers by groundwater, or from sulfate aerosols
transported from seawater (sedimentary jarosite). Jarosite
also forms from the aqueous sulfate derived from the oxi-
dation of H2S in epithermal environments and hot springs
commonly associated with volcanism (steam-heated
jarosite).

This comparative planetary mineralogy study of
martian and terrestrial jarosite is being undertaken be-
cause we would like to have a positive impact on future
martian missions in terms of in situ instrumentation
and potential sampling sites on the martian surface. The
timing of this contribution was also inspired by the
special issue of Chemical Geology (2005) volume 215
‘‘Geochemistry of sulfate minerals in high- and low-tem-
perature environments: a Tribute to Robert O. Rye’’.
This series of papers is an outstanding testimonial to
the power of sulfate minerals as recorders of terrestrial
rock/fluid interactions. Another treasure trove of infor-
mation on sulfate minerals is provided in ‘‘Sulfate Miner-
als’’ (Alpers et al., 2000), Reviews in Mineralogy and
Geochemistry, Vol. 40.

In the following we discuss the crystal chemistry of jaro-
site and the occurrence and potential genesis of jarosite on
Mars. Next, we will assess studies of terrestrial jarosite–al-
unite occurrences where state-of-the-art analytical tech-
niques were used for obtaining chemistry, stable isotope
geochemistry, and radiogenic isotopic ages. This summary
of terrestrial occurrences should make it abundantly clear
why we must return Mars surface samples and why the
Meridiani Planum location should be a serious contender
for the landing location for one of the Mars Science Labo-
ratory (MSL) rovers. Lastly, we will consider ways that fu-
ture approved space flight in situ instrumentation (e.g., the
chemical and mineralogic analyzer, CheMin, (Vaniman
et al., 1998; Sarrazin et al., 2000), a combined X-ray dif-
fraction (XRD)/X-ray fluorescence (XRF) instrument for
the MSL mission) will contribute to our characterization
and interpretation of jarosite on Mars.

2. Crystal chemistry

Although there are more than 40 mineral species with
the fundamental alunite crystal structure (Stoffregen
et al., 2000), this review will emphasize alunite, KAl3(SO4)2
(OH)6; natroalunite, NaAl3(SO4)2(OH)6; jarosite, KFe3

3+

(SO4)2(OH)6; and natrojarosite, NaFe3
3+ (SO4)2(OH)6.

We use the general formula AB3(XO4)2(OH)6 (Scott,
1987) where A is a 12-fold coordinated site that can contain
monovalent cations K, Na, Rb, etc., divalent cations Ca,
Pb, Ba, Sr, etc., and trivalent cations, REE, etc. The B
position represents an octahedral site that usually contains
trivalent Fe and Al but can also include Pb2+, Zn2+, Mg2+,
etc. The X position represents the tetrahedral site and
contains S, P, As, Sb, etc. In this discussion, for the
purpose of simplicity, we consider only structures with
S6+ or P5+ in the tetrahedral site; 6 (OH) groups, Fe3+,
Al, and Mg in the octahedral B-site; and K, Na, Rb,
Ca2+, Pb2+, Sr2+, Ba2+, Eu2+, the trivalent REEs, Nd,
and Sm and vacancies in the 12-coordinated A-site.

Our discussion of the crystal structure is derived from
Menchetti and Sabelli (1976) and Okada et al. (1982). Alu-
nite and jarosite crystallize in space group R�3m , with
Z = 3. For alunite there are 3 K, 9 Al, 18 (OH) groups,
24 oxygens, and 6 sulfur atoms per unit cell. The unit cell
parameters are alunite, a = 7.020 Å, c = 17.223 Å; Na–alu-
nite, a = 7.010 Å, c = 16.748 Å; jarosite, a = 7.315 Å,
c = 17.224 Å; Na–jarosite, a = 7.327 Å, c = 16.634 Å
(Menchetti and Sabelli, 1976). The a-axis increases with
the substitution of Fe3+ for Al in the octahedral site, and
the c-axis decreases with the substitution of Na for K in
the 12-coordinated site. Thus, these unit cell variations
can be used for estimating the Na/K and Al/Fe3+ ratio
in solid solution among the end-members alunite–natroal-
unite–jarosite–natrojarosite. This will be a very important
application of the XRD on the Mars CheMin instrument
(discussed subsequently).

