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Abstract: The crystal structure of four samples from natural wolframite solid solutions, (Fe,Mn)WO4,
was obtained with synchrotron high-resolution powder X-ray diffraction (HRPXRD) data, Rietveld
refinements, space group P2/c, and Z = 2. Wolframite solid solutions extend from ferberite (FeWO4)
to hübnerite (MnWO4). The W and (Mn,Fe) cations are in six-fold coordination. This study shows
that the unit-cell parameters, a, b, c, and β angle, vary linearly with the unit-cell volume, V, across
the wolframite series. The average <Mn,Fe–O> distance increases linearly because of larger Mn2+

(0.83 Å) replacing smaller Fe2+ (0.78 Å) cations, whereas the average <W–O> distance increases
slightly because of the higher effective charge of the smaller Fe2+ cation. The distortions of the two
types of polyhedra across the series are discussed.

Keywords: wolframite solid solutions; structure; chemistry; synchrotron high-resolution powder
X-ray diffraction (HRPXRD); Rietveld structure refinement

1. Introduction

Wolframite solid solutions extend from ferberite (FeWO4) to hübnerite (MnWO4).
According to IMA CNMNC, wolframite with Fe > Mn is called ferberite and those with
Mn > Fe is called hübnerite. Complete substitution occurs between Fe2+ and Mn2+ cations
in wolframite, (Fe,Mn)WO4. Hereafter, we use the name wolframite to cover the entire
series between the two end members.

Tungstates and molybdates form two isostructural groups with the general formula
MTO4, where M is for divalent metal cations (M = Ca2+, Sr2+, Ba2+, Cd2+, and Pb2+) and T
is for transition elements (T = W, Mo). The monoclinic wolframite-group minerals (space
group P2/c) contain small divalent cations, such as Fe2+, Mn2+, Mg2+, Ni2+, and Co2+ in
six-coordination with O atoms from six different octahedral WO6 groups (Figure 1). The
wolframite structure is based on W and (Fe,Mn) distorted octahedra forming infinite zig
zag chains along the c-axis (Figure 1c). Each chain contains just one type of cation, and each
octahedron is joined to the next by a common edge. Each W octahedral chain is attached by
common corners to (Fe,Mn) chains, and each (Fe,Mn) chain is also surrounded by four W
chains. The same types of octahedra are joined by edges and different types of octahedra
are connected by corners.

The tetragonal scheelite-group minerals (space group I41/a) contain large divalent
cations, such as Ca2+ and Pb2+, in eight-coordination with O atoms from eight different
tetrahedral (WO4)2− and (MoO4)2− groups. The structure of scheelite is close to that of
anhydrite, CaSO4, and zircon, ZrSiO4, but differs from these in the manner of linking of
the CaO8 polyhedra. The (WO4)2− and (MoO4)2− tetrahedra are flattened along the c-axis
and join edges with CaO8 or PbO8 polyhedra in scheelite and wulfenite, respectively (these
structures are not shown).

The problem of the O-atom coordinates in scheelite-type structure has been of interest
in crystal chemistry for a long time [1]. These MTO4 compounds contain W and Pb atoms
with high atomic numbers that dominate the X-ray scattering process, so the light O-
atom positions were not determined to a high precision. In addition, Pb atoms are good
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absorbers of X-rays. Consequently, some authors choose neutrons instead of X-rays because
the scattering amplitudes using neutrons are of the same order of magnitude for the atoms
in these minerals.
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Figure 1. Structure of wolframite, (Fe,Mn)WO4, (space group P2/c) projected (a) down [001] (b-axis 

is vertical and the a-axis is horizontal), (b) down [010] (c-axis is vertical and the a-axis is horizontal), 

and (c) down [100] (c-axis is vertical and the b-axis is horizontal). The O (grey spheres) oxygen atoms 

are indicated. The monoclinic unit-cell edges are outlined (black frame). The structure contains dis-

torted WO6 octahedra (yellow) and (Fe,Mn)O6 octahedra (blue) forming infinite zig-zag chains along 

the c-axis, as shown in (c). 
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Figure 1. Structure of wolframite, (Fe,Mn)WO4, (space group P2/c) projected (a) down [001] (b-axis
is vertical and the a-axis is horizontal), (b) down [010] (c-axis is vertical and the a-axis is horizontal),
and (c) down [100] (c-axis is vertical and the b-axis is horizontal). The O (grey spheres) oxygen atoms
are indicated. The monoclinic unit-cell edges are outlined (black frame). The structure contains
distorted WO6 octahedra (yellow) and (Fe,Mn)O6 octahedra (blue) forming infinite zig-zag chains
along the c-axis, as shown in (c).

