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Abstract. The industrial demand for tungsten (W) is steadily rising, leading to increase in mining and subse-
quent release into the environment. In this work, we investigated the uptake of W into the crystal structure of
hematite (α-Fe2O3) as a potential immobilization mechanism. Natural zoned crystals from the low-sulfidation
epithermal deposit Banská Hodruša, with up to 5.0 wt % WO3, were used. The 57Fe Mössbauer spectroscopy
at room temperature showed that the hematite studied consists of two magnetic structures, one of them below
and one of them above the Morin transition. The two magnetic structures are caused by the presence of W-rich
and W-poor regions in hematite. The W-rich regions must be intimately intergrown with the hematite host to
influence the magnetic ordering in substantial volumes of the hematite structure. X-ray absorption spectra in the
W-rich regions of hematite were described very well by a structural model of ferberite (FeWO4). Transmission
electron microscopy (TEM) identified nanolamellae of ferberite and magnetite that were epitaxially intergrown
with the hematite host. Electron energy loss spectroscopy (EELS) confirmed that iron occurs mostly as Fe2+

in the W-rich lamellae. Mössbauer spectroscopy, X-ray absorption spectroscopy (XAS), and TEM converge, at
different spatial scales, to a model where W6+ is not taken up by hematite itself but by ferberite nanodomains
intergrown with hematite.

1 Introduction

The use of tungsten is growing for military purposes and
in high-tech applications (Koutsospyros et al., 2006; Barker
et al., 2021). The environmental impact of mining, process-
ing, disposal, and dissemination of W-bearing waste or prod-
ucts is not known, the knowledge thereof being described as
“sketchy and fragmentary” (Koutsospyros et al., 2006). In

nature, the main tungsten-bearing minerals are wolframite,
(Fe,Mn)WO4, and scheelite, CaWO4. Even though tungsten
used to be considered immobile, the natural tungstates (Häll-
ström et al., 2020) and the human-made products (Strigul et
al., 2005) undergo weathering, leading to the release of tung-
sten into the environment. Moreover, tungsten-based ammu-
nition and penetrators increase the W concentrations signifi-
cantly above the average lithospheric concentrations of 0.2–
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2.4 mg kg−1 (Senesi et al., 1988) at shooting and military
training sites (Barker et al., 2021).

Currently, tungsten is used as an important element in
many innovative technologies, a number of which are related
to green technologies that should reduce CO2 emissions (Sun
et al., 2020). This demand will certainly drive mining, pro-
cessing, and disposal of ores and may enhance tungsten input
into the environment. Even though solubility, precipitation,
and adsorption of tungsten have been investigated in natu-
ral and laboratory aqueous systems (Osseo-Asare, 1982; Jo-
hannesson et al., 2013; Hobson et al., 2020), the long-term
fate of this element, just as that of many other elements, is
still not clear. The W concentrations only rarely reach the
levels in aqueous solutions (e.g., mine drainage) where min-
erals whose main component is W (e.g., tungstite or hydro-
tungstite) are able to precipitate (Števko et al., 2017). In most
recently or currently polluted systems, tungsten is still a mi-
nor to trace element, strongly influenced and affected by the
major components in those systems.

In this work, we investigated the association of tungsten
with a common iron oxide mineral, hematite (α-Fe2O3),
in detail. Natural samples for this study originated in the
Rozália mine in the Banská Hodruša mining area (central
Slovakia). These samples were selected for this study be-
cause a previous study (Sejkora et al., 2015) documented
high W concentration in hematite in these samples. A com-
bination of complementary techniques such as electron mi-
croprobe analyses, bulk measurements by Mössbauer spec-
troscopy, micrometer-scale measurements by X-ray absorp-
tion spectroscopy, and (sub-)nanometer-scale observations
by high-resolution transmission electron microscopy and
electron energy loss spectroscopy defined the crystal chemi-
cal position of tungsten in hematite. The results of this work
offer detailed insight into the middle- to long-term behavior
of tungsten in the environment, where iron oxides are abun-
dant. Minerals from the group of iron oxides could lock dif-
ferent elements into their crystal structures and exert signifi-
cant control over their environment cycling.

