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Abstract
Many environmental risk assessments are based on the total concentration of elements in
natural waters/ soils, ignoring that a significant proportion of elements is associated with
nanoparticles. TEM analysis of the silicate minerals from a chromitite sample from the
Mum and Alice June claims, California confirmed that Cr-rich silicates contained an
abundance of chromite nanoparticles. Subsequently, the colloidal fraction of a Cr-rich
silicate leaching experiment revealed that the chromite nanoparticles persist through the
weathering of their host silicate, confirming that chromite nanoparticles can be a
significant form of Cr in the environment. The oxidation of chromite nanoparticles in the
presence of Mn-oxides (best known environmental oxidiser of Cr3+) was tested with 6
batch experiments at pH 5 over a 9-month period. These experiments reveal that the
dominant redox reaction between chromite nanoparticles and Mn-oxides is the oxidation
of Fe2+(rather than Cr3+) by Mn3+.

Keywords: Chromite, Hausmannite, Chamosite, Clinochlore, Colloid, Nanoparticles,
Transmission Electron Microscopy, Aggregation, Adsorption
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Chapter 1
1.1

Cr in the environment

Chromium’s (Cr) atomic number is 24 and it belongs to the transition metal group in the periodic
table. Chromium exist in four different stable isotopes (50Cr, 52Cr, 53Cr, 54Cr) with 52Cr being the
most abundant (83.789% abundance) and can exist in multiple oxidation states ranging from -2
to +6 (Choppala et al., 2013). However, Cr3+ and Cr6+ are the predominant oxidation states
present in the environment. Cr3+ is non-toxic, many Cr3+ minerals are relatively insoluble and
Craqueous species are relatively immobile. In contrast, Cr6+ is toxic and carcinogenic, many
Cr6+bearing compounds are highly soluble and Cr6+ aqueous species are highly mobile (Fendorf,
1995, Oze et al., 2004; Salem et al., 1989).

1.1.1 Sources of Cr in the environment
Cr can enter the environment through naturally occurring and anthropogenic pathways, and is
present in numerous environmental domains including surface water, groundwater, soil and
sediment (Choppala et al., 2013).
1.1.1.1

Anthropogenic sources

Cr is a common contaminant in natural waters and soils and the ubiquitous occurrence of Cr in
some natural systems is, in part, due to it’s uses as an important industrial metal in a variety of
diverse products and processes. Every year large quantities of Cr are mined and used for a
variety of different applications including metallurgy, tanning of animal hides, inhibition of
water corrosion, textile dyes and mordants, pigments, ceramic glazes, refractory bricks and
pressure treated lumber (Olivera, 2012). It was estimated that, in 1993 over 170 000 tons of Cr

1

waste from these industries was discharged into the environment annually worldwide (Gadd and
White, 1993). Cr can enter the atmosphere primarily as a result of burning fossil fuels,
production of steel, stainless steel welding and Cr manufacturing (Guertin et al., 2004). Whereas
anthropogenic emission to water and soils are primarily sourced from industrial processes such
as electroplating, tanning, water treatment or disposal of coal ash (Guertin et al., 2004).
1.1.1.2

Natural sources

Cr is found throughout the environment including water, soil, air and biota. It has an estimated
crustal abundance of 100 mgkg-1, which makes it the 21st most abundant element in the earth’s
crust (Barnhart, 1997). On average the Cr concentration in the continental crust has been
reported as being 125 mgkg-1, and generally ranges from 80-200 mgkg-1 (NAS, 1974). The
abundance of Cr in soils is, for the most part, dependent on parent materials. Granitic igneous,
limestone and sandstones generally contain very low Cr levels (20 to 35 mgkg−1), whereas Mafic
to Ultramafic rocks contain, on average, the highest Cr levels with average concentrations of 220
mgkg-1 to 1800 mgkg-1 respectively. The higher Cr levels found in mafic and ultramafic rocks is
primarily due to the extremely low solubility of Cr in mafic magmas because a lower solubility
will result in the precipitation of Cr bearing phases (Cr-spinel and pyroxene) out of the melt at
temperatures similar to other mafic minerals (such as olivine) (Shiraki, 1997). Serpentine soils
are formed from the weathering of ultramafic rocks and their metamorphic derivatives and as
such the highest Cr concentrations are found in serpentine soils and can reach levels as high as
80,600 mg kg -1, whereas non serpentine soils generally range from 7 to 221 mgkg-1 (Oze et al.,
2004).
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1.1.2 Cr mineralogy and behavior in soils and waters
Cr can be incorporated into a wide variety of different minerals such as
Chromite (FeCr2O4), Eskolaite (Cr2O3), Bracewellite (CrOOH), Uvarovite (Ca2Cr2(SiO4)2,
Crocoite (PbCrO4), pyroxene (NaCrSi2O6) etc… (Liu et al., 2017). However, Chromite,
Crbearing magnetite, pyroxenes, chlorites and serpentine group minerals have been cited as the
primary source for Cr in ultramafic rocks and their metamorphic derivatives. Therefore, the
release of Cr into natural waters and soils is controlled by the rate at which the previously listed
minerals weather. Here, minerals of the chlorite and serpentine group are more susceptible to
weathering than Cr-bearing oxides such as chromite and magnetite (Fandeur et al., 2009; Hseu
and Iizuka 2013; Oze et al., 2004)
The speciation of Cr in soils is controlled by a combination of the geochemistry and
biochemistry of the soil and water. The three most important reactions that affect the distribution
of Cr in soil and water are oxidation-reduction, sorption-desorption and dissolution-precipitation.
Under most natural conditions, Cr3+ is the most stable form of Cr in soil and water. Cr3+ adsorbs
and is strongly retained onto soil particles, which in combination with the low solubility of
Cr3+bearing minerals causes it to be very immobile and to depict a low bioavailability. In
contrast, Cr6+ is a strong oxidant and is only stable at high redox potentials in the absence of any
reducing agent (Choppala et al., 2013). Cr6+ is highly mobile in soils that are dominated by clay
minerals, due to the repulsion between negative-charged chromate species and surfaces of clay
particles under near neutral pH conditions (Choppala et al., 2013; Richard and Bourg, 1991).
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1.2

Nanoparticles in the environment

Nanoparticles are nanometer sized (1-100nm) crystalline to amorphous solid particles.
Nanoparticles are found throughout Earth’s chemical and physical chemical compartments, and
the global transport of nanoparticles plays an important role in many inorganic and biological
processes (Hochella et al., 2012). Nanoparticles depict variations in the atomic structure as a
function of size relative to larger particles of the same material, which has an influence on their
physical and chemical properties (Hochella et al., 2008). The impact of nanoparticles on
processes in the interior and surface of the Earth are due, in part or in whole, to their unique
properties.

1.2.1 Unique properties of nanoparticles
Nanoparticles frequently behave very different from materials on the bulk scale. In other words,
the behavior of a nanoparticle cannot necessarily be predicted from the behavior of their larger
counterparts on the bulk scale (Hochella et al., 2012). These variations in behavior are most
likely due to changes in the atomic structure, surface topography, electronic structure, and crystal
shape as a function of size in the nano size regime. As one can expect, changes in the properties
of a particle will result in different chemical interactions between the particle and its surrounding
environment. Redox reactions are a good example of the impact of size dependent behavior of
nanoparticles as redox reactions are one of the fundamental reactions in the environment and
display the magnitude at which their behavior on the nanoscale is affected (Hochella et al., 2008;
Tratnyek and Macalady, 2000). For example, Madden and Hochella (2005) showed that 7 nm
hematite (α-Fe2O3) crystals catalyzed the oxidation of Mn2+ one to one and a half orders of
magnitude faster than 37-nm hematite crystals.
4

Solubility can also be a size dependent property at the nanoscale, which is significant
because mineral solubility is considered to be an essential property for predicting the stability of
minerals and dissolved species. Size dependent solubility has been modeled with a modified
version of the Kelvin equation for spherical particles (eq 1).

(1)

•

S: solubility of fine grains (mol/kg)

•

S0: solubility of bulk material (mol/kg)

•

r: particle radius (m)

•

V: molecular volume (m3/ mol)

•

R: gas constant (mJ/mol K)

•

T: temperature (K)

•

γ: surface free energy (mJ/m2)

This equation shows that as the radius of the grain decreases, the solubility of that grain will
increase exponentially relative to the measured solubility of the bulk material (Hochella, 2002).

1.2.2 Transport and aggregation of nanoparticles
Due to their high surface area to volume ratio, nanoparticles are easily and efficiently
transported over long distances through fluvial, alluvial and aeolian processes (Hochella et al.,
2005; Plathe et al. 2010). As they are so easily transported, nanoparticles contribute a significant
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portion of the mass transport that occurs on earth. The sorption of metals and organics on to
minerals surfaces is an important variable in determining how metals and organics are
transported in the environment (Hochella et al., 2012). Nanoparticles, on a per mass basis, are
calculated to sorb more metals and organics than larger particles. The combination of being
easily transported and the ability of nanoparticles to sorb other molecules is what makes them so
important to the global transport of mass.
Modern research on nanoparticle behavior indicates that their global transport will be
significantly affected by their aggregation behavior. Aggregation occurs when physical processes
cause nanoparticle surfaces to come into contact with each other and short-range thermodynamic
interactions keep the particles attached (Hochella et al., 2012; Hotze et al., 2010). For particles in
the nano size regime (<100nm), Brownian motion dominant force control the long-range
interactions of individual particles and their collision. When collision occurs, the particles can
either attached or be repelled. The forces that control these interactions have been explained with
the DLVO theory (Hotze et al., 2010). According to the DLVO theory, two major parameters
will dominate the interaction between particles: van der Waals attractive forces and the charge of
electrostatic double layer. The charge created by the electrostatic double layer is heavily
influence by the chemistry of the surrounding media. A low ionic strength increases the thickness
of the double layer whereas a high ionic strength compresses the double layer (Hotze et al.,
2010). When the attractive forces due to the Van der Waals forces are greater than the repulsive
forces due to similar charges of the electric double layer, aggregation is favored.
In environments where nanoparticles are allowed to aggregate, they become far less
mobile. For example, when rivers transport nanoparticles into the ocean the majority of
nanoparticles aggregate and begin to settle. This phenomenon is a result of the mixing of
6

lowionic strength fresh water carrying nanoparticles with high ionic strength seawater water,
which results in the decrease in thickness and charge of the electrostatic double layer and thus in
a decrease in the repulsive forces between the particles (Hochella et al., 2012).
Crystal growth has long been believed to occur through the addition of individual
monomers, however it is now recognized that crystallization can also occur through the addition
of larger molecules such as nanoparticles (De Yoreo et al., 2015; Mirabello et al., 2020). There
are a number of conditions that must be met for crystal growth via particle attachment (CPA): 1)
a number of nanoparticles of similar chemistry must exist in the system 2) the sum of attractive
and repulsive forces has to favor the aggregation of particles; 3) the resulting larger crystal has to
have a lower surface free energy than that of the nanoparticles. As many particles that occur in
the nano size regime are considered metastable, the process of crystal growth thorugh particle
attachment commonly increases the stability of the phases in the system (Caraballo et al., 2013;
De Yoreo et al., 2015; Xu et al., 2010).

1.3

Transmission electron microscopy

TEMs comprise a variety of different instruments which all make use of the particle and wave
like characteristics of electrons (Wave-particle duality) and have a variety of different uses
(Kadin, 2018). TEM’s take advantage of the very small Broglie wavelength of electrons, which
allows the imaging of features on the nanometer scale and to record electron diffraction patterns
at very small two-theta angles (see below).
These unique applications of TEMs make them a valuable tool in the study and characterization
of environmental processes at the nanoscale.
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1.3.1 Electron imaging
Electrons are a form of ionizing radiation, which has enough energy to detach electrons from the
outer shell of an atom or molecule. One of the reasons that ionizing radiation is so useful is that it
is capable of producing a variety of secondary signals such as backscattered electrons, secondary
electrons and X-rays (Fig 1). Although these secondary signals can be used to obtain various
chemical and structural information, the imaging of the sample with the direct beam of
transmitted electrons is the primary use of TEMs. This is achieved through the use of a filament
(often a tungsten filament or LaB6 filament) in a vacuum chamber which emits electrons upon
exposure to thermal energy (thermionic filament) or an electric field (field emission filament).
When thermionic filaments are heated to a sufficient temperature the free electrons inside the
filament acquire enough thermal energy to exceed the natural barrier (work function) that
prevents them from escaping. Field emission filaments function by applying an intense electric
field to the material which lowers the work function barrier enough for electrons to escape. Field
emission filaments are produced with a fine tip giving them a much smaller source size. They
also have very high current densities and brightness that when all combined means that the beam
is very spatially coherent and has a small energy spread. Therefore, if the TEM requires a very
bright coherent source then a field emission filament is the best option. However, a major
drawback of a field emission filament is the small source size as it makes it difficult to illuminate
larger areas of the sample without losing too much current density.
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Figure 1: Signals generated when a high-energy beam of electrons interacts with a thin specimen. Most of these
electron signals are detectable through the use of different TEMs. Reprinted from Semiconductor research:
experimental techniques (p 25)

1.3.2 STEM, CTEM and AEM
There are multiple uses for electron beams and scattered electrons in microscopes. The most
prevalent modes of operation used on a TEM are: conventional transmission electron microscopy
(CTEM), scanning transmission electron microscopy (STEM), and analytical electron
microscopy (AEM). CTEMs function by accelerating the emitted electrons through an electro
magnetic field with electromagnetic lenses focusing the electrons into a narrow beam. The
electron beam subsequently is transmitted through a sample with a thickness commonly below
100 nm. After being transmitted through the sample the electrons are detected by a phosphor
screen, CCD or film and produce an image. The resulting image produced from the interaction of
9

the electron beam and the sample will reflect the electron density and thickness of the material.
TEMs can produce images through bright field imaging or dark field imaging. In bright field
imaging the electrons transmitted through the sample are collected, thus the areas with the
highest electron density will appear the darkest. On the other hand, dark field imaging collects
scattered electrons, Hence the areas with the greatest ability to scatter electrons (high electron
density) will appear the brightest while the areas where there is no scattering will appear dark.
When using STEM, the conventional electron beam is focused onto a fine spot and then the
beam is scanned over the sample in a raster-based pattern and the various signal are collected and
form an image (Rosenauer et al, 2014). AEM refers to the collecting of spectroscopic data from
the numerous different signals generated from the incident electron beam (Botton, 2007). Most
modern TEMS are equipped with all the necessary equipment to utilise all three methods
(CTEM, STEM, AEM) and switch between them as needed. The main use of the STEM is to
form what is known as Z-contrast images, which are images formed from mapping the intensity
of high angle scattered electrons (Wang et al., 2013). The images created with Z-contrast are a
map of the scattering ability of the atoms present in the sample. Because the images generated
are formed from the high angle scattered electron from the atomic nuclei the results will be
dependent on the atomic number (Z) squared. Other information that can be obtained with STEM
are known as energy dispersive X-ray spectroscopy (EDS) and electron energy loss spectroscopy
(EELS). Both of these techniques provide chemical data from the sample and are also classified
as AEM techniques. EELS analysis functions by exposing a thin sample, of a known thickness,
to a beam of electrons with a known range of kinetic energies, some of the electrons will be
inelastically scattered at a slight angle to the incident beam (signifying that they have lost some
energy). Quantifying the energy distribution of the electrons after interacting with the sample can
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be used to gain information on a given area as the change in energy is related to the local
environment of electrons that interacted with the incident beam. EDS relies on the fundamental
principle that each element has a unique atomic structure which will give off unique x-ray peaks
when the atoms are excited by the electron beam. EDS is initiated by the bombardment of the
sample with electrons where incident electrons can excite inner shell electron which results in
their ejections and the filling of the resulting vacancies by outer shell electrons. As electrons are
moving from a higher energy to a lower energy shell, the difference in energy between these two
shells will be released as characteristic X-rays. The emitted characteristic X-rays have an energy
that is unique to the element it originated from and specific electron transition from an outer shell
to an inner shell. The intensity of characteristic X-rays can then be measured and the TEM
operator can determine which elements are present in the sample.

1.3.3 Scattering and diffraction
Electron scattering is a fundamental process in electron microscopy. No electron image of the
sample can form if no electrons are scattered by the sample and any non scattering object would
be invisible under a TEM (Williams and Carter, 1996). Electrons that do not deviate far from the
incident beam are of greatest interest in TEM as they provide the majority of information from a
sample. Figure 2 depicts the scattering of electrons based on an interaction with a singular atom
for simplicity. Because of the importance of the angle of scattering it is important to discuss the
concept of a “differential cross section”. This term describes the angular distribution of scattering
from an atom and can be modeled by the following equation, with the variables listed below as
well.
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• θ is the scattering angle
• dθ is the incremental increase in scattering angle
• dΩ is the incremental increase in solid angle

dΩ= 2π sinθ dθ

The characteristics of the scattering event is controlled by the characteristics of the atom such as
electron energy and atomic number/weight. When considering a sample rather than a single atom
other factors become important such as thickness, density and crystallinity.