The crystal structure of two similar ferberite samples from Liquinaste, Jujuy, Argentina
is available [2,3] as well as another sample from Saxony, Germany [4]. The structure
of a synthetic MnWO4 sample is also known as well as its high-pressure behavior [5,6].
However, a complete picture of the structural variations across wolframite solid solutions
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could not be deduced from the above studies, so the present study was carried out to fill
this knowledge gap.

This study examines the structural variations across wolframite solid solutions based
on the crystal structure of four natural samples that were obtained using synchrotron high-
resolution powder X-ray diffraction (HRPXRD) data and Rietveld structure refinements.
Some data from the literature are compared to the data from this study.

2. Experimental Methods
2.1. Electron-Probe Microanalysis (EPMA)

The wolframite samples were analyzed using a JEOL JXA-8200 WD-ED electron-probe
microanalysis (EPMA). The samples were mounted in epoxy and polished for EPMA.
The JEOL operating program on a Solaris platform was used for ZAF (atomic number, Z;
absorption, A; fluorescence, F) correction and data reduction. The wavelength-dispersive
(WD) analyses were conducted quantitatively using an accelerated voltage of 15 kV, a beam
current of 20 nA, and a beam diameter of 5 µm. Relative analytical errors were 1% for
major elements and 5% for minor elements. Various standards were used: chromite (Cr),
pyromorphite (Pb), scheelite (W), CaMoO4 (Ca, Mo), NiO (Ni), hornblende (Mg), ZnO
(Zn), V2O5 (V), ilmenite (Fe, Ti), barite (S), and UC09059 hübnerite (Mn). Our four samples
appeared to be homogeneous based on optical observations and EPMA analyses. Table 1
contains the average chemical composition from 10 spots for each sample. The localities
of our four samples are given in Table 2. Based on EPMA and HRPXRD data, sample 1
contained two different phases with different compositions. The composition of two data
points that may represent the two different phases are given in Table 1.

Table 1. Chemical compositions for four wolframite (Fe,Mn)WO4 samples.

Oxides Radii (Å) * 1a 1b 2 3 4

wt. %
MnO 15.14 20.07 17.66(29) 21.89(46) 23.41(12)
FeO 8.71 3.42 5.89(26) 1.51(56) 0.07(2)
ZnO 0.02 0.04 0.02(3) 0.01(1) 0.04(2)
MgO 0.02 0.00 0.00(2) 0.00(1) 0.00(1)
NiO 0.02 0.04 0.00(2) 0.03(2) 0.02(2)
CaO 0.00 0.00 0.00(1) 0.00(0) 0.00(0)
PbO 0.00 0.00 0.00(0) 0.00(0) 0.00(0)
WO3 76.11 76.00 76.47 76.29(16) 76.05(39)
MoO3 0.00 0.00 0.00(0) 0.00(0) 0.00(0)
SO3 0.06 0.21 0.26(8) 0.05(9) 0.08(11)
TiO2 0.02 0.00 0.00(5) 0.00(0) 0.01(1)
V2O3 0.00 0.00 0.00(0) 0.00(0) 0.00(0)
Cr2O3 0.01 0.00 0.00(1) 0.01(1) 0.00(1)
Total 100.11 99.78 100.30 99.79 99.68

Cations - apfu
Mn2+ 0.83 0.645 0.856 0.748(12) 0.935(19) 1.000(5)
Fe2+ 0.78 0.367 0.144 0.247(11) 0.064(23) 0.003(1)
Zn2+ 0.74 0.001 0.001 0.001(1) 0.000(0) 0.002(1)
Mg2+ 0.72 0.001 0.000 0.000(1) 0.000(1) 0.000(1)
Ni2+ 0.69 0.001 0.001 0.000(1) 0.001(1) 0.001(1)
Ca2+ 1.00 0.000 0.000 0.000(0) 0.000(0) 0.000(0)
Pb2+ 1.19 0.000 0.000 0.000(0) 0.000(0) 0.000(0)
ΣA 1.015 1.002 0.996 1.000 1.006
W6+ 0.60 0.992 0.991 0.992(2) 0.998(3) 0.994(3)
Mo6+ 0.59 0.000 0.000 0.000(0) 0.000(0) 0.000(0)
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Table 1. Cont.

