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Introduction:  The Mars Exploration Rover
(MER) named Spirit has been exploring Gusev Crater
since January of 2004 and has been creating typically
dark wheel tracks of disturbed soil that mark the
rover’s course across the surface [1]. Approximately
400 sols into the mission, Spirit exposed in its tracks,
in addition to the dark soil, an unusual occurrence of a
bright soil high in sulfur and phosphorus and depleted
in silicon and aluminum relative to the more typical
basaltic Gusev plains soils [2; 3]. The site of this
bright soil is on the northwestern flank of Husband
Hill and is called “Paso Robles” (hereafter, PR). Pre-
liminary study of this unusual, bright track soil by the
MER Science Team indicated that the bright PR soil is
rich in sulfate salts (>30 wt. % SOj3) and phosphate (>5
wt. % P,0s) [2,3] and is composed of the following:
Fe**-, Mg-, and Ca-sulfates; Ca-phosphate; hematite,
halite, allophane, and additional amorphous Si [3,4],
with ferric sulfate as an important, dominant new
phase.

For the past several years we have focused on in-
vestigating the spectral properties of sulfates, and more
recently phosphates, in the laboratory using a broad
range of spectral techniques including visible-near-
infrared reflectance spectroscopy (VNIR), vibrational
(thermal infrared, TIR) emission spectroscopy, and
Maossbauer (MB) spectroscopy [e.g., 5-13]. These
studies have provided well-characterized sample spec-
tra, and work is in progress to continue characteriza-
tion of the ~370 known sulfate minerals [14] and over
400 phosphate minerals. Included in our comprehen-
sive multi-technique spectral studies are a wide variety
of Fe**-sulfates (and other sulfates) that are clearly an
important mineral type in the anomalous PR soils. We
also include an introductory suite of ferric-bearing
phosphate minerals, as well as other phosphates. Here
we combine our different spectral databases to make a
unified interpretation of comparable data from Spirit
including data from the Pancam [15], the Mini-TES
[16], and the MIMOS Il Mdsshauer spectrometer [17]
to further explore and identify the specific ferric sul-
fate and phosphate minerals present in these salt-rich
soils and better understand the chemistry of Mars.

Results: Visible/Near Infrared Reflectance Spec-
troscopy: Pancam data [18] of the soil tracks at PR
(sols 400 and 426) were studied using a clustering
technique [19]. Clustering via statistical analyses of
the Pancam scenes of the PR tracks provided four

common endmembers including “soil phase 1”, “soil
phase 2”, “dust”, and “shade”. The spectra of these
four regional endmembers are shown in Fig. 1. The
bright, sulfate-rich spectrum (“soil phase 1”) exhibits
very unusual, diagnostic spectral characteristics for
typical geologic materials (e.g., a convex upward fea-
ture near 480 nm, a reflectance maximum at ~670 nm,
and a minimum near 800-850 nm). Fig. 1 also shows
the VNIR spectra of several Fe**-sulfates from our
spectral library that share the unusual spectral proper-
ties of the sulfate-bearing “soil phase 1”. The bright-
soil Pancam spectrum is not spectrally unique to any
single ferric sulfate alone, because these pure mineral
endmember spectra are too bright and are not an exact
spectral shape match. However, the unusual Pancam
spectrum indicates the strong likelihood of containing
certain ferric sulfate minerals and enables us to rule
out some sulfates such as jarosite.
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Figure 1. VNIR spectra of the PR bight-soil compo-
nents. Green spectrum represents the sulfate-bearing
phase. For comparison, reflectance spectra of several
ferric sulfates and some phosphates are shown.

For example, the convex-upward shape of a VNIR
spectrum at ~480 nm is extremely unusual; Fig. 1
shows that this behavior is seen in coquimbite and
kornelite. Yavapaiite, fibroferrite, rhomboclase, and
ferricopiapite exhibit this behavior as well, but to a
lesser extent.
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In contrast, most ferric oxide-bearing minerals ex-
hibit a reflectance maximum near 700-800 nm and a
reflectance minimum between 850-950 nm [e.g., 20,
21]. The unusual PR spectral reflectance maximum
near 670 nm is not common, but is seen in spectra of
several ferric sulfates including coquimbite, kornelite,
fibroferrite, ferricopiapite, and rhomboclase.