2 Methods and materials

Hand specimens of the natural samples (Rozália mine in
Banská Hodruša) were carefully selected on the basis of vi-
sual examination and prepared in standard petrographic thin
sections. The sections were inspected under transmitted and
reflected polarized light to identify the minerals and their
spatial relationships and to further narrow down the selection
of hematite crystals for electron microscopy and X-ray spec-
troscopy. The hematite crystals selected for the detailed work
were collected from the 12th level of the Rozália mine, the
5th ore shoot of the Rozália vein, block R-V-64. A detailed
geological and mineralogical description of the deposit can
be found in the Supplement to this article.

Electron microprobe (EMP) analyses of hematite in pol-
ished sections were done using a JEOL JXA-8230 electron
microprobe, with an accelerating voltage of 15 kV, a 15 nA
current, a 20 s counting time at the peak and a 20 s counting
time in the background, and an overlap correction for Mg
and As. The standards, emission lines measured, and esti-
mated detection limits were Mg (Kα), MgO, 0.02; As (Lα),
InAs, 0.03; Si (Kα), CaSiO3, 0.02; Al (Kα), Al2O3, 0.02;
Ca (Kα), CaSiO3, 0.02; Ti (Kα), TiO2, 0.03; Mo (Lα), Mo-
metal, 0.04; La (Kα), monazite, 0.07; Ce (Kα), monazite,
0.06; Fe (Kα), Fe2O3, 0.02; Mn (Kα), rhodonite, 0.02; W
(Mα), W-metal, 0.05; and Cr (Kα), Cr2O3, 0.03. Sections
were sputtered with a thin layer of carbon prior to analyses.

The 57Fe Mössbauer transmission spectra were collected
using a conventional Mössbauer spectrometer (MS2006 type
based on the virtual instrumentation technique; Pechoušek et
al., 2012) in constant-acceleration mode with a 57Co (in a Rh
matrix) radioactive source (1.85 GBq) and a fast-scintillation
detector with a YAlO3 : Ce crystal. Carefully hand-picked
hematite crystals were powdered in isopropyl alcohol to
avoid possible iron oxidation and measured at room tempera-
ture and at 100 °C. The hyperfine parameters were calibrated
against a rolled metallic iron (α-Fe) foil at room temperature.
The spectra were folded and fitted to Lorentz functions us-
ing the computer program CONFIT2000 (Žák and Jirásková,
2006). The experimental error is ± 0.02 mm s−1 for the hy-
perfine parameters and ± 3 % for the relative spectral areas.

For the micro-X-ray fluorescence (µ-XRF) and micro-
X-ray absorption spectroscopy (µ-XAS) measurements, the
thin sections were manually ground and polished down so
that the total thickness of the section was ≈ 100 µm. The
data were collected in the beamline of the Synchrotron Ra-
diation Laboratory for Environmental Studies (SUL-X) in
the synchrotron radiation source of Karslruhe Institute of
Technology (Germany). A silicon 111 crystal pair with a
fixed-beam exit was used as a monochromator. The X-ray
beam was aligned to an intermediate focus, collimated us-
ing slits located at the distance of the intermediate focus
to about 100× 100 µm2, and subsequently focused with a
Kirkpatrick–Baez mirror pair to about 40× 30 µm2 at the
sample position.

The µ-XAS spectra were measured in transmission mode
at the W L1 and L3 edges. The intensity of the primary beam
was measured by an ionization chamber. The second ioniza-
tion chamber was used to measure absorption of the beam by
the sample and the third ionization chamber the absorption of
the beam by the standards. Fluorescence intensities were col-
lected with a seven-element Si(Li) solid-state detector with
the energy window set to the respective emission line. Data
were dead-time corrected, summed up for all seven channels,
and divided by the input intensity, which was measured in
an ionization chamber prior to the sample. The spectra were
collected in energy steps of 5 eV in the region from −150 to
−50 eV relative to the absorption edge, of 2 eV in the region
from −50 to −20 eV, of 0.5 eV from −20 to +20 eV, and
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with a k step of 0.05 from +20 to +400 eV (about k = 10).
Energy was calibrated using a W foil in front of the third
ionization chamber. The data collected were processed using
the ATHENA and ARTEMIS software packages (Ravel and
Newville, 2005).