Figure 2: Electron scattering by an isolated atom. The electrons are scattered through a semi angle θ and total solid
angle scattering is Ω. Reprinted from the transmission electron microscope (p 23)
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One of the most important uses for the scattered electrons is the recording of diffraction patterns.
Electron diffraction is a fundamental analytical technique employed by TEMs that utilises the
wave nature of electrons to obtain information on the crystal structure, lattice repeat distance and
specimen shape. The equation for the wavelength of the propagating electrons at a given
accelerating voltage is given below, with the variables listed below as well.
•

Wavelength (λ)

•

Planks constant (h)

•

Mass (m)

•

Accelerating voltage (eV)

ℎ

λ=√2𝑚𝑒𝑉
Diffraction patterns are produced when a thin crystalline specimen is subjected to a parallel beam
of high energy electrons. Due to the sample typically being 100 nm or less thick, the electrons
will pass through the sample and will either remain undeviated or will scatter at an angle to the
incident electron beam. The end result is generally a non-uniform distribution of electrons which
contain all the structural and chemical data of the specimen (Williams and Carter, 1996) The
spacing between atoms in a solid is about a hundred times larger than the wavelength of the
electrons in the incident beam (for example, electrons have a wavelength of 2.7 pm in an electron
beam of 200 kV, the voltage used in the TEM studies of this thesis).
Electron diffraction follows Bragg’s law, which states that an incident electron on a crystal
surface will reflect back with a scattering angle similar to the incident angle (the angle between
13

incident ray and the crystal plane), and will reflect most strongly when the interplanar spacings
(d-spacings) equals a whole number of the wavelengths. The equation for Braggs law is given
below, with the variables listed below as well.
•

λ is the wavelength of the electron

•

d is the interplanar spacings

•

θ is the incident angle • n is a whole number

nλ=2dsinθ
This relationship between incident electrons and crystal lattice spacing is very important as
TEMs are capable of adjusting wavelengths of the incident electrons (λ) and one can measure θ
experimentally. Therefore, using Braggs law the user can determine the interplanar spacings of
the sample which allows him to identify the sample using crystallographic data bases such as the
American Mineralogist Crystal Structure data base (Williams and Carter, 1996). The most
relevant minerals in this thesis are chromite, minerals of the chlorite group and hausmannite with
prominent d-spacings at 2.51, 14.3, 2.49 Å, respectively. On the basis of the latter d-spacings and
the wavelengths of the electrons at 200 kV, the most common angles of diffraction were in the
range of 0.3094 and 0.0538 °2θ
Another important parameter is the camera length because the camera length must be known to
calculate the lattice d-spacings in the electron diffraction pattern. The camera length is the
distance from the sample to the projected image as shown in figure 3. This distance is necessary
to obtain precise measurements from a diffraction pattern because the projection process enlarges
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the distance between the reflections in the diffraction pattern. With the precise camera length, the
d-spacings can be calculated with the following equation
•

d is the spacing between lattice planes

•

L is the camera length

•

λ is the wavelength of the electrons

•

R is the measured distance between the spot and the center of the diffraction pattern

Lλ = Rd

Figure 3: The diffraction pattern (formed in the back focal plane) forms the projected image on the screen and can
be recorded, hence the term ‘camera length’ since this is where the camera is positioned. Reprinted from
https://myscope.training.

Figure 4 shows a TEM diffraction pattern of chromite. The area marked X in the center of the
image represents the electrons that passed directly through the foil and the surrounding spots and
15

lines represent the various diffracted electrons that are scattered from the different crystal planes
(Williams and Carter, 1996). The crystallinity of the sample itself plays a major role in the
resultant diffraction pattern. Crystalline materials are composed of periodically arranged atoms
that will scatter the electrons in certain directions, this will create high intensity peaks that
represent the lattice planes of the individual crystals. If there are many different crystals being
subjected to the electron beam then there will be many high intensity peaks forming rings; the
distance between each ring represents the different lattice planes of the crystals. In the case of a
sample that doesn’t have any periodicity and the atoms are randomly distributed (amorphous),
the electrons will be scattered in many different directions creating a diffraction pattern with no
discernable peaks or rings (Williams and Carter, 1996). Figure 5 displays an example of an
amorphous diffraction pattern.

Figure 4: Chromite SAED pattern in the a/b plane (hk0). The systematic absences for the space group F4/d 3 2/m in
this plane are odd numbered h and k indices such that h, k =2n and h+k =4n.
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Figure 5: TEM diffraction pattern of an amorphous Cr-(hydr)oxide
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Chapter 2

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 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 results in
the dissolution of chromite and Mn-oxide nanoparticles and in the precipitation of Fe3+- and
Cr3+-hydroxides. During these processes, the formation of hexavalent Cr is suppressed by
reductive Fe2+-surface sites on chromite nanoparticles and Fe2+-bearing silicates and by
functional groups on organic matter. Transmission electron microscopy (TEM) in combination
with ultra-microtomy, centrifugation, chromatography, ICP-MS and UV-VIS were used to
characterize the occurrence of chromite nanoparticles, their release and alteration and the
formation of hexavalent Cr aqueous species. TEM analysis of clinochlore grains from a
chromitite sample of the Mum and Alice June claims ore deposits (California) reconfirms the
occurrence of chromite nanoparticles in Cr-rich silicates with chromitite. The chromite
nanoparticles form in minerals of the chlorite and serpentinite group most likely during
greenschist metamorphism via a coupled dissolution-reprecipitation process. Alteration of
clinochlore grains containing chromite nanoparticles results in the release of the nanoparticles
and their attachment to Al-silicate colloids. Chromite nanoparticles with the endmember
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
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interaction of chromite and hausmannite nanoparticles is facilitated by the aggregation of the
nanoparticles and coupled adsorption-dissolution-precipitation processes. Processes on the
surfaces of the hausmannite nanoparticles involve the adsorption of Cr3+ and Fe2+-species, 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 include the adsorption of Mn-species, 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 hexavalent Cr in the suspensions (< 5 µg kg-1) suggesting that
the majority of the released Cr species adsorb to mineral surfaces or reprecipitate with Cr- and
Fehydroxide phases.

2.1 Introduction
Chromium (Cr) is found throughout the earth’s domains and is the 17th most abundant element in
the earth’s mantle (Oliveira, 2012). Chromium is one of the most important industrial metals and
has been increasingly used in many different industries such as leather tanning, metallurgy and
electroplating (Barnhart, 1997; Oliveira, 2012). The higher demand for Cr has led to an increase
in mining and exploration activities for Cr resources globally (U.S. Geological Survey, 2020),
including the new development of a large chromite mine in the “Ring of Fire” region of northern
Ontario, Canada.
The most prevalent pathways for Cr to be released into the environment are related to Cr
bearing wastes and spills (Fendorf, 1995). One of these potential pathways is the release of
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chromite nanoparticles during the weathering of ultramafic waste rock during mining activities
(Schindler et al. 2017). The objectives of this study are to further investigate the occurrence of
chromite nanoparticles in Cr-rich silicates of ultramafic rocks; their release during the
weathering of the silicates and their alteration in the presence of a strong oxidant (Mn-oxide
nanoparticles) and reductants such as chamosite, a Fe2+-rich mineral of the chlorite group and
organic matter.

2.1.1 Geochemical and mineralogical background information on the
environmental fate of Chromium and chromite in a low-T environment
Minerals of the spinel group such as chromite and Cr-bearing magnetite are the most common
Cr-bearing minerals, with chromite being the primary ore mineral for Cr (Hseu and Iizuka, 2013;
Oze et al., 2004). Economically relevant chromite deposits generally occur as podiform deposit,
stratiform deposits or irregular stratiform deposits (Mosier et al., 2012, Schulte et al., 2012).
Podiform deposits are small magmatic chromitite autoliths found within the ultramafic section of
ophiolite complexes (Mosier et al., 2012). Stratiform deposits are mafic to ultramafic layered
intrusions with cyclical laterally continuous chromitite seams (Schulte et al., 2012). Both
podiform and stratiform deposits are economically significant sources of Cr with large chromite
ore deposits such as “Ring of Fire” and Bushveld being stratiform deposits (Schulte et al., 2012).
Soils formed from chemical and mechanical weathering of ultramafic rocks and their
metamorphosed equivalent are known as serpentinite soils (Oze et al., 2004; Oze et al., 2007).
These soils are typically enriched in Cr (up to 80 600 mg/kg Cr) as compared to soils formed
from other rocks types (7-21 mg/kg Cr). The concentration and distribution of Cr in serpentinite
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soils can be highly variable. It depends foremost on the concentrations of Cr in the parent rock
but is also controlled by climate, biota and formation time of the soil/regolith (Oze et al., 2004).
The valences of Cr range from Cr2+ to Cr6+ with Cr3+ and Cr6+ being the most stable
valences under surface conditions on Earth (Fendorf and Zasoski, 1992). Trivalent Cr is
nontoxic, chromite-bearing minerals have commonly a low solubility and Cr3+ aqueous species
have a relative low mobility. Hexavalent Cr is a known toxicant and carcinogen, chromatebearing minerals have often (but not always) a higher solubility than chromite-bearing minerals
and chromate aqueous species have a higher mobility than their Cr3+ counterparts (Fendorf and
Zasoski, 1992; Oliveira, 2012). In ultramafic rocks, Cr is dominantly present as Cr3+ and the
release of Cr3+ from ultramafic rocks into the environment is considered less environmentally
hazardous than the release of Cr6+ by anthropogenic processes unless the former oxidizes to the
latter ion (Fendorf and Zasoski, 1992; Godgul and Sahu, 1995). Hexavalent Cr6+ in natural
solutions commonly occur in proximity to ultramafic rocks such as those found in ophiolite
complexes (Ball and Izbicki, 2004; Manning et al., 2015; Morrison et al., 2015; Robles-Camacho
and Armienta, 2000).
The only known naturally occurring oxidizing agents of Cr3+ are Mn-oxides (Fendorf and
Zasoski, 1992; Weaver and Hochella, 2003). Studies on the oxidation of Cr3+ by Mn-oxides
indicate that (1) Cr3+ oxidation rates around pH=5 are very rapid, but as Cr3+ concentration and
pH increase the reactions become limited; (2) products of the redox reaction are commonly Mn2+
and Cr6+ which both do not limit the oxidation 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+ (Fendorf and Zasoski, 1992; Weaver and Hochella, 2003). Oze et
al. (2007) examined the abundance of Crtotal and hexavalent Cr in solution after interaction of
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micrometer-size chromite grains with birnessite (MnO2). The authors found that the rate for the
formation of hexavalent Cr increases as pH decreases and can be described by d[Cr6+]/dt =
k’{Chromite}0.7 (1) where k_= is (1.6pH2 - 25pH + 97) nM liter0.7 m-1.4 h-1. The authors also
studied the formation of hexavalent Cr in three serpentinite soils in the presence of chromite and
in the presence and absence of birnessite. Here, the authors showed that the addition of birnessite
significantly increased the production of Cr6+ in all three soils. The observations by Oze at al.
(2007) are in accord with observations by Fandeur et al. (2009) who identified a close
association of Cr6+ to Mn-oxides in a lateritic regolith that developed on ultramafic rocks in New
Caledonia (with up to 20 wt % total Cr).
In many types of Cr-rich soil, Cr6+ can be reduced by various substances including
organic matter, Fe2+ and sulfides (Fendorf and Zasoski, 1992). A comparative study of the
reduction of Cr6+ by humic acids and Fe2+ showed for example that humic acid is a stronger
reductant of Cr6+ than Fe2+ (Jiang et al., 2014). Furthermore, Hausladen and Fendorf (2017) show
that organic carbon can suppress the oxidation of Cr3+ to Cr6+ even in the presence of Mnoxides.
Recently, Schindler et al. (2017) showed that chromite nanoparticles occur within
clinochlore and lizardite grains in chromitite ore from the Black Thor chromium deposit in
central Canada and the Mistake mine, part of the Franciscan ophiolite complex, California, USA.
The chromite nanoparticles are 3-5 nm in diameter and occur in random orientations throughout
the host silicates. Schindler et al (2017, 2018) also conducted dissolution experiments under
acidic conditions (pH = 2.5) to investigate the chemical weathering of chromite and clinochlore
in chromitite from the Black Thor chromium deposit. These experiments indicate that amorphous
silica is the primary alteration product of clinochlore under acidic conditions and that the latter
alteration product does not contain any chromite nanoparticles. This is a significant observation
26

because silicates are more susceptible to chemical weathering than chromite and their weathering
would result in the release of chromite nanoparticles as opposed to Cr3+aqueous species.
Schindler et al. (2018) showed furthermore that the concentration of Cr /chromite nanoparticles
in solutions decreases when MnO2 nanoparticles are added to the solution. Schindler et al. (2017,
2018) did not determine whether (a) chromite nanoparticles were still in solution during or after
the dissolution experiment and (b) the depletion of Cr in the presence of MnO2 nanoparticles was
the result of (a) aggregation of chromite-MnO2 nanoparticles or (b) adsorption of Cr-aqueous
species onto the surfaces of MnO2 nanoparticles. In either case, the potential release of chromite
nanoparticles into the environment has a significant impact on the environmental fate of Cr3+ and
its potential oxidation to Cr6+. This is because the reactivity and overall fate of Cr in the
environment will be governed by the unique properties of nanoparticles such as melting
temperature, ability to adhere to surfaces, solubility and ability to catalyse reactions
(Aliofkhazraei et al., 2016). The latter three properties are the result of (a) an increasing surface
area to volume ratio and (b) change in the surface/near surface atomic structure with decreasing
particle size (Kumar, 2012; Hochella et al., 2008). These properties can increase the rate of
chemical reactions by many orders of magnitude including those of oxidation, reduction and
dissolution reactions (Hochella et al., 2008; Kaptay, 2012). Furthermore, gravitational settling
has little to no impact on the soil and water mobility of nanoparticles, whereas Brownian motion,
adsorption mechanisms and acid-base processes on the surface of the nanoparticles become far
more important and will affect the number and types of nanoparticle-nanoparticle interactions
and their degree of aggregation (Hotze et al. 2010; Kumar, 2012).
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2.1.2 Detailed objectives
An understanding of the fate of chromite nanoparticles in the environment requires
knowledge about their interactions with other nanoparticles, mineral surfaces and redox-sensitive
components in the soil environment such as Mn-oxides and organic matter (Theng et al., 2008).
Oze et al. (2007) showed that the interaction of chromite and birnessite particles in suspensions
results in the formation of hexavalent Cr even in the presence of Fe2+-bearing minerals within
serpentinite. However, the underlying mechanisms for this interaction with respect to the
formation of hexavalent Cr and other phases and ions remain unclear.
Hence, the objectives of this study are to examine the occurrence and release of chromite
nanoparticles and their alteration in the presence of minerals and components most likely present
in serpentinite soils. These goals will be achieved through conducting three distinct analytical
and experimental approaches:
I.

Scanning electron microscopy and a combination of ultra-microtoming, transmission
electron microscopy (TEM) and Scanning TEM (STEM)-energy dispersive spectroscopy
(EDS) in order to examine the abundance and distribution of Cr and chromite nanoparticles
within silicates of chromitites (from locations other than those studied by Schindler et al.
2017 and 2018).

II.

Leaching of a silicate-enriched fraction of a chromitite in combination with TEMSTEMEDS analyses in order to determine whether chromite nanoparticles are released
upon the weathering of their silicate hosts;

III.

Long-term (six to nine months) batch experiments in combination with TEM-STEM-EDS
in order to characterize the alteration of synthesized chromite nanoparticles in the presence
of other components most likely present in serpentinite soils such as Mn-oxide
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nanoparticles, chamosite (an Fe2+-rich mineral of the chlorite group) and organic matter.
Here, the long-term batch experiments will be conducted under geochemical conditions
similar to those in the eutric brunisolic soils surrounding the chromite ore deposits at the
“Ring of Fire” which have contact pH-values of pH = 4.5 to 5.0 on the surface and pH >
5.5 at greater depth (Smith et al. 2011); i.e. they will be conducted at a constant pH of 5
which is also the pH at which the highest oxidation rate of Cr3+ to Cr6+ occurs (Bulmer and
Lavkulich, 1994; Fendorf and Zasoski, 1992). Hausmannite (Mn3O4) nanoparticles will be
added to each experiment as Mn-oxides often occur in the nano-size regime within soils
(Post, 1999; Theng et al., 2008) and contain Mn3+ ions which are more effective oxidants
for Cr3+ → Cr6+ than e.g. Mn4+ (Weaver and Hochella, 2003). Chamosite and organic
matter will be also added to some of the experiments in order to study the alteration of
chromite nanoparticles in the presence of surfaces containing reducing Fe2+- surface sites
(chamosite) or functional groups (organic matter).

