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abstract

In New Caledonia, the weathering of ultamafic rocks under a tropical climate has led to the residual 
accumulation of trace elements in lateritic soils widely dominated by Fe-oxyhydroxides. The speciation 
of trace elements, such as Cr, Ni, and Co, in these Oxisols remains a major subject of interest regarding 
mining and environmental issues. We have assessed the speciation of chromium in the upper part of 
an Oxisol, by combining bulk and spatially resolved chemical analyses (EPMA and SEM-EDS) with 
synchrotron-based spectroscopic data (EXAFS and XANES). EPMA indicates that the main hosts 
for chromium in the bedrock sample are the silicates forsterite, enstatite, and lizardite. Hosting of 
chromium in these easily weatherable mineral species could lead to a significant loss of this element 
upon weathering. However, total analyses of major elements indicate only a slight depletion of Cr, 
together with an immobility of Fe and Al and drastic losses of Si and Mg, after the weathering of the 
bedrock. Such a low mobility of chromium is likely related to its significant incorporation in goethite 
and hematite formed after the weathering of Fe2+-bearing primary silicates. This efficiency of second-
ary Fe-oxyhydroxides at immobilizing chromium is demonstrated by quantitative analysis of EXAFS 
data that indicates that these mineral species host between 67 and 75 wt% of total Cr (compared to the 
18 to 22 wt% of total Cr hosted by chromite). In addition, SEM observation and SEM-EDS analyses 
performed on the Oxisol samples also show some evidence for chemical weathering of chromite. Chro-
mite could then represent a past and/or present source of chromium upon extended tropical weathering 
of the studied Oxisol, rather than a stable host. These results emphasize the importance of secondary 
Fe-oxyhydroxides, compared to Cr-spinels, on chromium hosting in Oxisols developed upon tropical 
weathering of ultramafic rocks. Although the trapping mechanism of chromium mainly corresponds 
to incorporation within the structural network of goethite and hematite, sorption reactions at the sur-
face of these mineral species could also be involved in such a process. In addition, considering their 
potential oxidative reactivity that can generate Cr6+ or enhance the chemical weathering of chromite, 
the occurrence of Mn oxides could significantly modify the behavior of chromium upon weathering. 
These considerations indicate that further studies are needed to assess the actual potential of chromium 
release from Oxisols developed upon weathering of ultramafic rocks under a tropical climate.
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introDuction

New Caledonia is well known for the endemic character of 
its fauna and flora (Myers et al. 2000; Proctor 2003). One third 
of the island is covered with ultramafic rocks (Coleman 1980) 
and intense weathering of these rocks under a tropical climate 
has led to the formation of deep lateritic soils, also known as 
Oxisols. Compared to their parent materials, these Oxisols are 
strongly depleted in soluble elements like Ca, Mg, and Si, and 
enriched in weakly mobile elements, mainly Fe and, to a lesser 
extent, Al (Perrier et al. 2006; Becquer et al. 2006). Among the 
weakly mobile elements, potentially toxic trace elements like 
Ni and Cr can reach concentration up to several wt% in Oxisols 

(Becquer et al. 2006), whereas their average concentration in 
the Earth’s crust is only 100 mg/kg (Nriagu 1988). Although Ni 
is known to severely restrict plant growth in Ni-enriched soils 
(Weng et al. 2004; Rooney et al. 2006), the major concern with 
these large concentrations of trace elements in Oxisols comes 
from Cr, which is considered as one of the 14 most toxic metals, 
especially concerning its carcinogenic character (Fendorf 1995). 
High levels of Cr in Oxisols can then be very hazardous for the 
environment depending on its toxicity, mobility, and bioavail-
ability. For Cr, these properties are largely controlled by its redox 
state. Reduced Cr (Cr3+) is non-hazardous and has a low solubility 
[Ks = 10–30 for Cr(OH)3 according to Garrels and Christ 1965]. 
It can substitute for Fe and/or Mn in oxides or sorb onto their 
surface (Fendorf 1995; Becquer et al. 2003), which makes this * E-mail: dik.fandeur@impmc.jussieu.fr 

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by CiteSeerX

https://core.ac.uk/display/357191688?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


FANDEUR ET AL.: SPECIATION OF CHROMIUM IN AN OXISOL FROM NEW CALEDONIA 711

form less harmful for the environment. In contrast, oxidized Cr 
(Cr6+) is more toxic and has a larger solubility, which makes this 
form more prejudicial for the environment (Fendorf 1995). This 
contrasted behavior between Cr3+ and Cr6+ indicates that accurate 
estimation of the environmental risk associated with the occur-
rence of large amounts of Cr in Oxisols is strongly dependent 
on our capacity to identify the actual crystal chemistry of this 
element in these surface environments. 

Several studies have already focused on the crystal chemistry 
of Cr in soils developed upon mafic and ultramafic rocks under 
various weathering conditions (Becquer et al. 2003, 2006; Oze 
et al. 2004a, 2007; Doelsch et al. 2006; Garnier et al. 2006; 
Soubrand-Colin et al. 2007). In the case of slight weathering 
under a temperate or Mediterranean climate, moderate leach-
ing of very soluble Mg and less soluble Si lead to a significant 
fraction of these elements remaining in the soil, to subsequently 
react together to precipitate as secondary Cr-bearing Mg-clays, 
like smectite and vermiculite, or chromite/silicate mixtures (Oze 
et al. 2004a; Soubrand-Colin et al. 2007). However, consider-
ing the large amounts of chromite (FeCr2O4) and Cr-magnetite 
(FeFe2–xCrxO4) inherited from the parent materials and their high 
Cr content, secondary Cr-bearing silicates do not represent the 
main host for Cr in these soils developed upon slight weathering 
of mafic and ultramafic rocks (Oze et al. 2004a; Soubrand-Colin 
et al. 2007). According to Oze et al. (2004a), Cr-spinels are so 
predominant as Cr hosts that they control the distribution of Cr in 
the serpentinite soils from Jasper Ridge (California, U.S.A.). The 
situation is quite different in the case of deep weathering under 
tropical conditions, when soluble Mg and Si have been almost 
totally leached and only non-soluble elements like Fe, Al, Mn, 
and Cr remain in the Oxisols. In such situations, these elements 
subsequently precipitate as Cr/Al-bearing Fe-oxyhydroxides, 
mainly goethite (α-FeOOH) and hematite (α-Fe2O3), which 
coexist with Cr-bearing spinels inherited from the bedrock 
(Becquer et al. 2003, 2006; Doelsch et al. 2006; Garnier et 
al. 2006). Considering the large amounts of Cr-bearing Fe-
oxyhydroxides and their significant Cr concentration (up to 2.6 
mol% Cr2O3, according to Becquer et al. 2003), these secondary 
minerals might even represent major host for Cr compared to 
Cr-spinels in these Oxisols. Although the relative solubility of 
Fe-oxyhydroxides and spinels in oxidized soil conditions is quite 
similar (Cornell and Schwertmann 2003), the knowledge of the 
actual partitioning of Cr between these two kinds of minerals 
can bring useful information on its behavior upon weathering 
and pedogenesis. However, up to now, the only study reporting 
an in situ quantitative analysis of the relative proportions of Cr 
hosted in secondary Cr-bearing Fe-oxyhydroxides and in pri-
mary Cr-spinels indicated a major contribution of chromite in the 
different granulometric fractions of an Andosol developed under 
the tropical climate of the volcanic island of Réunion (Doelsch 