Slicing and polishing of lamellae for the transmission elec-
tron microscopy (TEM) analysis were carried out using a
scanning electron microscope (SEM) coupled with a gal-
lium focused ion beam (FIB) source. The SEM-FIB (Helios
G4 UX, ThermoFisher Scientific) is equipped with a high-
performance FIB source (Phoenix) that allows polishing of
the TEM lamella at a very low acceleration voltage or beam
current. This feature is essential for obtaining an undisturbed
thin lamella suitable for high-resolution TEM imaging. Thin
sections of samples used for optical light microscopic inves-
tigation and other analyses were sputtered with an ≈ 8 nm
gold layer to ensure electric conductivity of the full sam-
ple and to reduce sample abrasion during ion beam imaging.
Sites for extraction of the lamellae were selected according
to previous microscopic and spectroscopic characterization
of the samples. Areas of interest were covered with an ap-
prox. 15× 15× 3 µm3 layer of platinum as further protection
of the sample surface against ion beam damage.

The lamellae obtained by FIB were characterized by
TEM in the high-resolution (HRTEM) or scanning (STEM)
mode and were chemically analyzed at the atomic scale us-
ing energy-dispersive (EDS) methods; the oxidation state
of Fe was probed by electron energy loss spectroscopy
(EELS). The TEM observations were performed using a
double aberration-corrected JEM ARM200cF with a cold
field emission gun (FEG) microscope working at 200 kV.
The STEM images were acquired using a high-angle an-
nular dark field (HAADF) mode with a convergence semi-
angle of 23.8 mrad, which is sensitive to the atomic num-
ber as well as the sample thickness. For the EDS spec-
troscopy, a large-angle detector (JEOL JED-2300 T CEN-
TURIO SDD) with a solid angle up to 0.98 sr and a detec-
tion area of 100 mm2 was used. For the EELS measurements,
a GIF Quantum ER spectrometer with DualEELS capabil-
ity was employed. EELS measurements were conducted us-
ing a convergent semi-angle of 19.9 mrad and a collection
semi-angle of 52.78 mrad. EELS spectra were acquired with
a dispersion of 0.5 and 1 eV ch−1. EELS spectra were spliced
and calibrated, had their backgrounds removed using a power
law, and were Fourier-log deconvoluted. The Fe L3/L2 ra-
tio was determined using a non-linear least squares (NLLSs)
routine (Digital Micrograph package, Gatan).

3 Results

3.1 Elemental composition and zoning of W-rich
hematite

Hematite crystals up to 3 mm in size and with locally ele-
vated concentrations of tungsten occur in quartz, often grow-

ing over crystals of Cu–Bi sulfosalts (Fig. 1a). Tungsten is
present in thin (< 10 µm, as observed in the electron micro-
probe) lamellae that are oriented parallel to the growth faces
of the hematite crystals. The lamellae may condense in bands
of up to 100 µm in thickness (Fig. S1). These lamellae de-
fine the oscillatory zoning of the crystals investigated. Except
iron, the only elements systematically above the detection
limit of the electron microprobe were Al and W (all anal-
yses are listed in Table S1). Hematite locally contains up to
5.0 wt % of WO3 and 2.1 wt % of Al2O3 (Fig. 1b). The high-
est W concentrations are restricted to the bands of the W-
enriched lamellae. The bulk average concentration of WO3
(average of 1202 EMP analyses) is 2.0 wt %, corresponding
to 0.7 at % of W. The two elements are antagonistic (Fig. 1b);
zones of the crystals enriched in W contain only a little Al
and vice versa.

3.2 Spectroscopic observations

For the W-rich portions of the hematite crystals, X-ray ab-
sorption spectroscopy (XAS) spectra were measured at the
Fe K and W L3 edges (Fig. 2a, b) in three selected crystals.
The results are nearly identical and thus will be described
together.

The position of the Fe K edge in the W-rich zones lies
near the edge of magnetite, indicating that the iron could be
partially reduced in the W-rich areas. Another conspicuous
feature of the spectrum is the pronounced pre-edge feature
at ≈ 7115 eV that indicates that a fraction of Fe could most
probably also be in a tetrahedral coordination (Wilke et al.,
2001).