The reflectance minimum that occurs between ~800
and 850 nm is seen in a few ferric sulfates such as fi-
broferrite and ferricopiapite. For other ferric sulfates
and ferric oxides, this band occurs at shorter or longer
wavelengths and is less similar to the character of the
PR bright soil spectrum.

Comparison of the spectral shapes of the PR bright-
track soil spectra to many laboratory ferric-sulfate
spectra suggests that the diagnostic spectral character-
istics in the Pancam data are similar to coquimbite,
kornelite, yavapaiite, rhomboclase, fibroferrite, and
ferricopiapite. However, the Pancam data along with
the other spectral data sets (to be presented next) are
most consistent with ferricopiapite mixed with darker
host soil constituents.

Our laboratory studies of sulfates have progressed
farther than our phosphate studies. A few initial phos-
phate VNIR spectra are shown in Fig. 1, including
those for wavellite, strunzite, phosphosiderite, and
scholzite. Examination of the phosphosiderite spec-
trum and others not shown suggest that perhaps the
480-nm band seen in the PR spectrum could be attrib-
uted to the phosphate component of the bright soil or
related to a transition metal like Mn (although it also
could be attributed to a ferric sulfate mineral as dis-
cussed above). We are continuing our phosphate stud-
ies with the hope of identifying the specific phosphate
component mineral in the bright PR soils.

Vibrational (Thermal) Emission and Alpha-
Particle-X-ray Spectroscopy: The Mini-TES bright
soil spectrum (sol 404) (Fig. 2) shows a pronounced
local emissivity maximum at 1650 cm™ that is indica-
tive of structural water in the minerals present (e.g.,
they are hydrated). From the Pancam images and
spectra (discussed above) and the navigational camera
images from the rover (not shown), it is clear that the
bright Martian tracks also contain a contribution of the
dark soil; hence, for the spectral deconvolution, the
dark-track soil spectrum (from sols 400 and 403) (Fig.
2) was included as an endmember.

Spectral deconvolution of the bright-soil spectrum
(Fig. 2) was conducted using a linear least-squares
algorithm [e.g., 22] and an endmember array that in-
cluded the dark-track soil, as well as various particle
sizes of a diverse suite of oxide, sulfate, and phosphate
minerals.

The deconvolution result (Fig. 2) achieved an
RMS of 0.118%. The result showed the Mini-TES
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Figure 2. Mini-TES spectra of bright and dark track
soils and the modeled fit (RMS=0.118%) to the bright-
PR soil spectrum. Also shown are ferricopiapite and
ferristrunzite that exhibit some band positions similar
to the bright soil. Spectra are offset for clarity.

bright soil spectrum to contain ~60% dark-track soil.
The remainder of the spectral components included
ferric sulfates at ~20%, including ~16% ferricopiapite
and ~4% fine-grained coquimbite; ~8% Mg-bearing
sulfate (kainite, polyhalite, and leonite); and ~3% Ca-
bearing sulfate (fine-grained anhydrite and polyhalite).
Nanophase hematite was indicated at ~4% and phos-
phate at ~6%. Of that total phosphate, ~3% was at-
tributed to ferristrunzite.

Ferricopiapite is selected as a major PR soil com-
ponent because its spectrum has emissivity features at
1210, 1047, and 466 cm™, similar to the bright PR soil
spectrum (Fig. 2). The additional bands in the PR
spectrum within the sulfate and phosphate v; regions
(~1250-1050 cm™ and ~1100-1000 cm™, respectively
[12, 23] suggest that more than ferricopiapite is pre-
sent in the salt fraction as is supported by the addi-
tional minerals returned by the deconvolution result.
When compared to the bright soil spectrum, other fer-
ric sulfates have some spectral features that are similar
to the bright PR soil regardless of not being selected as
a dominant phase with the deconvolution technique
(including coquimbite, parabutlerite, bilinite, and zin-
cobotryogen. The primary phosphate selected was
ferristrunzite. However, we have only begun to study
a wide range of phosphate minerals, so perhaps the
true present phosphate was not available in the end-
member set of spectra.

