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INTRODUCTION

In acid mine drainage (AMD), and in hot springs, micro-
biological oxidation of Fe(II) to Fe(III) plays a key role in im-
mobilizing toxic elements such as arsenic, by co-precipitation 
(and adsorption) with (onto) iron oxy-hydroxide and iron-hy-
droxysulfate minerals (Bigham and Nordstrom 2000). A recent 
study of bacterial accumulations from the Carnoulès AMD, 
France, has shown that they consist mainly of a rare arsenic 
iron mineral, tooeleite. Laboratory experiments showed that 
speciÞ c bacterial strains from Acidithiobacillus ferrooxidans 
sp. isolated from Carnoulès induced formation of nanocrys-
talline tooeleite, via oxidation of dissolved Fe(II) to Fe(III), 
in the presence of high dissolved As(III) (Morin et al. 2003). 
Hydrochemistry budgets on the Carnoulès AMD indicate that 
formation and sedimentation of tooeleite, in association with 
poorly ordered Fe3+-As3+/5+ hydroxy-sulfates, promotes an ef-
Þ cient natural bio-remediation (Leblanc et al. 1996; Casiot et 
al. 2003; Duquesne et al. 2003).

XANES data indicate that tooeleite is an iron arsenite mineral, 
i.e., As3+, (Morin et al. 2003), although it was originally described 
as an iron arsenate, i.e., As5+, when discovered by Cesbron and 
Williams (1992). Determination of the structure of this mineral 
is necessary to interpret XRD and EXAFS data from biogenic 
precipitates forming at Carnoulès and to better understand their 
mechanisms of formation. 

MATERIAL AND EXPERIMENTAL METHODS

The sample from Tooele County, Utah (Cesbron and Williams 1992), kindly 
provided by F.P. Cesbron, was used for structure determination. This sample 

was chosen because it has much larger crystallite dimensions (a few hundreds of 
nanometer thick and a few micrometers long) than samples from the Carnoulès 
AMD (<10 nm thick platelets). The Utah sample consists of a Þ bro-radial coating 
of tooeleite crystals, Þ lling the pores (voids of millimeter size) of a scorodite-
arsenopyrite assemblage. Individual crystals are a few micrometers long and less 
than one micrometer wide. Tooeleite powder separated from this sample exhibits 
a well-resolved X-ray powder diffraction pattern (Cesbron and Williams 1992). 
Approximately 50 mg of high-purity tooeleite was carefully hand picked from 
this sample. The chemical composition of the sample was determined by electron 
microprobe analysis (EPMA) at CAMPARIS/UPMC using a SX50 CAMECA 
microprobe on few grains embedded in resin and prepared as a polished section. A 
high-resolution X-ray powder diffraction-pattern of the Utah tooeleite was recorded 
in 3 h in transmission Debye-Scherrer geometry at the DW22 wiggler-beamline at 
LURE, Orsay, France. The sample was mounted in a rotating silica capillary 0.3 
mm in diameter. The wavelength of 0.6926 Å was extracted from the white beam 
by means of a double crystal Si(111) monochromator. The diffracted beam was 
collected using a Ge(111) analyzer leading to an instrumental resolution of less 
than 0.03 °2θ, which was evaluated by recording a few Bragg peaks of the LaB6 
powder diffraction standard.

RESULTS AND DISCUSSION

Chemical formula

XANES investigation of tooeleite samples, including the one 
of the present study, has shown that arsenic is only present in 
the As(III) state in this mineral (Morin et al. 2003). Hence, the 
structural formula proposed by Cesbron and Williams (1992) is 
erroneous because these authors assumed that tooeleite was an 
As5+ mineral. Mössbauer data on nano-crystalline tooeleite from 
Carnoulès, France indicates that more than 95% of the total iron 
is present as Fe3+. Twenty-seven electron microprobe analyses 
of tooeleite were averaged and normalized to an H2O content of 
9.8 wt%, as measured by Cesbron and Williams (1992) using the 
PenÞ eld method. The result of this procedure gave the follow-
ing composition: 44.3 (0.6) wt% Fe2O3, 36.2 (0.6) wt% As2O3, * E-mail: guillaume.morin@impmc.jussieu.fr
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ABSTRACT

The crystal structure of tooeleite, Fe6(AsO3)4(SO4)(OH)4·4H2O, has been solved from high-resolu-
tion synchrotron XRD powder data recorded on a sample from Tooele county, Utah. The structure is 
monoclinic, space group C2/m, a = 8.9575(1), b = 6.4238(1), c = 9.7912(1) Å, β = 96.032(1)°, V = 
560.27(3) Å3, dcalc

 = 3.16 g/cm3. The structure was solved by direct methods and atomic positions, site 
occupancies, and isotropic displacement parameters were reÞ ned by the Rietveld method. The AsO3 
pyramids bond to FeO6 octahedra by both edge- and corner-linkage, forming layers that intercalate SO4 
groups. Assignment of structural H2O and OH groups were done from bond-valence analysis. Tooeleite 
is the only arsenite-sulfate mineral known and has been recently identiÞ ed as the main constituent of 
stromatolite-like deposits in the Carnoulès acid mine, Gard, France. 
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