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ABSTRACT

Visible, near-infrared, thermal, and Mössbauer spectroscopic data from the exposed, bright track 
soil at the “Paso Robles” site within Gusev crater, Mars, indicate the presence of Fe3+-sulfates and 
possibly Fe3+-phosphates admixed with the host soil. When the spectroscopic analyses are combined 
with constraints imposed by chemical data, the determined dominant Fe3+-sulfate component is hydrous, 
and all of the spectroscopic methods suggest that it is probably ferricopiapite or some closely related, 
structurally similar species, possibly mixed with other Fe3+ sulfates such as butlerite or parabutlerite, 
or perhaps (para)coquimbite, fibroferrite, or metahohmanite. Such an assemblage is consistent with 
formation in a highly oxidized, relatively dehydrated environment with the bulk-sulfate assemblage 
having OH/(OH + 2SO4) of < ~0.4. Some Fe3+ is likely to be associated with phosphates in the soil 
in the form of ferristrunzite or strengite.
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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 course of the rover across the surface (Yen et al. 2005). 
Approximately 400 sols (where a sol is a Martian day) into the 
mission, an unusual occurrence of a bright [“white” (Johnson et 
al. 2007)] soil high in S and P and depleted in Si and Al relative to 
the more typical basaltic Gusev plains soils (Gellert et al. 2006; 
Ming et al. 2006) was exposed in the tracks of the rover, previ-
ously hidden in the subsurface under the typical dark soil. The 
site of this bright soil is on the northwestern flank of Husband 
Hill and is called “Paso Robles” (hereafter, PR). Preliminary 
study of this unusual, bright-track soil by the MER Science 
Team indicated that the bright PR soil is rich in sulfate (>30 
wt% SO3) and phosphate (>5 wt% P2O5) (Gellert et al. 2006; 
Ming et al. 2006) and is composed of the following: Fe3+-, Mg-, 
and Ca-sulfates; Ca-phosphate; hematite (Fe2O3), halite (NaCl), 
allophane [Al2O3(SiO2)1.3–2(H2O)2.5–3], and additional amorphous 
silica (Ming et al. 2006; Morris et al. 2006), with Fe3+ sulfate as 
an important, dominant new phase.

For the past several years, we have focused on investigating 
the spectral properties of sulfates, and more recently phosphates, 
in the laboratory using a broad range of spectral techniques in-
cluding visible-near-infrared reflectance spectroscopy (VNIR), 

vibrational (thermal infrared, TIR) emission spectroscopy, and 
Mössbauer (MB) spectroscopy (e.g., Bishop et al. 2005a, 2005b, 
2005c; Dyar et al. 2005; Lane et al. 2004, 2005, 2006, 2007; 
Lane 2007; Rothstein et al. 2005a). Detailed, comprehensive 
laboratory studies of sulfates using these various spectral tech-
niques have provided well-characterized sample spectra, and 
work is in progress to continue characterization of the ~370 
known sulfate minerals (Hawthorne et al. 2000) and over 400 
phosphate minerals (http://un2sg4.unige.ch/athena/mineral/
min_lists.html). Included in our comprehensive multi-technique 
spectral studies are a wide variety of Fe3+-sulfates (Table 1) (and 
other sulfates) that are important minerals in the anomalous PR 
soils. We have also studied a preliminary suite of Fe3+-bearing 
phosphate minerals (Table 2), as well as other phosphate-group 
minerals. Here, we combine our different spectral databases to 
make a unified interpretation of remotely acquired spectra from 
Spirit, including data from the Panoramic Camera (Pancam) 
(Bell et al. 2003), the Miniature Thermal Emission Spectrometer 
(Mini-TES) (Christensen et al. 2003), and the Mössbauer (MB) 
MIMOS II spectrometer (Klingelhöfer et al. 2003). We further 
explore and identify the specific Fe3+-sulfate and -phosphate 
minerals present in these salt-rich soils to better understand the 
chemistry of Mars. In this work, we demonstrate the importance 
of integrating spectroscopic mineral identifications and chemical 
data from the Alpha Particle X-ray Spectrometer (APXS) with 
thermodynamic and phase-assemblage constraints.

ROVER DATA

Data used for this study were obtained from the MER 
Analyst’s Notebook provided by the NASA Planetary Data 
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