The X-ray absorption near-edge structure (XANES) spec-
trum at the W L3 edge shows splitting of the white line
(Fig. 2b), suggesting that W6+ resides in an octahedral coor-
dination. The extended X-ray absorption fine structure (EX-
AFS) data collected at the W L3 edge were processed in or-
der to obtain information about the local environment of W
in the samples studied. All models where a tungsten atom
was inserted into the hematite structure and a vacancy was
created failed to describe the data. The mismatch between
these models and the data was so large that no amount of re-
finement could have brought the two into agreement. After-
wards, a number of tungstenic compounds with known struc-
tures were tried. Eventually, the model based on the structure
of ferberite (FeWO4) fit the data well and needed only minor
adjustments. The differences between the fit and the model
can be ascertained from the data in Table 1 that show both of
them. The ferberite model was refined and found to be able to
reproduce the data. The number of refined variables was kept
low (Nvar = 10), much lower than the number of the avail-
able independent data points (Nind = 20.4). Variables were
assigned to a set of paths (e.g., to the first-shell W–O paths)
instead of individually to every path. Initial fits defined the
values of σ 2 that were then constrained to be equal for the
sets of paths. By doing so, an excellent fit was obtained with-
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Figure 1. (a) Back-scattered electron (BSE) image of a hematite crystal, showing many thin, parallel zones enriched with tungsten (light
gray). The elongated crystals that appear white in the BSE image are Cu–Bi sulfosalts. The gangue mineral is quartz. An element-distribution
map from a similar crystal is shown in Fig. S1. (b) Concentrations of Al2O3 and WO3 in hematite crystals from the Rozália vein in Banská
Hodruša, measured by spot electron microprobe analyses. Note the antagonistic relationship between the two elements.

Figure 2. (a) Comparison of XANES spectra of reference compounds and W-rich hematite at the Fe K edge. The spectra were offset for
clarity. (b) XANES spectrum of the W-rich hematite at the W L3 edge. (c) The Fourier-transform EXAFS spectrum (at the W L3 edge) of
the W-rich hematite. Circles represent the measured and processed data; the line represent the fit. Fits for all measured spectra, including the
fits to the EXAFS data and the real component of the Fourier transform, can be found in Fig. S2.

out overfitting the data. The strong and well-defined features
up to almost 7 Å confirm that the local environment of W is
highly ordered, and the W atoms are not located in a number
of environments, for example, as disordered filling of inter-
stitial spaces between the hematite crystals. The results of
the fitting procedure are summarized in Table 1 and shown
graphically in Figs. 2c and S2.

In order to shed more light on the form and position of
iron in W-rich hematite, the Mössbauer spectra were mea-
sured at room temperature (RT) and at 100 °C. The spectra
from the two temperatures differ significantly (Fig. 3). At
RT, the spectrum can be fitted by two sextets with different
hyperfine parameters (Table 2) and with quite narrow spec-
tral lines. Sextet I, representing 38 % of the spectral area, has
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Table 1. The best results of fitting of the W L3 EXAFS data to
the W-rich portions of the hematite crystals. The data and fits are
also displayed in Figs. 2c and S2. 1E0 = 2.3, Nvar = 10, Nind =
20.4, R= 0.019, k range= 3.0–9.5 Å−1, and R range= 1–6 Å. For
simplicity, only the paths that contribute most strongly to the fitted
model are listed. The full set of paths can be found in Table S2 in the
Supplement. The distances and coordination numbers are compared
to those for the structure of ferberite (Escobar et al., 1971).

Refined Ferberite model

n d (Å) 1000× σ 2 n d (Å)

W–O

1 1.73(1) 4 2 1.883
3 1.857(4) 4 2 1.991
2 1.975(4) 4 2 2.109

W–Fe

2 3.407(4) 3 2 3.525
2 3.416(4) 3 2 3.535
2 3.58(1) 3 2 3.707
2 3.645(8) 3 2 3.728

W–W

2 3.11(1) 3 2 3.233
2 4.55(1) 3 2 4.417
2 4.667(8) 3 2 4.75

hyperfine parameters typical of “ideal”, non-defect hematite
in an antiferromagnetic state with spins aligned perpendic-
ular to the c axis (also called the “weakly ferromagnetic”
state), i.e., above the Morin transition. Sextet II, representing
62 % of the spectral area, could instead represent defect-like
hematite in an antiferromagnetic state with spins aligned par-
allel to the c axis, i.e., below the Morin transition. At 100 °C,
the spectrum can be satisfactorily fitted with just one sextet
component with significantly broader spectral lines and with
hyperfine parameters, indicating that the sample is entirely
above the Morin transition. There is no clear indication of
reduced Fe2+ in either of the two spectra.

