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Abstract Spherical particles have been sampled from
soils and silica-rich rock coatings close to major smelt-
er centers at Coppercliff, Coniston, and Falconbridge
in the Sudbury area, Canada. Detailed analyses
employing optical microscopy, scanning electron mi-
croscopy, transmission electron microscopy, micro-
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Raman spectroscopy, and Mdssbauer spectroscopy
have been conducted to elucidate their nature, origin
and potential alteration. The spherical particles are on
the nano- to millimeter-size range and are composed
principally of magnetite, hematite, Fe-silicates (oliv-
ine, pyroxenes), heazlewoodite, bornite, pyrrhotite,
spinels (including trevorite and cuprospinel), delafos-
site, and cuprite or tenorite. The spinels present have
variable Cu and Ni contents, whereas delafossite and
cuprite are Ni free. Texturally, the spherical particles
are composed of a Fe-oxide—Fe-silicate matrix with
sulfide inclusions. The matrix displays growth fea-
tures of a Fe-rich phase that commonly form dur-
ing rapid cooling and transformation processes
within smelter and converter facilities. Examina-
tion of weathered spherical particles indicates that
some sulfide inclusions have dissolved prior to the
alteration of the Fe-silicates and oxides and that
the weathering of Fe-silicates occurs simultaneous-
ly with the transformation of magnetite into hema-
tite. A higher proportion of Cu vs. Ni in the clay
and organic fraction noted in the Sudbury soils is
explained by (1) the formation of stronger adsorp-
tion complexes between Cu and the corresponding
surface species and (2) the preferential release of
Cu vs. Ni by smelter-derived particles. The latter
mechanism is based on the observations that (a)
cuprospinels have higher dissolution rates than Ni
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spinels, (b) a larger proportion of Cu occurs in the
nanometer-size (and thus more soluble) fraction of
the emitted particles, and (c) Ni spinels of rela-
tively low solubility form in the alteration zone of
heazlewoodite inclusions.

Keywords Soils - Particulates - Heavy metals - Smelter

1 Introduction

Smelting activities are the principal contributors
to local and regional atmospheric pollution in
the form of metals, metalloids, and sulfur dioxide.
Metal(loid)-bearing particles emitted during smelt-
ing influence the quality of soil and water sys-
tems and have an impact on human health via
inhalation of nanometer-size airborne particulate
matter (Kalkstein and Greene 1997). Sulfur diox-
ide emissions from smelters add to global sulfur
concentration in the atmosphere and contribute to
acidic precipitation, climate forcing, and global
pollution (Norman et al. 2004; Bao and Reheis
2003; Hamill et al. 1997; Brock et al. 1995).

Smelters are considered point sources of metal
(lloid) pollution where the concentration of emitted
elements commonly decreases in surficial environ-
ments with distance from the source (Davies 1983).
The distribution patterns of elements emitted from
point sources have been mapped in soils (e.g., Wren
2012; Hogan and Wotton 1984; Freedman and
Hutchinson 1980), peat (e.g., Zoltai 1988), lake
sediments (e.g., Jackson 1978), and in humus and till
sediments (e.g., Henderson et al. 1998).

The mobility, bioavailability, and toxicity of
metals in soils depend on the solubility and reac-
tivity of their host materials (e.g., McNear et al.
2007). Hence, the identification of these metal-
bearing hosts is important for risk assessment on
the mobility of metals and for the formulation of
effective remediation strategies.

This paper represents the first contribution on
the mineralogical characterization of metal-bearing
phases in soils from the Sudbury area, Canada
(Fig. 1a). We focus on the identification of Fe—
Ni—Cu-bearing phases in smelter-derived spherical
particles and use their weathering characteristics to
explain their preferential release of Cu vs. Ni.
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Fig. 1 a Map of the Sudbury region with the locations of the
sampling sites for the soils (stars, triangle, circle) and silica
coatings (squares); the smelter areas of Copper Cliff, Coniston,
and Falconbridge are indicated with a sketched chimney, and an
index in the upper left corner shows the location of Sudbury
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within Ontario, Canada. b Plots of the concentrations of Ni vs.
Cu in the upper 0-5 cm of the Sudbury soils; plots include data
from 275 soil samples and were reported in the Sudbury Re-
gional Soils Study (Wren 2012)
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Such data are relevant to understanding the fate
and residence time of metals in highly contaminat-
ed soils and to developing reclamation strategies
for polluted soils in proximity to former and cur-
rent smelting activities.

1.1 History of Environmental Pollution in the Greater
Sudbury Area

In 1886, large Ni—Cu deposits were discovered in
the Greater Sudbury area. In 1888, open roast beds
and smelters with short emission stacks were
erected to process local ore. There were three
major smelting centers in the Greater Sudbury area
from 1913 to 1972: Copper Cliff, Falconbridge,
and Coniston (Fig. 1a, Whitby et al. 1976). During
the peak years of emission, these smelters emitted
annually on average 1.5 million tons of SO,, 200
tonnes of Pb, 120 tonnes of As, 50 tonnes of Se,
and over 1,000 tonnes of Cu and Ni (Wren 2012;
Nriagu and Wong 1983; Ozvacic 1982; Hutchinson
and Whitby 1974).

1.2 Former Studies on the Sudbury Soils

In 2001, two comprehensive city-wide soil sampling
and analysis studies were carried out to quantify an-
thropogenic metals in local soils and to determine pre-
industrial metal levels in local soils. The Sudbury
Urban Soil Study (Wren 2012) investigated metal
concentrations in local urban soils (e.g., agricultural
areas, school yards) and compared these to Ministry of
Environment guidelines. The Sudbury Regional Soils
Study (SRSS; Wren 2012) analyzed the distribution of
metal species in undisturbed soils on a regional scale
for three soil depths, 0-5, 5-10, and 10-20 cm. The
latter study showed that samples from O to 5 cm are
generally more enriched in metal(loids) than the layers
below and that metal(loid) distribution is consistent
with an atmospheric deposition model and the histor-
ical industrial activities of the Sudbury area (Wren
2012). Furthermore, the distributions of As, Pb, Cu,
Ni and Se follow a NE-SW trending ellipsoid, consis-
tent with the dominant wind directions in the Greater
Sudbury area. The concentrations of these metal(loids)
drop to background levels at an approximate distance
of 120 km from the center of Sudbury (SRSS; Wren
2012). Enrichment factors of elements in the 0—5-cm
and in the 10-15-cm layer vs. the corresponding

parent material (soil at 80 cm depth from surface)
indicate that:

1. As, Pb, Cu, Ni, and Se are derived from an
anthropogenic source.

2. The latter elements (Ni, Se) occur in phases of low
solubility.

3. Cu, As, and Pb have a higher mobility than Ni and
Se within the soil column (SRSS; Wren 2012).

Table 1 lists the concentrations of As, Pb, Cu, Ni,
and Se for the depth of 0-5 cm of the soils of the
Copper Cliff, Coniston, and Falconbridge areas.
Adamo et al. (1996) studied the distribution of Cu
and Ni phases in Sudbury soils and showed that Cu
is closely associated with clays, organic material, and
smelter-derived material, whereas Ni occurs most
commonly in smelter-derived particles. Similar con-
clusions were drawn by the Sudbury soil study to
explain an apparent higher mobility of Cu®" relative
to Ni*" (SRSS; Wren 2012). The authors of both
studies noted that the higher mobility of Cu®" in the
Sudbury soils is unusual, because Cu®" commonly
becomes less mobile than Ni*" due to the formation
of stronger complexes with organic material, Fe—
Mn-oxides and clay minerals (Baker 1990).