et al. 2006). All these considerations indicate that further in 
situ studies are needed to better characterize Cr speciation in 
soils developed upon tropical weathering of ultramafic rocks 
and to better estimate the relative importance of relict primary 
and secondary Cr-bearing minerals on the total budget of Cr in 
these specific environments. 

This study aims to establish an in situ quantitative crystal-
chemistry of Cr along the upper part of a New Caledonian Oxisol 
to evaluate the relative importance of the various Cr-bearing 
minerals on the sequestering of Cr upon tropical weathering 
of ultramafic rocks. In a first step, spatially resolved chemi-
cal analyses (EPMA and SEM-EDS) were used to identify the 
various Cr-bearing minerals in the studied Oxisol. In a second 
step, linear combination of EXAFS spectra of selected refer-
ence compounds was performed to quantify the partitioning 
of Cr between these various Cr-bearing minerals. In addition, 
considering the possible redox reactivity of Cr with various soil 
components (Manceau and Charlet 1992; Fendorf et al. 1993; 
Fendorf and Li 1996; Peterson et al. 1997; Kendelewicz et al. 
2000; Loyaux-Lawniczak et al. 2000; Williams and Scherrer 
2001; Szulczewski et al. 2001; Weaver and Hochella 2003; He 
et al. 2005; Feng et al. 2006; Murray and Tebo 2007; Oze et al. 
2007), the evolution of the oxidation state of Cr along the studied 
Oxisol was followed by XANES spectroscopy to emphasize a 
possible control of the weathering reactions on this key param-
eter for Cr geochemical behavior. All these results yield useful 
information to better understand the geochemical behavior of 
chromium upon tropical weathering of ultramafic rocks and to 
estimate the risk associated to the occurrence of large amounts 
of Cr in Oxisols.

materials anD exPerimental methoDs
Site location and sample selection 

The first 2 m of an Oxisol developed on ultramafic rocks was selected for this 
study (20°59' S, 164°49' W). This Oxisol belongs to the downslope part of a soil 
catena, previously investigated by Perrier et al. (2006), which caps at 900 m the 
Koniambo massif (West side of the Grande Terre island in the Northern Province), 
on the eastern side of the Pandanus watershed (Perrier et al. 2006). The massif is 
mainly composed of harzburgite crossed by serpentine veins, with some outcrops 
of dunite and gabbro intrusions (Perrier et al. 2006). Similar types of soils, referred 
as Oxisols (USDA Soil Taxonomy) or Ferralsols (World Reference Base for Soil 
Resources), are observed along the whole toposequence. They are predominantly 
made of small ironstone nodules (<4 mm) and are characteristic of freely drained 
soils. The nodules are closely associated with a small proportion of fine material, 
which is sparse in the upper part of the soils. The investigated Oxisol is composed 
of loose materials and is homogeneous in texture (<10% of silt and clay) and color 
that ranges from yellowish red (5 YR 4/6 on dry samples) to strong brown (7.5 YR 
5/8 on dry samples). Three Oxisol samples at 10, 80, and 160 cm depth and one 
sample of unweathered peridotite, which constitutes the bedrock of the weather-
ing sequence of the Koniambo massif, were sampled and subsequently analyzed 
for their chemical and mineralogical composition (Table 1). The pH of these soil 
samples was measured in suspensions with a solid/liquid ratio of 1 g/10 mL, after 
10 min shaking and 30 min settling. Measured pH values are 5.3 (10 cm), 4.7 (80 
cm), 5.0 (160 cm), and 8.6 (bedrock).

Table 1. ICP-OES analyses (wt% oxides) of studied samples after alkali fusion with lithium tetraborate
Sample SiO2 MgO Fe2O3 Cr2O3 Al2O3 MnO NiO TiO2 Total pH  T.O.C.* 

Oxisol 
10 cm 2.1  0.4 72.6 2.2 5.6  0.3 0.5  0.1 98.5 5.3 19.7
80 cm 2.0  0.8 70.0 2.0 7.4  0.3 0.7 0.1 97.8 4.7 4.0
160 cm 2.2  0.7 69.6 1.4 6.5  0.4 0.8  0.1 96.3 5.0 3.8
Bedrock 40.0 44.0 8.5 0.3 0.7 0.1 0.5 0.0 99.3 9.6 n.d.†
* Total organic carbon.
 † Not determined.
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Chemical and mineralogical characterization by ICP-OES, 
SEM-EDS, EPMA, and XRD

Concentrations of major (SiO2, MgO, Fe2O3, Al2O3, TiO2, K2O, CaO, Na2O, 
MnO, and P2O5) and trace (Ni, Co, Zn, Cu, Cr, and V) elements in the samples were 
determined by ICP-OES, with a Perkin Elmer optima 3300 DV, after alkali fusion 
with lithium tetraborate at the Centre Européen de Recherche et d’Enseignement des 
Géosciences de l’Environnement (CEREGE, Aix en Provence, France). Spatially 
resolved observations and chemical analyses were performed by scanning electron 
microscopy (SEM) and electron microprobe analyses (EPMA). Because of their 
low cohesion, samples to be analyzed were first embedded in a Mecaprex resin 
before being hand-polished and coated with a thin carbon film. SEM observations 
and analyses were performed with a LEO Stereoscan 440 equiped with an energy 
dispersive spectrometer (EDS) for chemical analyses and operating at 20 kV and 150 
pA at the Laboratoire Interfaces et Systèmes Electrochimiques (LISE, Université 
Pierre et Marie Curie, Paris France). EPMA were performed with a CAMECA SX50 
equipped with four wavelength dispersive spectrometers (WDS) and operating at 
15 kV and 30 nA at the Centre d’Analyze des Minéraux de PARIS (CAMPARIS, 
Université Pierre et Marie Curie, Paris, France). 

