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Abstract
The discovery of chromite nanoparticles in silicates of ultramafic rocks may change our approach on 

the environmental risk assessment of mine waste associated with chromitite mining. This experimental 
study shows for the first time that the alteration of Cr-rich silicates results in the release of chromite 
nanoparticles and that their interaction with oxidizing Mn-oxide nanoparticles causes the dissolution of 
chromite and Mn-oxide nanoparticles and the precipitation of Fe3+- and Cr3+-hydroxides. Transmission 
electron microscopy (TEM) in combination with ultra-microtomy, centrifugation, chromatography, 
ICP-MS, and UV-VIS is used to characterize release and alteration of chromite nanoparticles and 
the concentrations and speciation of Cr aqueous species. Alteration of clinochlore grains containing 
chromite nanoparticles results in the release of the nanoparticles and their attachment to Si-bearing Al-
hydroxide colloids. Chromite nanoparticles with the end-member composition FeCr2O4 are synthesized, 
and their interaction with Mn-oxide nanoparticles (hausmannite, Mn3O4), Fe2+-silicates (chamosite, 
[(Fe3.9Mg0.62Al0.48)Al(Si3Al)O10(OH)8] and organic matter is studied over a period of six to nine months 
in suspensions of pH = 5. The interaction of chromite and hausmannite nanoparticles is facilitated 
by the aggregation of the nanoparticles and dissolution-precipitation processes. Processes on the sur-
faces of the hausmannite nanoparticles include the reductive dissolution of the substrate (reduction 
of Mn3+ to Mn2+ by Fe2+ species) and its replacement by amorphous or nanocrystalline Cr3+-bearing 
Fe3+-hydroxides. Processes on the surfaces of the chromite nanoparticles involve the attachment of 
hausmannite nanoparticles, the oxidative dissolution of the substrate (oxidation of Fe2+ and perhaps 
Cr3+ by Mn3+ species), its replacement by an amorphous or nanocrystalline Mn-bearing Cr3+-hydroxide 
matrix and the formation of the Cr3+-hydroxides bracewellite and grimaldite within the latter matrix. 
Analyses of the suspensions indicate only minor amounts of Cr6+ in the suspensions (<5 µg kg−1) 
suggesting that formation or occurrence of Cr6+ species can be limited in complex geochemical and 
mineralogical systems even in the presence of hausmannite nanoparticles.
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Introduction
The environmental fate and toxicity of Cr strongly depend on 

local redox and pH conditions as Cr3+-bearing minerals and aque-
ous species commonly have a lower solubility and mobility than 
their Cr6+-bearing toxic counterparts (Fendorf and Zasoski 1992; 
Oliveira 2012). The only known naturally occurring oxidizing 
agents of Cr3+ are Mn-oxides (Fendorf and Zasoski 1992; Weaver 
and Hochella 2003). Studies on the oxidation and reduction of 
Cr3+ and Cr6+ species in the presence and absence of Mn-oxides 
indicate that: (1) Cr3+ oxidation to Cr6+ in the presence of Mn-oxides 
is rapid around pH = 5, but as Cr3+ concentration and pH increase, 
the reaction becomes limited; (2) products of the oxidation of Cr3+ 
are commonly Mn2+ and Cr6+, which both do not limit the oxida-
tion of Cr3+ through a shift in the redox potential or equilibrium; 
(3) Mn-oxides with the greatest and longest-lasting oxidizing 
ability are those that contain both Mn3+ and Mn2+; (4) a higher 
proportion of Cr6+ forms in chromite-bearing serpentinite soils in 
the presence than in the absence of birnessite, MnO2; (5) Cr6+ can 
be reduced by various substances including organic matter, Fe2+ 

and sulfides; and (6) the formation of Cr6+ can be suppressed by 
organic matter, even in the presence of Mn-oxides (Fendorf and 
Zasoski 1992; Weaver and Hochella 2003; Oze et al. 2007; Jiang 
et al. 2014; Hausladen and Fendorf 2017). Recently, Pan et al. 
(2017, 2019) conducted multichamber experiments to assess the 
oxidation of Cr3+ to Cr6+ in the absence of solid-solid interactions. 
In these experiments, Cr3+ aqueous species or Cr3+-Fe3+ hydroxides 
were spatially separated from MnO2 particles, while aqueous 
species transport could still occur across a permeable membrane. 
The authors showed that: (1) oxidation of Cr3+ to Cr6+ occurred 
on the surface of MnO2 particles; (2) Cr6+ production rates were 
much lower in multichamber than in completely mixed batch 
experiments (i.e., with solid-solid interaction between Cr3+-Fe3+-
hydroxides and birnessite, Mn3O4); and (3) the Cr3+ oxidation rate 
was initially fast, but then slowed and ceased in solutions with 
pH-values of 5 to 7. Serpentinite soils and laterites derived from 
ultramafic rocks are typically enriched in Cr (up to 80 600 mg/
kg Cr) (Fendorf and Zasoski 1992; Godgul and Sahu 1995; Oze 
et al. 2004, 2007) and can contain Cr6+-species in the presence of 
Mn-oxides (Fandeur et al. 2009). Chromium (VI) has been also 
detected in natural solutions in proximity to ophiolite complexes 

American Mineralogist, Volume 107, pages 642–653, 2022

0003-004X/22/0004–642$05.00/DOI: https://doi.org/10.2138/am-2021-7881       642 

* E-mail: michael.schindler@umanitoba.ca

file:///\\chenas03\smartedit\Normalization\IN\INPROCESS\8
file:///\\chenas03\smartedit\Normalization\IN\INPROCESS\28
file:///\\chenas03\smartedit\Normalization\IN\INPROCESS\8
file:///\\chenas03\smartedit\Normalization\IN\INPROCESS\48
file:///\\chenas03\smartedit\Normalization\IN\INPROCESS\8
file:///\\chenas03\smartedit\Normalization\IN\INPROCESS\48
file:///\\chenas03\smartedit\Normalization\IN\INPROCESS\29
file:///\\chenas03\smartedit\Normalization\IN\INPROCESS\18
file:///\\chenas03\smartedit\Normalization\IN\INPROCESS\14
file:///\\chenas03\smartedit\Normalization\IN\INPROCESS\31
file:///\\chenas03\smartedit\Normalization\IN\INPROCESS\32
file:///\\chenas03\smartedit\Normalization\IN\INPROCESS\8
file:///\\chenas03\smartedit\Normalization\IN\INPROCESS\9
file:///\\chenas03\smartedit\Normalization\IN\INPROCESS\30
file:///\\chenas03\smartedit\Normalization\IN\INPROCESS\29
file:///\\chenas03\smartedit\Normalization\IN\INPROCESS\7