1.3 Objectives

The historical records on the emission of Cu and Ni
indicate that their atomic ratios in the smelter plume
varied annually and from stack to stack but were on
average close to 1 (SRSS; Wren 2012; Ozvacic 1982;
Hutchinson and Whitby 1974). For example, 670 and
500 tons year ' of Cu and Ni were released between
1983 and 1981 from all smelters in the Sudbury area
(Ozvacic 1982), corresponding to an atomic Cu/Ni

Table 1 Average chemical composition of the 0—5-cm surface
soil (milligram per kilogram dry weight) from the Sudbury
Regional Soils Study (Wren 2012) for the regions Coniston,
Copper Cliff, and Falconbridge

Location n Ni Cu As Se Pb
Coniston 32 265 323 25 2 43
Copper Cliff 21 837 826 29 6 75
Falconbridge 33 283 357 37 3 62

n denotes the number of samples per region
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ratio of 1.2. Mantha and Schindler (2012) showed that
the average atomic ratio between Ni and Cu in the 275
soil samples analyzed in the SRSS is close to 1,
indicating that their ratios in the soils have not signif-
icantly changed since their atmospheric deposition
(Fig. 1b). This suggests that the mobility of Ni and
Cu is in fact similar in the soils; however, these ele-
ments are associated with different mineral phases.
The observed higher accumulation of Cu vs. Ni in
clays and organic material can be explained by the
formation of stronger adsorption complexes between
Cu and the corresponding surface species (Alloway
1990; Baker 1990). However, if similar amounts (in
terms of moles) of Ni and Cu were indeed deposited
on the Sudbury soils, why and how was Cu preferen-
tially released by smelter-derived particles into the
organic and clay fraction of the soils? These questions
can be answered by examining in detail the type,
composition, and weathering features of Cu- and Ni-
bearing phases in the Sudbury soils. Knight and
Henderson (2005, 2006) pointed out that smelter par-
ticles in soils and humus likely represent many years
of emitted particles, whereas particles collected in
snow represent only the latest emissions of particles.
Hence, the co-existence of different generations of
smelter particles in soils can be used to depict weath-
ering sequences for the different phases in these par-
ticles. This allows us to determine the alteration
sequence of smelter-derived phases and to identify
those phases that control the long-term mobility of
Cu and Ni in the Sudbury soils.

In this paper, we will examine only smelter-derived
spherical particles, because they present the largest
group of smelter-emitted particles in the Sudbury soils
(there is a very small population of angular Cu and Ni
particles <1 %). We identify Fe-, Ni-, and Cu-bearing
phases present in weakly and strongly weathered
spherical particles and explain the preferential release
of Cu vs. Ni using (a) observed weathering features,
(b) experimental data on dissolution rates of Cu- and
Ni-bearing oxides, and (c) grain-size distributions of
spherical particles observed in soils and silica-rich
rock coatings.

1.4 Mineralogical Studies on Cu- and Ni-Bearing
Particles Emitted by Other Base-Metal Smelters

Notable studies on the mineralogical and chemical
composition of particles emitted by other base-metal
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smelters have been conducted by Knight and Hender-
son (2005, 2006) and Gregurek et al. (1998, 1999).
The former authors examined smelter particles collect-
ed in humus around Rouyn-Noranada, Quebec,
Canada, and the latter authors characterized particles
collected in snow around the Cu—Ni smelters on the
Kola Peninsula, Russia. Both studies showed that (a)
the majority of smelter-derived particles occur as
spherical particles (the industrial term is prills), (b)
they formed at high 7 during smelting and converter
processes, (c¢) they possessed distinct internal and ex-
ternal features as a result of their rapid cooling, and (d)
they were composed mainly of Fe-silicates and Fe-
oxides with minor Fe-Ni—Cu-sulfides.

2 Experimental

Samples of the upper 0—5 cm from acidic soils (pH=
4-5) were collected in proximity to former smelters at
Copper Cliff, Coniston, and Falconbridge, Sudbury,
Canada (Fig. 1a). Sampling sites were at least 100 m
from residences, roads, railway tracks, rivers, slopes,
and limed areas so as to avoid misrepresenting the soil
condition of the area by secondary contamination from
sources other than the smelter.

Vegetation, if present, was removed before samples
were collected. Magnetic and non-magnetic fractions
were separated by running a hand magnet continuous-
ly through the bulk soil. The number of spherical
particles in the magnetic fraction by far exceeded their
number in the non-magnetic fraction (ratio is circa
10:1). Portions of the magnetic fraction were subse-
quently embedded in epoxy pucks and prepared for
optical microscopy, SEM, and Raman spectroscopy.

Samples of silica-rich rock coatings were also col-
lected in the vicinity of the smelters at Copper Cliff
(CC), Coniston (C), and Falconbridge (Fig. 1a). Cross-
sections of samples from CC and C were embedded
into epoxy and subsequently prepared for scanning
electron microscopy (SEM) and transmission electron
microscopy (TEM) (for more details, see Mantha et al.
2012).

2.1 Scanning Electron Microscopy
Textural and phase analyses of the spherical particles

were done with a JEOL 6400 Scanning Electron Mi-
croscope operated at 20 kV and a beam current of
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1 nA. Particles were examined by backscattered elec-
tron (BSE) and secondary electron microscopy and
quantitative chemical analysis obtained by energy dis-
persive X-ray spectrometry (EDS) using the standards
Si0,, albite, MgO, Al,Os, K-feldspar, wollastonite,
FeS,, and metallic Fe, Ni, and Cu.

2.2 Focused Ion Beam and Transmission Electron
Microscopy

Due to the lack of nanometer-size particles in the soil
samples, the grain-size distribution of spherical par-
ticles was examined in silica-rich coatings using SEM
and TEM. Cross-sections of silica-rich coatings were
first coated with gold and palladium to prevent plati-
num (used in focused ion beam (FIB)) from contam-
inating the sample. An 8-umXx20-pm section was
removed with a FIB and subsequently lifted using a
platinum gas glue. The sections were thinned to elec-
tron transparency via ion gas milling (Ga ions) and
subsequently mounted on a copper grid. As a result, all
energy dispersive analyses (EDS) measure Cu from
the grid immediately below the sample. These back-
ground levels of Cu were estimated by measuring the
Cu Ka X-rays emitted from the underlying grid
through a hole in the coating sample.

The prepared samples were examined using a FEI
Titan 80-300 scanning transmission electron micro-
scope (STEM). The measurements were done at an
accelerating voltage of 200 kV in the scanning
(STEM, beam diameter approximately 1 nm) and
high-resolution modes (HRTEM). Semi-quantitative
chemical analyses were obtained using an EDAX r-
TEM-EDS system.

2.3 Mdssbauer Spectroscopy

The Mossbauer spectra of red-, brown-, and black-
colored spherical particles were collected at room
temperature (RT). To prepare the Mossbauer
absorbers, a number of spheres of each type were
embedded on tape and mounted on a Pb disk with
a 500-pm aperture. Samples were subsequently
measured with a °>’Co point source and collected
over a velocity range of +11 mm s~ '. The spectra
were analyzed using the Voigt-based quadrupole
splitting distribution and the hyperfine field distri-
bution methods. The spectrometer was calibrated
using the RT spectrum of «-Fe.

2.4 Micro-Raman Spectroscopy

Micro-Raman spectroscopy was done on cross-
sections of spheres with various textures and chemical
compositions. Spectra were obtained over the range of
50 to 4,000 cm ' and collected in backscattered mode
with a HORIBA JobinYvon XPLORA spectrometer
interfaced with an Olympus BX 41 microscope, X100
magnification (estimated spot size of 2 um), a 1200
grating, and an excitation radiation of 638 nm.
Calibration was made using the 521-cm ' line of
a silicon wafer.

2.5 X-ray Diffraction

X-ray diffraction was done on selected spheres on the
basis of their chemical composition, Raman spectra,
and textures. The spheres were extracted from the
epoxy using a knife and probe under a binocular
microscope and subsequently mounted and centered
on a 114.6-mm Gandolfi X-ray diffraction camera.
Data were collected using an image-plate system and
Cu Ko (1.54 A) radiation. Additionally, powder sam-
ples were prepared for soil samples from Copper CIiff,
Falconbridge, and Coniston.

Powder and Gandolfi X-ray diffraction measure-
ments were done with a Philips PW 1729 X-ray dif-
fractometer at a voltage and current of 40 kV and
30 mA using Co Ka (1.79 A) and Cu Ko radiation
(1.54 A), respectively. Diffraction patterns from
powder samples were collected over a scan range
of 5-75° 26 with a step size of 0.02° 26 and dwell
times of 4-10 s.