The jarosite–alunite crystal structure is beautiful in its
simplicity and is truly remarkable (Figs. 1 and 2) in that
it can accommodate many elements in the periodic table.
Fig. 1A shows the jarosite structure projected down the
c-axis. Fig. 1B illustrates selected symmetry elements in
space group R�3m including three fold axes (3-fold, �3
axis = 120� rotation plus an inversion; and 3-fold screw
axis = 120� rotation plus translation along c), and mirror
planes parallel to c (solid lines). Symmetry elements per-
pendicular to the c-axis are not shown nor are the glide
planes. Table 1 illustrates which type of crystallographic
site (general or special) each atom is located in. If an atom
is located in a unit cell with no special relation to any of
the symmetry elements it is said to be located in a general
position. Such atoms have the maximum number of repeat
operations in the crystal unit cell (multiplicity). In space
group R�3m, an atom in a general position is repeated 36
times. No atoms in the jarosite structure occupy a general
position. All occupy special positions with various degrees
of specialty. The more specialized the lower the multiplic-
ity. For example, the K atom (purple sphere) sits on a �3
axis at the corner of the unit cell and has multiplicity 3,
or 3 K atoms per unit cell. The K atom sits in a 12-coor-
dinated site and is coordinated by 6 oxygen ligands and



Fig. 2. The crystal structure of jarosite projected down the a-axis. Diagram compliments of Eric Dowty. See text for discussion.
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Fig. 1. (A) The crystal structure of jarosite projected down the c-axis. Diagram compliments of Eric Dowty. See text for discussion. (B) Space group
projection down the c-axis showing only some of the symmetry elements. See text for discussion.
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6 OH ligands. All 6 oxygen ligands are symmetrically iden-
tical and all 6 OH groups are symmetrically identical. This
is because of the �3 operation, which rotates each ligand 3
times by 120� rotations and inverts all three through the
position of the K atom to 3 more positions. Thus the A-
site has a highly symmetrical coordination with 6 identical



Table 1
Crystal structure aspects of alunite and jarosite: Z, number of formula
units per unit cell = 3

Atom, group Wyckoff site Notation Site symmetry Multiplicity

K a �3m 3
Fe3+, Al d 2/m 9
(OH) h m 18
O (1) c 3m 6

= 24
O (2) h m 18
S c 3m 6

Jarosite KFe3
3+(SO4)2(OH)6. Natrojarosite NaFe3

3+(SO4)2(OH)6. Alunite
KAl3(SO4)2(OH)6. Natroalunite NaAl3(SO4)3(OH)6. Atoms and OH
groups per unit cell: 3 K; 9 (Fe3+, Al); 18 (OH) groups; 24 O2�; 6 S.

�

Table 2
Selected interatomic distances for alunite and jarosite (Menchetti and
Sabelli, 1976)

Alunite Jarosite

S–O (1) 1.458 Å · 1 S–O (1) 1.465 Å · 1
S–O (2) 1.489 Å · 3 S–O (2) 1.481 Å · 3
K–O (2) 2.836 Å · 6 K–O (2) 2.978 Å · 6
K–(OH) 2.866 Å · 6 K–(OH) 2.828 Å · 6
Al–O (2) 1.947 Å · 2 Fe3+–O (2) 2.058 Å · 2
Al–(OH) 1.879 Å · 4 Fe3+–(OH) 1.975 Å · 4
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K–OH bonds and 6 identical K–O bonds (Table 2). The
Fe3+ atoms (red spheres) occupy a site that sits on a 2-fold
axis with a mirror perpendicular to it. It is coordinated by
4 symmetrically identical OH groups and 2 symmetrically
identical oxygen atoms. Thus, there are 4 identical Fe3+–
O distances and 2 Fe3+–O distances (Table 2). The sulfur
atoms occupy a site that sits on a 3-fold rotation axis
and this site has multiplicity 6 or 6 sulfur atoms per unit
cell. All sulfur atoms (yellow tetrahedra with sulfur at
the center) are in symmetrically and energetically equiva-
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Fig. 3. Diagram illustrating crystallographic site substitutions in jarosite–alun
large range of ionic radii for monovalent, divalent, and trivalent cations. W
tetrahedral X-site accommodates S6+ and P5+.
lent positions. One of the oxygen ligands (O1) coordinat-
ing sulfur sits on the same 3-fold axis that the sulfur
atom sits on and thus provides one S–O(1) bond length
(Table 2). The other oxygen O(2) that coordinates S is
off the 3-fold axis and thus is repeated three times by the
3-fold operation. This provides three identical S–O(2)
bond lengths (Table 2). Thus all three types of crystallo-
graphic sites, A, B, and X are highly symmetrical. When
the jarosite crystal structure is projected down the a-axis
(Fig. 2) we see additional features, which show that the
jarosite structure can be described as having alternating
layers of Fe3+ octahedra, and layers composed of sulfur
tetrahedral and K sites.