Mineralogical compositions of the samples were assessed by powder X-ray 
diffraction (XRD) with a Philips PW 1730 using CoKα radiation and operating 
at 40 kV and 30 mA at the Institut de Minéralogie et de Physique des Milieux 
Condensés (IMPMC, Paris, France). XRD patterns were collected for 2θ angles 
ranging from 3 to 90° with a 0.03° step size and a counting time of 15 s per step. 
Before these mineralogical analyses, samples were manually ground to powders 
(±30 µm) in an agate mortar and prepared according to the technique of the “back 
pack-mounted slide” (Bish and Reynolds 1989). 

Crystal-chemistry of Cr by synchrotron-based X-ray 
absorption spectroscopy 

Data collection and processing. The Cr K-edge XAS experiments were 
performed on the bending magnet XAFS beamline at the ELETTRA Synchrotron 
Light Source (Trieste, Italy). Samples were prepared as self-supported films (Oxisol 
samples) or pellets (model compounds) of finely hand-ground and homogenized 
powders. All data were collected at room temperature and in transmission mode 
using ion chambers filled with various mixtures of He-N2-Ar. The energy of the 
X-ray beam was tuned with a Si(111) double-crystal monochromator, which yielded 
an energy resolution around 0.8 eV at the Cr K-edge (5989 eV for metallic Cr). 
The size of the X-ray beam on each sample was 3 × 8 mm. Data were collected in 
the range 5950–6140 and 5900–6500 eV for XANES and EXAFS, respectively. 
EXAFS data could not be collected at higher energy due to the occurrence of 
the Mn K-edge (6539 eV for metallic Mn) in the EXAFS spectra of all Oxisol 
samples. For all experiments, the threshold energy was calibrated by setting the 
first maximum of the first derivative of the XANES spectrum of a Cr metal foil 
at 5989 eV. Depending on the Cr concentration in the sample and on the energy 
range scanned, 2–12 scans were necessary to obtain a good signal-to-noise ratio. 
All the scans registered for a given sample were averaged using the ATHENA 
code (Ravel and Newville 2005). Each average scan was then processed with the 
XAFS code (Winterer 1997) to extract the χ(k) function by subtracting a linear 
function and a spline function to the experimental data before and after the edge, 
respectively. Each edge-jump was then normalized to unity and the abscissa of the 
resulting spectrum was converted from energy (eV) to photoelectron wave vector 
(Å–1) by setting the energy threshold at the first inflection point of each spectrum. 
EXAFS spectra obtained with this procedure were k3-weighted to attenuate the 
dampening of oscillations due to the k-dependence of the backscattering of the 
photoelectron by neighboring atoms. 

Quantitative speciation of Cr by least-squares fitting analysis of EXAFS 
data. Unsmoothed k3-weighted experimental EXAFS spectra of the studied Oxisol 
samples were analyzed by a linear combination least-squares fitting (LC-LSF) 
procedure (Scheinost et al. 2002; Isaure et al. 2002; Voegelin et al. 2005; Sarret et 
al. 2004) with the SIXPACK code (Webb 2004). This procedure is based on the 
mathematical reconstruction of an experimental EXAFS spectrum with a linear 
combination of EXAFS spectra of natural or synthetic model compounds where 
the molecular environment of the studied element is known. The principal com-
ponent analysis (PCA), which is being more and more used instead of the LSF 
procedure to select the model compounds possibly contributing to the analyzed 
experimental EXAFS spectra, was not used here due to the strong similarity 
between all the experimental EXAFS spectra of the studied Oxisol samples. The 
LC-LSF procedure results in a quantitative analysis of the different contributions 
of the model compounds that likely constitute the analyzed experimental EXAFS 

spectra. During the LC-LSF procedure, the sum of all the contributions of the 
model compounds in each studied Oxisol sample was set free and the E0 value of 
each experimental EXAFS spectrum was not allowed to change. The accuracy of 
the LC-LSF procedure is assumed to range between ±25 and ±5% of the stated 
values of each individual contribution, depending on the quality of the experimental 
data and on the occurrence of distinctive features (Ostergren et al. 1999; Manceau 
et al. 2000; Isaure et al. 2002; Sarret et al. 2004). In our case, the accuracy of the 
LC-LSF procedure used was assumed to be ±10% and contributions below this 
value are considered as doubtful. 

Redox state of Cr by XANES spectroscopy. XANES spectroscopy can be 
used to identify the redox of Cr because the difference in the coordination chemistry 
of octahedral Cr3+ and tetrahedral Cr6+ yields a different X-ray absorption behavior. 
Indeed, the non-centrosymmetric tetrahedral environment of Cr6+ yields 1s → 3d/2p 
electric dipole transitions thanks to 3d/2p orbital mixing between 3d levels of Cr 
and 2p levels of O ligands (Peterson et al. 1997; Huggins et al. 1998). The XANES 
spectrum of Cr6+ is then characterized by the occurrence of a strong absorption 
peak in the pre-edge region (around 5993 eV). In the case of the centrosymmetric 
octahedral environment of Cr3+, the absence of orbital mixing hinders these electric 
dipole transitions, but 1s → 3d electric quadrupole transitions are possible due to 
the occurrence of empty 3d levels arising from the d3 configuration of Cr3+. Because 
of the splitting of the 3d levels in t2g and eg and considering both spin up and spin 
down final states, three sets of electronic transitions are possible (Gaudry et al. 
2007; Juhin et al. 2008). However, because of the similar energy between two of 
these transitions, the XANES spectrum of Cr3+ is characterized by the occurrence 
of only two weak peaks (at 5990 and 5993 eV) in the pre-edge region (Gaudry et 
al. 2007; Juhin et al. 2008). The intensity of the peak at 5990 eV is usually higher 
than that of the peak at 5993 eV, but structural distortion of the octahedral site of 
Cr3+ can yield a loss of symmetry and then favor the 3d/2p orbital mixing between 
3d levels of Cr and 2p levels of O ligands, as in the case of non-centrosymmetric 
tetrahedral Cr6+. Distortion of the octahedral environment of Cr3+ can then yield 
1s → 3d/2p electric dipole transitions, which result in an increase of the intensity 
of the pre-edge peak at 5993 eV. In addition to a simple identification of the redox 
state of Cr, XANES spectroscopy can also be used to quantify the Cr6+/Cr3+ ratio 
in unknown samples, after calibration of the method on synthetic samples where 
this ratio is known (Huggins et al. 1998). 