2.2 Materials and Methods
Ultramafic rocks from chromite ore deposits in Ontario, Quebec, Newfoundland, and
California were obtained from numerous sources including the Ontario Geological Survey, the
collection at the Department of Earth Sciences at Laurentian University and the Royal Ontario
Museum in Toronto. Table 1 lists the origin of the samples, the type of ore deposit, the mineral
hosting potential chromite nanoparticles and the Cr-concentrations in these silicates. X-ray
powder diffraction (XRD) and Scanning Electron microscopy (SEM) were used to identify
silicate and (hydr)oxide minerals in the chromite-bearing ore and to determine the
Crconcentrations in these minerals (see below). Silicate minerals are either lizardite, a mineral of
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the serpentite group (asbestos-type mineral), or clinochlore, a mineral of the chlorite group
(Table 1). The hydroxide mineral brucite is similar to clinochlore and lizardite a low-T alteration
product of ultramafic silicate minerals such as amphiboles, pyroxenes and olivines (Klein et al.,
2013).
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TABLE 1. Characterized chromitite ore samples, the location and type of their respective ore deposit and the hosts
and concentrations of Cr in the ore (excluding chromite)

Sample ID

Location of ore
deposit

Type of chromite
ore deposit

Host of Cr/chromite
nanoparticles

Range
of
Crconcentrations
in hosts

M31456

Mum and Alice

Ophiolite

Brucite, Mg(OH)2

1-4 at%

Ophiolite

Clinochlore

0.5-2 at%

June claim,
California
M31456

Mum and Alice
June claim,

Mg5Al(AlSi3O10)(OH)8

California
M29852

M7560

M41446

Asbestos, Quebec

Ultramafic
intrusion

Lizardite,

Lizardite,

Quebec

Ultramafic
intrusion

Crushed Stone

Ophiolite

Lizardite,

Black lake,

Newfoundland
M9431

Lewis Hill,

< 0.5 at%

Mg3Si2O5(OH)4
< 0.5 at%

Mg3Si2O5(OH)4
<0.9 at%

Mg3Si2O5(OH)4
Ophiolite

Newfoundland

Lizardite,

<0.2 at%

Mg03Si2O5(OH)4

Sample from

Black Thor

Ultramafic

Clinochlore,

Schindler et al.

deposit

intrusion

Mg5Al(AlSi3O10)(OH)8

2017

“Ring of Fire”

Sample from

Mistake Mine,

Schindler et al.

Fresno, California

Ophiolite

Lizardite

1-3 at%

1 at%

Mg3Si2O5(OH)4

2017

Sample from

Mistake Mine,

Schindler et al.

Fresno, California

Ophiolite

Clinochlore
Mg5Al(AlSi3O10)(OH)8

2017
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3 at%

Samples examined in detail were high grade chromitite ore samples from the Black Thor
chromite deposit, Ontario, Canada and from the Mum and Alice June claims mine in California,
USA (Fig. 1). The Black Thor chromite deposit is a sill like intrusion found within the “Ring of
Fire” intrusive suite, located in the Neoarchean Mcfaulds lake greenstone belt (Laarman, 2013).
The intrusion hosting the Black Thor deposit consists of cyclically layered ultramafic rocks,
beginning with olivine rich lithologies (dunite to peridotite) and progressing upward to more
pyroxene rich lithologies (olivine pyroxenite, feldspathic pyroxenite and gabbro). The Black
Thor deposit is the most extensive chromite zone in the intrusion and occurs as large thickly
bedded chromittite layers at the transition from olivine rich to pyroxene rich lithologies (Weston
and Shinkle, 2013; Laarman, 2013; see Schindler et al. 2017, 2018). The Mum and Alice June
claims are part of a podiform chromite deposit located about 4 km south of Jacksonville,
California (Fig. 1). The deposit consists of small pods and lenticular masses of nearly pure
chromite, aggregates of interlayered thin lenses of massive chromite and disseminated chromite
all hosted by a serpentinized dunite (Cater, 1948).
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FIGURE 1. Topographic map of California with the location of the Mum and Alice June claims indicated with a
red dot.

2.2.1 Leaching experiments of Cr-rich clinochlore powders from the Black Thor
deposit
A fine-grained silicate rich powder was prepared from the Black Thor chromite samples
containing initially ~80% chromite and ~20% clinochlore (on the basis of SEM examination).
The chromitite samples were crushed using a ring mill which resulted in a powder consisting of
grains ranging from 10 µm- 100µm. A silicate-rich fraction (~30% chromite and ~70%
clinochlore (on the basis of SEM examination) was obtained through a heavy-mineral
fractionation technique (Wilfley Table). Two-hundred milligram of the latter silicate-enriched
fraction was subsequently leached with 50 ml sulfuric acid solutions of pH = 2 and pH = 5. After
3 months continuous shaking in test tubes, 10 mL of the leachate were extracted and parts of
their colloidal fractions were deposited on TEM grids via centrifugation (see below).
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2.2.2 Reagents for the long-term batch experiments
The interaction of chromite nanoparticles with hausmannite nanoparticles was studied in
the absence and presence of chamosite and organic rich soil (Table 2). Chamosite samples from
the Michigamme mine, Michigan, USA were purchased from “Rogers Minerals” and crushed in
a ring mill to a powder containing predominantly silt sized grains. Chamosite [(Fe3.9Mg0.62Al0.48)
Al(Si3Al)O10(OH)8] is a Fe-rich endmember of the clinochlore-chamosite solid solution and a
common mineral in serpentinites and ultramafic rocks (Siebecker et al., 2018). Organic rich
podzolic soil (contact pH = 5.5) was sampled in a wooded area close to the township of Massey,
Ontario (49°19'58.36"N, -82°02'57.24"W). After removal of the larger debris (leaves, sticks) the
soil was crushed with a mortar and pestle to a silt-size powder. Hausmannite (Mn3O4)
nanoparticles were purchased from the company “US Research Nanomaterials, Inc”. Their
precharacterization with TEM indicated an average particle size with diameters of 50 ± 5nm.
Table S1 and Figures S1-S3 list the chemical compositions and powder diffraction pattern of the
chamosite powder, organic-rich soil and hausmannite nanoparticles.
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TABLE 2. Long-term batch experiments (6 to 9 months) between chromite nanoparticles (0.01 molL -1) and
Mnoxide nanoparticles (Mn3O4, hausmannite) in the presence and absence of organic-rich soils and chamosite

500 mL Flask #

Cr : Mn

Clinochlore

Organic-rich soil

1

1:1

0

0

2

1:5

0

0

3

1:1

10g

0

4

1:5

10g

0

5

1:1

0

10g

6

1:5

0

10g

The chromite nanoparticles for these experiments were synthesised with sizes similar to
those observed in the Cr-rich silicates. The synthesis followed a modified variation of the
coprecipitation method used by Matulkova et al. (2015) and Edrissi et al (2011). Stoichiometric
amounts of Cr(NO3) • 9H2O and FeCl2 (Cr : Fe = 2:1) were dissolved into 50 ml of distilled
water. This solution was then mixed with 100 ml of distilled water containing glycerol as a
capping agent (5% in distilled water) under constant stirring. Ammonium hydroxide precipitating
agent was added dropwise until the pH was adjusted to pH = 11-12. The precipitates were then
centrifuged and washed with distilled water several times and then dried at around 40oC. Lastly,
the precipitates were calcinated in a vacuum sealed glass tube (< 100 mTorr) at 600oC for 2
hours.

Coprecipitation [1] and calcination [2] reaction can be formulated as follows:
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2Cr(NO3)3 (s) + FeCl2 (s) + 8NH4OH (l) → 2Cr(OH)3 (s) + Fe(OH)2 (s) + 6NH4NO3 (aq)

[1] +

2NH4Cl (aq)
2Cr(OH)3 (s) + Fe(OH)2 (s) → FeCr2O4 (s)

[2]

Powders of chromite nanoparticles from two syntheses were mixed and treated in an
ethanolbased ultra-sonic bath for 2 hours in order to reduce the size of the nanoparticle
aggregates.

2.2.3 Set up of the long-term batch experiments
Six long-term (six to nine months) batch experiments were set up to examine the
interaction between chromite and hausmannite nanoparticles in the presence and absence of
chamosite and organic-rich soil. The experiments were conducted in 500 mL flasks with a
Crconcentration of 0.01 mol/L and Cr: Mn molar ratios of either 1: 1 or 1: 5 (Table 2). Two of
these experiments included 10 g chamosite powder and two included 10 g of the organic-rich soil
(Table 2). The pH-values in the long-term batch experiments were adjusted to a pH value of pH
= 5.0 with sulfuric acid and at a later stage with a 0.1 molL-1 KH2PO4 solution (after one month)
and a 0.05 molL-1 solution of potassium hydrogen phthalate solution (after every month until the
end of the experiment).
Over the course of the experiments, the Eh-pH values were monitored with a YSI ORP
probe and a pH meter. Probe and pH meter contain standard hydrogen electrodes which were
calibrated against pH solutions of pH 4, 7 and 10 and a K-iodide standard. The standard
deviation of individual measurement pH and Eh measurements is circa ± 0.2 units, based on
repeated measurements of the standard solutions.
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After 6- and 9-months continuous shaking of the 500 ml flasks, 10 mL of the suspensions
were extracted and deposited on TEM grids via centrifugation and filtered and analysed for their
chemical composition, respectively (see below).

2.2.4 Analysis of Cr in the solute and colloidal fractions after the batch
experiments
After a duration of nine months, 10 mL from each batch experiment were filtered with a 0.45
µm Whatman filter cartridge using a 10 mL Luer Lock Syringe. The solutions were treated with
an aqua regia digest (following method E3470 of the Ministry of the Environment, Conservation
and Parks laboratory services branch, MECP) and analysed for major and trace elements with a
Perkin Elmer Optima 4300 DV ICP-OES.
The concentrations of Cr3+ and Cr6+ in the leachate without (the majority of) nanoparticles
were determined using a modified version of the method 6800 of the MECP laboratory services
branch:
1. After filtering, 50 mL of each sample were mixed with 0.29 g NaCl (0.1 molL-1 NaCl
solution) in order to promote the aggregation of the remaining chromite- and
hausmannite nanoparticles and to desorb any adsorbed Cr3+ and Cr6+ aqueous species
from the surfaces of the solid material.
2. The solutions were subsequently centrifuged at 5000 rpm for 4 hours, which should have
deposited particles or aggregates of nanoparticles with diameters larger than 35 nm;
3. The solutions were then diluted by a factor ten and 100 µL of each solution was added to
9.9 mL of a 2 mmolL-1 EDTA solution of pH 5 (in order to complex Cr3+ and thus
preventing its oxidation);
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4. These solutions were spiked with a Cr-50 enriched Cr3+-solution containing 100 µL-1 Cr
and a Cr-53-enriched Cr6+-solution containing 100 µL-1 Cr; an analytical step that allows
to monitor any potential changes in the Cr3+ and Cr6+ concentrations over time;
5. The spiked solutions were heated at 70°C for 40 min and then transferred to a
chromatography vial for analysis with an Analytik Jena 820MS ICP-MS with a CRI
skimmer cone and a standard sampler cone.
Additionally, 50 ml from each batch experiment were analysed (without the addition of
NaCl) at the ALS environmental laboratories. The solutions were treated and preserved with
NaOH and an ammonium sulfate/ammonium hydroxide buffer. Subsequent chromatography
using a Thermo Scientific Dionex Aquion IC resulted in the separation of CrO42- anions from
other Cr-bearing species and chromite nanoparticles. The CrO42- -bearing solution was treated
with diphenylcarbazide (DPC), a colour reagent, which resulted in the simultaneous oxidation of
diphenylcarbazide to diphenylcarbazone, the reduction of Cr6+ to Cr3+ and the chelation of Cr3+
by diphenylcarbazone. The concentrations of the latter chelate was determined with the
following process known as UV-VIS, A Beam of light with a wavelength of 530nm passes
through the chelate in a cuvette, the sample in the cuvette absorbs an amount of this beam of
light. The intensity of light that is transmitted through the chelate is measure with a
spectrophotometer and compared to a reference measurement of the incident light source. The
measured intensity of light that is transmitted by the chelate is then used to calculate the
concentration of Cr6+ in solution using Beer–Lambert's law.
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2.2.5 Powder X-ray powder diffraction, X-ray Fluorescence Spectroscopy and Loss
of Ignition
Powder X-ray powder diffraction patterns of chromitite samples and reagents used in the
experiments listed above were recorded with an automated Philips PW 1729 X-ray
diffractometer and a Bruker D 5000 system using Co K (1.79 Å) and Cu radiation (1.54 Å),
respectively. X-ray diffraction patterns from powdered samples were collected at a voltage of 40
kV and current of 30 mA over a scan range of 5-65 2𝛳 and with a step size of 0.02 2𝛳 and a
dwell time of 2 s per step.
The loss on ignition (LOI) for the chamosite powder was assessed prior to analysis by
Xray fluorescence. The LOI gives the proportion of volatile elements or compounds in a sample
(H, H2O, S, N) and was determined by heating the sample to 100°C under nitrogen atmosphere,
and to 1000°C under oxygen atmosphere, until a constant wt. % was reached. The sample was
subsequently fused with a borate flux to produce a glass bead for characterization by X-ray
Fluorescence Spectroscopy (XRF). The glass bead was subsequently analyzed with a Panalytical
Axios Advanced XRF spectrometer.

2.2.6 Preparation of the TEM samples
TEM examinations on the occurrence of chromite nanoparticles in Cr-rich clinochlore
were conducted on a sample from the Mum and Alice June claims mine (Fig. 1, Table 1).
Electron transparent sections were prepared using a diamond knife of a Leica Ultracut, RMC
MT6000 ultramicrotome at the Nanoscale Biomedical Imaging Facility at SickKids, Toronto,
Ontario. The ultra-microtome sections were subsequently placed on Copper grids.
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Synthesized chromite nanoparticles and purchased hausmannite nanoparticles were
deposited onto Cu TEM grids (400 mesh lacey carbon, 100μm) through the use of an
ethanolbased emulsion. The colloidal fractions of the solutions after the leaching experiment and
the long-term batch experiments were also deposited on TEM grids. Here, Cu TEM grids (400
mesh lacey carbon, 100μm) were fixed to an epoxy support at the bottom of 15ml centrifuge
tubes and then filled with the leachates extracted from the test tubes. The tubes were centrifuged
using a
Sorvall ST16 centrifuge equipped with a TX-400 swing bucket rotor for 8 hours at 5000 RPM
which, according to stokes equation, will deposit all spherical particles with densities and
diameters greater than 4.54 g cm-3 (density of chromite) and 30 nm onto the TEM grids,
respectively.

2.2.7 Scanning electron microscopy and Transmission Electron Microscopy
Scanning electron microscopy on polished chromitite grains embedded in epoxy pucks
(Table 1) was conducted with a JEOL 6400 SEM, which was operated with an accelerating
voltage of 20 kV and a beam current of 1 nA, in combination with energy dispersive X-ray
spectrometry (EDS).
The ultra-microtome sections and TEM grids with deposited colloids/nanoparticles were
examined with a field emission Transmission Electron Microscope FEI Talos F200x at the
Manitoba Institute of Materials. An accelerating voltage of 200 kV in bright and dark field mode
was used with a 16MB ceta camera and Fischicone annular dark field (HAADF) detector to
acquire images and SAED.
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2.3 Results
The results of the nano-mineralogical study on the Cr-rich clinochlore grains from the
Mum and Alice June claims will be addressed first followed by those on the colloidal fractions in
the suspension after (a) the leaching experiment of the silicate-enriched chromite ore sample and
(b) 6 months duration of the long-term batch experiments.

2.3.1 Silicate hosted chromite nanoparticles in the chromite ore from the Mum and
Alice June claims
The Cr concentrations in the silicates of the chromitites ranges from < 0.2 to 4 at% (Table
1). The highest Cr concentrations occur in brucite and clinochlore grains in the sample from the
Mum and Alice June claims, California, with Cr-concentrations ranging from 1-4% and 0.5-2%,
respectively. Closer inspection of the SEM-EDS chemical maps reveals that the areas with the
highest concentrations of Cr occur along the grain boundary between brucite and quartz (Fig. 2a,
b). In contrast none of the other ore samples contain silicates with Cr concentrations greater than
0.9 at% (Table 1).
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FIGURE 2. (a) SEM-BSE and (b) SEM-EDS chemical distribution map for Si (blue), Cr (green) and Mg (red) of
an intergrowth between brucite and quartz in the sample from the Mum and Alice June claims (M31456).