2.6 Rietveld Refinements

Rietveld refinement was done with Panalytical High
Score Plus version 2.2 software. X-ray diffraction
peaks were modeled using a pseudo-Voigt profile
function with backgrounds being modeled using a
six-order polynomial. The zero error, asymmetry
(Rietveld), peak shape, and cell parameters were re-
fined for all phases. Preferred orientations of phases
were corrected for using the method of Dollase (1986).
For minerals present in abundances >5 modal%, atom
coordinates and site-occupancy factors (where appro-
priate) were refined, while the compositions for those
phases present in lower abundances were fixed at
published values. The quality of the difference
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between the calculated and observed diffraction pro-
files was evaluated using standard indices of agree-
ment, the profile R-factor, R, the weighted profile R-
factor Ry, the expected R-factor, R.,, and the
goodness-of-fit index, S. For minerals present in high
abundance, the Rp,,4, index was used as a qualitative
guide to the goodness of fit. Relative errors in the
modal abundances of the minerals analyzed are func-
tions of concentration: based on the conditions under
which the data were collected, for phases present in
modal abundances greater than 10 %, the typical rel-
ative error is 5 %, with relative errors of 10-15 % for
those present in abundances of 5-10 modal%. Relative
errors increase rapidly for minerals present in concen-
trations less than 5 modal%, these typically being on
the order of 100 % for minerals present in concentra-
tions below 0.5 modal% (Campbell et al. 2011).

3 Results

The upper 0-5 cm of the soils around the three smelter
centers of Copper Cliff, Coniston, and Falconbridge
consists of sandy silts with minor clay (the clay frac-
tion was quantified using optical microscopy). They
are dominated by quartz and plagioclase and contain
minor actinolite, muscovite, and chlorite. Table 2
shows that the mineralogical composition of the soils
at the Copper Cliff and Falconbridge smelter areas is
similar for plagioclase. Falconbridge contains more
quartz and less actinolite and muscovite relative to
Copper Cliff. Mineralogical compositions from
soils at the Coniston smelter area contain more
quartz and less plagioclase. Optical microscopy
and SEM indicate that an estimated 5 % of all
sand- to silt-size grains in the Copper CIliff soils
represents spherical particles, whereas the soils at

Table 2 Major phases and their modal abundances (modal%) in
the soils of the Copper Cliff (CC), Coniston (Co), and Falcon-
bridge (Fal) areas

Phase CC Co Fal

Quartz 50.7 64.7 56.2
Plagioclase 39.4 26.9 394
Actinolite 5.3 24 1.9
Muscovite 3.5 4.6 0.7
Chlorite 1.1 1.4 1.9

@ Springer

Falconbridge and Coniston contain less than 2 %
spherical particles.

3.1 Chemical and Mineralogical Composition
of the Spherical Particles

A total of 104 spherical particles from the magnetic
fraction of the soils at Copper Cliff, Coniston, and
Falconbridge were examined with SEM-EDS. Many
spheres are heterogeneous in composition and mor-
phology and contain areas composed of silicates,
(hydr)oxides, sulfides, and sulfates. Chemical analysis
of 223 areas indicate that 107 contain significant con-
centrations of Si (atomic M/Si ratio <10, M= Ca+ Mg +
Al + Fe), 100 are predominantly composed of (hydr)
oxides and sulfates (atomic M/Si ratio >10) and 16 are
composed of sulfides (no O) (Fig. 2).

3.1.1 Cu- and Ni-Rich Spherical Particles

Figure 3 displays a ternary diagram with the propor-
tions of Cu, Fe, and Ni from 62 selected analyzed Fe—
Ni—Cu-oxides and sulfides. The distribution of the
data shows that the majority of the areas are composed
of either Fe—Ni-rich oxides or sulfides with minor
proportions of Cu [(Fe, Ni)gg_1.0Cug_g]. Figure 3
also reveals that only sulfides contain similar propor-
tions of Cu, Ni, and Fe, whereas oxides are mainly
enriched in two of the three elements (Fe + Cu or Fe +
Ni). The latter oxides are divided into three distinct
populations: Fe-rich with Fe > Ni + Cu, Fe—Cu-oxides
depleted in Ni, and Ni-rich oxides with Ni > Fe + Cu.
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M : Si atomic ratio
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Fig. 2 The frequencies of M/Si ratios (M = Na, Mg, K, Ca, Al,
Fe) in areas within the smelter-derived spherical particles, ratios
that correspond most likely to silica, olivines, pyroxenes, and
sulfide, sulfates, and oxides, are labeled accordingly
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Fig. 3 Triangular diagram with the proportions of Fe, Ni, and
Cu in areas composed of oxides (circles) and sulfides (frian-
gles); data points associated with spinels, NiFe,0,, and CuFeO,
are labeled accordingly

Copper and Ni-rich sulfides occur as inclusions in
Fe-oxide—Fe-silicate matrices (Fig. 4a—c), in which the
Fe/Si atomic ratio is always greater than 1. All inclu-
sions examined appear to be X-ray amorphous (i.e.,
they did not produce a diffraction pattern) and were
identified via their chemical composition and Raman
spectrum. For example, mixtures of heazlewoodite,
NizS,, and bornite CusFeS, (Fig. 4a, b), and
heazlewoodite and pyrrhotite, Fe; - ,S (Fig. 4c),
were identified based on observed peaks in the
Raman spectra for the sulfide inclusions and the
corresponding reference materials.

Panels a and b of Fig. 5 show optical and SEM
images of a spherical particle that contains a sulfide
inclusion within a Fe-silicate matrix. The inclusion is
composed of heazlewoodite and contains small, blue-
colored veins enriched in Cu. A Raman spectrum
taken from a blue-colored vein and its surroundings
indicates the presence of bornite (vein) and heazle-
woodite (surroundings, Fig. 5c¢).

Table 3 lists the observed stretching frequencies for
the spectra shown in Figs. 4 and 5, as well as reported
frequencies for heazlewoodite and measured standards
of bornite and pyrrhotite (from the Sudbury Igneous
Complex). Figure 5d shows a ternary diagram with the
atomic proportions of Cu, Ni + Fe, and S in all ob-
served sulfide inclusions. The diagram indicates that

almost all sulfide inclusions have either M/S ratios
(M = Cu, Ni, Fe) close to 1 or 1.5:1, suggesting
the presence of heazlewoodite (1.5:1), bornite
(1.5:1), and pyrrhotite (~1:1).

Spheres composed of Fe—Ni—Cu-oxides are either
composed entirely of Fe—Ni—Cu spinels or delafossite,
Cu''Fe"0, (Fig. 6a, €) or contain rims composed of Fe—
Ni—Cu spinels (Fig. 6¢, Table 4). The spinels, X*Y,*"0,
X= Fe**, N**, cu®’, Y= Fe*"; Fig. 6a, ¢), are mainly
magnetite, Fe;0,4, Ni- and Cu-bearing magnetite [(Fe,
Ni)Fe,04, (Fe, Cu)Fe,04], trevorite, NiFe,O,4, and
cuprospinel CuFe,Oy4 (Figs. 3 and 7, Table 4). Numerous
spheres also contain Fe—Ni spinel as rims around hol-
lows in their interior (Fig. 6d). These rims have Fe/Ni
ratios close to 1, suggesting an intergrowth of trevorite
with an unidentified Ni-oxide.

Figure 3 indicates that areas composed of Ni-
rich oxides are more abundant than those com-
posed of Cu-rich oxides and that areas composed
of spinels with Fe > Ni and Fe > Cu are more
abundant than those with Ni > Fe or Cu > Fe.
Areas with Cu > Fe are composed mainly of
delafossite but can also contain oxides with
Cu/Fe ratios of 2:1 and 19.

Maéssbauer spectra indicate large proportions of
hematite, Fe,O3, co-existing with magnetite in the
brown- and red-colored spherical particles (Fig. 7a,
b). The ratio between the spectral areas for the B-site
(Fe*" and Fe*") and A-site (Fe®") in magnetite is ~0.8
for brown- and red-colored spheres and ~1.0 for black-
colored spheres (Table 5). These values deviate signif-
icantly from the theoretical value of ~2, which indi-
cates that the magnetite identified in the spherical
particles is non-stoichiometric. This deviation from
stoichiometry may result from the partial oxidation
of Fe*" to Fe*" and/or partial substitution of divalent
cations, e.g., Ni**, for Fe*" at the octahedral B-sites
(Morris et al. 2004). Optical microscopy, SEM, and
Raman spectra indicate that hematite occurs mainly in
rims of strongly weathered spherical particles (Fig. 7a,
b). These rims are commonly depleted in Cu and Ni
with respect to magnetite.