Model compounds for XAS analyses. Several synthetic or natural model 
compounds were used to analyze XAS data. Among natural model compounds 
were a chromite and a Cr-bearing serpentine. The chromite sample resulted from 
a densimetric separation of sediments collected in the Pandanus River. The Cr-
bearing serpentine sample occurred as a coating of a harzburgite rock sample at 
the bottom of the weathering sequence of the Koniambo massif and was likely 
related to a past large vein that has been exposed to the air after Ni ore mining 
works. Among synthetic samples were Cr-bearing goethite and hematite prepared 
by co-precipitating Cr3+ and Fe3+ following the method of Cornell and Schwertmann 
(2003). For Cr-bearing goethite, 23.75 mL of a 1 M Fe(NO3)3-9H2O solution were 
mixed with 1.25 mL of a 1 M Cr(NO3)3-9H2O solution and 45 mL of a 5 M KOH 
solution into a 500 mL polyethylene flask under rapid stirring. The mixed solution 
was immediately completed to 500 mL with double-distilled water and aged at 70 
°C for 60 h. For hematite, 38.87 g of Fe(NO3)3-9H2O and 1.285 g of Cr(NO3)3-9H2O 
were dissolved in 500 mL of double-distilled water preheated to 90 °C. The solu-
tion was neutralized with 1 M KOH, also preheated to 90 °C. The suspension was 
then aged at 90 °C during 48 h. In both cases, after aging, the supernatants and the 
solids of the suspensions were separated by ultra-centrifugation at 15 000 rpm for 
30 min. The solids collected were washed three times with double-distilled water 
and dried at 40 °C for 8 h. After both syntheses, possible unwanted ferrihydrite 
was removed by reacting the solids with a 0.2 M (NH4)2C2O4·H2O/H2C2O4 solu-
tion (Quantinet al. 2002). This reaction was performed at pH 3 with a solid/liquid 
ratio of 1/10 for 4 h, under constant stirring in the dark. Finally, both synthetic 
Cr-bearing Fe-oxyhydroxides were reacted with a 0.1 M CaCl2 solution during 
2 h to desorb possibly sorbed Cr. After both treatments, the reacted solids were 
ultra-centrifuged at 15 000 rpm for 30 min, washed 3 times with double-distilled 
water and dried at 40 °C for 8 h.

results anD Discussion
Bulk concentrations of major elements and chromium in 
the studied samples

Concentrations of Mg, Si, Cr, Al, and Fe along the investi-
gated Oxisol and in the bedrock sample are shown in Table 1. 
The bedrock sample exhibits high Mg and Si concentrations 
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(about 44 wt% MgO and 40 wt% SiO2), low Fe concentrations 
(about 8.5 wt% Fe2O3), and very low Al concentrations (<1 
wt% Al2O3). In contrast, all the Oxisol samples show very low 
Mg and Si concentrations (<1 wt% MgO and ~2.2 wt% SiO2), 
moderate Al concentration (about 7 wt% Al2O3), and very high 
Fe concentrations (~70 wt% Fe2O3). Chromium concentrations 
also show a chemical contrast between the bedrock and the 
Oxisol samples with an increase from about 0.3 wt% Cr2O3 in 
the bedrock up to 2.2 wt% Cr2O3 in the Oxisol. 

Identification and chemical composition of the various Cr-
bearing phases 

In the bedrock sample. The XRD spectrum of the bedrock 
sample (Fig. 1) reveals the occurrence of three (Mg,Fe)-silicates: 
olivine, pyroxene, and serpentine. According to the relative in-
tensities of the XRD peaks, olivine is the main primary mineral 
of the bedrock, followed by pyroxene and serpentine (Fig. 1). 
Electron microprobe analyses (EPMA) on polished thin sections 
indicate that olivine is forsterite [(Mg1.79Fe0.17Ni0.01)Si1.01O4], py-
roxene is enstatite [(Mg0.87Fe0.08Al0.04Ca0.02Cr0.01)SiO3] and serpen-
tine is lizardite [(Mg2.2Fe0.3Ni0.09Al0.07Cr0.02Ca0.02)Si2.05O5(OH)4]. 
This mineralogical composition is in full agreement with the 
known peridotitic nature of the bedrock (Perrier et al. 2006).

In addition to these (Mg,Fe)-silicates, optical observations 
and EPMA analyses allow identification of spinels that could 
not be detected by XRD in the bedrock sample, likely because 
of their small concentration. Under the scanning electron mi-
croscope (SEM), these spinels appear as euhedral grains with a 
size around 100 µm. They are easily recognizable from the sur-
rounding (Mg,Fe)-silicates because they appear much brighter 
in the backscattered-electron mode, which emphasizes the pre-
dominance of cations heavier than silicon and magnesium in their 

crystal lattice (Fig. 2). EPMA analyses indicate that these spinels 
are Mg/Al-rich chromites [(Fe0.39Mg0.60Mn0.01)(Cr1.01Al0.98)O4].

In the Oxisol samples. All the Oxisol samples are mainly 
made of millimeter-sized sub-spherical ironstone concretions 
(Fig. 3). These samples display a very similar mineralogical 
composition, which strongly differs from that reported for the 
bedrock sample. According to XRD data, the upper part of the 
Oxisol profile is largely dominated by goethite (α-FeOOH) 
(Fig. 1). It also contains minor amounts of hematite (α-Fe2O3) 
and spinels. EPMA indicate that the chemical composition of 
these secondary Fe-oxyhydroxides is slightly variable in the dif-
ferent Oxisol samples with mean structural formulae estimated 
as (Fe0.85Al0.09Cr0.03)OOH for goethite and as (Fe1.78Al0.1Cr0.08)
O3 for hematite. 