In contract to the Focused Ion Beam technique, ultra-microtoming an assemblage of
mineral grains does not necessarily yield to a site-specific extraction of a TEM sample. Hence,
ultra-microtome sections cut from the clinochlore-brucite-quartz-chromite mineral assemblage
(Fig. 2a, b) resulted only in the extraction of areas composed of clinochlore and chromite (Fig.
3a). These areas are characterized by long thin needles of clinchlore with dimensions in the range
of 200 nm – 5 µm. High resolution TEM images indicate the presence of Mg-depleted chromite
nanoparticles along the boundaries of the clinochlore grains (Fig 3a-c). The nanoparticles range
in size from 3 to 10 nm and depict characteristic lattice fringes with dspacings of 2.1 Å (400)
(Fig. 3d and e).
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FIGURE 3. (a) TEM image of clinochlore fibers (chl) in a microtome section cut from a clinochlorebrucitequartz-chromite assemblage; the location of the thinner area shown in (b) and (c) is indicated with a white
square; (b) TEM and (c) STEM-EDS chemical distribution map for Mg (red) and Cr (green) of an area within a
clinochlore fiber containing chromite nanoparticles; (d) high-resolution TEM image and (e) FFT pattern of a
selected area within the area shown in (c) and (d); the FFT pattern (e) indicate characteristic lattice fringes for
chromite with d-spacings of 2.1 Å (400).

2.3.2 Mineralogical features in the silicate-enriched fraction of the chromitite ore
and in the leachate after the leaching experiment
Scanning electron microscopy studies of the silicate enriched fraction of the chromitite
ore after 3 months of the leaching experiments indicate that the chromite grains are barely
chemically altered whereas those of clinochlore grains can be extensively etched (Fig. 4a). TEM
examinations of the colloidal fraction in the leachates of pH 2 and 5 did not unequivocally
identify individual chromite nanoparticles on the TEM grid. Chromite nanoparticles were
identified in clinochlore fragments and on the surface of an Al-rich colloid with an elemental Al :
Si : Cr : Fe ratio of 10 : 2 : 1 : 1 and no detectable concentrations of Mg. The elongated colloid is
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circa 140 nm x 25 nm in size contains circa 6 at% Cr. The chromite nanoparticles on the surface
of the colloid have similar chemical composition (depleted in Mg), diameters (3 – 8 nm) and
lattice fringes (d-spacings of d = 2.9 Å (220) and 2.1 (400) Å) as those observed in unaltered
clinochlore grains (Fig 4b-d). Chemical distribution maps for Si and Al suggest that either
adsorbed silica species or an amorphous Al-silicate precipitate is heterogeneously distributed on
the surface of the Al-rich colloid (inlet in Fig. 4c).
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FIGURE 4. (a) SEM-BSE image of a highly etched clinchlore grain (chl) after leaching of a silicate-enriched
chromitite powder with a solution of pH=5; (b) STEM and (c) STEM-EDS chemical distribution maps for Cr
(green), Fe (red) of an Al-rich colloid in the leachate of pH = 5, for clarity reason, a chemical distribution map for
only Si (red) and Al (blue) is shown as an inlet ; (d) high resolution TEM image of the chromite nanoparticles on
the surface of the Al-rich colloid with characteristic lattice fringes of chromite with d-spacings of 2.1 Å (400) and
2.9 Å (220).

2.3.3 Size and chemical composition of the synthesized chromite nanoparticles
TEM images of the synthesized chromite nanoparticles show the occurrence of individual
nanoparticles and aggregates of nanoparticles (Fig. 5a). The chromite nanoparticles have
diameters between 5 and 15 nm (Fig 5a) and are thus similar in size as the chromite nanoparticles
in the Cr-rich silicates. STEM-EDS chemical distribution maps for Fe (red) and Cr (green) (Fig
5b) indicate a near homogeneous distribution of both elements (average Cr : Fe atomic ratio: 1.8
: 1). High resolution TEM images of the synthesised nanoparticles (Fig 5c), the corresponding
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FFT pattern (Fig 5d) and X-ray powder diffraction of the synthesis product (Fig 5e) depict
characteristic chromite d-spacings of d=4.8 (111), d=2.9 (220), d=2.5 (311), d=2.0 (400) Å.

FIGURE 5. Synthesized chromite (chr) nanoparticles used in the batch experiments: (a) TEM image and (b)
STEM-EDS chemical distribution map for Fe (red) and Cr (green) of an aggregate of synthesized chromite
nanoparticles, the area shown in (c) is indicated with a rectangle; (c) high-resolution TEM image and (d) FFT
pattern of a selected area within the aggregate; the FFT pattern indicate that the lattice fringes in (c) are parallel to
d=4.8 (111), d=2.9 (220), d=2.5 (311), d=2.0 (400); (e) powder diffraction pattern of the synthesized chromite
nanoparticles depicting broad peaks with d-spacing similar to those observed in the FFT pattern.
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2.3.4 Chemical and mineralogical features of the colloidal fraction in the
suspensions after 6 months of the long-term batch experiments
The pH values during all long-term batch experiments rose occasionally above pH = 5
and had to be re-adjusted mainly with a K-hydrogen phthalate solution (see above). The redox
potential at this constant pH value varied only slightly in the range of Eh = 0.4 -0.43 V.
Different nanoparticle-adsorbed solute, nanoparticle-nanoparticle and
nanoparticlemicroparticle interactions occur in the suspensions. The most notable interaction is
the aggregation of chromite and hausmannite nanoparticles (Fig. 6a-b). STEM chemical
distribution maps suggest that this aggregation process occurred in the presence of adsorbed
phosphate species (in red in Fig. 6b), which originated (most likely) from the KH2PO4 buffer
added to the solution.

FIGURE 6. (a) STEM image and b) STEM-EDS chemical distribution map for Cr (green), Mn (blue) and P
(red) of an aggregate of hausmannite (Hsm), chromite (Chr) and manganite nanoparticles in a suspension without
chamosite and organic matter.
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2.3.5 Chemical trends among the nano- to micrometer-size particles
Scanning TEM-EDS chemical analyses of chromite nanoparticles or aggregates of
chromite nanoparticles from the suspensions of all long-term batch experiments indicate that
(altered) chromite nanoparticles are depleted in Fe and enriched in Mn relative to the synthesized
chromite nanoparticles (Fig. 7a). Similarly, the majority of the (altered) hausmannite particles is
now enriched in Fe and sometimes in Cr relative to the unaltered. Here, highly altered
hausmannite nanoparticles can have Fe : Mn and Cr : Mn ratios up to 1 : 1 and 1 : 3, respectively
(Fig 7b). Alterations also occur on the surfaces of the chamosite particles. These are commonly
characterized by areas depleted in Mg and enriched in Al and Fe relative to the unaltered grains
(Fig. 7c).

FIGURE 7. Chemical composition of chromite, hausmannite nanoparticles and chamosite particles after the
longterm experiments: Ternary plots depicting (a)-(b) Cr : Mn : Fe ratios in (a) altered chromite nanoparticles
(blue) in comparison to the ideal stoichiometry of an unaltered chromite (red); (b) altered hausmannite
nanoparticles; (c) the Al : Mg : Fe ratio in altered chamosite grains (black) in comparison to the ideal
stoichiometry of an unaltered chamosite (red).
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2.3.6 Textural, chemical and mineralogical features of chromite-hausmannite
nanoparticle aggregates
Figure 8 shows a small aggregate of two altered hausmannite nanoparticles (verified with
selected electron diffraction pattern, Fig. S4) and the remains of a chromite nanoparticle from the
suspension with the organic-rich soil (experiment 5). The hausmannite nanoparticles are rounded
and elongated with dimensions of 60 nm x 40 nm and 40 nm x 30 nm. They are highly altered
with etch features at the lower nanometer range (dark spots in Fig. 8a). The remains of a
chromite nanoparticle occur below the plane of the hausmannite nanoparticles and can be only
recognized in the STEM-EDS chemical distribution map for Fe and Cr (green in Fig. 8b).
The hausmannite nanoparticles are enriched in Fe with an average Mn : Fe ratio of circa 1
: 1. The distribution of Fe is heterogeneous with high abundances of Fe occurring in cracks and
on the surface of the hausmannite nanoparticles (in red in Fig. 8c). The latter nanoparticles
contain also pockets enriched in Si (in yellow in Fig. 8d) which often overlap or are adjacent to
areas enriched in Fe. The remains of the chromite nanoparticles are depleted in Fe with an
average Fe : Cr ratio of 1 : 5.
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FIGURE 8. (a) STEM image and (b)-(d) STEM-EDS chemical maps for (b) Fe (red) and Cr (green), (c) Fe (red)
and Mn (blue) and (d) Mn (blue) and Si (yellow) of an aggregate containing two hausmannite (Hsm) and the
remains of a chromite (Chr) nanoparticle.

Large aggregates of hausmannite nanoparticles with attached chromite nanoparticles
occur in all suspension. For example, Figure 9 a-d show a micrometer-size aggregate (1.2 μm x
1μm) from the suspension with the chamosite powder (experiment 3). The aggregate contains
highly altered hausmannite nanoparticles along its rim and relatively unaltered nanoparticles in
its interior (Fig. 9a-b). The altered hausmannite nanoparticles are enriched in Fe with some
reaching Fe : Mn ratios of 1 : 1 (Fig. 9c). They are highly etched with semi rounded pits ranging
in size from d = 10 - 30 nm (Fig. 9c). The rims of the altered hausmannite nanoparticles are
composed of an Fe(hydr)oxide precipitate with a thickness of circa d = 3 - 5 nm and without any
apparent lattice fringes (Fig. 9c-d). Attached chromite nanoparticles range in size from d = 20 to
60 nm and are also rimmed by a thin Fe-(hydr)oxide precipitate (Fig. 9c)
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FIGURE 9. (a) STEM image of an aggregate of hausmannite (Hsm) nanoparticles, the area shown in (b)-(d) is
indicated with a rectangle; (b) STEM image (c) STEM-EDS chemical map for Fe (red), Cr(green) and Mn (blue)
and (d) high resolution TEM image of the area depicted in (a); etch features and a rim of a Fe-(hydr)oxide are
indicated with arrows.

2.3.7 Textural, chemical and mineralogical features of secondary Cr-hydroxide
phases
Chromium-rich secondary precipitates occur in all suspensions. Figures 10a-d show for
example an aggregate of chromite nanoparticles and Cr-(hydr)oxides from the suspension with
organic-rich soil (experiment 6). The Cr-(hydr)oxide precipitate is depleted in Fe with Fe : Cr
ratios as low as 1 : 14. It depicts two distinct features: a highly porous 60 nm x 200 nm matrix
and two parallel rods with 100 nm x 8 nm and 50 nm by 8 nm in size (Fig. 10a-d). Rods and
51

matrix contain similar amounts of Mn with an average Mn : Cr ratios of 1 : 7. Chemical
composition, rod-like habit and d-spacings (Fig. 10a-d) indicate the occurrence of the mineral
bracewellite (γ-CrO(OH)).

FIGURE 10. (a) TEM image and (b)-(c) STEM-EDS chemical maps for (b) Fe (red) and Cr (green) and (c) Fe
(red) and Mn (blue)of an aggregate of chromite nanoparticles with an Cr-(hydr)oxide precipitate containing two
parallel rods of bracewellite rods (γ-CrO(OH)); (d) Selected area diffraction pattern with characteristic d-spacings
for bracewellite.

Figure 11a-d shows an amorphous Cr-hydroxide nanoparticle (green) formed in the
suspension with the organic-rich soil (experiment 6). The nanoparticle is part of a larger
aggregate containing hausmannite nanoparticles and an unidentified silicate (most likely a clay
mineral with an Al : Si ratio of 1 : 1.5) (Fig. 11a, b). The Cr-hydroxide nanoparticle contains
significant amounts of Mn with an average Mn : Cr ratios of 1 : 7. Although the nanoparticle is
highly porous with etch pits of d = 4 - 8 nm, its outline resemble still those of a chromite
cubooctahedron with almost equi-dimensions (120 nm x 100 nm). Along the [110] edge of the
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(100) face of the former chromite nanoparticle occur two rods (60 nm x10 nm), which have
grown parallel to the edge (Fig. 11a-c). High resolution TEM images and FFT pattern indicate
the occurrence of lattice fringes with d = 2.4 Å within the rods and in their surrounding matrix
(Fig. 11d). The chemical distribution map for Cr (green), the rod-like habit and d-spacing suggest
again the occurrence of bracewellite. The hausmannite nanoparticles in the aggregate are
rounded and range from d =30 to 100 nm. They are rimed by pockets of Fe-(hydr)oxide
precipitates in which the Fe : Mn ratios can vary between 1 : 7 and 1 : 1 (in red in Fig. 11b).

FIGURE 11. (a) STEM image and (b) STEM-EDS chemical distribution map for Fe (red), Cr (green), Mn (blue),
Si (yellow) of a nanoparticle aggregate containing a Fe-depleted chromite nanoparticle and rods of bracewellite
(γ-CrO(OH)); the area shown in (c) is indicated with a rectangle in (b); (c) TEM image of bracewellite rods, the
area shown in (d) is indicated with a rectangle; (d) high resolution TEM image of bracewellite rods and FFT
pattern indicting the occurrence of characteristic lattice fringes with d-spacings of 2.4 (111) Å.
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2.3.8 Interaction of chromite nanoparticles with chamosite and organic matter
One of the most prevalent interaction in the suspension containing chamosite particles is
the attachment of chromite, Cr-(hydr)oxide and altered hausmannite nanoparticles on to surfaces
of the chamosite particles (experiments 3 and 4). For example, Figures 12a-f depict the
attachment of Cr-hydr(oxide)- and hausmannite nanoparticles on a highly altered chamosite
particle, which is partially covered by Fe-(hydr)oxide precipitates (bright areas in Fig. 12a and
indicated with the corresponding Fe : Mg ratios in Fig. 12b). Attached cubic and needle-like
Mnoxide nanoparticles (hausmannite and manganite, Fig. S2) and Fe-(hydr)oxides precipitates
are in close association whereas the Cr-(hydr)oxide nanoparticles seem randomly distributed
over the surface of chamosite grain (Fig. 12a-d).) High-resolution TEM studies and FFT-pattern
indicate that parts of the attached Cr-(hydr)oxide nanoparticles are composed of grimaldiite (αCrOOH).
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FIGURE 12. (a) STEM image and (b) STEM-EDS chemical map for Fe (green), Cr (red) and Mn (pink) of a
chamosite grain from with attached Cr-(hydr)oxides and hausmannite nanoparticles; the areas shown in (c-d) and
(e-f) are indicated with rectangles in (b); (c) High-resolution STEM image and STEM-EDS chemical map for Fe
(green), Cr (red), Mn (pink) of the hausmannite nanoparticles attached to the chamosite grain; (e) TEM image
and (f) high-resolution TEM image of a Cr-hydroxide grain attached to a chamosite grain, the area shown in (f) is
indicated with a rectangle in (e); in inlet of a FFT pattern indicates that the lattice fringes in (f) have
characteristic d-spacings of grimaldiite (α-CrO(OH)).

One of the most prevalent interactions in the suspension with the organic-rich soils
(experiment 5-6) is the interaction between chromite nanoparticles and organic colloids. Figure
13a-b shows for example an organic colloid with two attached or incorporated aggregates of
chromite nanoparticle. Aggregate 1 is composed of small unaltered cubical nanoparticles of
chromite (Fig. 13a). Aggregate 2 is highly altered and porous and contains only remains of a
chromite nanoparticle. Large parts of the aggregate are enriched in Cr and Mn (i.e. depleted in
Fe) whereby the distribution of Mn does not necessarily follow the outline of the aggregate.
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FIGURE 13. (a) and (c) STEM images and (b) and (d) STEM-EDS chemical distribution maps for (b) C (purple),
Fe (red) and Cr (green) and (d) Fe (red), Cr (green), Mn (blue) of aggregates of chromite nanoparticles (chr)
attached to larger organic matter (OM); the area shown in (c) and (d) is depicted by a rectangle in (b); aggregate
1 is composed of weakly-altered chromite cubes whereas aggregate 2 is highly altered and is depleted in Fe and
enriched in Mn relative to aggregate 1.

