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ABSTRACT

We synthesized hematite spherules whose mineralogic, chemical, and crystallographic properties are 
strikingly similar to those for the hematite-rich spherules in lag deposits on the surface and embedded 
in outcrops at Meridiani Planum, Mars. The spherules were synthesized in the laboratory along with 
hydronium jarosite and minor hydronium alunite from Fe-Al-Mg-S-Cl acid-sulfate solutions under 
hydrothermal conditions. The reaction sequence was (1) precipitation of hydronium jarosite; (2) jarosite 
dissolution and precipitation of hematite spherules; and (3) precipitation of hydronium alunite upon 
depletion of hydronium jarosite. The spherules exhibit a radial growth texture with the crystallographic 
c axis aligned along the radial direction, so that thermal emission spectra have no hematite emissivity 
minimum at ~390 cm–1. Our experiments show that hydrothermal, acid-sulfate solutions are a pathway 
for formation of jarosite and the hematite spherules at Meridiani Planum, Mars.
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INTRODUCTION

The thermal emission spectrometer (TES) onboard the Mars 
Global Surveyor (MGS) orbiter discovered a large area at Me-
ridiani Planum covered with the Fe-oxide hematite (α-Fe2O3) 
(Christensen et al. 2000, 2001). This discovery and favorable 
landing site characteristics led to selection of Meridiani Planum 
as the landing site for the Mars Exploration Rover (MER) Op-
portunity (Golombek et al. 2003). The Athena science payload 
onboard the Opportunity rover identified hematite-rich spherules 
(mean spherule diameter ~4.2 ± 0.8 mm) embedded in S-rich 
outcrop rock and occurring as lag deposits of whole and broken 
spherules (Squyres et al. 2004, 2006; Christensen et al. 2004; 
Klingelhöfer et al. 2004; Herkenhoff et al. 2004; Morris et al. 
2006). Although the chemical and mineralogical compositions of 
these spherules are not fully constrained, mineralogical analyses 
from the MER Mössbauer spectrometer (MB) and miniature ther-
mal emission spectrometer (Mini-TES), and chemical analyses 
from the α-particle X-ray spectrometer (APXS), are consistent 
with a hematite mineral assemblage and an oxide bulk-chemical 
composition consisting of Fe2O3 with a minor NiO impurity (e.g., 
Morris et al. 2006). MGS-TES, with a spectral sensitivity to 
lower wavenumbers (~200 cm–1) compared to Mini-TES (~400 
cm–1), provided an important constraint that emission from the 
hematite-rich spherules is dominated by emission along the 
crystallographic c axis (Christensen et al. 2000, 2001; Lane 
et al. 2002; Glotch et al. 2006a). The oxyhydroxide goethite 
(α-FeOOH), which is common on the Earth (e.g., Cornell and 
Schwertmann 1996), was not detected in Meridiani spherules by 

either MB or Mini-TES.
The non-spherule portion (matrix) of outcrop rock is S rich 

based on APXS analyses (Rieder et al. 2004), but is basaltic in 
bulk-chemical composition when the composition is recalculated 
on a S-free basis. Mössbauer analyses show that the Fe mineral 
assemblage of the matrix is the ferric sulfate hydroxide jarosite, 
a population of hematite particles whose diameters are below 
the 30 µm/pixel resolution limit of the MER microscopic imager 
(MI), and an unidentified Fe3+-bearing phase with the generic 
name Fe3D3 (Klingelhöfer et al. 2004; Morris et al. 2006). 
Identification of Mg- and Ca-sulfates and amorphous SiO2 is 
derived from deconvolution of Mini-TES spectra (Christensen et 
al. 2004; Glotch et al. 2006b), and the sulfates are also implicated 
by chemical associations (Clark et al. 2005). Because APXS 
measurements are calculated relative to a water-free basis, the 
concentration H2O/OH is not known; however, using assumed 
hydration states for Ca- and Mg-sulfates, Clark et al. (2005) 
and Glotch et al. (2006b) estimated that 6 to 22% H2O might be 
present in outcrop rock.

Several hypotheses for the formation processes for Meridiani 
outcrop materials have been put forth, including aqueous, volca-
nic, and impact processes. Squyres et al. (2004) suggested that 
the outcrops formed when ancient Meridiani once had abundant 
acidic groundwater, arid and oxidizing surface conditions, and 
occasional liquid flow on the surface. One possible explanation 
for the formation of hematite-rich spherules is that they formed 
as diagenetic concretions from the rapid breakdown of pre-
existing jarosite and other Fe sulfates when chemically distinct 
groundwater passed through the sediments (McLennan et al. 
2005). Another hypothesis is that regional heating caused a re-
lease of sulfide-rich hydrothermal waters that formed pyrite-rich 