Such an occurrence of secondary Al-poor Fe-oxyhydroxides 
in the Oxisol samples is characteristic of the weathering of ul-
tramafic rocks (Schwertmann and Latham 1986; Quantin et al. 
2002; Becquer et al. 2001). It indicates that Mg and Si from the 
primary silicate minerals in the bedrock (forsterite, enstatite, and 
lizrardite) were strongly leached upon weathering, whereas Fe 
and Al remain in the weathering products (Oxisol samples) where 
they precipitated as secondary Al-poor Fe-oxyhydroxides. This 
different leaching behavior for Mg and Si, on the one hand, and 
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Figure 1 : XRD powder patterns of the studied samples (a : 10 cm, b : 80 cm, c : 160 cm 

and d : bedrock). L : Lizardite, F : Forsterite, E : Enstatite, G : Goethite, H : Hematite and 

C : Chromite. 

 

 

 

 

 

 

 

 

FiGure 1. XRD powder patterns of the studied samples [(a) 10 cm, 
(b) 80 cm, (c) 160 cm, and (d) bedrock]. L = Lizardite, F = Forsterite, E 
= Enstatite, G = Goethite, H = Hematite, and C = Chromite.

 

 

 

 

 

 

 
 

 

Figure 2 : SEM-BSE image of bulk material from the bedrock sample. The chromite 

grains appear brighter than silicates because of their larger contents in Fe and Cr. Scale 

bar is 10 µm. 
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Figure 3 : Optical images of bulk material (A) and a polished section of millimetric

nodules embedded in an epoxy resin (B) of the Oxisol samples. The (A) picture shows the

nodulous organization of the Oxisol samples and the (B) picture emphasizes their

heterogeneities with a brownish goethitic matrix (Gt), dark hematitic areas (Hm) and

small opaque brilliant grains of spinels (Sp). Scale bar is 1 mm for both pictures.

FiGure 3. Optical images of bulk material (a) and a polished section 
of millimetric nodules embedded in an epoxy resin (b) of the Oxisol 
samples. Part a shows the nodular nature of the Oxisol samples, and part 
b emphasizes their heterogeneities with a brownish goethitic matrix (Gt), 
dark hematitic areas (Hm), and small opaque brilliant grains of spinels 
(Sp). Scale bar is 1 mm for both photomicrographs.

FiGure 2. SEM-BSE image of bulk material from the bedrock 
sample. The chromite grains appear brighter than silicates because of 
their larger contents in Fe and Cr. Scale bar is 10 µm.
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Fe and Al, on the other hand, is in agreement with the chemical 
variations observed between the bedrock sample and the Oxisol 
samples (Table 1). The occurrence of cations (e.g., Al and Cr) 
substituted for Fe within the lattice of Fe-oxyhydroxides is very 
common in tropical soils (Cornell and Schwertmann 2003). The 
average substitution rates found in this study are similar to those 
already reported by Quantin et al. (2002) and Becquer et al. 
(2001) in Oxisols developed on similar geologic formations from 
the Southern Province of New Caledonia. The Al substitution 
rates appear weak for hematite and goethite (3.0 and 5.0 wt% 
Al2O3, respectively) compared to the maximum ones commonly 
reported in the literature (15 and 33 mol% for hematite and go-
ethite, respectively). However, these rates are in agreement with 
the development of the studied Oxisol on an Al-poor bedrock 
(peridotite). The Cr substitution rates are equivalent in hematite 
and goethite (3.2 and 2.6 wt% Cr2O3, respectively). These rates 
appear much higher than those measured in enstatite and lizardite 
in the bedrock. Such a relative enrichment of Cr in Cr-hosting 
minerals from the bedrock sample to the Oxisol samples is likely 
related to the efficiency of the trapping process within secondary 
Fe-oxyhydroxides (goethite and hematite). Such a process is then 
directly responsible of the low mobility of Cr observed when 
comparing the chemical composition of the bedrock sample and 
the Oxisol samples (Table 1). 

XRD powder patterns of the Oxisol samples also indicate the 
occurrence of spinel phases, whereas XRD could not detect these 
phases in the bedrock sample (Fig. 1). These different amounts 
of spinel phases between the bedrock sample and the Oxisol 
samples is likely related to a relative enrichment of these minerals 
in the Oxisol compared to the bedrock. This relative enrichment 
is due to the stronger resistance of the spinel phases to chemical 
weathering compared to the primary (Mg,Fe)-silicates of the 
bedrock sample. EPMA data indicate that the spinel phases in the 
Oxisol samples correspond to chromite. However, in the Oxisol 
samples, a careful analysis of these spatially resolved chemical 
analyses emphasizes the occurrence of two distinct populations 
of chromite. The first one consists of Mg/Al-rich chromites 
[(Mg0.52Fe0.4Mn0.01)(Cr1.16Al0.89)O4 as the mean structural formula], 
which appear very similar to the Mg/Al-rich chromites identified 
in the bedrock. The second population of chromite consists of 
Mg/Al-poor chromites [(Mg0,35Fe0,51Mn0,01)(Cr1,9Al0,2)O4 as the 
mean structural formula]. Although known for its weak suscep-
tibility to chemical weathering, this occurrence of two popula-
tions of chromite differing in their Al and Mg concentrations in 
the Oxisol raises the question of the long-term stability of this 
mineral species when subjected to tropical weathering. 

Evidences for chemical weathering of chromite in the 
Oxisol samples

The contrasted concentrations of Al and Mg in the two popu-
lations of chromite in the Oxisol samples could be inherited from 
the peridotites as fractional crystallization of the silicate melt 
in the magma chamber can produce minerals with a significant 
compositional range. However, only the Mg/Al-rich chromites 
could be identified in the bedrock sample, which suggests that 
the Mg/Al-poor chromites recognized in the Oxisol samples 
likely result from incongruent dissolution of the Mg/Al-rich 
ones. Such a process would lead to a preferential leaching of 

more soluble Al and Mg and a relative enrichment of insoluble 
Fe and Cr in residual mineral phases, as already proposed by Oze 
et al. (2004a), who also observed both populations of chromite 
in weathering products of serpentinites from California. This 
preferential leaching of Al and Mg from the Mg/Al-rich chro-
mites of the bedrock and residual accumulation of Mg/Al-poor 
chromites in the Oxisol is also compatible with a study of Merkle 
et al. (2004), who observed an important release of Al and Mg, 
while Fe and Cr remained in a residual phase during lithium 
tetraborate fluxing of the Al- and Mg-rich AG-2 chromite from 
the Bushveld Complex. EPMA derived chemical compositions of 
the two populations of chromite in the Oxisol then indicates that 
these minerals are subject to chemical weathering. Such chemical 
weathering of chromite in the Oxisol samples is also supported by 
SEM observations, which reveal some chromite grains with distinc-
tive dissolution features filled with Fe-oxyhydroxides (Fig. 4).