3.3 Transmission electron microscopy of W-rich
hematite

Detailed inspection of HRTEM images showed that the
hematite crystals are highly crystalline, with a single lattice
orientation through large regions of the crystals (Fig. S3). In
the W-rich areas, the transmission electron microscopy pro-
vides a different picture.

The quantitative EDS analysis recorded from a larger area
(∼ 1 µm2) showed that the FIB lamella consists mainly of
Fe and O and a small amount of W (60.4 at % O, 39.3 at %
Fe, 0.3 at % W). Further examination revealed the alternation
of brighter and darker bands (Fig. S4). Oscillatory zoning,
observed in the backscattered electron (BSE) images from

the electron microprobe (Fig. 1a), is evident also in low-
magnification bright-field scanning transmission electron mi-
croscopy (BF STEM) images and EDS maps (Fig. S5). The
thickness of the W-enriched zones is quite variable but does
not exceed 30 nm within the regions inspected.

The W-rich portions of the samples studied consist of epi-
taxial intergrowths of ferberite-like domains and magnetite-
like domains in the hematite matrix (Figs. 4, S6–S8). Both
ferberite and magnetite structures were determined from
the electron diffraction patterns (Figs. S9, S10). Based on
crystallography information obtained by the evaluation of
HRTEM, HAADF STEM, BF STEM, and relevant fast-
Fourier transform (FFT) patterns, we determined that the mu-
tual orientation of hematite and magnetite is well-defined
(Figs. S9–S12), with [1100]hem | [110]mag. The crystallites
are in contact with the planes {0001}hem | {111}mag, that is,
by the nets of close-packed oxygen atoms.

The oxidation state of Fe in hematite with little W and
in regions of the W-enriched lamellae was probed by elec-
tron energy loss spectroscopy (EELS). In this work, we fo-
cused on the Fe L2,3 edges acquired from the region with
little W and from a W-rich lamella (Fig. 5a). The Fe L2,3
lines measured were compared with those of the Fe2O3 stan-
dard (Fig. 5a). The spectral maxima acquired in the hematite
matrix with little W and in the W-rich lamella are shifted
relative to each other by a value of ∼ 1.5 eV towards lower
energy. The shift of ∼ 2.5 eV to lower energy was observed
between the spectral maxima of the hematite standard and
the centroid of the spectrum of the W-rich lamella.

In a profile across a W-rich lamella, the shifts were inte-
grated at each distance along the profile and are shown graph-
ically in Fig. 5b. The Fe L3/L2 amplitude ratio remains con-
stant in the hematite matrix with little W. Closer to the inter-
face of hematite and the W-rich lamella, a decrease in the Fe
L3/L2 amplitude ratio can be seen. A significant drop in the
Fe L3/L2 amplitude ratio to ∼ 2.0 can be seen in the region
of the W-rich lamella (Fig. 5b). The decrease in the ampli-
tude ratio indicates the decrease of the Fe valence from 3+
in the hematite matrix towards 2+ in the W-rich area.

4 Discussion

Incorporation of tungsten into hematite

A number of possible mechanisms have been proposed for
heterovalent substitutions of various cations into hematite,
including the formation of Fe3+ or O2− vacancies, charge
compensation via reduction of Fe3+ to Fe2+, or formation of
clusters intergrown with hematite (Morin, 1951; Sieber et al.,
1985; Bernstein and Waychunas, 1987; Balko and Clarkson,
2001; Duff et al., 2002; Tarassov et al., 2002; Pramanik et al.,
2005; Skomurski et al., 2010; Kerisit et al., 2011; McBriarty
et al., 2018; Aquino and Balela, 2020).

In this work, X-ray absorption spectroscopy (Figs. 2, S2),
Mössbauer spectroscopy (Fig. 3) and transmission electron
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Table 2. Hyperfine parameters of the Mössbauer spectra presented in Fig. 3.

Spectrum/component Sextet

δ (mm s−1) εQ (mm s−1) Bhf (T ) RA (%)

RT/sextet I 0.35 −0.15 51.2 38
RT/sextet II 0.35 0.38 51.9 62
100 °C 0.35 −0.20∗ 53.1 100

δ – isomer shift (± 0.01 mm s−1); εQ – quadrupole shift (± 0.01 mm s−1); Bhf – hyperfine magnetic
field (± 0.1 T ); and RA – relative area (± 1 %). ∗ Parameter fixed in order to keep fitting consistency.