Now we look at the possible chemical substitutions in
the jarosite–alunite structure for the specific elements
mentioned above. Note Fig. 3 for a diagram that shows
specific crystallographic site substitutions. We use the
techniques that Papike has used in the past for amphi-
bole, pyroxene, and olivine (e.g., Papike et al., 2005).
These involve a chemical reference quadrilateral
(QUAD), and in this case has end-members alunite–nat-
roalunite–jarosite–natrojarosite (Fig. 4). Any chemical
component that substitutes for a QUAD cation, and
has a charge different from that QUAD cation (monova-
lent in A-site; trivalent in B-site, and hexavalent in the
X-site), is referred to be in the OTHERS group. Because
minerals require charge neutrality, coupled-substitutions
are involved. Note Table 3 for some examples. For
example, if Ba2+ substitutes for K in the A-site a charge
excess of +1 is involved and requires a charge deficiency
of �1 to provide charge neutrality. A few examples of
charge balanced coupled-substitutions with Ba are: Ba
(A-site) coupled with a vacancy (A-site); Ba (A-site)
coupled with P5+ (X-site); Ba (A-site) coupled with Mg
(B-site).
1.00 1.20 1.40 1.60

I coordination 
rewitt (1969)
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ite for a select set of cations. The 12-coordinated A-site accommodates a
e assume the octahedral B-site contains Al, Fe3+, and Mg, and that the



Table 3
Charge balance excess and deficiencies substitutions (OTHERS) relative to
the jarosite–alunite (QUAD)

Excess Deficiency

AR2+ = (Ca2+, Pb2+, Sr2+, Ba2+, Eu2+) BMg2+
A2R3+(= Nd3+, Sm3+) XP5+

Ah (= vacancy)

Some possible coupled substitutions
AR2+–Ah
AR2+–XP5+

AR2+–BMg2+
AR3+–2Ah
AR3+–2BMg2+
AR3+–2XP5+

AR3+–(BMg2+ + XP5+)
AR3+–(Ah + XP5+)
AR3+–(Ah + BMg2+)

“Quad”

NaFe    (SO4)2 (OH)6

Natrojarosite

Na / Na + K  (afu)  

+3
3

The Alunite – Jarosite 
Quadrilateral

NaAl3 (SO4)2 (OH)6

Natroalunite

KFe  (SO4)2 (OH)6

Jarosite

+3
3KAl3(SO4)2 (OH)6

Alunite Fe3+ / Fe3+ + Al  (afu)  

Fig. 4. The alunite–jarosite quadrilateral. See text for discussion.
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The bond energies for each cation in each site deter-
mines the partitioning behavior of the cations between
the jarosite structure and the aqueous fluid from which
it precipitated. Thus, if we know the partition coefficient
(Ds) for each cation (mineral/fluid) we can calculate the
concentration of the cation in the coexisting fluid if we
know the concentration in the jarosite crystal. We can
also obtain the same information if we find fluid inclu-
sions. Likewise the systematics of the stable isotope par-
titioning of sulfur and oxygen between jarosite and fluid
depends on how many distinct sites (and distinct bonds
within a site) are involved and the associated bond
strengths. Also, the jarosite–alunite structure enables
the use of several types of radiogenic geochonometers
including U–Pb, Rb–Sr, K–Ar, Ar–Ar, and Sm–Nd. This
is because all parent and daughter isotopes are nicely
accommodated in the 12-coordinated A-site. Of course
the viability of each of these chronometers depends on
how old the jarosite is (different half-lives for different
systems) and whether the isotopes have been reset by
any process since crystallization. By now the reader
should see the potential of jarosite–alunite as a recorder
of low-temperature surficial process on the martian sur-
face. Examples of this use of jarosite for both martian
and terrestrial occurrences are documented below.
3. Models for terrestrial jarosite formation and the stable

isotope systematics used to determine them

In this section we define three models for jarosite forma-
tion on Earth and discuss how these environments can be
distinguished from one another using stable isotope sys-
tematics. The stable isotope systematics we are interested
in are d34S, dD, d18OOH, and d18OSO4

in jarosite; we will
not discuss stable isotopes systematics for alunite. Neither
will we discuss hydrothermal environments that produce
alunite and not jarosite, but these are reviewed thoroughly
by Rye (2005).

Fig. 5 illustrates the supergene and steam-heated envi-
ronments in which jarosite can form (after Rye, 2005; Huro-
witz et al., 2005). Both SO2 and H2S exsolve from late
crystallizing magma, and oxidation of either of these species
is a requisite to generate the acidic fluids needed to form
jarosite. Two oxidation steps are required to process SO2:
(1) an H2O plus SO2 reaction that produces H2S and
H2SO4 and (2) oxidation of H2S to provide the low pH re-
quired for jarosite stability. Processing of exsolved H2S only
involves the latter oxidation step (note reactions in Fig. 5).
On Earth, atmospheric oxygen provides for the oxidation of
H2S to H2SO4 and Fe2+ to Fe3+. The oxidation of pyrite
leads to supergene jarosite, while the oxidation of H2S leads
to steam-heated jarosite. Both oxidation of pyrite and H2S
take place in the vadose zone where rocks can not buffer the
pH. On Mars, atmospheric CO2 reduction to CO is a possi-
ble oxidation mechanism. The third occurrence of terrestri-
al jarosite is sedimentary (not illustrated). Sedimentary
jarosite forms in the near-surface sediments of acid-saline
lakes, possibly from wind-blown sulfate aerosols derived
from nearby seawaters (Alpers et al., 1992).