2.3.9 Chemical composition of the suspensions after filtering
The Cr concentrations are in the µg kg-1 range (0.8-26.4 µkg-1) and thus are much lower
than the initial Cr concentration of 519.96 mg kg-1 (Table 3). The Fe concentrations are below
the detection limit in most of the suspensions due to the lower detection limit for the element.
The concentrations for Mn are variable across the six experiments with the lowest and highest
concentrations in the suspensions with the chamosite particles and organic-rich soils respectively
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(Table 3). The concentrations of Cr3+ as well as Cr6+ in the solutions after adding NaCl (to
promote aggregation and to desorb Cr-bearing aqueous species) and centrifugation are below the
detection limit of 1 µgkg-1 for the combination chromatography/Analytik Jena 820MS ICP-MS.
The concentrations of Cr6+ in the solutions without any added NaCl were either below or slightly
above the detection limit of 0.5 µgL-1 for the combination chromatography/UV-VIS. The
suspensions with the chamosite particles contained the highest concentrations of Cr6+ with 4.0
and 4.1 µg L-1 (Table 3). The latter concentrations for Cr6+ and undetectable concentrations for
Cr3+ (<1 [µgkg-1]) indicate that the concentrations for Cr total (Table 3) reflect predominantly the
concentrations of Cr-bearing nanoparticles (< 450 nm) in each suspension.

TABLE 3. Chromium-, Fe- and Mn- concentrations in the suspensions (pH = 5) after the 9 months batch
experiments (detection limits for Cr, Cr6+, Fe, Mn = 0.2, 0.5, 50, 50 and 1.0 [µgkg -1]); the solutions were filtered
(450 nm filer) but not centrifuged; Cr = chromite nanoparticles, Mn = hausmannite nanoparticles, Si = 10 gr
chamosite, or = 10 gr organic rich soil; bdl = below detection limit

Experiment

Eh [V]

Cr [mgkg-1]

Cr6+ [µgkg-1]

Fe [mgkg-1] Mn [mgkg-1]

P [mgkg-1]

Cr-Mn = 1 : 1

0.43

0.0200

0.6

Bdl

19.11

2.903

Cr-Mn = 1 : 5

0.40

0.0028

<0.5

Bdl

15.66

4.681

Cr-Mn = 1 : 1, Si

0.41

0.0008

4.0

0.07

8.74

0.157

Cr-Mn = 1 : 5, Si

0.41

0.0014

4.1

Bdl

7.57

3.321

Cr-Mn = 1 : 1, Or 0.42

0.0300

0.6

0.01

25.40

0.125

Cr-Mn = 1 : 5, Or 0.43

0.0264

0.9

Bdl

38.32

0.040
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2.4 Discussion
We will first develop a model for the formation of chromite nanoparticles during
greenschist metamorphism of Cr-bearing silicates before addressing the stability of chromite
nanoparticles in the leaching experiments, its interaction with hausmannite nanoparticles,
clinochlore and organic matter and the potential formation of hexavalent Cr in Mn-rich soils of
pH = 5.

2.4.1 Formation of chromite nanoparticles during greenschist metamorphism
The occurrence of chromite nanoparticles in clinochlore grains from the Mum and Alice
June mine is in accord with the observations by Schindler et al. (2017) who identified chromite
nanoparticles in Cr-rich silicates of chromitites from the Black Thor deposit and Mistake Mine.
Additionally, Ruiz Cruz et al. (1999) show that submicron chromite particles can also form via
exsolution processes (i.e. solid-state diffusional processes) during the replacement of olivine by
talc during retrograde metamorphism.
Chromium (III) is commonly incorporated in the octahedral chains of pyroxenes,
(Cameron and Papike; 1981; Huebner et al., 1976; Mével and Kienast, 1986; Roy and Roy,
1954). Similarly, single crystal X-ray diffraction data and polarized single crystal spectroscopy of
Cr-rich clinochlore crystals with Cr >> Fe indicate that Cr3+ is structurally incorporated into the
octahedral layer of the layer silicate (Phillips et al. 1980; Platonov et al. 1996). However,
electron microscopy and spectroscopy studies in combination with quantum mechanical
calculations indicate that Cr3+ cannot substitute for Al3+ in the octahedral layers of boehmite,
Al(OOH) (Chatterjee et al. 2016).
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These contrary observations indicate that the speciation of Cr3+ (structurally incorporated
versus nanoparticle) in clinochlore and other minerals with octahedral layers may depend on
various environmental parameters such as the Cr / Fe ratio, the conditions during its formation
and its paragenetic relationship with other minerals. Future spectroscopy studies in combination
with TEM examinations may be able to quantify the proportions of Cr structurally incorporated
in the octahedral layer of minerals of the chlorite group versus the presence of chromite
nanoparticles in their interiors.
Chromite nanoparticles most likely form during the transformation of Mg-bearing
pyroxenes and amphiboles into minerals of the chlorite and serpentinite group during greenschist
metamorphism (Fyfe, 1959, Putnis 2009). During the metamorphic event, fluids infiltrate the
pore space of the chromite-Mg-silicate rock and initiate the replacement of the Mg-silicate
mineral by clinochlore and most likely chromite nanoparticles. A mineral replacement reaction is
based on a coupled dissolution-reprecipitation process during which the porosity within the
daughter mineral (clinochlore) promotes the mass exchange between the bulk fluid and the
parent (pyroxene)-daughter interface (Putnis 2009). Hochella and Banfield (1995) show that pore
spaces along the interfaces of clay minerals (daughters) and rock-forming silicates (parents) are
commonly at the nanometer scale (nanopores). Nanoparticles have a higher surface energy than
their micrometer-size counterparts and their formation in nanopores requires thus a higher degree
of supersaturation in order to overcome their higher solubility (Pore Controlled Solubility (PCS)
model, Emmanuel et al. 2010). A high degree of supersaturation with respect to the chromite
nanoparticles occurs most likely during the release of Fe and Cr during dissolution of the
pyroxene or amphibole (parent phases) and a possible influx of Cr3+ ions from the surrounding
chromite into the nanopores of the clinochlore (daughter phase).
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2.4.2 Release of chromite nanoparticles during the weathering of the Mg-silicates
TEM examinations of the colloidal fraction in the leachate could not unequivocally
identify individual nanoparticles of chromite, most likely due to the centrifuge limited RPM and
g-values. Chromite nanoparticles were instead identified in colloids composed of clinochlore and
on the surface of an amorphous Al-hydroxide in the leachate of pH = 5 (Fig. 4b and c). The
occurrence of attached and aggregated chromite nanoparticles on the surface of the Al-hydroxide
colloid indicates the presence of nanoparticles in the colloidal fraction of the leachate. It seems
unlikely that these nanoparticles originated from the breakdown of micrometer-sized chromite
grains as they (1) have similar sizes as those observed in clinochlore and (2) contain only minor
Mg whereas the latter grains have Fe : Mg ratios close to 1 : 1.
The Al-hydroxide colloid most likely formed during a coupled dissolution-reprecipitation
processes during the alteration of the clinochlore as Al-hydroxides are common weathering
products of Al-silicates at high-water rock ratios (Schellmann, 1994). The attachment of
chromite nanoparticles on to the surface of the colloid can be explained with the point of zero
charges for chromite (pHpzc = 6.1-6.8) and Al(OH)3 (pHpzc = 8-9) (Kosmulski, 2020; Sposito,
1995) and the fact that adsorbed silica species or Al-silicate surface coatings on oxides can
reverse or neutralize their positive surface charge (Huang and Yang, 2020; Imae, 2017). Hence at
the pH of the leachate (pH = 5), the surface of the Al-(hydroxide) colloid with adsorbed silica
species/Al-silicate precipitates and the chromite nanoparticles had most likely neutral or opposite
surface charges, which, according to the DLVO theory, promote the aggregation of nanoparticles
(see below).
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2.4.3 Aggregation of nanoparticles and their attachment onto mineral surfaces
The observed aggregation of chromite- and hausmannite- nanoparticles (Fig 6a-b) and
their attachment to larger chlorite particles (Fix. 12a-f) can be explained with the
DerjaguinLandau-Verwey-Overbeak (DLVO) theory and extended Derjaguin-Landau-VerweyOverbeak (XDLVO) theory. According to these theories, pH and activity of dissolved ions have
a great influence on the surface charge and can either inhibit or promote aggregation. As the pH
approaches the point of zero charge of a nanoparticle surface, electrostatic double layer repulsion
decreases and aggregation is promoted by van der Waals attraction. Chromite and hausmannite
have points of zero charge of around pHpzc = 6.0-6.5 and pHpzc = 5.7, respectively (Kosmulski,
2009; Rousseau, 1987) and their surface had thus slightly positive surface charges at pH = 5.
This positive surface charge was neutralized in the suspension by the presence of negative
counter ions such as phosphate and sulfate ions. STEM-EDS chemical distribution maps show
indeed that negative charged phosphate counterions are attached to the surfaces of the chromite
nanoparticles and hausmannite nanoparticles (Fig. 6a-b). These counter ions neutralised the
slightly positive-charged EDL and van der Waals attractions became dominate and promoted the
aggregation of the chromite and hausmannite nanoparticles (Fig. 6a-b).
Chlorite has a point of zero charge of around pHpzc = 4.6 and thus the chamosite grains
had most likely a negatively charged surface at pH =5. This allowed the attachment of the neutral
to slightly positively charged chromite and hausmannite nanoparticles (Fig 12a-f). The typical
point of zero charge for organic matter in soils is pHpzc = 2 to 3 (Selinus and Alloway, 2005;
Sparks, 2003) and their negatively charged surfaces at pH = 5 promoted also the attachment of
the chromite nanoparticles (Fig. 13a-d).
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2.4.4 Dissolution reprecipitation processes on the surface of hausmannite
The STEM/TEM studies indicate that the dissolution of chromite nanoparticles in the
presence of hausmannite nanoparticle results in the formation of Cr- and Fe-hydroxide phases
(Figs. 8-11). The corresponding dissolution reprecipitation reactions are most likely catalysed by
the oxidation of Fe2+ by Mn3+ species which is thermodynamically favoured over the oxidation
of Mn2+ by Fe3+ species:
Mn3+ + Fe2+ → Mn2+ + Fe3+

ΔG°r = -103.14 kJ/mol

[3]

Or in terms of (hydr)oxides:
Mn3O4 + 2Fe2+ + 2H2O → 3Mn2+ + 2Fe(OH)3 + H+ ΔG°r = -61.36 kJ/mol

[4]

The resulting Fe3+ (hydr)oxides (equation [4]) form a porous surface layer or fillings within
the hausmannite nanoparticles (Figs. 8 and 9), which allowed the continuous oxidation of Fe2+ to
Fe3+, the precipitation of Fe3+--phases and the reductive dissolution of the Mn-oxide. This
continuous dissolution-reprecipitation process has been also observed by others (Schaefer et al.,
2017), and can eventually result in the pseudomorphic replacement of a Mn- by Fe-oxide mineral
(Golden et al. 1988). Similarly, the attachment of Mn-oxide nanoparticles on the surface of the
chamosite crystals resulted in the formation Fe3+-(hydr)oxides most likely due to the oxidative
dissolution of the underlying Fe2+-bearing sheet silicates (Fig. 12).
A mineral replacement requires that dissolution of the phase to be replaced (in this case a Mn
oxide) and precipitation of the replacing phase (Fe-hydroxide) are closely coupled in space and
time (Putnis 2009). The coupling of dissolution and precipitation may be recognized in Figure
9a-d, which show the formation of a Fe-hydroxide rim at the surfaces of highly etched
hausmannite nanoparticles.
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According to Putnis (2009), the coupling between the dissolution of the parent (hausmannite)
and precipitation of the daughter (Fe-hydroxide) can be achieved when the controlling
mechanism is the dissolution rate of the parent, and the activation energy barrier for the
nucleation of the daughter is low. Although the type of Fe-(hydr)oxide was not unequivocally
identified, the absence of diffraction spots in SAED pattern taken from Fe-rich precipitates
suggests the occurrence of ferrihydrite, a nanocrystalline Fe3+ -hydroxide containing a high
density of defects (vacancies, stacking faults), and variable amounts of H2O and hydroxyl
groups. The potential formation of ferrihydrite would be in accord with Ostwald’s step rule
which states that a metastable phase such as ferrihydrite forms prior to more crystalline phases
such as hematite (Guo and Barnard, 2013, Aeppli et al, 2019). However, Navrotsky et al. (2008)
showed that so-called metastable phases can be actually the thermodynamically most stable
phases at the nanoscale as at this scale the surface energies of for example the Fe-hydroxide
polymorphs goethite, lepidocrocite and akageneite are lower than those of hematite and
maghemite (which are the most stable Fe-hydroxide phases at the bulk scale).
The formation of an Fe3+-(hydr)oxide rim on the hausmannite nanoparticles most likely
impacts the overall ability of Mn oxides to remain redox-active phases in environmental systems.
Experimental studies showed for example that the production of Mn2+ during equations [3] and
[4] decreases with time, suggesting that the Fe3+ -hydroxide layers partially passivate Mn3+/4+
terminations on the surface of Mn oxides (Villinski et al., 2001).
The majority of the Cr-hydroxides nanoparticles formed during the long-term batch
experiment lacks long-range (no diffraction spots in SAED pattern) (Figs. 8, 10-12). The initial
formation of an amorphous CrO(OH) and subsequent transformation to the thermodynamically
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more stable phases bracewellite and grimaldiite (which occur as nano-size crystals within the
amorphous phase; Fig 10a-e, 11a-d) follows hereby again Ostwald’s step rule.
There are three CrOOH polymorphs: α-CrOOH, grimaldiite, β-CrOOH, guyanaite and
γCrOOH, bracewellite. These phases are rare and only occur in a few locations with merumite, a
hydrated Cr-hydroxide ore discovered in Guyana, being the most prominent host of all three
phases (Bracewell, 1946; Milton et al. 1976). Similar to this study, Shpachenko et al. (2006)
identified bracewellite crystals grown in a matrix of an amorphous Cr-hydroxide.

2.4.5 Reaction pathways during the interaction of hausmannite and chromite
nanoparticles
The observations above clearly indicate that the dissolution of chromite and hausmannite are
triggered by the oxidation of Fe2+ to Fe3+ (and perhaps Cr3+ to Cr6+) and reduction of Mn3+ to
Mn2+. The dissolution of these nanoparticles is accompanied by dissolution-reprecipitation
processes which lead to the replacement of the Mn-oxide by a Fe-(hydr)oxide (Figs. 8 and 9) and
the replacement of chromite by Cr-hydr(oxides) (Figs. 8, 10-12).
On the basis of changes in the oxidation rate of Cr3+ to Cr6+ in the presence of chromite
and Mn-oxides, Oze (2007) proposed that the reaction pathway Cr3+ → Cr6+ involves dissolution
of chromite and transport of Cr3+ to the Mn-oxide surface and its subsequent oxidation. The
results above suggest that Fe2+ and Cr3+ adsorb to the surfaces of the Mn-oxides (some in form of
attached chromite nanoparticles) and that a certain fraction of the adsorbed Cr3+ reprecipitates
with the Fe3+-hydroxides (Fig. 7b). They also suggest that a fraction of the Cr3+ remains on the
surface of the chromite and reprecipitate in the form of a Cr-(hydr)oxide. Furthermore, minor
amounts of Mn in the altered chromite suggest that Mn-species adsorb to the chromite surface
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and coprecipitate with the Cr-hydroxides (Figs. 7b and 10c). These observations indicate that
coupled adsorption-dissolution-reprecipitation processes on the surfaces of chromite and
hausmannite nanoparticles promote their dissolution, the adsorption of Mn3+ and Fe2+ species
and the subsequent reprecipitation of Mn-species with Cr3+-hydroxides and Cr3+-species with
Fe3+-hydroxides, respectively.

2.4.6 The composition of the suspensions after the long-term experiments
The concentrations of Cr, Fe and Mn in the leachate after the long-term batch experiment
and filtering (450 nm pore size) are much lower than their initial concentrations (Table 3) and
suggest that the majority of Cr, Fe and Mn occur in nanoparticle aggregates with d > 450 nm.
This conclusion is in accord with the observed aggregates of chromite, hausmannite and
chamosite nanoparticles (Figs. 6 and 8-13). However, the concentration of Cr and Mn in the
leachates differ significantly between the six experiments: the lowest and the highest
concentrations of Cr and Mn occur in the leachates with chamosite and organic rich soils,
respectively. The higher concentrations of Cr and Mn in the solutions with organic matter can be
either a result of (a) a lower degree of nanoparticles aggregation relative to the experiments
without organic matter or (b) the enhanced complexation of Cr and Mn by dissolved organic
matter (Dinu, 2013; Gustafsson et al., 2014). However, the latter scenario can be ruled out for Cr
as its concentrations, after addition of a salt solution and centrifugation, were below the detection
limit of the analytical technique (1 [µgkg-1]).
A lower degree of nanoparticle aggregation in the suspension with organic matter may be
explained with the presence of adsorbed dissolved organic matter (DOM) on the surfaces of the
nanoparticles. Studies on the fate of natural colloids in the environment show that natural
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colloids with a wide range of chemical compositions are often negatively charged due to
adsorbed DOM species (Philippe and Schaumann, 2014). These DOM species are mainly humic
substances which either neutralize positive-charged surfaces and thus induce aggregation or
cause electrosteric stabilization and hinder aggregation of the colloids (Philippe and Schaumann,
2014). Hence, humic substances adsorbed on the positive charged surfaces of the hausmannite
and chromite nanoparticles may have partially reversed their surface charges and subsequently
lowered their degree of aggregation in the experiments with organic matter.