Figure 3. 57Fe Mössbauer spectra of the hematite crystals measured at (a) room temperature and (b) 100 °C. Circles represent the measured
data, black lines the overall fit. In panel (a), the two sextets fit to the data are highlighted by different colors.

microscopy (Figs. 4, 5, S3–S12) converge, at different spatial
scales, to a model where W6+ is not taken up by hematite
itself but by ferberite nanodomains intergrown with hematite.

TEM investigation at the sub-nanometer scale identified
ferberite and magnetite domains in the hematite matrix.
It allowed us to deduce three orientation relationships of
hematite and the ferberite-like domains: [0001]hem | [100]fer,
[1100]hem | [010]fer, and [1120]hem | [001]fer. Inspection of
the HRTEM images shows that the contact of the two min-
erals is predominantly {0001}hem | {100}fer. The intergrowth
of hematite and the ferberite-like nanolamellae can easily be
rationalized by the crystal structures of the phases. Both of
them are based on hexagonal close packing of oxygen an-
ions. The only difference is the different populations of octa-
hedral and tetrahedral interstices. Hence, the oxygen sublat-
tice is very similar for both phases, allowing for their epitax-
ial intergrowth. The only requirement for switching from the
hematite structure to that of ferberite is the insertion of Fe(II)
and W atoms in different types of interstitial sites.

The results of EELS spectroscopy (Fig. 5) confirmed that
the oxidation state in the W-rich lamellae is lower than that
in the hematite matrix. In hematite, iron is trivalent, but the
presence of the magnetite nanoinclusions hints that the pres-
ence of Fe2+ in the studied material cannot be excluded.
As already argued, W is stored in the ferberite (Fe2+WO4)

nanolamellae, but another candidate with a similar structure
is the phase Fe3+

2 WO6 (Senegas and Galy, 1974). The EELS
results show, however, that the oxidation state in the W-rich
lamella deviates to a large degree from that in the hematite
matrix; namely, iron is reduced to Fe2+ in these lamellae.
These results support the identification of ferberite and not
Fe3+

2 WO6 as the W host in the samples studied.
X-ray absorption spectroscopy on the micrometer scale

showed that a fraction of Fe seems to be reduced and that
a fraction is tetrahedrally coordinated in the W-rich re-
gions. The position of the absorption edge in the W-rich re-
gions of hematite is near that of magnetite, but the shape
in the XANES region does not match the magnetite spec-
trum. The TEM observations also showed that magnetite is
present in the W-rich regions in hematite as a minor phase.
Hematite and magnetite are intergrown epitaxially (Fig. S12)
by matching the close-packed oxygen nets. Thus, the XAS
results support the TEM observations very well.

Tungsten is octahedrally coordinated, but the EXAFS data
refute its incorporation into the structure of hematite. Shell-
by-shell fitting of the EXAFS data and nanoscale TEM ob-
servations identified ferberite-like nanolamellae with a de-
fined crystallographic orientation to the hematite host. The
ferberite-like nanodomains carry most if not all tungsten in
the hematite crystals studied.
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Figure 4. High-resolution TEM image (a) and the corresponding electron diffraction pattern (b) of the hematite–ferberite contact, with the
relevant FFT image. The FFT image shows the crystal orientation of the hematite host (labeled h, in white) and ferberite (labeled f, in orange).

Figure 5. (a) EELS spectra acquired from the hematite standard and from our samples, from areas with low and high W concentrations.
(b) Profile across a W-rich lamella embedded in the hematite host, with the calculated amplitude ratio of the Fe L2,3 lines. The values plotted
on the y axis correspond to the Fe3+ /Fe2+ ratio in the sample, showing that the oxidation state of Fe decreases in the W-rich lamella.