Jarosite contains both sulfate (SO4) and hydroxyl (OH)
sites and thus the D18OSO4-OH can be used as a single-min-
eral geothermometer. This thermometer is only valid if
the SO4 attained equilibrium with the water in the hydro-
thermal fluid, and retrograde exchange did not occur at
the OH site during the final stages of mineralization (Rye
and Stoffregen, 1995). The jarosite SO4 and OH compo-
nents are separated for d18O analysis by chemical extrac-
tion, which is discussed in Lueth et al. (2005). An
application of this geothermometer is shown in Fig. 6,
where d34S values are plotted against d18O values for jaro-
site from the Rio Grande Rift (RGR) deposits of southern
New Mexico and northern Mexico (after Lueth et al.,
2005). Tie lines connect d18OSO4

and d18OOH values of the
same sample. The D18OSO4-OH of most of the jarosite sam-
ples ranges from 9.3& to 13&. This range can then be used
to determine the temperature of formation on the basis of
the experimental fractionations of Rye and Stoffregen
(1995), as are shown in Eq. (1).

103 ln ajarositeðSO4-OHÞ ¼ 1:43ð106=T2Þ þ 1:86. ð1Þ

The fractionation factor a is equal to the 18O/16O ratio of
the sulfate over the hydroxyl, and is commonly expressed
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values of the same sample. The jarosite sulfate (SO4) and hydroxyl (OH)
components are separated for d18O analysis by chemical extraction,
discussed in Lueth et al. (2005). The D18OSO4-OH can be used to determine
temperature of formation on the basis of the experimental fractionations
of Rye and Stoffregen (1995). The calculated temperatures for this data
give a range between 240 and 80 �C. See text for discussion.
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as 103 lna because this expression is a very close approxi-
mation to the permil fractionation. Inserting the data into
Eq. (1) gives a range of temperatures between 240 and
80 �C, which is consistent with the range of filling temper-
atures of fluid inclusions in late fluorites, and a single jaro-
site sample in RGR deposits (Lueth et al., 2005). The
temperature of RGR jarosite formation, its occurrence in
the field, and the absence of pyrite for oxidation, requires
a hydrothermal origin in a steam-heated environment,
where acidic conditions were achieved by the oxidation of
H2S derived from deep hydrothermal fluids.

The d34S values of jarosite from four different terrestrial
locations are shown in Fig. 7. Australian lakes data are
from acid-hypersaline lake deposits (Alpers et al., 1992),
and are classified as sedimentary jarosite; Cascades data
are from deposits in active andesite stratavolcanoes (Zimb-
elman et al., 2005), and are categorized as supergene jaro-
site; Crofoot-Lewis data are from hot spring deposits in
northwestern Nevada (Ebert and Rye, 1997), and are noted
as steam-heated jarosite; and the RGR deposits are steam-
heated and are illustrated in Fig. 6 and discussed in the pre-
ceding paragraph. The d34S values can be used to deter-
mine the source of sulfate in jarosite and the possible
environment of deposition. For example, low d34S values
for jarosite from the Cascades, Crofoot-Lewis, and RGR
samples indicate sulfate was derived by either oxidation
of H2S or pyrite. This oxidation can take place in either
a steam-heated or supergene environment. The high d34S
values for the Australian lakes jarosite indicate sulfate
was probably not derived from the oxidation of pyrite or
H2S. Instead, the authors (Alpers et al., 1992) point out
that the d34S values for modern marine evaporites
(21.5&) and modern seawater (20&) are very similar to
the jarosite values (22&). This suggests that the sulfate in
the jarosite was derived from seawater, and that a likely
mechanism of incorporation into internally draining basins
of southern Australia is as wind-blown aerosols. Fig. 7 also
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shows the d34S range for sulfides that have been reduced by
anaerobic bacteria (Shearer et al., 1996). Sulfides derived
by reducing bacteria have very low d34S values down to
�40&; and thus hypothetical very low d34S values could
suggest some bacterial action.