3.1.2 Fe-Oxide—Silicates
The majority of the Si-rich areas have M/Si ratios of
1:1 and 2:1 (M = Na, Mg, K, Ca, Al, Fe; Fig. 2),

suggesting the occurrence of pyroxene (M SiO5) and
olivine group (M?*,Si0O4) minerals. Micro-Raman and
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Fig. 4 SEM images (in BSE mode), distribution maps for Ni,
Cu, and S, and Raman spectra for a a heazlewoodite/bornite
inclusion with Ni > Cu; b a bornite/heazlewoodite inclusion
with Cu > Ni; and ¢ a heazlewoodite/pyrrhotite inclusion with
Fe ~ Ni; the Raman spectra are numbered as follows: / heazle-
woodite in sulfide inclusion, 2 heazlewoodite reference

XRD methods could not be used to unequivocally
identify the silicates. However, the Mdssbauer spec-
trum of the black-colored spheres (Fig. 7d) indicates
the presence of [*/Fe?" and [*/Fe*" components (I*'/Fe?
*CS=0.98, QS=2.2; lFe*": €S=0.42, QS=0.97;
Table 5), which have CS and QS values consistent
with those reported for hedenbergite, CaFeSiOg
('Fe*": CS=1.19, QS=2.22), and Fe’*-bearing diop-
side (CaMg oFeq»Si; 90, ['Fe*™: €S=0.43, QS=
1.07; McCammon 1995 and references therein).
Many spherical particles with mixtures of Fe-
silicates and Fe-oxides display distinct internal tex-
tures suggesting formation at high 7 These textures
can be easily distinguished from weathering features
by the absence of dissolution features and secondary
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spectrum (Cheng et al. 2007), 3 bornite/heazlewoodite in sulfide
inclusion, 4 bornite reference spectrum (this study), 5 heazle-
woodite reference spectrum (Cheng et al. 2007), 6 heazlewoo-
dite/pyrrhotite in sulfide inclusion, 7 pyrrhotite reference
spectrum (this study), 7 heazlewoodite reference spectrum
(Cheng et al. 2007)

precipitates such as sulfates and hematite. The most
common textures are:

(a) Dendritic: containing Fe-oxide dendrites in a sil-
icate matrix with Fe/Si ratios commonly lower
than 1 (Fig. 8a)

(b) Skeletal: containing Fe-oxide crystals in a silicate
matrix with Fe/Si ratios always lower than 1
(Fig. 8b)

(c) Tabular: containing crystals of magnetite in a
silicate matrix with Fe/Si ratios commonly close
to 1 (Fig. 8c)

(d) Porphyritic: containing large crystals of magnetite
in a silicate matrix with Fe/Si ratios commonly less
than 0.4 (Fig. 8d)
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Fig. 5 a Optical image in reflection mode of a heazlewoodite
inclusion with micrometer-size bluish veins of bornite, b
corresponding SEM image with the distribution maps for Cu
and S, and ¢ Raman spectra from / the center of the bluish veins

3.2 Size Variations of the Spherical Particles

Optical microscopic and SEM studies indicate that
spherical particles in Sudbury soils range in

' 0
10 20 30 40 50 60 70 80 90 100 .
. . Fe + Ni
Heazlewoodite-pyrrohotite

and 2 a bornite reference compound (this study); d triangular
diagram with the proportion of S, Fe + Ni, and Cu in the
heazlewoodite—bornite (marked in yellow) and heazlewoodite—
pyrrhotite (marked in orange) assemblages

diameter from 1-2 pum up to 2 mm. The apparent
absence of spherical particles with diameters in the
upper nanometer range (100-1,000 nm) may be
the result of both their low proportions and their

Table 3 Observed vibrational stretching frequencies (per centimeter) in Fe—Cu—Ni-sulfides

Phase Observed vibrational stretching frequencies (cm™') ~ References
Heazlewoodite (standard) 350 325 304 224 202 188 Cheng et al. (2007)
Heazlewoodite (calculated) 367 320 317 241 204 201 Wang et al. (2007)
Heazlewoodite—bornite, FesNiysCuy;S;o (Fig. 4a) 368 318 239 204

Ni matte (Fig. 10b) 351 323 304 221 196 187

Bornite (standard) 784 579 464 377 266 201 This study
Bornite—heazlewoodite, Fe4Ni;;CusyZn;S4; (Fig. 4b) 364 314 262 161
Heazlewoodite—bornite, Fe,oNiyoCuy,Ssg blue veins (Fig. 5b) 568 457 359 266 201

Pyrrhotite (standard) 400 371 310 285 214 This study
Heazlewoodite—pyrrhotite, FeyoNiysCu;S,g (Fig. 4c) 382 361 339 307 271 200
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Fig. 6 SEM images (BSE mode), distribution maps for Fe, Cu, d trevorite and an unknown Ni-phase; and e, f delafossite,
and Ni, and Raman spectra for spheres composed of a, b CuFeO; (/) and a delafossite reference compound (2) (Pavunny
trevorite, NiFe,Oy; ¢ trevorite and cuprospinel, (Ni, Cu)Fe,Oy4; et al. 2010)
preferential removal during preparation of epoxy exposed rocks in the Sudbury area. Non-stoichiometric
pucks. dissolution of silicate minerals under these acidic con-
Mantha et al. (2012) showed that acidic fumigation ditions resulted in the formation of a silica-gel-type
and rain enhances the chemical weathering rate of coating, which in turn promoted the uptake and

Table 4 Observed vibrational stretching frequencies (per centimeter) in Fe—Cu—Ni-oxides phases

Phase Observed vibrational stretching frequencies (cm ') References

Magnetite (standard) 663—-676 530-555 418-420 319-320 De Faria et al. (1997)*
NiFe,0,4 nanoparticles (standard) 690 (10) 580 (10) 490 (10) 330 (10) Ahlawat and Sathe (2010)
(Fe, Ni);04 (Fig. 6a, b) 691 555 479 325

(Cu, Ni)Fe,04 (Fig. 6¢) 672 532 456 309

Ni-rich rim (Fe  Ni);O4 (Fig. 6d) 666 540 465 309

Delafossite (standard) 690 515 352 Pavunny et al. (2010)
Delafossite CuFeO, (Fig. 6f) 686 519 346

Hematite (standard) 604 (8) 495 (2) 400 (8) 288 (5) De Faria et al. (1997)*
Hematite rim (Fig. 7b) 582 482 389 274

Note that errors are given for frequencies where the shift in frequency was monitored with the change in laser power

#Range of observed frequencies

@ Springer
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a

20pm

Fig. 7 Optical images of cross-sectioned spherical particles in
reflection mode under cross-polarized light (ef?), optical images
of red-, brown-, and black-colored spheres (center), and the
corresponding Mdossbauer spectra (right) with the fitted compo-
nents for hematite (red line), magnetite (light and dark blue
line), and unknown Fe?*- (green line) and Fe**-silicates (pink):

preservation of smelter-derived nano- to micro-size par-
ticulates (Durocher and Schindler 2011; Mantha et al.
2012; Schindler et al. 2009, 2010). The preservation of
nanometer-size spherical particles in these rock coatings
permits examination of the textures and chemical com-
positions of the finer (and thus, more soluble) fraction of
spherical particles.

TEM and SEM studies on sections of the coating
samples indicate the presence of nano- to micrometer-
size spherical particles in a silica-rich matrix (Fig. 9).
Similar to their counterparts in the soils, the micrometer-
size spheres are composed of Fe-oxides and Fe-silicates.
They display distinct internal textures, including cross-
hatched patterns of skeletal Fe-oxide crystals in Fe-

45pum

Transmission (a.u.)