The APXS data [2] may be used to provide some
constraints for fitting potential salts in the PR soils to
the VNIR, TIR, and MB spectra. For PR Light (as
named by the MER APXS team) we calculate that sul-
fates, phosphates, and halides make up ~82%, 14%,
and ~4 mole % of the salts, respectively, from APXS
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data. This is remarkably similar to the deconvolution
result that, when the dark-track soil component is re-
moved, the deconvolution-derived salt component is
represented by ~84% total sulfate and ~16% total
phosphate (halide isn’t identified as a separate phase
because it cannot be directly detected in the wave-
length region of the Martian data, although the sulfate
kainite contains CI).

APXS data also may be used to determine the pos-
sible sulfate types. We examined the elements Fe, Mg,
Ca, and Na + K because these cations make up the
most common sulfate minerals (and other minerals).
Al is omitted from this list because it is a major con-
stituent of silicates. We treat the alkali elements, Na
and K, together because they commonly substitute for
each other. Fe is the most abundant cation in PR Light
(Fe/(Fe+Mg+Ca+Na+K) = 42%) and is much more
abundant than in the 2 dark PR soils considered (33
and 36%). The Fe could be hosted in silicates and
oxides; however, the VNIR and TIR data suggest that
those minerals are modeled readily by the PR dark-
track soil. Therefore, it is highly probable that the Fe
is dominant in sulfates. It is also likely that some of
the ferric iron is hosted in ferric phosphate, as was
indicated by the TIR spectral deconvolution.

In addition, Ca and Ca/(Fe+Mg+Ca+Na+K) are
enriched in PR Light, suggesting that Ca-bearing sul-
fates may be an important constituent; although only
negligible anhydrite (2.6%) and polyhalite (<1%) were
derived from the TIR deconvolution analysis. The
APXS data also may be used to rule out certain sulfate
minerals. Because the abundance of Na + K is low, it
is unlikely that those elements are hosted in sulfates
(e.g., leonite, kainite, and polyhalite, even though
these minerals were indicated by the TIR emissivity
data deconvolution). Interestingly, our deconvolution
results did not return any simple Mg-sulfates; how-
ever, several Mg-bearing sulfates were identified (fer-
ricopiapite, leonite, kainite, and polyhalite).

Maossbauer Spectroscopy: The PR dark soil MB
data (sols 426-427) show dominantly Fe** (70% of the
total Fe). The data from sol 429A (light) are Fe**-rich
(82%) (Fig. 3). Parameters similar to olivine are found
in both dark and light soils (6 = 1.15-1.17 mm/s and A
= 2.93-3.03 mm/s). A second Fe?* doublet (5 = 1.16-
1.31 mm/s and A = 1.84-2.18 mm/s) is present in all
spectra studied, and probably represents a mixture of
pyroxene in the soil and/or Fe** in a hydrous sulfate.
The Fe** doublets in the 429A light soil spectrum have
6 = 0.40-0.42 mm/s and A = 0.36 and 0.93 mm/s. We
have studied a large suite of sulfate and phosphate
samples, and comparison of the laboratory Mdéssbauer
parameters to the PR salt-bearing spectra show that
there are numerous ferric sulfates and ferric phos-
phates
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Figure 3: Mdossbauer data for bright and dark PR
soils. Sextets representing magnetite (parameters are
indistinguishable within errors) are shown in light
aqua. Fe?* doublets are shown in brown, while Fe*
doublets are black and dark blue. The sum of all com-
ponent peaks is shown in red. Data are plotted as error
bars based on counting statistics.
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with similar parameters (Fig. 4). The sulfate and phos-
phate parameters tend to be similar because the min-
eral structures of both mineral classes are based on a
tetrahedral anion (SO, and PQ,, respectively). For the
A = 0.36 mm/s doublet, the most likely ferric sulfate
match that is also consistent with the analyses of Pan-
cam and Mini-TES data would be ferricopiapite, which
has doublets with A = 0.36-0.40 mm/s. The ferric
phosphate, ferristrunzite, also has similar parameters to
the 0.36 mm/s doublet and was also suggested by the
deconvolution of the Mini-TES data. Other possibili-
ties from the MB data include the ferric sulfates
metavoltine, halotrichite (not shown), yavapaiite, and
krausite and the ferric phosphates ferristrunzite,
lipscomite, and perhaps strengite . The doublet with A
= 0.93 mm/s also is similar to a large group of ferric
sulfates, but its best matches are to metahohmannite (A
= 0.94 mm/s), butlerite/parabutlerite (A = 0.96-0.97
mm/s), fibroferrite (A = 0.96 mm/s), and possibly fer-
ricopiapite. The best fit by the phosphates is by ferris-
trunzite; again this mineral selection is consistent with
the thermal emissivity deconvolution.