Figs. 8A and B are a summary of dD and d34S values ver-
sus d18OSO4

values of jarosite from the same four locations
as in Fig. 7 (see that figure caption for explanation of abbre-
viations). In Fig. 8A, the supergene jarosite sulfate field
(SJSF), enclosed by the dashed line, delineates the range
of values expected for supergene jarosite and is shown for
reference (Rye and Alpers, 1997). The Crofoot-Lewis and
Australian lakes plot out of the SJSF as should be expected,
as these are steam-heated and sedimentary jarosite deposits,
respectively. The Cascades (supergene jarosite) and RGR
(steam-heated) lie approximately half in and half out of
the SJSF and suggest that supergene and steam-heated jaro-
site produce similar dD and d18OSO4

systematics. Also noted
in Fig. 8A is the meteoric water line (MWL), which can be
used along with the dD and d18OSO4

systematics to deter-
mine the source of water in these environments. For exam-
ple, the very low d18OSO4

for Cascades jarosite indicate the
oxygen in the sulfate was derived from isotopically light
meteoric water, which is consistent with the presence of
abundant snow and ice on volcano summits. Furthermore,
the data for jarosite in Fig. 8A can used to calculate the cor-
responding isotopic compositions of the parent fluids from
which jarosite formed. Lueth et al. (2005) did this for the
RGR deposits and found that jarosite parental fluids have
calculated isotopic signatures (dD and d18OSO4

) similar to
those of modern geothermal waters and meteoric waters
in the present day rift.

Fig. 8B illustrates the d34S versus d18OSO4
values of jaro-

site from the same four terrestrial environments, and serves
to further define the origin of these jarosites. The fields for
supergene and steam-heated deposits (Rye, 2005) are
shown as ovals in dashed and solid lines. Here again we
see that the Australian lakes data plots well out of the fields
for supergene or steam-heated jarosite, as is expected for
sedimentary jarosite. The Crofoot-Lewis data plots near
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the steam-heated field, as expected, while the Cascade data
overlaps the supergene field, also as expected. The RGR
data plots again in both the supergene and steam-heated
field, but here totally encompasses the steam-heated field,
confirming these do indeed have a steam-heated origin.

4. Discussion

4.1. Martian jarosite

Kargel (2004) provides an introduction to the exciting
early results of NASA�s Opportunity rover which landed
on Mars� Meridiani Planum, a smooth flat plain unlike
any feature studied by earlier landers. Opportunity is the
first Mars vehicle to sample bedrock, and these rocks con-
sist of layers of iron oxides and hydrated Mg-, Ca-, and Fe-
sulfates. The sediments that make up the layered rocks
were deposited in, or altered by, acidic brines, and may
be aeolian, volcanogenic, or chemical, but also have a sig-
nificant basaltic component. The mineral jarosite, detected
at Meridiani Planum, requires highly acidic conditions,
which may explain the absence of calcite here, because cal-
cium carbonate reacts to gypsum in acid sulfate solution.
High sulfur to chlorine ratios and high iron contents sug-
gest a temperature >265 K. The mineral assemblages and
chemistry are similar to terrestrial acid mine drainage
deposits. A more recent interpretation of these deposits is
provided by McLennan et al. (2005).

Klingelhöfer et al. (2004) positively identified jarosite
using the Mössbauer spectrometer on Opportunity. This
study identified four major mineralogical components at
Eagle Crater, jarosite- and hematite-rich outcrop, hema-
tite-rich regolith, olivine-bearing regolith, and a pyrox-
ene-bearing basaltic rock (Bounce rock). One sample
found that jarosite made up 36% and hematite 37% of
the Fe-containing minerals that could be studied by Möss-
bauer techniques.

Elwood Madden et al. (2004) report on jarosite as an
indicator of water-limited chemical weathering on Mars.
The authors point out that terrestrial jarosite persists
over geologically relevant periods of time in arid environ-
ments but rapidly decomposes to produce oxyhydroxides
in more humid climates. Elwood Madden et al. (2004)
present equilibrium thermodynamic reaction-path simula-
tions that constrain the range of possible conditions un-
der which jarosite-containing assemblages are likely to
have formed on Mars. They conclude that the presence
of jarosite combined with residual basalt at Meridiani
Planum indicates the alteration process did not proceed
to completion, and following jarosite formation, arid con-
ditions must have prevailed. They also conclude that con-
tinued water loss from the martian atmosphere gradually
reduced the relative humidity to levels where hydrous
phases exposed to the atmosphere could dehydrate pro-
ducing hematite and anhydrite from iron hydroxides
and gypsum (Fig. 9). In Fig. 9, the arrow starting at
the upper left shows the reaction path followed during
weathering of basalt by sulfate-bearing aqueous solutions
buffered by the present martian atmosphere. Therefore,
the observation of jarosite suggests a short-lived period
of water-limited aqueous alteration.