Considering the probable release of Cr during such a chemical 
process, the weathering of chromite could play a significant role 
on the actual speciation of Cr in the studied Oxisol samples. Con-
sequently, accurate observations and analyses were performed 
in the surroundings of weathered chromite grains to detect the 
micrometer-scale changes in the speciation of chromium induced 
by such weathering. 

Micrometer-scale behavior of chromium upon chemical 
weathering of chromite

SEM observations in BSE mode of some highly porous grains 
of chromite surrounded by several rims of weathered materials 
are displayed on Figure 5. SEM-EDS analyses performed in the 
central part of one of these grains show a chemical composition 
(23.7 wt% FeO, 65.7 wt% Cr2O3, 5.3 wt% Al2O3, and 4.3 wt% 
MgO; Table 2) similar to that obtained by EPMA on other Mg/
Al-poor chromite grains. From the inner to the outer rims of these 
grains (Fig. 5), the EDS analyses also reveal an increase of the Fe 
concentration from about 38 to 91 wt% FeO, and a decrease of 

Cr concentration from about 50 to 3 wt% Cr2O3 (Table 2). These 
observations suggest that the central chromite grain is the relict 
part of a much larger chromite grain, which underwent signifi-
cant dissolution. Such dissolution of chromite has already been 
shown by Traoré et al. (2008) on hand-picked chromite grains 
collected in another soil from New Caledonia. However, our 
observations and analyses yield further insights into the actual 
mechanism (congruent vs. incongruent dissolution) involved. 
Since the successive rims observed on Figure 5 correspond to 
more and more weathered chromite when going outward from 
the central relict grain, the decrease in Cr and the concomitant 
increase in Fe from the central relict grain to the outer rim (Table 
2) strongly suggests that the dissolution process corresponds to 
an incongruent dissolution of chromite marked by a preferential 
release of Cr compared to Fe. To our knowledge, this is the first 
time that incongruent dissolution of chromite grains marked by 
a preferential release of Cr compared to Fe has been shown in 
situ in soils. Oze et al. (2007) already reported such a contrasted 
behavior for Cr and Fe during the dissolution of chromite, but 
their results concerned experimental dissolution of chromite in 
the presence of birnessite, a common Mn oxide. In this study, 
the preferential release of Cr compared to Fe was considered as 
resulting from the oxidative capacity of Mn oxides, which lead 
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to the oxidation of Cr3+ to the more soluble Cr6+. 
All these results suggest that chromite can act as a significant 

source of Cr through subsequent dissolution upon extensive 
weathering. Considering the small amounts of secondary Fe-
oxyhydroxides and the lack of reactivity of secondary silicates 
in the case of soils developed upon temperate or Mediterranean 
weathering of mafic or ultramafic rocks (Oze et al. 2004a; 
Soubrand-Colin et al. 2007), this dissolution of chromite might 
represent a risk for the environment. However, in the case of 

Oxisols, our results indicate that the dispersion of Cr released 
upon chromite dissolution is likely limited because of subsequent 
trapping by large amounts of secondary Fe-oxyhydroxides. 
Considering this latter point, the actual quantification of the 
partitioning of Cr between chromite and secondary Fe-(hydr) 
oxides appears an important issue concerning the speciation of 
Cr in the studied Oxisol samples. Such quantification has been 
performed by EXAFS spectroscopy, as detailed below. 

Quantitative speciation of Cr in the studied samples and 
crystal-chemical behavior upon tropical weathering of the 
ultramafic bedrock

In the bedrock sample: Importance of the serpentine com-
ponent. The EXAFS spectrum at the Cr K-edge of the bedrock 
sample is significantly different from those of the Oxisol samples 
(Fig. 6), which suggests a different Cr speciation between these 
two. Comparison with EXAFS spectra of various model com-
pounds shows that the EXAFS spectrum of the bedrock sample is 
similar to that of the natural Cr-bearing serpentine, despite some 

 

 

 

 

 
 

 

   
 

 

Figure 5 : SEM images of a deeply weathered chomite grain in the Oxisol sample at 80 cm 

depth. Circles labelled 1 to 4 on the (B) picture indicate the location of the EPMA analyses 

reported in Table 2. The two large grey grains on the (A) picture correspond to significantly 

less weathered chromite. Scale bar is 10 µm and 2 µm on (A) and (B) pictures, respectively. 
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FiGure 5. SEM images of a deeply weathered chomite grain in the Oxisol sample at 80 cm depth. Circles labeled 1 to 4 in b indicate the 
location of the EPMA analyses reported in Table 2. The two large gray grains in a correspond to significantly less weathered chromite. Scale bar 
is 10 and 2 µm on a and b, respectively.

Table 2.  SEM-EDS analyses (wt% oxides) of the different parts identi-
fied around the deeply weathered chromite grain depicted 
in Figure 5

Analysis SiO2 MgO FeO Cr2O3 Al2O3 Na2O Total
1 0.0  4.3 23.7 65.7 5.3  1.0 100 
2 1.1  1.9 38.4 50.5 5.8  0.8 100*
3 1.8  0.0 49.6 43.2 5.4  0.0 100 
4  1.9 0.0 91.5 3.0 3.6 0.0 100
Notes: The detection limit on SEM-EDS analyses is estimated at 0.2 wt%.
* This analysis also contains 1.5 wt% SO2, which makes the sum to 100 wt%.