2.4.7 The formation of hexavalent Cr
Two distinct analytical approaches (chromatography + ICP-MS versus chromatography +
UV-VIS) indicated that the concentrations of Cr6+ in all suspensions after the long-term batch
experiments were very low with the highest concentration around 4 µg kg-1 (Table 3). At first
sight, the low concentrations of Cr6+ seem to contradict observations that the highest oxidation
rates for Cr3+ → Cr6+ occur in the presence of Mn3+ -bearing oxides (such as hausmannite) at pH
= 5 (Weaver and Hochella, 2003). The low concentrations of Cr6+ also seem to contradict Oze et
al. (2007) who conducted experiments demonstrating accelerated dissolution of chromite and
subsequent oxidation of Cr3+ to Cr6+ in the presence of the Mn3+ bearing mineral birnessite.
However, there are some key differences between this study and the previously mentioned
studies:
a) Contrary to the study conducted by Weaver and Hochella (2003), the experiments in this
study contained reductants known to be capable of reducing Cr6+ to Cr3+. These
reductants were the Fe2+-bearing minerals chamosite and chromite and oxidized
functional surface terminations on organic matter.
66

b) The micrometer-size chromites used by Oze et al. (2007) were actually
magnesiochromites with the composition (Fe0.46Mg0.52Mn0.02)(Cr0.61Al0.29Fe0.10)2O4,
whereas the synthesized chromite nanoparticles used in this study had the Fe-endmember
composition FeCr2O4 (Fig. 5a, b). Although the total surface area of the chromite
nanoparticles varied with the degree of aggregation of the chromitehausmannitechamosite-organic matter particles, a higher number of Fe2+ surface sites
were most likely present in the experiments of this study than those carried out by Oze et
al. (2007). A high number of Fe2+ surface sites on the surface of the chromite
nanoparticles in combination with Fe2+- and organic-based reductive sites on the surfaces
of the chamosite particles and organic material/DOM prevented the formation of
significant concentrations of hexavalent Cr-species as
a) The oxidation of Fe2+ to Fe3+ by Mn3+ (E0 = -1.069 eV) is thermodynamically favoured
over the oxidation of Cr3+ to Cr6+ (E0 = -0.0612V) (see equation 3 and below)
c) The oxidation of Fe2+ to Fe3+ resulted in the breakdown of the chromite structure and in
the precipitation of (amorphous) Fe3+- and Cr3+-(hydr)oxides (Fig. 9a-d). The
reprecipitation of an amorphous Cr3+-hydroxide along the interface of the unaltered
chromite nanoparticles may have been thermodynamically as well as kinetically
favoured over the oxidation of Cr3+ to Cr6+.
d) Any Cr6+ formed through the reduction of Mn3+ to Mn2+ may have subsequently reduced
by Fe2+ surface terminations on the surface of the chromite nanoparticles: 3Mn3+ + Cr3+
+ 4H2O → 3Mn2+ + (HCrO4)- +7H+; ΔG°r = -5.9 kJ [5]
(HCrO4)- + 3Fe2+ + 7H+ → 3Fe3+ + Cr3+ + 4H2O; ΔG°r = -85.97 kJ [6]
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The higher concentrations of hexavalent Cr in the experiments with than without
chamosite particles (experiments 3 + 4 versus 1 + 2) may be the result of the competitive
adsorption of negative-charged chromate and silicate species (Zachara et al., 1987), which occur
in higher concentrations in the former than latter experiments.

2.4.8 Recommendations for Future studies on chromite nanoparticles in the
presence of Mn-oxides
The observations in this study show that the formation and occurrence of Cr6+ species in
solutions containing chromite nanoparticles can be limited in complex mineralogical and
geochemical systems, even in the presence of Mn3+ -oxides, due to the presence of adsorption
sites on silicates, organic matter, Fe- and Cr3+ -hydroxides. A better understanding on the
formation of Cr6+ species or their sequestration during the oxidative dissolution of chromite
nanoparticles requires additional studies which should include:
1. Experiments containing chromite nanoparticles in simplified systems in the absence
and presence of Mn-oxide particles at various pH values. Experiments without Mnoxides are important for our understanding on the stability of chromite nanoparticles
in soils of different pH value. TEM studies and chemical analyses for Cr6+ in solution
should be carried out periodically over the course of the experiments in order to
characterize particle interactions as well as the kinetics of the oxidative dissolution of
chromite nanoparticles in the presence and absence of Mn-oxides. In addition to
analysing for the concentration of Cr6+, different Cr species in solution and adsorbed
to mineral surface should be identified using chromatography, UV-VIS spectroscopy,
X-ray Photoelectron Spectroscopy and EXAFS (Extended X-ray absorption fine
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structure), respectively. These analytical techniques can unequivocally identify
whether the oxidative dissolution of Fe-rich chromite leads indeed to the formation of
Cr6+ species. Further studies can build upon these experiments by conducting similar
experiments in more complex systems containing naturally occurring materials that
occur in the environment surrounding Cr-rich rocks at the “Ring of Fire”.

2. Collection of soil and water samples from the surroundings at the “Ring of Fire” to
identify the occurrence of chromite nanoparticles in an environmental setting. These
samples should be collected in proximity to exposed weathered Cr-rich ultramafic
rocks. In these samples, chromite nanoparticles most likely occur in weathering crusts
on ultra-mafic rocks, such as dunite, peroxinite and peridotite found at the Black Thor
chromite deposit at the “Ring of Fire”. In the case chromite nanoparticles are absent,
studies should focus on the identification of Cr-bearing alteration products. The
identity of these phases will allow the development of more robust chemical models
for the environmental fate of Cr after weathering of Cr-rich ultramafic rocks.

3. Another study should focus on the occurrence of Mn-oxides in soils surrounding the
“Ring of Fire”. Common Mn-oxide minerals in soils are lithiophorite, hollandite, and
birnessite (Post, 1999)

2.5 Implications
The results of this study do not only confirm that chromite nanoparticles occur in Cr-rich
silicates, but they also show that these nanoparticles persist through weathering of their host
silicates at pH = 5 and can be released into the environment. These observations change our
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understanding of the potential risks of Cr-bearing silicates in mine tailings and soils. The release
of chromite nanoparticles as opposed to Cr3+(aq) species has a large impact on the fate of Cr in the
environment as the behavior of nanoparticles is governed by surface reactions (Hochella et al.,
2008).
This study gives for the first-time insight into mineralogical processes during the
interaction of chromite and Mn-oxides nanoparticles. Common mineralogical features are
1. the aggregation of chromite and hausmannite nanoparticles, which is (a) promoted
under near neutral pH conditions (slightly positive surface charges) and the presence
of negatively-charged phosphate species and (b) partly inhibited by dissolved organic
matter.
2. The dissolution of chromite and hausmannite nanoparticles and their (partial)
replacement by Cr- and Fe-hydroxides is facilitated by adsorptiondissolutionreprecipitation processes. The latter processes involve the adsorption of
Mn, Cr and
Fe-species, the redox-controlled dissolution of the underlying mineral and the
formation of porosity which allows a continuous mass exchange between the
daughter-parent phases and the bulk solution.
The oxidation rate of Cr3+ to Cr6+ during dissolution of Cr-bearing silicates is in particular
affected by the occurrence of chromite nanoparticles as they limit the availability of Cr3+ during
the dissolution of the silicate (in comparison to structurally incorporated Cr3+) and provide
Fe2+surface sites as reductants for newly-formed hexavalent Cr-species. Additional soil
constituents such as Fe-reducing bacteria, Fe2+-bearing silicates (such as chamosite), Fe2+-oxides
(such as magnetite) and organic matter can also inhibit the oxidation of Cr3+ even in the presence
of highly-reactive strong oxidants such as hausmannite nanoparticles (Hausladen and Fendorf,
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2017 and this study). These observations indicate that chromite nanoparticles, sensu stricto
FeCr2O4, are less likely to contribute to the formation of environmental Cr6+ in their immediate
surroundings. However, the detection of hexavalent Cr in natural waters in close proximity to
serpentinite soils, its occurrence within micrometer-size soil pockets enriched in Mn (Fandeur et
al., 2009) and its formation during the interaction of magnesiochromite and birnessite (Oze et al.
2007) indicates that its formation cannot be ruled out and requires most likely a lower abundance
of Fe2+ in the system and the (partial) geochemical separation of Cr3+ from Fe2+- and
organicbearing soil and water components such as minerals and colloids.
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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 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. During these processes, the formation of hexavalent Cr is suppressed by
reductive Fe2+-surface sites on chromite nanoparticles and Fe2+-bearing silicates and by
functional groups on organic matter. Transmission electron microscopy (TEM) in combination
with ultramicrotomy, centrifugation, chromatography, ICP-MS and UV-VIS is used to
characterize the occurrence of chromite nanoparticles, their release and alteration and the
formation of hexavalent Cr aqueous species. TEM analysis of clinochlore grains from a
chromitite sample of the Mum and Alice June claims ore deposits, California reconfirms the
occurrence of chromite nanoparticles in Cr-rich silicates with chromitite. The chromite
nanoparticles form in minerals of the chlorite and serpentinite group most likely during
greenschist metamorphism via a coupled dissolution-reprecipitation process. Alteration of
clinochlore grains containing chromite nanoparticles results in the release of the nanoparticles
and their attachment to Al-silicate colloids. Chromite nanoparticles with the endmember
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

86

facilitated by the aggregation of the nanoparticles and adsorption-dissolution-precipitation
processes. Processes on the surfaces of the hausmannite nanoparticles involve the adsorption of
Cr3+ and Fe2+-species, 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 include the adsorption of Mn-species, 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 hexavalent Cr in the suspensions (< 5 µg kg-1)
suggesting that the majority of the released Cr species adsorb to mineral surfaces or reprecipitate
with Cr- and Fe-hydroxide phases.
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Introduction
The environmental fate and toxicity of Cr strongly depends on local redox and pH
conditions as Cr3+-bearing minerals and aqueous species have commonly a lower solubility and
mobility than their hexavalent 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 become limited; (2) products of the oxidation of Cr3+ are commonly Mn2+ and Cr6+
which both do not limit the oxidation 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 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).
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;
Oze et al., 2007) and can contain hexavalent Cr6+ -species in the presence of Mn-oxides (Fandeur
et al. 2009). Hexavalent Cr has been also detected in natural solutions in proximity to ophiolite
complexes (Robles-Camacho and Armienta, 2000; Ball and Izbicki, 2004; Manning et al., 2015;
Morrison et al., 2015).
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The discovery of chromite nanoparticles within clinochlore and lizardite grains in
chromitite ore from the Black Thor chromium deposit in central Canada and the Mistake mine,
part of the Franciscan ophiolite complex, California, USA adds an unforeseen complexity to the
mineralogy and geochemistry of Cr in serpentinite soils (Schindler et al. 2017, 2018) as the
release of Cr during the weathering of the silicate minerals may occur in the form of chromite
nanoparticles rather than Cr3+-aqueous species. In this case, the environmental fate of the
element will be governed by the specific properties of the nanoparticles such as their reactivity,
solubility and their abilities to aggregate or to adhere to mineral surfaces (Hochella et al., 2008;
Teng and Yuan 2008; Hotze et al. 2010; Kumar, et al. 2012; Kaptay, 2012; Aliofkhazraei et al.,
2016). The chromite nanoparticles in the silicates are 3-5 nm in diameter, occur in random
orientations throughout the host silicates, are released during the weathering of their host
silicates and most likely adhere to other nanoparticles present in solution (Schindler et al. 2017,
2018)

Objectives
An understanding of the fate of chromite nanoparticles in the environment requires
knowledge about their interactions with other nanoparticles, mineral surfaces and redox-sensitive
components in the soil environment such as Mn-oxides and organic matter. This interaction
includes the pathways for the potential oxidation of Cr3+ and Fe2+ by Mn-oxides; i.e. do the
corresponding redox processes require the aggregation of chromite and Mn-oxide nanoparticles
or the adsorption of Mn- and Cr- aqueous species on the surfaces of the chromite and Mn-oxide
nanoparticles, respectively?
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Hence, the objectives of this study are to examine the occurrence and release of chromite
nanoparticles and their interaction with Mn-oxides and other constituents most likely present in
serpentinite soils. These goals will be achieved through conducting three distinct analytical and
experimental approaches:
IV.

Scanning electron microscopy and a combination of ultra-microtoming, transmission
electron microscopy (TEM) and Scanning TEM (STEM)-energy dispersive spectroscopy
(EDS) in order to examine the abundance and distribution of Cr and chromite nanoparticles
within silicates of chromitites from the Mum and Alice June claims in California (Fig. 1)
and from locations other than those studied by Schindler et al. (2017, 2018) (Table 1).

V.

Leaching of a silicate-enriched fraction of a chromitite ore sample in solutions of pH = 2
and 5 in combination with TEM-STEM-EDS analyses in order to determine whether
chromite nanoparticles are released upon the weathering of their silicate hosts;

VI.

Long-term (six to nine months) batch experiments in combination with TEM-STEM-EDS
in order to characterize the alteration of synthesized chromite nanoparticles (endmember
composition FeCr2O4) in the presence of other components most likely present in
serpentinite soils such as hausmannite, Mn3O4 nanoparticles, chamosite (an Fe2+-rich
mineral of the chlorite group) and organic matter. These batch experiments will be
conducted under pH conditions (pH = 5) similar to those in the eutric brunisolic soils
surrounding the Black Thor chromium deposit which have contact pH-values of pH = 4.5
to 5.0 on the surface and pH > 5.5 at greater depth (Smith et al. 2011). The concentrations
of Crtotal, Cr3+, Cr6+, Mn and Fe will be determined with ICP-MS and combinations of
chromatography/ICP-MS and chromatography/UV-VIS.
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Materials and Methods
The materials and method section can be found in the Supplementary data.

RESULTS
The results of the nano-mineralogical study on the Cr-rich clinochlore grains from the
Mum and Alice June claims will be addressed first followed by those on the colloidal fractions in
the suspension after (a) the leaching experiment of the silicate-enriched chromite ore sample and
(b) six to nine months long-term batch experiments.

Silicate hosted chromite nanoparticles in the chromite ore from the Mum and Alice June claims
The Cr concentrations in the silicates of the chromitites ranges from < 0.2 to 4 at% (Table
1). The highest Cr concentrations occur in brucite and clinochlore grains in the sample from the
Mum and Alice June claims, California, with Cr-concentrations ranging from 1-4 at% and 0.5-2
at%, respectively. In the latter sample, Cr is heterogeneously distributed within areas composed
of brucite and clinochlore with the highest concentrations of Cr occurring along grain boundaries
such as the boundary between brucite and quartz (Fig. 2a, b). Ultra-microtome sections cut from
the clinochlore-brucite-quartz-chromite mineral assemblage resulted in the extraction of areas
composed of clinochlore and chromite (Fig. 3a). These areas are characterized by long thin
needles of clinchlore containing Mg-depleted chromite nanoparticles (d = 3 to 10 nm) along the
boundaries of the clinochlore grains (Fig 3a-e).
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Mineralogical studies of the silicate-enriched fraction of the chromitite ore sample and the
colloidal fraction in the solution after the leaching experiment
After three months of leaching a silicate-enriched fraction of a chromitite ore sample at
pH = 2 and 5, chromite grains are slightly chemically altered whereas the majority of the
clinochlore grains is extensively etched (Fig. 4a). TEM examinations of the colloidal fraction in
the leachates of pH = 2 and 5 did not unequivocally identify individual chromite nanoparticles on
the TEM grids. Chromite nanoparticles were identified in clinochlore fragments and on the
surface of an Al-rich colloid with an elemental Al : Si : Cr : Fe ratio of 10 : 2 : 1 : 1 and no
detectable concentrations of Mg (Fig 4b-d).