Robert Rye (2005, personnel communication) provides
an interpretation of the significance of martian jarosite:

Jarosite requires a very unique environment for its for-
mation. In the case of Mars there would have to be
either (or both) pyrite in the rocks or H2S in hydrother-
mal fluids that oxidized. That oxidation had to take
place in the ‘‘vadose’’ zone, where the rocks could not
buffer the pH of the jarosite parent fluids. The most
likely scenario is that sulfur gases were released from
shallow magmas, largely as SO2, and then underwent
disproportionation on condensation in water below
400 �C to produce SO4

2� and H2S. Near-surface H2S
was then oxidized to produce the low pH fluids that pre-
cipitated jarosite.

The challenge for these models and the Mars explora-
tion program is to identify the martian oxidant responsible
for the oxidation of iron from Fe2+ to Fe3+. The following
reactions might be involved:

STEP 1 (oxidation–reduction reaction, 6 electrons
transferred)

2SO2þ 2H2Oþ 4Fe2þ ¼H2SþSO 2�
4 þ 4Fe3þ þ 2ðOHÞ�

STEP 2 (oxidation of H2S, reduction of carbon, 8 elec-
trons transferred)

4CO2 þH2S ¼ 4CO þH2SO4

STEP 3 (precipitation of jarosite from low-pH brines)
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Kþ þ 2SO 2�
4 þ 6ðOHÞ� þ 3Fe3þ

¼ KFe3ðSO4Þ2ðOHÞ6ðjarositeÞ
Fig. 10. Diagram showing jarosite stability on a diagram of Log fO2

versus pH after Lueth et al. (2005). See that paper for assumptions
concerning diagram construction.
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Fig. 11. BSE image of alunite (A) and jarosite (J) crystals from Goldfield,
Nevada. Note the occurrence of jarosite crystals filling in vugs, open
spaces, and fractures among alunite crystals; suggesting jarosite crystal-
lization follows alunite crystallization.
4.2. Case study: hydrothermal jarosite in acid-sulfate

mineralization, southern Rio Grande Rift, New

Mexico— Mexico
Lueth et al. (2005) provides a study demonstrating the

power of jarosite as a recorder of near-surface fluid-rock
processes on Earth. Approximately 29 mining districts
along the Rio Grande Rift in southern New Mexico con-
tain deposits containing fluorite–barite–jarosite and addi-
tional deposits occur south of the Basin and Range
province near Chihuahua, Mexico. Jarosite occurs in many
of these deposits as a late-stage hydrothermal mineral pre-
cipitating with fluorite or in veinlets that crosscut barite. In
these deposits jarosite is followed by natrojarosite. These
deposits range in age from 10 to 0.4 Ma on the basis of
Ar–Ar dating of jarosite. As discussed above, most oxygen
isotope data indicate that jarosite precipitated between 80
and 240 �C, which is consistent with the range of filling
temperatures of fluid inclusions in fluorite throughout the
rift and in jarosite from Peña Blanca, Chihuahua, Mexico
(180 �C). Thus, these jarosites have a hydrothermal origin
in a shallow steam-heated environment wherein the low-
pH necessary for the precipitation of jarosite was achieved
by the oxidation of H2S derived from deeper hydrothermal
fluids. The requisite H2SO4 for jarosite formation was de-
rived from the oxidation of H2S. Jarosite formed at shallow
levels after the pH buffering capacity of the host rock (typ-
ically limestone) was neutralized by precipitation of earlier
minerals. These jarosites record episodic hydrologic pro-
cesses that operated in the rift over the last 10 million years.

Fig. 10 represents the stability field of jarosite at 200 �C
and 100 bars that represent the conditions represented for
this study. See Lueth et al. (2005) for compositional
assumptions. Arrows represent inferred variation of pH
during overlapping or oscillating jarosite–hematite
mineralization.

The lesson from this study of terrestrial jarosite is that
without samples from Mars in hand we can do little more
than identify the jarosite occurrence on Mars and infer that
we have a deposit that formed at low pH from K-rich
brines under oxidizing conditions. We are not be able to
use the Ar–Ar dating technique (or other radiogenic dating
techniques) to establish the age of sulfate deposition, and
we cannot measure the stable isotope ratios O, S, and H
to gain information on temperatures of formation, envi-
ronments of deposition, or sources of fluids. In situ meth-
ods (for example, XRD) are able to distinguish jarosite
from natrojarosite. However, martian sample return of sur-
face deposits is a long time away and in the mean time we
continue to look for meteorites from Mars. Although mar-
tian meteorites are mainly basalts and cumulate lithologies,
some low temperature alteration phases have been identi-
fied (McSween and Treiman, 1998). These phases include
sulfates and carbonates, and it is likely that eventually we
will find martian meteorites that contain veins of sulfate
assemblages that include jarosite. These will be truly valu-
able samples.