Oxides Radii (Å) * 1a 1b 2 3 4

S6+ 0.29 0.002 0.008 0.010(3) 0.002(3) 0.003(4)
Ti4+ 0.61 0.001 0.000 0.000(2) 0.000(0) 0.000(0)
V3+ 0.64 0.000 0.000 0.000(0) 0.000(0) 0.000(0)
Cr3+ 0.62 0.000 0.000 0.000(0) 0.000(0) 0.000(0)
ΣB 0.995 0.999 1.002 1.000 0.997

Σ(A + B) 2.010 2.001 1.998 2.000 2.003
% Hü 63.74 85.60 75.18 93.59 99.70

* Ionic radii are from Shannon [7]. The apfu are based on 4 oxygen atoms. % Hü = % hübnerite = [Mn/(Mn + Fe)]
× 100. Sample 1 contains two similar phases, so 2 possible compositions are given from 2 data points, whereas
the average composition from 10 data points is given for the other samples.

Table 2. Wolframite samples: locality, unit-cell parameters, and Rietveld refinement statistical
indicators, R (F2), χ2, etc.

No. Localities a/Å b/Å c/Å β/◦ V/Å3 * R(F2) χ2 Nobs Npts Var.

1a Oregon Mine, Boulder, Colorado
(VC758) 4.78219(4) 5.73389(4) 4.98336(3) 90.5631(6) 136.640(2) 0.0208 1.699 2134 43,067 43

1b VC758 4.81212(3) 5.74991(4) 4.99266(3) 90.9304(6) 138.125(2)
2 Tae Wha mine, Korea (VC315) 4.79440(2) 5.74073(2) 4.98734(2) 90.7109(3) 137.258(1) 0.0178 1.623 1065 43,067 28
3 Silverton, Colorado (VC692) 4.82435(2) 5.75627(2) 4.99611(1) 91.0773(2) 138.7188(8) 0.0271 3.664 983 41,444 28
4 Pasto Bueno, Peru (UC09059) 4.82991(2) 5.75974(2) 4.99795(2) 91.1475(2) 139.0101(9) 0.0238 2.791 1032 43,067 28

All samples were refined in space group P2/c with λ = 0.41279(2) Å. * R(F2) = R-structure factor based on observed
and calculated structure amplitudes = [∑(Fo

2 − Fc
2)/∑(Fo

2)]1/2. The 2θ range for each sample is from 2◦ to 45◦.
The values for Nobs (number of observed reflections), Npts (number of data points), and Var. (number of variables)
are given. Sample 1 contains two different phases. The weight % for phase-1a is 55.84(6) and phase-1b is 44.16(7).

2.2. Synchrotron High-Resolution Powder X-ray Diffraction (HRPXRD)

Single crystals of our wolframite samples, of about 0.2 mm in diameter, were hand-
picked under a binocular microscope and finely ground in a corundum mortar and pestle
for synchrotron high-resolution powder X-ray diffraction (HRPXRD) experiments that were
performed at beamline 11-BM, Advanced Photon Source, Argonne National Laboratory.
Each sample was loaded into a Kapton capillary (0.8 mm internal diameter) and rotated
during the experiment at a rate of 90 rotations per second. The data were collected to
a maximum 2θ of about 50◦ with a step size of 0.001◦ and a step time of 0.1 s per step.
The HRPXRD traces were collected with a unique multi-analyzer detection assembly
consisting of 12 independent silicon (111) crystal analyzers and LaCl3 scintillation detectors
that reduce the angular range to be scanned and allow for the rapid acquisition of data.
A silicon (NIST 640c) and alumina (NIST 676a) standard (ratio of 1/3 Si:2/3 Al2O3 by
weight) was used to calibrate the instrument and to refine the monochromatic wavelength
(λ = 0.41279(2) Å) used in the experiment (Table 2). Additional details of the experimental
set-up are given elsewhere [8–10]. The experimental techniques used in this study are well
established [11–16].