Discussion:  The spectroscopic methods used
herein all point to a sulfate assemblage in the PR
bright soil that is dominated by ferricopiapite or a
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cific mineralogy could not be determined by X-
ray diffraction, strongly supporting the
possibility of ferric phosphates in the PR soils.
Despite using many ferric and other
sulfates and  phosphates for  spectral
comparison, it must be noted that there are
many more sulfates and phosphates that exist
on Earth for which we still do not have quality
laboratory spectra. Nonetheless, the fact that
Pancam, Mini-TES, and MB data independently
strongly suggest ferricopiapite, and Mini-TES
and MB data suggest ferristruntite, implies that
our mineral identifications are reasonable and
that the minerals were formed under extremely
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Figure 4: Mdgssbauer parameters for a large suite of
iron-bearing sulfates and phosphates. Note similarities
in MB parameters between certain sulfate and phos-
phate minerals due to both mineral classes having min-
eral structures based on a similar-sized tetrahedron.

close structural relative. Both the TIR and MB data
indicate the presence of ferristrunzite. Paragenesis of
these minerals and comparison with common terres-
trial mineral assemblages can be used to con strain
which additional sulfate and/or phosphate phases are
likely to occur in association with the ferricopiapite.

In the classic oxidized ore deposit at Iron Moun-
tain, CA [24] (and at Alcaparrosa, Chile [25]), the
weathering profiles begin with pyrite and progress
through the sequence melanterite = rozenite = szo-
molnokite = (ferri)copiapite = romerite = coquim-
bite = kornelite = rhomboclase = voltaite to halotri-
chite-bilinite at depth. Such observations of sulfate
mineral sequences were combined with sulfate mineral
chemistry to predict phase assemblages on Mars [26].
That work shows that ferricopiapite may form by oxi-
dation of minerals such as melanterite at extremely
acidic conditions (low bulk sulfate OH/(OH + 2SQy)).
The other minerals that may be present in the PR soil
include copiapite, fibroferrite, (para)butlerite, and
metahohmannite and have similar H,O/(3Fe** + 2Fe?")
indicating that the assemblage has not been entirely
dehydrated (structural water remains), but similar lev-
els of dehydration have been reached. Future work on
the stability of these phases as a function of relative
humidity, partial pressure of oxygen and pH will help
better constrain the conditions on Mars [e.g., 27, 28].
Iron phosphates occur as weathering products of peg-
matitic phosphate minerals, in gossans and halos
around ore bodies, and in oxide beds [29]. And in
experiments using synthetic Martian-chemistry basalt
analogues, iron phosphates were produced under acid-
sulfate weathering conditions [30], although their spe-

acidic (pH < ~3) and oxidizing conditions.
Although the bright, ferric-sulfate-rich soil at
PR is fairly rare, similar soils have been exposed at
sites “Arad” and “Tyrone” and probably are wide-
spread on Mars. Future work will be aimed at identi-
fying the ferric (and other potential) sulfates in the
additional bright track soils from ~sols 721 and 788
and later, to determine how their formational environ-
ments are similar or different to that of the phosphate-
bearing PR bright-track soil.
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