4.3. Case study: alunite and jarosite, Goldfield, Nevada

Keith et al. (1979) describe the occurrence of alunite and
jarosite crystals in the epithermal precious-metal deposits
of the Goldfield mining district, Nevada (Fig. 11). The dis-
trict is part of a Tertiary volcanic center in which the rocks
range from andesite to rhyolite. The sample described is
from Preble Mountain, in the southern part of the area.
The jarosite yielded a K–Ar age of 20 million years that
is concordant with the age of mineralization. The normal
sequence of crystallization is alunite followed by jarosite
(Fig. 11). Initially, alunite formed comb-like growths
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Fig. 12. Magnified BSE image of Fig. 11 and corresponding X-ray maps of the coexisting alunite (A) and jarosite (J). See text for discussion.

Fig. 13. Eh-pH diagram showing possible fluid evolution trajectory to
produce coexisting alunite and jarosite crystals from Goldfield, Nevada.
Diagram after Keith et al. (1979). See that paper for assumptions in
constructing the diagram. See text for discussion.
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surrounding silicified rock breccia fragments that extend
into fractures and vugs. Then both alunite and jarosite
formed crystalline aggregates lining the vugs. In the final
stage, jarosite alone crystallized and encrusted the remain-
ing vein walls. Where the aggregates were absent, jarosite
filled open spaces among alunite crystals and formed termi-
nations on some. Fig. 12 shows alunite and jarosite and the
accompanying X-ray maps illustrate their distinct composi-
tions with respect to Al and Fe. The X-ray maps also show
oscillatory zoning with respect to Na and K in the jarosite
crystal. Keith et al. (1979) state that the two minerals
formed in one of two ways: (1) all of the Preble Mountain
localities were first deficient in iron and then were flooded
with iron-rich solutions, or (2) the late-stage hydrothermal
fluids underwent a change in Eh and pH, thus oxidizing
existing Fe2+ in solution to Fe3+ and thus precipitating
jarosite. The latter scenario is illustrated in Fig. 13, while
evidence for the late stage precipitation of jarosite on alu-
nite growth surfaces and fracture fillings is shown in
Fig. 11. The late-stage precipitation of jarosite also shows
oscillatory zoning, which reflects the Na/K evolution of
the fluid. We intend to analyze the Goldfield samples for



Fig. 14. Equilibrium compositions of alunite–natroalunite solid solution
and coexisting fluid K/Na as a function of temperature. Solid line
indicates calculated solvus between alunite and natroalunite at low
temperature. Diagram after Deyell and Dipple (2005). See text for
discussion.

Fig. 15. Simplified diagram showing variation of a-axis and c-axis unit cell
dimensions of alunite–natroalunite and jarosite–natrojarosite solid solu-
tions after Alpers et al. (1992). See text for discussion.
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numerous major, minor, and trace elements by both EMP
and SIMS traverses across both alunite and jarosite crys-
tals. We hope this study will give us additional important
insights concerning fluid evolution.

Once again, a lesson for Mars exploration is that we
need the samples to do these kind of studies. No in situ
instruments are up to the task.

4.4. Case study: equilibrium mineral-fluid calculations and

application to solid solution between alunite and

natroalunite, El Indio-Pascua Belt, Chile and Argentina

Deyell and Dipple (2005) studied the effects of tempera-
ture and bulk fluid K/Na on the alunite–natroalunite solid
solution at 200 bars and 100–300 �C. The authors claim
that these are the conditions typical of magmatic–hydro-
thermal alteration and precious-metal mineral deposition
in high-sulfidation environments that are characterized by
the presence of alunite-bearing alteration zones. Their
model is based on published experimental parameters that
indicate both alunite and natroalunite are stable over this
temperature range and that increased Na substitution is
favored at higher temperatures. The modeling results
indicate that a large variation in fluid K/Na is required to
precipitate both K- and Na-alunite at high temperature.
At lower temperature, much less variation in fluid compo-
sition can yield compositions near those of end-members.
Controls on alunite–natroalunite solid solution in natural
systems were evaluated using electron-microprobe data on
alunite–natroalunite solid solutions from gold deposits of
the El Indio-Pascua belt. The results indicate that higher
temperatures of deposition correlate with a greater range
of Na substitution in alunite. Elevated Na content in alunite
is also attributed to higher concentrations of Na in the
source fluids.

Fig. 14 illustrates theDeyell andDipple (2005)model. On
the diagram bulk fluid K/Na is plotted versus temperature
for compositions of mole fraction K (K/K + Na-atomic)
in alunite from 0.1 to 0.9. The solid line represents the posi-
tion of the solvus between Na-alunite solid solutions and
K-alunite solid solutions. Thediagram shows that significant
changes in equilibrium-fluid K/Na occur with increasing
temperature at each solid solution composition.