2.3. Rietveld Structural Refinement

The crystal structure was modeled with the Rietveld method [17] that is incorporated in
the GSAS program [18] and using the EXPGUI interface [19]. The starting atom coordinates,
unit-cell parameters, and space group P2/c, Z = 2 were taken from Cid-Dresdner and
Escobar [2]. The background was modeled with a Chebyschev polynomial (8 terms).
The reflection-peak profiles were fitted using type-3 profile (pseudo-Voigt; [20,21]). The
structure refinements were carried out by varying parameters in the following sequence:
scale factor, background, unit-cell parameters, zero shift, profile, atom positions, and
isotropic displacement parameters, U. The site-occupancy factor (sofs) for the Fe/Mn site is
fixed based on EPMA values because these elements differ by just one electron. Finally, all
variables were refined simultaneously. The U(O1) was set equal to U(O2). The sofs for the
W and O sites were set equal to 1.
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Table 2 contains unit-cell parameters and other information regarding data collection
and refinement. Table 3 contains the atom coordinates and isotropic displacement param-
eters. Table 4 contains the bond distances. CIF files for the four samples are available as
supplementary materials.

Table 3. Wolframite samples: atom coordinates and isotropic displacement parameters (U × 102 Å2).

Atom -Site 1a 1b 2 3 4

Mn/Fe x 1
2

1
2

1
2

1
2

1
2

y 0.3202(2) 0.3149(3) 0.3181(1) 0.3139(1) 0.3131(1)
2f z 3

4
3
4

3
4

3
4

3
4

U 0.29(1) 0.29(1) 0.31(1) 0.54(2) 0.31(1)

sof 0.65 Mn
0.35 Fe

0.86 Mn
0.24 Fe

0.75 Mn
0.25 Fe

0.94 Mn
0.06 Fe

1 Mn
0 Fe

W x 0 0 0 0 0
y 0.17974(6) 0.18025(8) 0.17999(3) 0.17988(4) 0.17975(4)

2e z 1
4

1
4

1
4

1
4

1
4

U 0.109(4) 0.109(4) 0.109(4) 0.323(4) 0.273(4)
O1 x 0.2149(6) 0.2084(7) 0.2139(3) 0.2137(4) 0.2136(4)

y −0.0980(5) −0.1063(6) −0.1032(3) −0.0992(3) −0.1035(3)
4g z 0.4433(7) 0.4351(8) 0.4396(4) 0.4392(4) 0.4458(4)

U 0.07(3) 0.07(3) 0.05(3) 0.47(3) 0.25(5)
O2 x 0.2628(6) 0.2479(7) 0.2544(3) 0.2539(3) 0.2523(3)

y 0.3655(5) 0.3766(6) 0.3702(3) 0.3730(3) 0.3680(3)
4g z 0.3972(7) 0.3880(8) 0.3945(4) 0.3893(4) 0.3952(4)

Space group P2/c, choice 1. The sofs for W, O1, and O2 were fixed at 1.0; and U(O1) = U(O2).

Table 4. Bond distances (Å) and polyhedral distortion indices for four wolframite samples.

Bond 1a 1b 2 3 4

(Fe,Mn)O6 octahedron
Fe–O1 × 2 2.106(3) 2.074(3) 2.081(2) 2.093(2) 2.094(2)
Fe–O2 × 2 2.099(4) 2.189(4) 2.137(2) 2.166(2) 2.143(2)
Fe–O2 × 2 2.256(3) 2.263(3) 2.265(2) 2.274(2) 2.316(2)

<(Fe,Mn)–O> <6> 2.154 2.176 2.161 2.178 2.184
Average edge length 3.0239 3.0461 3.0306 3.0508 3.0590

Average angle 104.570 104.048 104.378 104.125 104.058
Polyhedral volume 12.9526 13.2503 13.0622 13.3194 13.4182

Octahedral angle variance 65.4243 83.6260 70.0429 78.6334 82.4303
Mean octahedral quadratic

elongation 1.0199 1.0252 1.0212 1.0236 1.0255

WO6 octahedron
W–O1 × 2 2.121(3) 2.132(4) 2.136(2) 2.122(2) 2.155(2)
W–O1 × 2 1.909(3) 1.926(4) 1.919(2) 1.936(2) 1.906(2)
W–O2 × 2 1.798(3) 1.773(4) 1.782(2) 1.786(2) 1.776(2)