— Fe**
— Fe?*
—— Magnetite (A-site)
Magnetite (B-site)
Hematite

-10 -5 0 5 10
Velocity (mm/s)

a red-colored spherical particles with a large proportion of
hematite visible in the outer rim; note that the red-colored sphere
on the left is not identical with the sphere shown in the center; b
brown-colored spherical particles with a smaller proportion of
hematite, visible as a thin layer in the outer rim; ¢ black-colored
spherical particles without any hematite

silicate matrices (Fig. 9b) or Ni-rich rims around more
or less homogenous Fe-silicate matrices (Fig. 9c).
Nanometer-size spheres in these coatings are composed
of Cu—Fe—Ni-rich spinels (Fig. 9d, e) and Cu-oxides
(Fig. 9f), consisting with the presence of magnetite,
trevorite, cuprospinel, and tenorite (CuO) or cuprite
(Cu,0) (note that no electron diffraction pattern was
taken from the spheres in Fig. 9f). Chemical analysis
of over 30 spherical particles indicates that Ni occurs
predominantly in spheres of the micrometer-size frac-
tion, whereas Cu is mainly present in spheres of the
nanometer-size fraction (i.e., the ratio between the num-
ber of Cu- and Ni-bearing nanometer-size spherical
particles is circa 5:1).
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Table 5 Results from the Mdssbauer spectroscopy: fitted com-
ponents which can be either a phase or a crystallographic site
containing Fe, their center shift relative to x-Fe at room temper-
atures (CS), their quadrupole splitting for a paramagnetic

doublet (or the quadrupole shift for a magnetic pattern, QS),
their hyperfine magnetic field (H), and their relative area in the
spectra for spheres of different colors

Sample Phase or Fe site CS QS H (T) A (%)
(mm sfl) (mm sfl)
Red- and orange-colored spheres Hematite 0.36 (1) —0.10 (1) 51.3 (1) 354)
Magnetite (A-site) 0.28 (3) —0.01 (2) 48.8 (3) 29 (4)
Magnetite (B-site) 0.49 (6) 0 44.9 (8) 23 (4)
Fe?" in silicate 1.1 (1) 1.8 (2) - 4(2)
Fe*" in silicate 0.29 (6) 1.0 (1) - 9 (1)
Brown-colored spheres Hematite 0.36 (1) —0.11 (1) 51.3 (1) 28 (4)
Magnetite (A-site) 0.29 (1) —0.02 (1) 48.6 (1) 38 (4)
Magnetite (B-site) 0.47 (4) 0.02 (3) 452 (4) 28 (4)
Fe®" in silicate 1.03 (6) 2.01 (7) - 2(1)
Fe** in silicate 0.23 (5) 1.25 (6) - 4 (1)
Black-colored spheres Magnetite (A-site) 0.32 (3) —0.02 (2) 48.1 (2) 29 (4)
Magnetite (B-site) 0.58 (6) —0.02 (4) 44.1 (5) 28 (4)
Fe*" in silicate 0.98 (5) 2.2(1) - 22 (3)
Fe*" in silicate 0.42 (5) 0.97 (5) - 21 (3)

Fig. 8 a—d Most common
observed textures in spheri-
cal particles composed of
mainly Fe-oxide and
Fe-silicates

tabular

@ Springer
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=

Si-rich layer

Fig. 9 a The black rock coating of the Sudbury area on exposed
rocks; b, ¢ BSE images of micrometer-size smelter-derived
spherical particle in a coating from Copper Clift; d, f HRTEM
images and FFT patterns of former atmospheric nanoparticles
within the amorphous silica matrix of the coatings: d clusters of

4 Discussion

The spherical particles are composed mainly of mag-
netite and Fe-silicates, but also contain Cu- and Ni-
rich phases such as trevorite, cuprospinel, delafossite,
heazlewoodite, and bornite. The occurrence and chem-
ical composition of these phases can be understood
only if one considers the origin and formation of the
spherical particles, as well as the structures of the Cu—
Ni-bearing phases. The stability of the Cu- and Ni-rich
phases can be evaluated when one inspects the mor-
phology of weathered spherical particles and considers
both the formation of secondary alteration products
and dissolution studies on synthetic analogues.

4.1 Overview of the Ore Refinement Processes
at Copper CIiff

The major Cu- and Ni-ore minerals in the Sudbury
area are chalcopyrite, CuFeS,, and pentlandite, (Fe,
Ni)oSg, with minor amounts of cubanite, CuFe,Ss,
bornite, CusFeS,, and millerite, NiS. At the Copper

atmesphere

CuOx

nanometer-size Fe-rich spheres; e HRTEM and FFT patterns of
a nanometer-size Fe-rich spherical particle with spinel-type
structure; the typical lattice fringe distance of 2.5 A for d(3,
is indicated with the width of a white line; f cluster of angular to
spherical CuO, nanoparticles

CIiff facility, these Cu- and Ni-sulfides are separated
via a floatation process, yielding concentrates of Ni-
and Cu-sulfides. These concentrates are subsequently
smelted at different temperatures, creating a Cu- and
Ni-sulfide-rich matte and a slag composed of mainly
magnetite, fayalite, or SiO,. Sulfur dioxide evolved in
this stage is directed to an acid plant to produce H,SO,
(Pengfu and Chuanfu 1997). In the subsequent convert-
ing processes, the remaining Fe and S are driven from
the molten matte by O,-enriched air into the matte. In
the final steps, Cu- and Ni-rich matte undergoes
chemical or electrochemical refining processes.

4.2 Emission and Transformation of Spherical
Particles in the Smelter, Converter, and Atmosphere

Emissions produced during smelting and converter
processes commonly consist of SO,, droplets of slag
and matte, unreacted flux, condensed particles, and
finer sulfate-bearing aerosols, all of which were re-
leased without any filtering in the past. High percen-
tages of these gases are now cooled in acidic plants or
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electrostatic precipitators, which dramatically reduce
the emission of SO, and metal-bearing particular
matter (Wren 2012).

Smelter and converter gases commonly leave the
corresponding facilities at 7>1,200 °C and are
quench-cooled in air within seconds to several hundred
degrees Celsius. For example, Evans et al. (1991)
showed that gases leaving the Horne Cu smelter reactor
at Rouyn-Noranda at 1,230 °C were quench-cooled to

620 °C in 0.6 s and further cooled down to 350 °Cin 6 s.

Particulate matter in the emissions originates either
from vaporization and condensation of gaseous compo-
nents or through the collision of solid and liquid particles
(Samuelsson and Bjorkman 1998). These particulates
commonly transform during the smelting, cooling, and
filtering processes before they are emitted to the atmo-
sphere. In the latter medium, finer particulate matter and
especially sulfur-bearing aerosols can oxidize and inter-
act with atmospheric components (Batonneau et al.
2004). These processes lead to a wide variation in size,
chemical and mineralogical composition, as well as in-
ternal and external morphologies of emitted particulate
matter and finer aerosols (Knight and Henderson 2005,
2006; Kliza et al. 2000; Gregurek et al. 1998, 1999;
Lastra-Quintero 1998; Samuelsson and Bjorkman
1998; Adamo et al. 1996; Chan et al. 1982).

4.3 Internal (Non-weathered) Textures of the Spherical
Particles

Knight and Henderson (2005, 2006) and Gregurek et
al. (1998, 1999) provided detailed descriptions of the
internal morphology of smelter-derived spherical par-
ticles in humus around Rouyn-Noranda, Quebec, and
in snow samples around the Ni—Cu smelter on the
Kola Peninsula, respectively. Knight and Henderson
(2005) further classified internal and external textures
of spheres from Rouyn-Noranda and deduced the
conditions of formation for each group.
Comparing the internal textures of non-weathered
to weakly weathered spherical particles in Sudbury
soils with those observed at Rouyn-Noranda and the
Kola Peninsula indicates (a) the absence of prominent
sulfide inclusions in particles from Rouyn-Noranda
and (b) similar textures in spherical particles com-
posed of Fe-oxides and Fe-silicates. For example,
Fe-oxide—silicate spheres with a platy (Fig. 6a) or
dendritic texture (Fig. 8a) have also been observed at
Rouyn-Noranda and on the Kola Peninsula.