 

 

 

 

 

 

  
 

Figure 4 : SEM images of (A) an hand-picked chromite grain from the Oxisol sample at 

160 cm and (B) a chromite grain embedded in a fine matrix of secondary Fe-

oxyhydroxides on a thin section of the Oxisol sample at 80 cm. Both pictures show 

weathered grains of chromite with dissolution features filled with secondary Fe-

oxyhydroxides. Scale bar is 30 µm and 10 µm on the (A) and (B) pictures, respectively.   
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FiGure 4. SEM images of (a) a hand-picked chromite grain from the Oxisol sample at 160 cm and (b) a chromite grain embedded in a fine 
matrix of secondary Fe-oxyhydroxides on a thin section of the Oxisol sample at 80 cm. Both show weathered grains with dissolution features filled 
with secondary Fe-oxyhydroxides. Scale bar is 30 and 10 µm for a and b, respectively. 
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slight differences (Figs. 6d and 6h). This comparison suggests 
that Cr speciation in the bedrock is dominated by a molecular 
environment similar to that of Cr in serpentine, although another 
component cannot be excluded. This hypothesis is in agreement 
with EPMA data, which indicate the occurrence of significant 
amounts of Cr in lizardite in this sample [(Mg2.2Fe0.3Ni0.09Al0.07 

Cr0.02Ca0.02)Si2.05O5(OH)4]. However, SEM observations indicate 
the occurrence of chromite in this sample, and this component 
cannot be excluded from the possible Cr speciation because of 
its high Cr content [(Fe0.39Mg0.60Mn0.01)(Cr1.01Al0.98)O4]. Finally, 
EPMA analyses also indicate that enstatite can host significant 
amounts of Cr, [(Mg0.87Fe0.08Al0.04Ca0.02Cr0.01)SiO3], which sug-
gests that this mineral must also be considered as a potential 
candidate for the additional Cr component. Unfortunately, the 
quantitative analysis of the EXAFS spectrum of the bedrock 
sample with the LC-LSF fitting procedure could not be performed 
because no EXAFS spectrum of synthetic or natural Cr-bearing 
enstatite was available in our set of model compounds. How-
ever, the strong similarities between the EXAFS spectra of the 
bedrock sample and the natural Cr-bearing serpentine emphasize 
the importance of the serpentine component on Cr speciation in 
the bedrock. Considering the higher resistance of this mineral 
to weathering, compared to olivine and enstatite, such a major 
contribution of Cr-bearing serpentine on the whole speciation of 
Cr suggests that the major part of Cr has been released at the latest 
stage of tropical weathering of the ultramafic bedrock. This late 
release of Cr might explain the moderate leaching of this element 
upon tropical weathering of ultramafic rocks because it occurred 
in a weathering environment where secondary Fe-oxyhydroxides 
had already abundantly precipitated. This efficiency of secondary 
Fe-oxyhydroxides to reduce the leaching of Cr released upon 
weathering of primary Cr-bearing silicate is highlighted in the 
following section.
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Figure 6 : Cr K-edge EXAFS spectra (A) and RDF functions (B) of the studied samples 

(a : Oxisol 10 cm, b : Oxisol 80 cm, c : Oxisol 160 cm and d : Bedrock) and selected 

model compounds (e : natural chromite, f : synthetic  Cr-bearing goethite, g : synthetic Cr-

bearing hematite and h : synthetic Cr-bearing serpentine). 

 

 

 

FiGure 6. (A) Cr K-edge EXAFS spectra and (B) RDF functions 
of the studied samples [(a) Oxisol 10 cm, (b) Oxisol 80 cm, (c) Oxisol 
160 cm, and (d) bedrock] and selected model compounds [(e) natural 
chromite, (f) synthetic Cr-bearing goethite, (g) synthetic Cr-bearing 
hematite, and (h) synthetic Cr-bearing serpentine]. 
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Figure 7 : Experimental (solid lines) Cr K-edge EXAFS spectra (A) and RDF functions 

(B) of the studied Oxisol samples (a : 10 cm, b : 80 cm and c : 160 cm) compared to their 

LSF fits (dotted lines). 

 

 

 

 

 

 

 

 

 

 

 

 

FiGure 7. (A) Experimental (solid lines) Cr K-edge EXAFS spectra 
and (B) RDF functions of the studied Oxisol samples [(a) 10 cm, (b) 80 
cm, and (c) 160 cm] compared to their LSF fits (dotted lines).

Table 3.  Percentages of EXAFS spectra of model compounds ob-
tained from the LSF procedure performed on the studied 
Oxisol samples 

 Cr-goethite Chromite  Cr-hematite Cr-serpentine
Oxisol-10 cm 45 24 21 –
Oxisol-80 cm 40 26 21 –
Oxisol-160 cm 41 29 17 –
Notes: The sum of all components for each sample was let free. 

In the Oxisol samples: Importance of the secondary Fe-
oxyhydroxides. EXAFS spectra at the Cr K-edge of the studied 
Oxisol samples are very similar (Fig. 6), which indicates that 
Cr speciation is similar in these samples. Comparison with the 
EXAFS spectra of the model compounds shows a strong simi-
larity with the synthetic Cr-bearing goethite and the Cr-bearing 
hematite. The EXAFS spectrum of chromite does not fit because 
it is much more structured than those of the Oxisol samples (Fig. 
6). These comparisons indicate that Cr speciation in the Oxisol 
samples is similar to that of Cr incorporated within the crystal 
lattices of goethite and/or hematite, which is in agreement with 
EPMA and SEM-EDS analyses. They also suggest that Cr in 
chromite does not correspond to the major molecular environ-
ment for Cr in the Oxisol samples. Results of the quantitative 
analysis using the LC-LSF fitting procedure indicate that the best 
fits are obtained with a mixture of Cr-bearing goethite, chromite, 
and Cr-bearing hematite (Fig. 7 and Table 3). These quantitative 
results indicate that the main host for Cr is goethite (from 56 to 
63 wt% of total Cr), followed by chromite (from 18 to 22 wt% of 
total Cr), and then hematite (from 10 to 12 wt% of total Cr) (Table 
3). This result is in agreement with the significant concentration 
of Cr found by EPMA in secondary Fe-oxyhydroxides, which 
are particularly abundant in the Oxisols samples. Although 
chromite is much more enriched in Cr, this Cr-rich mineral 
is not the most abundant species in these samples. The minor 
change in Cr speciation observed between each Oxisol sample 
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is in agreement with mineralogical and chemical observations 
that underline the overall homogeneity of the Oxisol (Fig. 1 and 
Table 1). These results emphasize the importance of secondary 
Fe-oxyhydroxides (especially goethite, here) on the trapping 
of Cr released from primary Cr-bearing silicates upon tropical 
weathering of the bedrock. These secondary Fe-oxyhydroxides 
also probably play a significant role in limiting the leaching of 
Cr due to the later chemical weathering of primary chromite in 
the bedrock. This importance of secondary Fe-oxyhydroxides on 
Cr speciation in Oxisols is different from the predominance of 
Cr-spinels found in soils developed upon temperate or Mediter-
ranean weathering of mafic or ultramafic rocks (Oze et al. 2004a; 
Soubrand-Colin et al. 2007). It is likely related to the larger relative 
enrichment of Fe in the Oxisols because of the stronger leaching 
of soluble elements like Mg and Si upon tropical weathering. 
The importance of secondary Fe-oxyhydroxides has already 
been proposed by Becquer et al. (2003, 2006) in Gerric Ferrasols 
from New Caledonia, but it has never been demonstrated and 
quantified as reported here. 