This research indicates that estimates of the fluid K/Na
ratio can be made if we can determine the K/Na ratio of the
alunite and we can make an independent estimate of the
temperature of deposition. Fig. 15 (schematic diagram after
Alpers et al., 1992) illustrates the variation of the alunite
and jarosite unit cell parameters with Na–K substitutions.
Thus for terrestrial samples we have a variety of ways of
exploiting this diagram (temperatures from fluid inclusion
filling temperatures, EMP analyses, etc.). However, for
martian samples, in situ measurements by XRD (see dis-
cussion below) can provide unit cell parameters that can
indicate the K/Na ratio of alunite or jarosite but we would
still need depositional temperature estimates to apply the
diagram in Fig. 14.
4.5. Landed (in situ) XRD/XRF analysis by CheMin on

Mars

Vaniman et al. (1998) describe CheMin, a miniaturized
XRD/XRF instrument designed for space missions. This
instrument has been selected for flight on the Mars Science
Laboratory (MSL), with possible flights in 2009 and 2011.
The instrument uses a transmission geometry, CCD detec-
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tor, and CoKa radiation for sample analysis. The CCD is
operated in single-photon counting mode to discriminate
fluorescedX-rays for chemical analysis, and it detects the dif-
fracted positions of primary X-rays for diffraction analysis.
The ability to accumulate and integrate the entire circumfer-
ence of each Debye diffraction ring, combined with a piezo-
electric powder movement system, compensates for poor
powder preparations that might be produced by a robotic
sampling system. Using Rietveld analysis of the XRD re-
sults, robust identification of mineral phases, refinement of
unit cell parameters, and other crystal structure information
are attainable. Since preferred orientation effects are re-
moved by grain movement in piezoelectric-driven sample
mounts, mineral abundances can be obtained from full-pat-
tern Rietveld analysis. Also, the combination of XRD and
XRF data permits the calculation of mixing models from
end member mineral compositions; for jarosite this ap-
proach may be particularly powerful in determining the A-
site cation type (Fig. 15). Thus, the CheMin in situ instru-
mentwill enablemore quantitative appraisal ofmartianmin-
eralogy but we still must await sample return to use the full
power of our terrestrial laboratories in order to unlock all
the information contained in these martian rocks.

5. Conclusions

The identification of jarosite at the martian Meridiani
Planum site by the Mössbauer instrument on the MER
has profound implications for the conditions of surficial
fluid/rock interactions on Mars. Terrestrial comparisons
provide some insights into the importance of jarosite and
the possible composition of brines on Mars.

Terrestrial studies of jarosite show that it forms in high-
ly acidic (low pH), K-bearing brines under oxidizing condi-
tions. A likely scenario for jarosite formation on Mars is
that sulfur gases are released in shallow magmas largely
as SO2. The SO2 then reacts with water in shallow aquifers
or at the martian surface and forms H2SO4 and H2S in
solutions that already contain Fe2+. In this reaction S4+

in SO2 is both oxidized to S6+ and reduced to S2�. This
reaction is capable of oxidizing some Fe2+ to Fe3+. Howev-
er, H2S must also be oxidized to provide the low pH re-
quired for jarosite stability. We suggest that the reduction
of martian atmospheric CO2 to CO can provide the oxidant
needed in the absence of abundant free atmospheric oxygen
as on Earth.

The crystal structure of jarosite–alunite is remarkable in
its ability to accommodate many elements in the periodic
table. This is because the three cation sites are very compli-
ant and can accommodate a wide variety of elements with
different sizes and charges. Jarosite is a robust chronometer
on Earth for Ar–Ar and K–Ar techniques, and we believe
that the U–Pb, Rb–Sr, and Nd–Sm systems will work well
for martian sulfate deposits that have coexisting jarosite,
gypsum, and/or anhydrite. These isotopic systematics will
provide insights into martian crustal evolution and the tim-
ing and nature of fluid-rock-atmospheric interactions.
Several terrestrial case studies show that jarosite–alunite
are powerful recorders of surficial chemical conditions,
particularly when we can apply the full power of state of
the art instrumentation available in terrestrial laboratories.
The stable isotopes of O, H, and S provide a record of tem-
peratures of formation, environments of deposition, fluids,
and fluid/atmospheric interactions. If we could find and
sample jarosite of a range of ages on Mars we would have
a powerful recorder of martian atmospheric evolution.

Sample return from Mars is expensive and is a long time
away. In the mean time, we should search martian meteor-
ites for veins showing sulfur-rich brine alteration and the
occurrence of jarosite.
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