@ Springer

The textures shown in Fig. 6 represent growth
features of a Fe-rich phase (mainly spinel but also
possibly olivine group minerals) that formed during
rapid cooling and transformation processes within the
smelter and converter facilities. The growth of a phase
in a melt is controlled mainly by the growth rate Y and
the diffusion coefficient of the rate-controlling species
in the melt, D (Kirkpatrick 1975). In the case of
homogenous nucleation, the ratio D/Y is large at small
undercooling and allows the formation of euhedral
crystals. An increase in undercooling results in a de-
crease of the ratio D/Y and thus in the formation of
skeletal, dendritic, and spherulitic growth features
(Lofgren 1974). In the case of heterogenous nucle-
ation, formation of growth features depends on the
number of induced seeds, the temperature during seed
inducement, and to a lesser extent, on the type of
seeds. For example, Connolly and Hewins (1995)
injected dust particles into melt droplets to simulate
the growth features observed in chondrules. They
found larger growth rates and thus more skeletal to
dendritic growth features, when injecting either a
higher number of dust particles (high values of Y) or
when injecting dust at lower 7 (higher degree of
undercooling and lower values of D). Hence, the oc-
currence of dendritic and skeletal textures (Fig. 8a, b)
vs. tabular and porphyritic features (Fig. 8c, d) indi-
cates either higher degrees of undercooling, higher
numbers of injected dust particles, or lower temper-
atures during the trapping of smaller dust particles by
molten droplets of slag, matte, and unreacted flux.

Connolly and Hewins (1995) also showed that the
collision of dust particles with molten droplets at
temperatures close to 1,000 °C produced rims of par-
ticles on each sphere. This feature has been observed
on spheres in soils (Fig. 8d) and coatings (Fig. 9c¢).
There is also the possibility that these rims were
formed through dissolution—reprecipitation processes
on the surface of these particles. However, Mantha et
al. (2012) showed that spherical particles in the
coatings are well-preserved by a silica-rich matrix
and rarely display any weathering features. This
observation indicates that the observed Cu- and
Ni-rich rims on spherical particles in the coatings
likely formed through trapping of finer dust
particles by molten droplets of lower viscosity
and suggests that similar rims on spherical par-
ticles in the Sudbury soils were also formed
through dust-molten droplet collisions.
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Fig. 10 a SEM (BSE mode) and chemical distribution maps for S, Ni, and Cu in a Ni matte from the Falconbridge smelter facility; b

Raman spectrum taken from the Ni-rich parts of the Ni matte

4.4 Occurrence and Chemical Composition
of the Fe-Ni—Cu-Sulfides

Ore and Cu- and Ni-rich matte are the major sources of
molten sulfide droplets in the gas phase formed during
smelter and converter processes. Heazlewoodite is the
major phase in the Ni matte (e.g., Thyse et al. 2011;
Ertseva et al. 2003; Dutrizac and Chen 1987). Depend-
ing on the concentrations of Cu and Fe, it commonly
occurs with chalcocite, Cu,S, a Cu—Ni alloy, bornite and
minor phases such as metallic Cu and Ni and Fe—Cu—Ni-
oxides (Ertseva et al. 2003; Dutrizac and Chen 1987).
Heazlewoodite, chalcocite, and the Cu—Ni alloy can
exhibit intergrowths on the micrometer and nanometer
scales, and the proportions of the major phases (e.g.,
chalcocite and heazlewoodite) can be estimated via the
ratio between the metals (Ni + Cu) and S (Dutrizac and
Chen 1987).

Figure 10a shows a BSE image and distribution
maps for Cu, Ni, and S in Ni matte from the
Falconbridge smelter facility. Figure 10b shows a
Raman spectrum taken from a Ni-rich area of the
Ni matte and Table 3 lists the corresponding
stretching frequencies. Distribution maps, XRD
patterns, and Raman spectra indicate (a) the occur-
rence of heazlewoodite, chalcocite, and an alloy,

the latter with an average composition of CuNis;
(b) low concentrations of Fe (<1 wt%); (c) low
concentrations of Cu in areas composed of mainly
heazlewoodite (<5 wt%); and (d) and an absence
of pyrrhotite and bornite. The latter observation is
in agreement with studies by Ertseva et al. (2003)
and Dutrizac and Chen (1987) who showed that
heazlewoodite in Ni matte accommodates only mi-
nor amounts of Cu (around 2 wt%).

In comparison, the sulfide inclusions in the
spherical particles of the Sudbury soils are com-
posed mainly of heazlewoodite, bornite, and pyr-
rhotite, whereas chalcocite and Cu—Ni alloys may
only occur in low to undetectable proportions.
Similar to the Ni matte, heazlewoodite is inter-
grown with Cu-rich phases such as bornite or
chalcocite. Conversely, inclusions composed of
mainly heazlewoodite contain higher concentra-
tions of Fe (>3 wt%) than the Ni matte (this
study; Dutrizac and Chen 1987). The discrepancy
between the chemical composition of Ni matte and
the heazlewoodite inclusions may be explained by:

(a) A decrease in the Fe concentration of the Ni

matte through improvements in the smelter and
converter techniques
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(b) Release of Fe—Ni—Cu-sulfide droplets into the
gas phase during smelter and converter processes

(c) Interaction of Ni—Cu-sulfide droplets with either
the surrounding Fe-oxide—silicate shell or with
Fe-sulfide droplets and the subsequent transfor-
mation of chalcocite into bornite

4.5 Occurrence and Chemical Composition
of the Fe-Ni—Cu-Oxides

Slag, ore, and oxidized parts of the matte are the major
sources for oxides in the gas phase of a smelter and
converter facility. Magnetite is the most common ox-
ide in slag produced by the smelting of Cu- and Ni-
rich ores. Here, it occurs in association with other
spinels such as trevorite, cuprospinel, and Cu-oxides
such as delafossite and cuprite (e.g., Vitkova et al.
2010; Gbor et al. 2000).

Trevorite, cuprospinel, and delafossite are the most
common Cu—Ni-oxides observed in the spherical par-
ticles of this study. The former two minerals have an
inverted spinel structure with Cu and Ni in octahedral
coordination. However, Dural (2009) showed that
quenching of CuFeO, melts results in the formation
of cubic CuFe,O4, where Cu®" occurs at both the
octahedral and tetrahedral sites. Similarly, McNear et
al. (2007) showed that Ni** can have an average
coordination number of [5] in some trevorite samples.
Furthermore, Tang et al. (1989) showed that rapid
cooling of CuFe,0,4 samples from 7>750 °C leads to
the formation of O-deficient Cu spinels through the
partial reduction of Cu** to Cu™.

Copper (I) is also present in delafossite, Cu'Fe*0,,
and cuprite, Cu,O, where it occurs in linear coordina-
tion. Nickel (II) most commonly occurs in octahedral
coordination with O and therefore does not replace Cu"
in delafossite or cuprite. Nickel (I) may replace Fe*" in
delafossite (in octahedral coordination), but this would
require a coupled substitution where another divalent
cation (M*") must replace Cu":

Cu™ +Fe’t — M*T 4 Ni** (1)

There are no divalent cations that can occur in
linear coordination with O. Hence, Ni2* or another
divalent cation cannot be incorporated into the struc-
tures of delafossite or cuprite, thus explaining that
these minerals are Ni-deficient (<1 at.%) relative to
those with the spinel structure.
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4.6 Weathering Features and Products

Figure 11 displays a proposed weathering sequence of
spherical particles with a sulfide inclusion, for which
further evidence will be provided in the proceeding
text. Note that the selected spherical particles do not
necessarily contain the same sulfide or Fe-oxide—sili-
cate texture.

Initially, a spherical particle occurs with unaltered
sulfides (heazlewoodite/bornite). In step 2, the sulfide
inclusion (heazlewoodite) becomes exposed to the
atmosphere and pore water through fractures within
the surrounding matrix (magnetite—Fe-silicate) and
begins to oxidize, resulting in the formation of a Ni-
bearing Fe-(hydr)oxide rim.

The third step involves the removal of (SO4)*~ from
the interior of the sphere. With a rapid removal rate of
the anion, Ni** may precipitate as a hydroxide in the
surroundings of the inclusion, which, upon aging, can
transform into Ni-bearing oxides (step 3a). This con-
clusion agrees with observations by Cornell et al.
(1992) that trevorite forms through transformation of
Ni-bearing Fe-hydroxides into thermodynamically
more stable crystalline phases such as goethite and
magnetite. At a low removal rate of (SO4)*", the
sulfide inclusion may be replaced by a sulfate (Fe-
sulfate with minor amounts of Ni, K, and Al) as
depicted in image 3b of Fig. 11. The image also shows
that at this stage, the Fe-silicate matrix begins to alter
and secondary Ca—Al-Fe-silicates form on the outer
rim of the spherical particle, whereas the magnetite
crystals remain unaltered (Fig. 11).