Size and chemical composition of the synthesized chromite nanoparticles
TEM images of the synthesized chromite nanoparticles show the occurrence of individual
nanoparticles and aggregates of nanoparticles (Fig. 5a). The chromite nanoparticles have
diameters between 5 and 15 nm (Fig 5a, c) and are thus similar in size as the chromite
nanoparticles in the Cr-rich silicates of the chromitites (Fig. 3d, Schindler et al. 2017).
STEMEDS chemical distribution maps for Fe (red) and Cr (green) (Fig 5b) indicate a
homogeneous distribution of both elements (average Cr : Fe atomic ratio: 1.8 : 1). High
resolution TEM images and X-ray powder diffraction confirm the occurrence of predominantly
chromite nanoparticles (Fig. 5c-e).
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Chemical and mineralogical features of the colloidal fraction in the suspensions after 6
months of the long-term batch experiments
Different nanoparticle-adsorbed solute, nanoparticle-nanoparticle and
nanoparticlemicroparticle interactions occur in the suspensions. The most notable interaction is
the aggregation of chromite and hausmannite nanoparticles (Fig. 6a-b). STEM chemical
distribution maps suggest that this aggregation process occurred in the presence of adsorbed
phosphate species (in red in Fig. 6b), which originated (most likely) from the KH2PO4 buffer
added to the solution (see supplementary data).

Chemical trends among the nano- to micrometer-size particles
Scanning TEM-EDS chemical analyses of chromite nanoparticles or aggregates of
chromite nanoparticles from the suspensions of all long-term batch experiments indicate that
(altered) chromite nanoparticles are depleted in Fe and enriched in Mn relative to the synthesized
chromite nanoparticles (Fig. 7a). Similarly, altered hausmannite nanoparticles are enriched in Fe
and sometimes in Cr with maximum Fe : Mn and Cr : Mn ratios of 1 : 1 and 1 : 3, respectively
(Fig 7b). Alterations also occur on the surfaces of the chamosite particles. These are commonly
characterized by areas depleted in Mg and enriched in Al and Fe relative to the unaltered grains
(Fig. 7c).

Textural, chemical and mineralogical features of chromite-hausmannite nanoparticle aggregates
Figure 8 shows a small aggregate of two altered hausmannite nanoparticles (see also Fig.
S4) and the remains of a chromite nanoparticle from the suspension with the organic-rich soil
(experiment 5). The hausmannite nanoparticles are enriched in Fe (Mn : Fe ratio ~1, Fig. 8b) and
are highly altered with etch features at the lower nanometer range (dark spots in Fig. 8a). The
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distribution of Fe is heterogeneous with high abundances of Fe occurring in cracks and on the
surface of the hausmannite nanoparticles (in red in Fig. 8c). The latter nanoparticles contain also
pockets enriched in Si (in yellow in Fig. 8d) which often overlap or are adjacent to areas
enriched in Fe. The remains of a chromite nanoparticle occur below the plane of the hausmannite
nanoparticles (Fig. 8a and in green in Fig. 8b) and are depleted in Fe relative to an unaltered
chromite nanoparticle (Fe : Cr ratio = 1 : 5).
Large aggregates of hausmannite nanoparticles with attached chromite nanoparticles
occur in all suspension. For example, a micrometer-size aggregate from the suspension with the
chamosite powder (experiment 3) contains highly altered hausmannite nanoparticles enriched in
Fe (max. Fe : Mn ratios of 1 : 1) along its surface and relatively unaltered nanoparticles in its
interior (Fig. 9a-b). The altered hausmannite nanoparticles are rimmed by a nanometer-thick
Fe(hydr)oxide precipitate without any apparent lattice fringes (Fig. 9c-d). Chromite nanoparticles
attached to the aggregate are also rimmed by Fe-(hydr)oxides precipitates (Fig. 9c)

Textural, chemical and mineralogical features of secondary Cr-hydroxide phases
Chromium (hydr)oxide precipitates occur in all suspensions. For example, precipitates in
the suspension with organic rich soil (experiment 6) are depleted in Fe and enriched in Mn
relative to chromite (min. Fe : Cr ratios ~ 1 : 14; max. Mn : Cr ratios of 1 : 7; Fig. 10). The
precipitates lack any apparent long- or short-range ordering (i.e. no diffraction spots in SAED
pattern and lattice fringes) but their matrices contain rods of bracewellite (γ-CrO(OH)) (Fig. 10
and S5). In some cases, the morphology of the Cr-hydroxide precipitate resembles those of a
chromite cubo-octahedron with almost equi-dimensions (120 nm x 100 nm) (Fig.10d, e).
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Hausmannite nanoparticles associated with the Cr-hydroxides precipitates are commonly
rimed by pockets of Mn-bearing Fe-(hydr)oxide precipitates (Fe : Mn ratios vary from 1 : 7 to 1 :
1; in red in Fig. 10e).

Interaction of chromite nanoparticles with chamosite and organic matter
One of the most prevalent interaction in the suspension containing chamosite particles is
the attachment of chromite, Cr-(hydr)oxide and altered hausmannite nanoparticles on surfaces of
the chamosite particles (experiments 3 and 4). For example, Figures 11a-e depict the attachment
of Cr-hydr(oxide)- and hausmannite nanoparticles on a highly altered chamosite particle, which
is partially covered by Fe-(hydr)oxide precipitates (bright areas in Fig. 11a and indicated with the
corresponding Fe : Mg ratios in Fig. 11b). Attached cubic and needle-like Mn-oxide
nanoparticles (hausmannite and manganite, Fig. S2) and Fe-(hydr)oxides precipitates are in close
association whereas the Cr-(hydr)oxide nanoparticles seem randomly distributed over the surface
of chamosite grain (Fig. 11a-d). High-resolution TEM studies and FFT-pattern indicate that parts
of the attached Cr-(hydr)oxide nanoparticles are composed of grimaldiite (α-CrOOH) (Fig. 11d,
e).
One of the most prevalent interactions in the suspension with the organic-rich soils
(experiments 5 and 6) is the interaction between chromite nanoparticles and organic colloids.
Figure 11f shows for example an organic colloid with two attached or incorporated aggregates of
(altered) chromite nanoparticle (labelled “1” and “2” in Fig. 11f). Aggregate 1 is composed of
chemically unaltered nanoparticles of chromite (Fig. S6) whereas the nanoparticles in aggregate
2 are enriched in Cr and Mn and depleted in Fe with respect to the synthesized chromite
nanoparticles (Fig. S6).
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Chemical composition of the suspensions after 9 months of the long-term batch experiments
The pH values during all long-term batch experiments rose occasionally above pH = 5
and had to be re-adjusted mainly with a K-hydrogen phthalate solution (see above). The redox
potential at this constant pH value varied only slightly in the range of Eh = 0.4 -0.43 V.
The Cr concentrations are in the µg kg-1 range (0.8-26.4 µkg-1) and thus are much lower
than the initial Cr concentration of 519.96 mg kg-1 (Table 2). The Fe concentrations are below
the detection limit in most of the suspensions due to the lower detection limit for the element.
The concentrations for Mn are variable across the six experiments with the lowest and highest
concentrations in the suspensions with the chamosite particles and organic-rich soils,
respectively (Table 2). The concentrations of Cr3+ and Cr6+ in the suspensions are below the
detection limit of 1 µgkg-1 when analysed with the combination chromatography/ICP-MS. The
concentrations of Cr6+ in the suspensions are either below or slightly above the detection limit of
0.5 µgL-1 when analysed with the combination of chromatography/UV-VIS (Table 2). Here, the
suspensions with the chamosite particles contain the highest concentrations of Cr6+ with 4.0 and
4.1 µg L-1 (Table 2).

DISCUSSION
We will first develop a model for the formation of chromite nanoparticles during
greenschist metamorphism of Cr-bearing silicates before addressing the stability of chromite
nanoparticles in the leaching experiments, its interaction with hausmannite nanoparticles,
clinochlore and organic matter and the potential formation of hexavalent Cr in Mn-rich soils of
pH = 5.
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Formation of chromite nanoparticles during greenschist metamorphism

The occurrence of chromite nanoparticles in clinochlore grains from the Mum and Alice
June mine is in accord with the observations by Schindler et al. (2017) who identified chromite
nanoparticles in Cr-rich silicates of chromitites from the Black Thor deposit and Mistake Mine.
Additionally, Ruiz Cruz et al. (1999) show that submicron chromite particles can also form via
exsolution processes (i.e. solid-state diffusional processes) during the replacement of olivine by
talc during retrograde metamorphism.
Chromium (III) is commonly incorporated in the octahedral chains of pyroxenes, (Roy
and Roy, 1954; Huebner et al., 1976; Cameron and Papike 1981; Mével and Kienast, 1986).
Similarly, single crystal X-ray diffraction data and polarized single crystal spectroscopy of
Crrich clinochlore crystals with Cr >> Fe indicate that Cr3+ is structurally incorporated into the
octahedral layer of the layer silicate (Phillips et al. 1980; Platonov et al. 1996). Contrary, electron
microscopy and spectroscopy studies in combination with quantum mechanical calculations
indicate that Cr3+ does not substitute for Al3+ in the octahedral layers of boehmite, Al(OOH)
(Chatterjee et al. 2016).
These contrary observations indicate that the speciation of Cr3+ (structurally incorporated
versus nanoparticle) in clinochlore and other minerals with octahedral layers may depend on
various environmental parameters such as the Cr / Fe ratio, the conditions during its formation
and its paragenetic relationship with other minerals. Future spectroscopy studies in combination
with TEM examinations may be able to quantify the proportions of Cr structurally incorporated
in the octahedral layer of minerals of the chlorite group versus the presence of chromite
nanoparticles in their interiors.
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Chromite nanoparticles most likely form during the transformation of Mg-bearing
pyroxenes and amphiboles into minerals of the chlorite and serpentinite group during greenschist
metamorphism (Fyfe, 1959; Putnis 2009). During the metamorphic event, fluids infiltrate the
pore space of the host rock and initiate the replacement of the former by the latter minerals. A
mineral replacement reaction is based on a coupled dissolution-reprecipitation process during
which the porosity within the daughter mineral (minerals of the chlorite and serpentinite group)
promotes the mass exchange between the bulk fluid and the parent
(pyroxene/amphibole)daughter interface (Putnis 2009). Porosity and the release of Fe and Cr
during the dissolution of the parent phase facilitated most likely the formation of the chromite
nanoparticles.

Release of chromite nanoparticles during the weathering of the Mg-silicates
TEM examinations of the colloidal fraction in the leachate could not unequivocally
identify individual nanoparticles of chromite, most likely due to their particle size (max. d = 15
nm) and the centrifuge limited RPM and g-values (supplementary data). Chromite nanoparticles
were instead identified in colloids composed of clinochlore and on the surface of an amorphous
Al-hydroxide in the leachate of pH = 5 (Fig. 4b and c). The occurrence of attached and
aggregated chromite nanoparticles on the surface of the Al-hydroxide colloid indicates the
presence of nanoparticles in the colloidal fraction of the leachate. It seems unlikely that these
nanoparticles originated from the breakdown of micrometer-sized chromite grains as they (1)
have similar sizes as those observed in clinochlore and (2) contain only minor Mg whereas the
micrometer-size chromite grains in the chromitite sample have Fe : Mg ratios close to 1 : 1.
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The Al-hydroxide colloid formed most likely during the alteration of the clinochlore as
Al-hydroxides are common weathering products of Al-silicates at high-water rock ratios
(Schellmann, 1994).

Aggregation of nanoparticles and their attachment onto mineral surfaces
The observed aggregation of chromite- and hausmannite- nanoparticles (Fig 6a-b) and
their attachment to larger chamosite and organic matter particles (Fig. 11) can be explained with
the Derjaguin-Landau-Verwey-Overbeak (DLVO) theory and extended DerjaguinLandauVerwey-Overbeak (XDLVO) theory. According to these theories, pH and activity of
dissolved ions have a great influence on the surface charge and can either inhibit or promote
aggregation. As the pH approaches the point of zero charge of a nanoparticle surface,
electrostatic double layer repulsion decreases and aggregation is promoted by van der Waals
attraction. Chromite and hausmannite have points of zero charge of around pHpzc = 6.0-6.5 and
pHpzc = 5.7, respectively (Rousseau, 1987; Kosmulski, 2009) and their surface had thus slightly
positive surface charges at pH = 5. This positive surface charge was neutralized in the suspension
by the presence of negative counter ions such as phosphate and sulfate ions (Fig. 6a-b). These
counter ions neutralised the slightly positive-charged EDL and van der Waals attractions became
dominate and promoted the aggregation of the chromite and hausmannite nanoparticles (Fig. 6ab).
Chlorite has a point of zero charge of around pHpzc = 4.6 and thus the chamosite grains
had most likely a negative surface charge at pH = 5. This allowed the attachment of the
positivecharged chromite and hausmannite nanoparticles (Fig 11a-e). The typical point of zero
charge for organic matter in soils is pHpzc = 2 to 3 (Selinus and Alloway, 2005; Sparks, 2003)
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and the negative-charged surfaces of organic colloids at pH = 5 promoted also the attachment of
the chromite nanoparticles (Fig. 11f).

Dissolution reprecipitation processes on the surface of hausmannite
The STEM/TEM studies indicate that the dissolution of chromite nanoparticles in the
presence of hausmannite nanoparticle results in the formation of Cr- and Fe-hydroxide phases
(Figs. 8-11). The corresponding dissolution-reprecipitation reactions are most likely catalysed by
the oxidation of Fe2+ by Mn3+ species which is thermodynamically favoured over the oxidation
of Mn2+ by Fe3+ species:
Mn3+ + Fe2+ → Mn2+ + Fe3+

ΔG°r = -103.14 kJ/mol

[3]

Or in terms of (hydr)oxides:
Mn3O4 + 2Fe2+ + 2H2O → 3Mn2+ + 2Fe(OH)3 + H+ ΔG°r = -61.36 kJ/mol

[4]