<W–O> <6> 1.943 1.944 1.946 1.948 1.945
Average edge length 2.7145 2.7215 2.7222 2.7258 2.7218

Average angle 103.519 104.010 103.821 103.840 103.808
Polyhedral volume 9.2754 9.3836 9.3925 9.4119 9.3755

Octahedral angle variance 118.6792 97.5426 102.6663 104.9690 103.9077
Mean octahedral quadratic

elongation 1.0407 1.0347 1.0363 1.0362 1.0377

3. Results and Discussion
3.1. Chemical Composition of Natural Wolframite Samples

The compositions of the wolframite samples are given in Table 1. The atom per formula
unit (apfu) is based on four oxygen atoms. The W site is filled exclusively with W atoms.
The divalent cation site is essentially filled with Mn and Fe atoms. All of our samples are
Mn-rich with the % hübnerite [=(Mn/(Mn + Fe)) × 100] ranging from 64 to 100%.
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Two possible compositions for phase-1a and phase-1b in sample 1 are given in Table 1.
The X-ray diffraction data below show that sample 1 contains two separate phases that are
slightly different from each other. These two phases differ in their Mn and Fe content. The
Fe-rich phase-1a has a smaller unit-cell volume than the Mn-rich phase-1b, as expected,
whereas sample 2 has values intermediate between phase-1a and phase-1b.

3.2. High-Resolution Powder X-ray Diffraction (HRPXRD) Traces for Natural
Wolframite Samples

Except for sample 1, the traces for the other three samples contain sharp and sym-
metrical peaks with no impurity. An example for such a trace is shown for sample 2 that
contains a single phase (Figure 2c,d). However, sample 1 contains two different phases
as indicated by the split reflections (Figure 2a,b) compared to the un-split reflections in
Figure 2c,d. These features are shown clearly in the expanded traces (Figure 2b,d). The
crystal structure of both phases in sample 1 were obtained as well as their compositions
(Tables 1 and 4). Splitting of reflections were observed in several other minerals [22–28].
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Figure 2. Comparison of HRPXRD traces for sample 1 (a,b) and sample 2 (c,d) together with the
calculated (continuous line) and observed (crosses) profiles. The difference curve (Iobs − Icalc) with
the same intensity scale is shown at the bottom of each trace. Short vertical lines indicate allowed
reflection positions. The intensities for the trace and difference curve that are above 20◦ in 2θ are
multiplied by 10 in both (a,c). Expanded traces are displayed in (b,d). The traces in (c,d) contain sharp
and symmetrical peaks with no impurity peaks. Sample 1 contains two similar phases as indicated
by the split reflections in (a,b) compared to the un-split reflections in (c,d).

3.3. Variations of the Unit-Cell Parameters across Wolframite, (Fe,Mn)WO4, Solid Solutions

Across natural wolframite solid solutions, the unit-cell parameters a, b, c, and β with
volume, V, vary linearly (Table 2, Figure 3). The a-axis (Figure 3a), b axis (Figure 3b), c-axis
(Figure 3c), and β angle (Figure 3d) increase linearly with the increase in V. For comparison
to our data, those from other studies are shown [3–5]. Based on the chemical analyses, the
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substitution of larger Mn2+ (0.83 Å) occurs for smaller Fe2+ (0.78 Å) cations and causes the
increase in unit-cell parameters with V.
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3.4. Variations of Structural Parameters across Wolframite, (Fe,Mn)WO4, Solid Solutions

The essential features of the wolframite structure obtained in this study are the same
as those observed in previous studies. The wolframite structure consists of two main
structural units: distorted (Fe,Mn)O6 and WO6 octahedra (Figure 1). In our refinements of
the wolframite structure, the site occupancy factors (sofs) for the Fe/Mn site were fixed by
the EPMA data because these two elements differ by only one electron (Table 1). In fact, the
Mn content varies linearly with the increase in unit-cell volume, V, as shown in Figure 4.
It appears that a nearly pure natural FeWO4 end member was studied by Ülkü [4] and a
pure synthetic MnWO4 end member was studied by Macavei and Schulz [5]. Based on our
extrapolated data, it appears that the pure FeWO4 may have a unit-cell volume of about
132 Å3. As such, the volume range were extended from 132 to about 139.4 Å3 (Figures 3–5).
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Figure 4. The Mn apfu varies linearly with the unit-cell volume, V. The inserted data points are from
Macavei and Schulz [5] for a pure synthetic end member, MnWO4, Escobar et al. [3], and Ülkü [4].