In step 4, the sulfide—sulfate inclusion is completely
removed, and the weathering of the silicates creates
gaps between the silicate matrix and a magnetite—
hematite rim. In step 5, the gaps between the magne-
tite—hematite rim and the silicate matrix increase, and
numerous fractures and etch pits form within the sili-
cate matrix. In step 6, the silicate matrix completely
dissolves, leaving a magnetite—hematite rim which
subsequently collapses in step 7.

Figure 12 shows a proposed weathering sequence
for spherical particles with an angular texture of mag-
netite within a Fe-silicate matrix. In the first step, there
is an unaltered or weakly weathered spherical particle.
In step 2, the silicate matrix strongly alters and both
etch pits and grooves form on the surface of the
magnetite crystals. In step 3, the silicate matrix is
completely dissolved and parts of the magnetite—
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Fig. 11 Proposed weathering sequence (/—7) for smelter-derived spherical particles with a sulfide inclusion (see text for details). The
occurrence of trevorite in 3a is shown as a white rim around the hole on the left side

hematite skeleton are removed. In the next step, the
magnetite—hematite skeleton collapses as depicted in
step 7 of Fig. 11.

4.7 Other Potential Weathering Products

The types of soil and soil treatment have a pronounced
effect on the speciation of metals in the soil (e.g., McNear
etal. 2007). Portions of the acidic soil in the Sudbury area
has been limed (Wren 2012) and the weathering of Cu-
and Ni-bearing spherical particles in these soils likely

Fig. 12 Proposed weather-
ing sequence (/-3) for
spherical particles with a
platy texture of magnetite
within a Fe-silicate matrix
(see text for details)

differs from those in acidic soils, due to higher and lower
activities of (CO5)* and H', respectively. Potential Cu-
and Ni-bearing phases present in alteration rims around
heazlewoodite, chalcocite, delafossite, and Cu- and Ni-
rich spinels can be narrowed down when inspecting
secondary mineral formations in (a) Ni-contaminated
soils, (b) heazlewoodite—trevorite mineral assemblages,
(c) Ni matte, (d) Cu- and Ni-bearing slags, and (e) the
silica-rich coatings of the Sudbury area.

McNear et al. (2007) showed for example that the
most common weathering products of NiO in limed
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(pH=7.5) and unlimed (pH=7) soils near a Ni-refinery
in Port Colborne, Canada, were Ni- and Al-hydroxides.
These phases, however, were not identified as weather-
ing crusts around NiO and most likely were formed
upon mobilization of Ni by organic material (McNear
et al. 2007).

Huson and Travis (1961) described in detail the
native Ni-heazlewoodite—trevorite mineral assem-
blage from Mount Clifford, Western Australia. Here,
they identified godlevskite [(Ni, Fe);S¢] as a primary
alteration product of heazlewoodite and millerite (NiS)
as an alteration product of godlevskite. They also
showed that native Ni and trevorite grains were sur-
rounded by rims of Ni-hydroxides and carbonates
such as jamborite, [Ni*'Ni**, Co, Fe)(OH),(OH)S,
H,0] and reevesite [NigFe,> (CO3)(OH);6 (H,0)4].

Dutrizac and Chen (1987) showed that the leaching
of a Ni and Cu matte with a CuSO4,~H,S0,~0, solu-
tion led to the transformation of heazlewoodite and
chalcocite into aqueous Ni*", polydymite (Ni3S4), and
covellite (CuS). Further leaching resulted in the for-
mation of Cu- and Ni-sulfates followed by their sub-
sequent dissolution. Similar to the observations above,
silicates present in the matte were strongly altered
during leaching experiments, whereas Ni and Cu
spinels remained largely unaffected.

The formation of secondary phases and the release of
trace metals during the weathering of base-metal-
bearing slags have been studied in great detail (e.g.,
Piatak and Seal 2010; Vitkova et al. 2010; Piatak et al.
2004). These studies showed the presence of secondary
carbonates, sulfates, and silicates as coatings on altered
slag. Identified Cu-bearing phases included malachite,
[Cuy(CO3)(OH),], brochantite, [CuySO4(OH)g], chal-
canthite, [Cu®"H,0)4(SO4)](H,0), and becherite
[Zn;Cu®"‘OH);3{SIO(OH)3}(SO)].

Mantha et al. (2012) showed that many nanometer-
size Cu-bearing particles were dissolved on the
atmosphere-coating interface of the silica-rich coat-
ings and resulted in the precipitation of antlerite,
Cu;3(SO04)(OH),, and guildite, CuFe**(SO4),(OH)
(H,0)4. These and other sulfates are protected from
further weathering by the silica-rich matrix of the
coatings. However, their occurrence in the coatings
suggests that these phases form initially when Cu-
bearing sulfides and oxides are weathered by acidic
solutions of high sulfate concentration.

Spherical particles occur in the acidic soils (pH=4—
5) and in limed soils (pH~7) of the Greater Sudbury
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area (Wren 2012). In acidic soils, surface layers of
heazlewoodite and bornite may initially transform into
godlevskite, polydymite, and covellite. At low activi-
ties of (SO4)* [i.e., fast removal of (SO4)*” by pore
water], surface layers of Fe—Ni-sulfides convert to
hydroxides and, upon, aging into oxides (Fig. 11, step
3a). At higher activities of (SO4)*, crusts and fillings
of secondary sulfates such as brochanite, antlerite,
guildite, and chalcanthite may form (step 3b). These
Cu-sulfates dissolve (step 4, Fig. 11) and subsequently
release Cu, Ni, and (SO,)* to the pore water. In limed
soils with higher activities of (CO5)*", Cu- and Ni-
bearing carbonates such as reevesite, Ni(,Fe23+(CO3)
(OH);¢ (H,0)4, and malachite, [Cu,(CO3)(OH),], may
form weathering crusts around Cu- and Ni-bearing
sulfide and oxide inclusions.

4.8 Transformation of Magnetite into Hematite
and Release of Cu®" and Ni*"

SEM and optical examinations indicate that areas com-
posed of hematite occur in spherical particles where
sulfide inclusions are absent but where fragments of
the Fe-silicate matrix remain. The presence of silicate
minerals in hematite-bearing spherical particles can be
recognized in the Mossbauer spectra of the brown- and
red-colored spheres (Fig. 7a, b). These show the pres-
ence of unknown Fe®" and Fe*" components with CS
and QS values similar to values reported for Fe-silicates
(Table 5, McCammon 1995). These observations sug-
gest that the transformation of magnetite into hematite
occurs after dissolution of the sulfide inclusions but
simultaneously with the alteration of the silicate miner-
als. The transformation of magnetite into hematite is
initiated at the outer rim of the spherical particles where
thin layers of hematite form upon oxidation of magnetite
(Fig. 7b). These thin layers extend toward the center of
the spherical particle with increased weathering
(Fig. 7a) until the spherical particles are entirely
replaced by hematite (not shown). The Mossbauer spec-
tra indicate that the proportions of magnetite and Fe-
silicates decrease in the sequence black — brown —
red-colored spheres, whereas the proportions of hema-
tite increase in the same sequence (Fig. 7a—c, Table 5).
Hence, the color of a spherical particle can be used to
estimate the degrees of alteration of the Fe-silicates and
the degree of transformation of magnetite to hematite.
In weathering profiles of mafic rocks, the transfor-
mation of magnetite to hematite commonly occurs via
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the formation of maghemite, y-Fe,O3 (e.g., Santana et
al. 2001). However, Mossbauer and Raman analyses
do not support the presence of maghemite in the
spherical particles. Similarly, studies of weathering
profiles (e.g., Santana et al. 2001; Anand and Gilkes
1984; Gilkes and Suddliprakarn 1979) showed the
absence of maghemite during the transformation of
magnetite into hematite. It is not within the scope of
this paper to understand the absence of maghemite in
the weathered spherical particles, but the transforma-
tions magnetite — maghemite — hematite are obvi-
ously complex and depend on many factors such as
Eh, pH, weathering rate, trace element content, and
crystal size (e.g., Cornell and Schwertmann 1996 and
references therein).