The splitting of the RT Mössbauer spectra (Fig. 3a) into
two sextet components indicates two distinct types of or-
dering of hematite (i.e., one-third as ideal hematite with
weakly ferromagnetic ordering and almost two-thirds as de-
fect hematite with antiferromagnetic ordering). Such shifts
in Mössbauer spectra have been observed in relation to par-
ticle size (Vandenberghe et al., 2001). In our case, however,
the hematite crystals are coarse, and particle size plays no
role. The temperature of the Morin transition in pure coarse-
grained hematite is ∼ 260 K. Apart from particle size, this
temperature can be influenced by substitutions in the crystal
structure of hematite or by local disturbances of the struc-
ture by nanoinclusions (e.g., nanolamellae). Sextet II in the
RT spectrum, together with the measurement at 100 °C (Ta-
ble 2), clearly indicates that a significant part of the struc-

ture of hematite (62 %) is influenced by the presence of W.
Some elements (e.g., Ti and Ir; Krehula and Musić, 2012)
are known to increase the temperature of the Morin transi-
tion. On the other hand, elements like Al decrease the tem-
perature of the Morin transition (da Costa et al., 2002). Tung-
sten in the hematite matrix is responsible for the shift in the
temperature of the Morin transition. However, considering
the TEM and XAS results, such a change in the ordering of
the structure of hematite should instead reflect magnetocrys-
talline anisotropy due to the preferential crystallographic ori-
entation of hematite lamellae intimately intergrowing (i.e.,
being parallel) with ferberite nanodomains. Mössbauer spec-
tra, however, do not record any Fe2+. If we assume that
W6+ is held completely in FeWO4-like domains, then only
∼ 0.7 at % of all Fe atoms would be in the reduced ferrous
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state. This amount is below the detection limit of this type of
spectroscopy, usually set at ∼ 1 %.

The W-bearing hematite used in this work was previously
also investigated from point of view of its mineral assem-
blage, and a simple substitution of 2 Fe3+

=W6+
+ vacancy

was assumed (Sejkora et al., 2015), however, without any
spectroscopic evidence. Oxygen vacancies were assumed in
W–Sn–U–Pb-zoned hematite from the Olympic Dam deposit
in Australia (Verdugo-Ihl et al., 2020). The vacant oxygen
sites are responsible for a superstructure in hematite. We
note, however, that oxygen vacancies mean that a fraction
of Fe3+ is fivefold coordinated, a rather unusual and unsta-
ble coordination environment for this ion. It is known, for
example, in FeAsO4 (Reiff et al., 1993), but in this case, it is
imposed on Fe3+ by the coordination requirements of As5+.

5 Implications

Tungsten is typically dispersed into the environment at mil-
itary or recreational shooting sites, from mine waste of var-
ious types of ore deposits, at manufacture sites of tungsten
carbide tools, or from road traffic (Backstrom et al., 2003;
Clausen and Korte, 2009; Barker et al., 2021). Its release will
create low-level anomalies that cannot be remediated or elim-
inated and will persist over long time. Upon release into soil,
the mobility of tungsten was found to diminish with aging
(Bednar et al., 2008). This trend was explained by this study,
namely by the uptake of W6+ into the crystal structure of a
common mineral in sediments and soil, hematite.

On short-term timescales, tungsten from the ammunition
dissolves rapidly and forms W(VI) oxides, polytungstates,
tungstates, and polyoxometallates (Clausen et al., 2011). The
aqueous W(VI) tetrahedra have a strong tendency to ad-
sorb onto iron oxides, especially ferrihydrite. This adsorp-
tion, however, is the subject of harsh competition, and phos-
phate is usually seen as the strongest adsorbent, stronger than
arsenate or other anions (e.g., Zeng et al., 2008). Under spe-
cific, not precisely known conditions, W can be bound in the
structures of hematite in weathering environments, as doc-
umented by this study and those of Tarassov et al. (2002)
and Kreißl et al. (2016). For W in hematite and goethite,
Kreißl et al. (2016) demonstrated the loss of about 3 Fe3+

atoms for each incorporated W6+, which leads to three miss-
ing charges. Goethite can easily balance the charge differ-
ence by protonation of O atoms, while in hematite, oxy-
gen protonation is theoretically possible but has never been
demonstrated for heterovalent substitution reactions. This
non-stoichiometric balance reaction (Kreißl et al., 2016) im-
plies a high degree of disorder and the formation of an ad-
ditional Fe3+ vacancy close the incorporated W6+ ion. The
corollary is that such an arrangement is metastable. It is
likely that such W would be released and potentially lost
upon recrystallization or dissolution of the Fe oxides.
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