The average <(Fe,Mn)–O> distance increases linearly with V and has values from
about 2.154 (sample 1a) to 2.184 (sample 4), a difference of 0.030Å (Table 4; Figure 5a). The
average <W–O> distance increases linearly and has values from about 1.943 (sample 1a)
to 1.948 (sample 3), a difference of 0.005Å, which is about 6 times less than the difference
for the average <(Fe,Mn)–O> distance (Figure 5b). The average <(Fe,Mn)–O> distance
increases linearly because of the substitution of larger Mn2+ (0.83 Å) for smaller Fe2+ (0.78 Å)
cations. End-member data from the literature [4,5] match the data from this study quite well
(Figure 5a,b). However, the two similar data points from Escobar et al. [3] and Cid-Dresdner
and Escobar [2] appear unreliable (see Figure 5).

Shannon [7] gives the following radii for atoms in six coordination in wolframite:
Fe2+ = 0.78, Mn2+ = 0.83, W6+ = 0.60 Å, and three-coordination O2− = 1.36 Å, so the radii
sum gives Fe–O = 2.14 Å, which is close to the projected average <Fe–O> = 2.095 Å (Fig-
ure 5a). The radii sum gives Mn–O = 2.19 Å, which is close to the average <Mn–O> = 2.184 Å
in sample 4. In addition, the radii sum gives W–O = 1.96 Å, which is close to the average
<W–O> = 1.948 Å in sample 3 (Table 4). In danalite, Fe8[Be6Si6024]S2, the average <Fe–O>
<3> distance is 2.033(3) Å [29], whereas in magnesioferrite spinel, MgFe2O4, the average
<Fe–O> <6> distance is 2.061(1) [30]. The values are similar to those for the Fe end-member
of wolframite.

The distortion indices of the W and (Fe,Mn) polyhedra are given in Table 4. Among
our samples, sample 1b has an intermediate composition and contains the shortest Fe–O1
and W–O2 distances. However, the average <(Fe,Mn)–O> distance is comparable to those
in the other samples as indicated in Figure 5a. The distortion indices across the series
represent the data quite well (Figure 6), especially those in Figure 6a,d. Because sample 1b
is about 44 wt. %, the refinement results may not be as accurate as for the other samples,
including sample 1a. However, the possibility of some Fe3+ and vacancies replacing Fe2+

cannot be ruled out.
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Figure 5. Structural variations across the wolframite series with increasing V: (a) the average
<(Fe,Mn)–O> distance increases linearly because of Mn2+ (0.83 Å) replacing Fe2+ (0.78 Å) cations.
(b) The average <W–O> distance increases slightly with V because Mn2+ has a less effective polarizing
power to the O atoms than the smaller Fe2+ cation. The data from Escobar et al. [3] appear to be
unreliable because they are far away from the red trend lines.
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 Figure 6. (Fe,Mn)O6 polyhedral distortion indices across the wolframite series with increasing V: All

the trend lines appear to represent variations across the series quite well. However, those in (a) and
(d) have the highest correlation factors, but the values are lower in (b,c).

4. Concluding Remarks

Understanding (Fe,Mn)WO4 solid solutions requires good structural data across the
series. Although a few single-crystal structure refinements are available for a few members
across the series, it was not possible to examine the structural variations across the series
using those studies. This study shows that good structural information can be obtained with
synchrotron HRPXRD data and the Rietveld refinement method to show expected linear
systematic variations across wolframite solid solutions. The unit-cell parameters, a, b, c, and
β angle vary linearly with the unit-cell volume, V. The average <W–O> distance increases
slightly with the increase in V from ferberite to hübnerite because of the higher effective
charge of the smaller Fe2+ cation. The average <Mn,Fe–O> distance increases linearly with
V because of the larger Mn2+ (0.83 Å) replacing the smaller Fe2+ (0.78 Å) cations.

Supplementary Materials: CIF files for the four samples are available online at https://www.mdpi.
com/article/10.3390/min12010042/s1.
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