Divalent cations such as C02+, Ni2+, Zn2+, and Cu**
are commonly retained during the transformation of
magnetite to maghemite, but are incompatible with the
structure of hematite, and migrate toward the surface of
the hematite particles during the transformation of mag-
netite to hematite (Sidhu et al. 1981). This phenomenon
may explain why areas composed of hematite are de-
pleted in Cu and Ni relative to magnetite.

4.9 Dissolution Rates of Fe—Cu—Ni Spinels

The weathering sequence of the spherical particles
(Fig. 11) indicates that Cu- and Ni-rich sulfide inclu-
sions alter prior to Fe-silicates and oxides. Hence, differ-
ences between the weathering rates of the various Cu-
and Ni-bearing sulfides are negligible when compared
to the weathering rates of silicates and oxides. Conse-
quently, the preferential release of Cu vs. Ni for the
smelter-derived particles in the Sudbury soils must be
the result of:

(a) The higher dissolution rates of Cu- vs. Ni-bearing
oxides

(b) The formation of Ni-bearing oxides during
weathering of the Fe—Ni-sulfide inclusions

4.9.1 Dissolution Rates Controlled by Surface
Reduction Processes on Cu- and Ni-Bearing Spinels

Anhydrous Cu- and Ni-bearing oxides are commonly the
least soluble phases in soils (Alloway 1990), and their
dissolution rates can only be measured in strong acidic
solutions. For example, Lu and Muir (1987) measured

the dissolution rates of CuFe,O,4 and NiFe,O, in a 1-M
HCI solution. They showed that the dissolution rate of
the Cu spinel was 32 times higher than the rate for the Ni
spinel and increased to even higher rates under reducing
conditions in a Cu'~HCI solution. X-ray photoelectron
spectroscopy (XPS) showed that Cu" forms on the sur-
face of CuFe,O4 under reducing conditions in the gas
phase (Faungnawakij et al. 2009) and that the removal
rate of Cu-oxide layers by ethyl-alcohol is controlled by
the conversion of Cu®* to Cu" (Satta et al. 2003).

The results of the XPS measurements suggest that
one of the key processes controlling the dissolution rate
of CuFe,0, is the reduction of Cu®" to Cu’. Thus,
discrepancies in the dissolution rates of CuFe,O,4 and
NiFe,0, in HCl solutions, with or without Cu*, may be
explained by the following observations: (a) Cu** can
be easily reduced to Cu" in reductive solutions (NIAIST
2005); (b) Cu" species occur in O-deficient, CuFe,0, _ .
spinels (see above); (c) the valence of Cu" (weak Lewis
acid) is stabilized by the presence of Cl” (weaker Lewis
base than O) through the formation of Cu'Cl, com-
plexes in aqueous solution (Stepakova et al. 2006); (d)
the linear coordinated Cu’ is incompatible with the
spinel structure; and () Ni*" can be reduced to Ni® only
at extreme reducing conditions, which did not occur
during the above described dissolution experiments
(i.e., Cu" cannot reduce Ni** to Ni% Faure 1998).

The occurrence and formation of Cu” species in the
structure and on the surface of CuFe,O4 may also con-
trol its dissolution rate. The reduction of Cu** to Cu” in
soils is commonly promoted by aldehyde groups, R-
COOH (present in polysaccharides), Fe** and H,S (Vio-
lante et al. 2010; Lowe 1989). Once Cu' is released to
the soil during weathering, it quickly disproportionates
into Cu”*(aq) and Cu(s) (Baker 1990).

4.9.2 Dissolution Rates Controlled by the Grain-Size
Distributions of the Cu and Ni Spinels

Chan et al. (1982) showed that the majority of Cu- and
Ni-bearing particles emitted from the Copper Cliff
smelting center were in the coarse fraction (d>
2.5 um), whereas Pb—As—S—Se-bearing particles were
in the fine fraction (d<2.5 um). However, TEM stud-
ies on the silica-rich coatings show that Cu-oxide-
bearing nanoparticles are far more common than their
Ni-bearing counterparts, suggesting that Cu-bearing
phases such as cuprite, cuprospinel, and delafossite
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occurred and may still occur in a higher proportion in
the ultrafine fraction (¢<0.1 pm) of the soils.

A decrease in particle size commonly results in an
increase in surface area available for dissolution and
thus in an increase in the amount of dissolved material
(Stumm 1992). Hence, a larger proportion of emitted
Cu- vs. Ni-oxide nanoparticles would have resulted in
a higher release of Cu into the soils.

4.9.3 Formation of Trevorite During Oxidation
of the Sulfides

The occurrence of trevorite in the alteration zone
around former sulfide inclusions (Figs. 6d and 11)
can be explained by the formation of Ni-bearing Fe-
hydroxides and their subsequent transformation to
crystalline and thermodynamically more stable miner-
als (see above). Anhydrous Cu-oxides are not ob-
served around pre-existing sulfide inclusions,
indicating that these phases rarely form as secondary
alteration products of sulfide minerals. This conclu-
sion is in accord with field and experimental observa-
tions that show that Cu-bearing sulfates and
carbonates form predominantly as alteration products
of Cu-sulfide minerals (see above).

4.10 Emission of Nanoparticles
and the Environmental Consequences

Chan et al. (1982) studied the particle size of emitted
aerosols by collecting samples above the largest smelt-
er stack in the Sudbury area. The Sudbury soil study
(Wren 2012) examined the mineralogical and chemi-
cal compositions, as well as the grain-size distribu-
tions of particles collected in filters on the largest
smelter stack. However, none of these studies exam-
ined particles in the nanometer-size range (<1 pm to
>10 nm), despite the fact that these particles have (1)
the greatest surface area (Gieré and Querol 2010), (2)
the longest atmospheric residence time (1-2 weeks) of
all particulate matter (Anastasio and Martin 2001), and
(3) a significant impact on human health (Pope et al.
2009). For example, airborne nanoparticles containing
trace elements such Pb, As, Cu, Ni, and Se can cause
serious health effects (e.g., Utsunomiya et al. 2004)
due to their toxicity or their occurrence as carcinogens.

Our TEM studies on the silica-rich coatings show
that Cu- and Ni-bearing nanoparticles were released by
the smelters. The fact that Weinbruch et al. (2002) found
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nano- to micro-size particles of bunsenite (NiO), trevor-
ite, heazlewoodite, godlevskite, millerite (NiS), and gas-
peite ((Ni,Mg,Fe)CO;) in a working place of a Ni-
refinery suggests that Ni- and Cu-bearing nanoparticles
are still emitted by smelters, converters, and refining
facilities in the Greater Sudbury area.

5 Summary

Copper seems to be more mobile than Ni through its
greater presence in the organic and clay fraction of the
soils (Wren 2012; Adamo et al. 1996). However, the
ratios of Cu and Ni in emissions from smelters in the
Greater Sudbury area and those present in the soil are
close to 1, indicating that any differences in the mobility
of these elements are small. The larger proportions of Cu
in these low T phases can be explained by the formation
of stronger adsorption complexes between Cu and the
corresponding surface species and with the preferential
release of Cu vs. Ni by smelter-derived particles. The
latter explanation was verified in this study through
examination of the chemical and mineralogical compo-
sitions of smelter-derived spherical particles in soils and
silica-rich rock coatings. It has been shown specifically
that the particles are composed mainly of magnetite and
Fe-silicates with minor Cu- and Ni-bearing phases such
as heazlewoodite, bornite, Cu- and Ni-rich spinels, dela-
fossite, and cuprite or tenorite. Examination of weath-
ered spherical particles in soils and nanometer-size
particles in silica-rich rock coatings indicate that the
preferential release of Cu vs. Ni to the clay and organic
fractions of the soils is most likely a product of the
higher dissolution rate of the Cu vs. Ni spinels, a higher
proportion of soluble Cu-oxide particles in the finer
fraction of the emitted particles, and the formation of
low solubility Ni spinel phases as secondary products
around sulfide inclusions.
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