The resulting Fe3+ (hydr)oxides (equation [4]) form a porous surface layer or fillings within
the hausmannite nanoparticles (Figs. 8 and 9), which allowed the continuous oxidation of Fe2+ to
Fe3+, the precipitation of Fe3+--phases and the reductive dissolution of the Mn-oxide. This
continuous dissolution-reprecipitation process has been also observed by others (Schaefer et al.,
2017), and can eventually result in the pseudomorphic replacement of a Mn- by Fe-oxide mineral
(Golden et al. 1988). Similarly, the attachment of Mn-oxide nanoparticles on the surface of the
chamosite crystals resulted in the formation Fe3+-(hydr)oxides most likely due to the oxidative
dissolution of the underlying Fe2+-bearing sheet silicates (Fig. 11a-c).
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The mineralogical composition of the Fe-hydroxide rim on the surfaces of the hausmannite
nanoparticles could not be unequivocally identified due to the absence of diffraction spots and
lattice fringes. The precipitation of ferrihydrite seems however likely as it is commonly the first
Fe-(hydr)oxide phase to precipitate from aqueous solution (Navrotsky et al. 2008; Guo and
Barnard, 2013; Aeppli et al, 2019).
The formation of an Fe3+-(hydr)oxide rim on the surface of hausmannite nanoparticles most
likely impacts the overall ability of Mn oxides to remain redox-active phases in environmental
systems. Experimental studies showed for example that the production of Mn2+ during equations
[3] and [4] decreases with time, suggesting that the Fe3+ -hydroxide layers partially passivate
Mn3+/4+ terminations on the surface of Mn oxides (Villinski et al., 2001).
Large parts of the Cr-(hydr)oxides nanoparticles formed during the long-term batch
experiment lack long-range (no diffraction spots in SAED pattern) (Fig. 10). The initial
formation of an amorphous (or nanocrystalline) Cr-(hydr)oxide and its subsequent
transformation to the thermodynamically more stable phases bracewellite and grimaldiite (which
occur as nano-size crystals within the amorphous phase; Fig 10a-e, 11a-d) follows hereby
Ostwald’s step rule.
There are three CrOOH polymorphs: α-CrOOH, grimaldiite, β-CrOOH, guyanaite and
γCrOOH, bracewellite. These phases are rare and only occur in a few locations with merumite, a
hydrated Cr-hydroxide ore discovered in Guyana, being the most prominent host of all three
phases (Bracewell, 1946; Milton et al. 1976). Similar to this study, Shpachenko et al. (2006)
identified bracewellite crystals grown in a matrix of an amorphous Cr-(hydr)oxide.
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Reaction pathways during the interaction of hausmannite and chromite nanoparticles
The observations above clearly indicate that the dissolution of chromite and hausmannite are
triggered by the oxidation of Fe2+ to Fe3+ (and perhaps Cr3+ to Cr6+) and reduction of Mn3+ to
Mn2+. The dissolution of these nanoparticles is accompanied by dissolution-reprecipitation
processes which can lead to the replacement of the Mn-oxide by a Fe-(hydr)oxide (Figs. 8 and 9)
and the replacement of chromite by Cr-hydr(oxides) (Fig. 10d-e).
On the basis of changes in the oxidation rate of Cr3+ to Cr6+ in the presence of chromite
and Mn-oxides, Oze (2007) proposed that the reaction pathway Cr3+ → Cr6+ involves dissolution
of chromite and transport of Cr3+ to the Mn-oxide surface and its subsequent oxidation to Cr6+.
The occurrence of Cr-rich Fe-(hydr)oxides (Figs.8 and 10-11) on the surface of the
hausmannite nanoparticles suggest that Fe2+ and Cr3+ adsorb to the surfaces of the hausmannite
nanoparticles (some in form of attached chromite nanoparticles) and that a fraction of the
adsorbed Cr3+ reprecipitates with the Fe3+-hydroxides during the reductive dissolution of the
Mnoxide substrate (Fig. 7b). The presence of Mn in altered chromite nanoparticles or
Cr(hydr)oxide precipitates (Fig. 7a and 10c) suggests the co-precipitation of Mn species with
Cr(hydr)oxides during the oxidative dissolution of the chromite nanoparticles. It also suggests
that adsorbed Mn-species are actively involved in the dissolution process of chromite, perhaps in
the form of adsorbed Mn3+ species promoting the oxidation of Fe2+ to Fe3+ and perhaps Cr3+ to
Cr6+ on the surface of the chromite nanoparticles. Hence, adsorption-dissolution-reprecipitation
processes may occur on the surfaces of both, chromite and hausmannite nanoparticles, and
involve the adsorption of Mn3+ and Fe2+ species, the dissolution of their substrates and the
subsequent reprecipitation of Mn- and Cr-species with Cr3+- and Fe3+-(hydr)oxides, respectively.
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The composition of the suspensions after the long-term experiments
The concentrations of Cr, Fe and Mn in the leachate after the long-term batch experiment
and filtering (450 nm pore size) are much lower (Table 2) than their initial concentrations
(519.96 mg kg-1 , Table S1) and suggest that the majority of Cr, Fe and Mn occur in nanoparticle
aggregates with d > 450 nm. This conclusion is in accord with the observed aggregates of
chromite, hausmannite and chamosite nanoparticles (Figs. 6 and 8-11). However, the
concentration of Cr and Mn in the leachates differ significantly between the six experiments with
the lowest and the highest concentrations of Cr and Mn in the leachates with chamosite and
organic rich soils, respectively (Table 2). The higher concentrations of Cr and Mn in the
solutions with organic matter can be either a result of (a) a lower degree of nanoparticles
aggregation relative to the experiments without organic matter or (b) the enhanced complexation
of Cr and Mn by dissolved organic matter (Dinu, 2013; Gustafsson et al., 2014). However, the
latter scenario can be ruled out for Cr as the concentrations for Cr3+aq and Cr6+aq after their
chromatographic separation from the chromite nanoparticles were below or close to the detection
limits of the ICP-MS and UV-VIS (1 µgkg-1 and 0.5 µgkg-1).
A lower degree of nanoparticle aggregation in the suspension with organic matter may be
explained with the presence of adsorbed dissolved organic matter (DOM) on the surfaces of the
nanoparticles. Studies on the fate of natural colloids in the environment show that natural
colloids with a wide range of chemical compositions are often negative-charged due to adsorbed
DOM species (Philippe and Schaumann, 2014). These DOM species are mainly humic
substances which either neutralize positive-charged surfaces and thus induce aggregation or
cause electrosteric stabilization and hinder aggregation of the colloids (Philippe and Schaumann,
2014). Hence, humic substances adsorbed on the positive-charged surfaces of the hausmannite
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and chromite nanoparticles may have partially reversed their surface charges and subsequently
lowered their degree of aggregation in the experiments with organic matter.

The formation of hexavalent Cr

Two distinct analytical approaches (chromatography + ICP-MS versus chromatography +
UV-VIS) indicated that the concentrations of Cr6+ in all suspensions after the long-term batch
experiments were very low with the highest concentration around 4 µg kg-1 (Table 2). At first
sight, the low concentrations of Cr6+ seem to contradict observations that the highest oxidation
rates for Cr3+ → Cr6+ occur in the presence of Mn3+ -bearing oxides (such as hausmannite) at pH
= 5 (Weaver and Hochella, 2003). They also seem to contradict the results by Oze et al. (2007)
which indicated accelerated dissolution of chromite and subsequent oxidation of Cr3+ to Cr6+ in
the presence of the Mn3+-bearing mineral birnessite. However, there are some key differences
between this study and the latter studies:
e) Contrary to the study conducted by Weaver and Hochella (2003), the experiments in this
study contained reductants known to be capable of reducing Cr6+ to Cr3+. These
reductants were the Fe2+-bearing minerals chamosite and chromite and oxidized
surfaceterminations on organic matter.
f) The micrometer-size chromites used by Oze et al. (2007) were actually
magnesiochromites with the composition (Fe0.46Mg0.52Mn0.02)(Cr0.61Al0.29Fe0.10)2O4,
whereas the synthesized chromite nanoparticles used in this study had the Fe-endmember
composition FeCr2O4 (Fig. 5). Although the total surface area of the chromite
nanoparticles varied with the degree of aggregation of the chromitehausmannitechamosite-organic matter particles, a higher number of Fe2+ surface sites
104

were most likely present in the experiments of this study than those carried out by Oze et
al. (2007).
Hence, a higher number of Fe2+ surface sites on the surface of the chromite nanoparticles in
combination with Fe2+- and organic-based reductive sites on the surfaces of the chamosite
particles and organic material/DOM prevented most likely the formation of significant
concentrations of hexavalent Cr-species. The higher concentrations of hexavalent Cr in the
suspensions with than without chamosite particles (Table 2) were most likely the result of the
presence of negative-charged silicate species in the suspensions with the chamosite particles.
These silicate species competed with the negative-charged chromate species for adsorption sites
on mineral surfaces (Zachara et al., 1987), which subsequently resulted in a higher amount of
chromate species in solution.

IMPLICATIONS
The results of this study do not only confirm that chromite nanoparticles occur in Cr-rich
silicates, but they also show that these nanoparticles persist through weathering of their host
silicates at pH = 5 and can be thus released into the environment. These observations change our
understanding of the potential risks of Cr-bearing silicates in mine tailings and soils. The release
of chromite nanoparticles as opposed to Cr3+(aq) species has a large impact on the fate of Cr in
the environment as the behavior of nanoparticles is governed by surface reactions and
nanoparticle-nanoparticle interactions (Hochella et al., 2008).
This study gives for the first-time insight into mineralogical processes during the
interaction of chromite and Mn-oxides nanoparticles. Common mineralogical features are
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3. the aggregation of chromite and hausmannite nanoparticles, which is (a) promoted
under near neutral pH conditions and the presence of negative-charged phosphate
species and (b) partly inhibited by dissolved organic matter.
4. The dissolution of chromite and hausmannite nanoparticles and their (partial)
replacement by Cr- and Fe-hydroxides is facilitated by adsorptiondissolutionreprecipitation processes. The latter processes involve the adsorption of
Mn, Cr and Fe-species, the redox-controlled dissolution of the underlying mineral and
the formation of porosity which allows a continuous mass exchange between the
daughter-parent phases and the bulk solution.
The oxidation rate of Cr3+ to Cr6+ during dissolution of Cr-bearing silicates is in particular
affected by the occurrence of chromite nanoparticles as they limit the availability of Cr3+ during
the dissolution of the silicate (in comparison to structurally incorporated Cr3+) and provide
Fe2+surface sites as reductants for newly-formed hexavalent Cr-species. Additional soil
constituents such as Fe-reducing bacteria, Fe2+-bearing silicates (such as chamosite), Fe2+-oxides
(such as magnetite) and organic matter can also inhibit the oxidation of Cr3+ even in the presence
of strong oxidants such as hausmannite nanoparticles (in accord with the study by Hausladen and
Fendorf, 2017). These observations indicate that chromite nanoparticles, sensu stricto FeCr2O4,
are less likely to contribute to the formation of environmental Cr6+ in their immediate
surroundings. However, the detection of hexavalent Cr in natural waters in close proximity to
serpentinite soils, its occurrence within micrometer-size soil pockets enriched in Mn (Fandeur et
al., 2009) and its formation during the interaction of magnesiochromite and birnessite (Oze et al.
2007) indicates that its formation cannot be ruled out and requires most likely a lower abundance
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of Fe2+ in the system and the (partial) geochemical separation of Cr3+ from Fe2+- and
organicbearing soil and water components such as minerals and colloids.
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FIGURE CAPTIONS
FIGURE 1. Topographic map of California with the location of the Mum and Alice June claims
indicated with a red dot.
FIGURE 2. (a) SEM-BSE and (b) SEM-EDS chemical distribution map for Si (blue), Cr (green)
and Mg (red) of an intergrowth between brucite and quartz in the sample from the Mum and
Alice June claims (M31456).
FIGURE 3. (a) TEM image of clinochlore fibers (chl) in a microtome section cut from a
clinochlore-brucite-quartz-chromite assemblage; the location of the thinner area shown in (b) and
(c) is indicated with a white square; (b) TEM and (c) STEM-EDS chemical distribution map for
Mg (red) and Cr (green) of an area within a clinochlore fiber containing chromite nanoparticles;
(d) high-resolution TEM image and (e) FFT pattern of a selected area within the area shown in
(b) and (c); the FFT pattern indicates characteristic lattice fringes for chromite with d-spacings of
2.1 Å (400).
FIGURE 4. (a) SEM-BSE image of an etched clinchlore grain (chl) after leaching of a
silicateenriched chromitite powder with a solution of pH = 5; (b) STEM and (c) STEM-EDS
chemical distribution maps for Cr (green), Fe (red) of an Al-rich colloid in the leachate of pH =
5, for clarity reason, a chemical distribution map for only Si (red) and Al (blue) is shown as an
inlet; (d) high resolution TEM image of the chromite nanoparticles on the surface of the Al-rich
colloid with characteristic lattice fringes of chromite with d-spacings of 2.1 Å (400) and 2.9 Å
(220).

113

FIGURE 5. Synthesized chromite (chr) nanoparticles used in the batch experiments: (a) TEM
image and (b) STEM-EDS chemical distribution map for Fe (red) and Cr (green) of an aggregate
of synthesized chromite nanoparticles, the area shown in (c) is indicated with a rectangle; (c)
high-resolution TEM image and (d) FFT pattern of a selected area within the aggregate; the FFT
pattern indicate that the lattice fringes in (c) have characteristic d-spacings for chromite; (e)
powder-diffraction pattern of the synthesized chromite nanoparticles depicting broad peaks with
d-spacings similar to those observed in the FFT pattern.

FIGURE 6. (a) STEM image and b) STEM-EDS chemical distribution map for Cr (green), Mn
(blue) and P (red) of an aggregate of hausmannite (Hsm), chromite (Chr) and manganite
nanoparticles in a suspension without chamosite and organic matter.

FIGURE 7. Chemical composition of chromite, hausmannite nanoparticles and chamosite
particles after the long-term experiments: Ternary plots depicting (a)-(b) Cr : Mn : Fe ratios in
(a) altered chromite nanoparticles (blue) in comparison to the ideal stoichiometry of an unaltered
chromite (red); (b) altered hausmannite nanoparticles; (c) the Al : Mg : Fe ratio in altered
chamosite grains (black) in comparison to the ideal stoichiometry of an unaltered chamosite
(red).

FIGURE 8. (a) STEM image and (b)-(d) STEM-EDS chemical maps for (b) Fe (red) and Cr
(green), (c) Fe (red) and Mn (blue) and (d) Mn (blue) and Si (yellow) of an aggregate containing
two hausmannite (Hsm) and the remains of a chromite (Chr) nanoparticle.
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FIGURE 9. (a) STEM image of an aggregate of hausmannite (Hsm) and chromite (chr)
nanoparticles, the area shown in (b)-(d) is indicated with a rectangle; (b) STEM image (c)
STEM-EDS chemical map for Fe (red), Cr(green) and Mn (blue) and (d) high resolution TEM
image of the area depicted in (a); etch features and a rim of a Fe-(hydr)oxide are indicated with
arrows.

FIGURE 10. (a) TEM image and (b)-(c) STEM-EDS chemical maps for (b) Fe (red) and Cr
(green) and (c) Fe (red) and Mn (blue) of an aggregate of chromite nanoparticles (chr) with an
Cr-(hydr)oxide precipitate containing two parallel rods of bracewellite rods (γ-CrO(OH)); (d)
STEM image and (e) STEM-EDS chemical distribution map for Fe (red), Cr (green), Mn (blue),
Si (yellow) of an aggregate containing hausmannite nanoparticles (hsm), an unidentified clay
mineral and the remains of a chromite nanoparticle with two rods of bracewellite (γ-CrO(OH));
the area shown in (f) is indicated with a rectangle in (e); (c) TEM image of two rods of
bracewellite.

FIGURE 11. (a) STEM image and (b) STEM-EDS chemical map for Fe (green), Cr (red) and
Mn (pink) of a chamosite grain from with attached Cr-(hydr)oxides and hausmannite
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nanoparticles; the areas shown in (c) and (d-e) are indicated with rectangles in (b); (c) STEM
image of hausmannite nanoparticles attached to the chamosite grain; (d) TEM image and (e)
high-resolution TEM image of a Cr-(hydr)oxide grain attached to a chamosite grain, the area
shown in (e) is indicated with a rectangle in (d); a FFT pattern (inlet) indicates that the lattice
fringes in (e) have characteristic d-spacings of grimaldiite (α-CrO(OH)); (f) STEM image of
chromite nanoparticle aggregates (chr) attached to a larger organic matter colloid (OM);
aggregate 1 is composed of weakly-altered chromite nanoparticles whereas aggregate 2 is highly
altered and is depleted in Fe and enriched in Mn relative to aggregate 1 (see supplementary data).
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TABLE 1. Characterized chromitite ore samples, the location and type of their respective ore deposit and
the hosts and concentrations of Cr in the ore (excluding chromite)
Sample ID
Location of ore
Type of chromite Host of Cr/chromite
Range
of
deposit
ore deposit
nanoparticles
Crconcentrations
in hosts
M31456

Mum and Alice

Ophiolite

Brucite, Mg(OH)2

1-4 at%

Ophiolite

Clinochlore

0.5-2 at%

June claim,
California
M31456

Mum and Alice
June claim,

Mg5Al(AlSi3O10)(OH)8

California
M29852

M7560

M41446

Asbestos, Quebec

Ultramafic
intrusion

Lizardite,

Lizardite,

Quebec

Ultramafic
intrusion

Crushed Stone

Ophiolite

Lizardite,

Black lake,

Newfoundland
M9431

Lewis Hill,

< 0.5 at%

Mg3Si2O5(OH)4
< 0.5 at%

Mg3Si2O5(OH)4
<0.9 at%

Mg3Si2O5(OH)4
Ophiolite

Newfoundland

Lizardite,

<0.2 at%

Mg03Si2O5(OH)4

Sample from

Black Thor

Ultramafic

Clinochlore,

Schindler et al.

deposit

intrusion

Mg5Al(AlSi3O10)(OH)8

2017

“Ring of Fire”

Sample from

Mistake Mine,

Schindler et al.

Fresno, California

Ophiolite

Lizardite

1-3 at%

1 at%

Mg3Si2O5(OH)4

2017

Ophiolite
Sample from

Mistake Mine,

Schindler et al.
2017

Fresno, California
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Clinochlore
Mg5Al(AlSi3O10)(OH)8

3 at%

TABLE 2. Chromium-, Fe- and Mn- concentrations in the suspensions (pH = 5) after the 9
months batch experiments (detection limits for Cr, Cr6+, Fe, Mn = 0.2, 0.5, 50, 50 and 1.0
[µgkg1]); the solutions were filtered (450 nm filer) but not centrifuged; Cr = chromite
nanoparticles, Mn = hausmannite nanoparticles, Si = 10 gr chamosite, or = 10 gr organic rich
soil; bdl = below detection limit
Experiment
Eh [V] Cr [mgkg-1] Cr6+ [µgkg-1] Fe [mgkg-1] Mn [mgkg-1] P [mgkg-1]
1: Cr-Mn = 1 : 1

0.43

0.0200

0.6

Bdl

19.11

2.903

2: Cr-Mn = 1 : 5

0.40

0.0028

<0.5

Bdl

15.66

4.681

3: Cr-Mn = 1 : 1, Si

0.41

0.0008

4.0

0.07

8.74

0.157

4: Cr-Mn = 1 : 5, Si

0.41

0.0014

4.1

Bdl

7.57

3.321

5: Cr-Mn = 1 : 1, Or

0.42

0.0300

0.6

0.01

25.40

0.125

6: Cr-Mn = 1 : 5, Or

0.43

0.0264

0.9

Bdl

38.32

0.040
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