Redox behavior of Cr upon weathering of the bedrock
Since the geochemical behavior and the toxicity of Cr 

are strongly dependent on its redox state, this parameter was 
monitored by XANES spectroscopy in both synthetic and natu-
ral samples to emphasize a possible change upon weathering 
of primary Cr-bearing minerals. The XANES spectrum of the 
bedrock sample exhibits a main pre-edge peak at 5990 eV and 
a much smaller one at 5993 eV (Fig. 8). As already explained, 
the XANES spectrum of Cr3+ in a centrosymmetric octahedral 
environment is characterized by two weak pre-edge peaks at 
5990 and 5993 eV (Gaudry et al. 2007; Juhin et al. 2008). The 

occurrence of these two peaks on the XANES spectrum of the 
bedrock sample then indicates that Cr is only present as Cr3+ in 
this sample. The XANES spectra of the Oxisol samples also 
exhibit these two pre-edge peaks at 5990 and 5993 eV, but the 
one at 5993 eV is significantly more intense than in the bedrock 
sample (Fig. 8). As already explained, the peak at 5990 eV 
should be more intense than that at 5993 eV in the case of Cr3+ 
in a regular octahedral environment (Gaudry et al. 2007; Juhin 
et al. 2008). The larger magnitude of the peak at 5993 eV on the 
XANES spectra of the Oxisol samples might then be considered 
as indicative of small amounts of Cr6+, which is characterized 
by an intense pre-edge peak at 5993 eV (Peterson et al. 1997; 
Huggins et al. 1998). However, comparison with the synthetic 
Cr3+-bearing goethite indicates that the pre-edge peak at 5993 eV 
in this latter model compound is more intense than in the Oxisol 
samples. This higher intensity of the pre-edge peak at 5993 eV 
in Cr-bearing goethite is likely related to the distortion of the 
Cr3+ octahedral site, as already explained. Such a distortion of the 
structural network of goethite when Cr3+ is substituted for Fe3+ is 
in agreement with the changes in the lattice parameters reported 
by Schwertmann and Carlson (1994) and by Schwertmann et 
al. (2000) for Cr-doped goethite, compared to goethite. Since 
EXAFS data indicate that the major part of Cr is located in Cr-
bearing goethite in the Oxisol samples (Table 3), the intensity 
of the pre-edge peak at 5993 eV on the XANES spectra of these 
samples is then more likely related to distortion of the octahe-
dral site of Cr3+ within the structural network of Cr3+-bearing 
goethite, rather than to the occurrence of tetrahedral Cr6+. These 
observations then suggest that no significant oxidation occurred 
for Cr released after the dissolution of the Cr3+-bearing primary 
minerals from the bedrock. This absence of oxidation of Cr 
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Figure 8 : Normalized bulk (A), pre-edge region zoomed (B) and background substracted 

pre-edge zoomed region (C) Cr K-edge XANES spectra of the studied Oxisol samples (a : 

10 cm, b : 80 cm, c :160 cm), the bedrock sample (d) and the synthetic Cr
3+

-bearing 

goethite model compound. 
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K-edge XANES spectra 
of the studied Oxisol 
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80 cm, and (c) 160 cm], 
(d) the bedrock sample, 
and the synthetic Cr3+-
bearing goethite model 
compound.
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emphasizes the contrasted redox behavior between this element 
and Fe, which initially occurred as Fe2+ in the primary minerals 
(forsterite, enstatite, and chromite) of the bedrock and was then 
subsequently oxidized to Fe3+ before precipitating as the identi-
fied secondary Fe-oxyhydroxides (goethite and hematite). Such 
a contrasted redox behavior between both elements is likely due 
to the higher redox potential of the HCrO4

–/CrOH2+ and CrO4
2–/

Cr(OH)3
 couples (EH

0 = +1.1 and +1.34 V, respectively) compared 
to that of the Fe3+/Fe2+ couple (EH

0 = +0.77 V), which prevents 
oxidation of Cr3+ in solutions in contact with the atmosphere 
where E0 is rarely above +0.9 V (Stumm and Morgan 1996). In 
aerated solutions, Fe2+ can then be oxidized to Fe3+, while Cr can 
remain in its reduced form (Cr3+). 

As suggested by the results of previous laboratory (Manceau 
and Charlet 1992; Fendorf et al. 1993; Weaver and Hochella 
2003; Feng et al. 2006; Murray and Tebo 2007) and field studies 
(Cooper 2002; Becquer et al. 2006), the occurrence of oxidized 
Cr in soils is likely related to that of Mn oxides. These Mn ox-
ides are also suspected to play a significant role on the chemical 
weathering of chromite (Oze et al. 2007), as observed in the 
studied Oxisol. The absence of oxidized Cr in the Oxisol might 
then be related to the supposed small amounts of Mn oxides, as 
suggested by the low Mn concentrations (Table 1) and lack of 
detection by XRD, SEM, and EPMA. However, it might also 
be due to the enhanced mobility of Cr6+, which is less retained 
on surfaces of soil components than is Cr3+ (Fendorf 1995; Oze 
et al. 2004b). If some Cr3+ has been oxidized to Cr6+, this latter 
species would then have been leached from the Oxisol and its 
previoius presence in the studied samples might not be obvious. 
These considerations indicate that further evaluation of the po-
tential of Mn oxides to generate oxidized Cr in soils developed 
upon weathering of mafic and ultramafic rocks necessitates more 
detailed studies focused on both the actual mechanisms involved 
and the chemistry of soil solutions. 
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