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Abstract: Sc-rich babingtonite from Heftetjern, Norway and Baveno, Italy were examined using
electron microprobe analysis and X-ray single-crystal refinement in order to re-examine the behavior
of Sc3* and analyze its effect on the crystal structure of babingtonite. The Sc;O3 content is 13.78 wt.%
in the Heftetjern specimen, and 8.44 wt.% in the Baveno one. In contrast, the latter has higher Fe
content (11.13 wt.% as FeO) rather than the former one (8.63 wt.% as FeO). Characteristically, both
specimens contain sodium. Although the oxidation state of octahedral cations in babingtonites is in
general Me?*:Me3* = 1:1, trivalent cations in the Heftetjern specimen attain 1.14 apfu. This excess
of trivalent cations must be counterbalanced by monovalent Na substituted for Ca. The unit-cell
parameters are a = 7.5272(1), b = 11.7175(1), ¢ = 6.7613(1) A, « = 91.710(1), B = 93.637(1), y = 104.522(1)°,
and V = 575.49(2) A3 for the Heftetjern specimen, and a = 7.5199(2), b = 11.7145(3), c = 6.7408(2) A,
o =91.756(2), B = 93.786(2), v = 104.549(2)°, and V = 573.83(3) A3 for the Baveno one. The structural
formulae are A1Cay 0o”*2(Cag s79Nag 121 )M (Sc3* g 42Fe?*  57Mn>* 21 M2(Sc3*  6sFe?* g 27Mg,03Fe>*.2)
Si5014(OH) for Heftetjern, and “1Cay 9”%(Cagg19Nag181)M! (Sc>*9.43Mn**( 36Fe?* 21 )M (Fe3* 5
Fe?* (3053 0.26 Sn**.05Alp 03)Si5074(OH) for Baveno. Due to Sc3* substitution, the <M2-O> distance,
2.09-2.11 A, is longer than that of Sc-free babingtonite, 2.03-2.05 A. The M20g expansion leads to the
lengthened O4-010 edge shared between the M104 and M2Og octahedra, and causes the stronger
angular distortion of M2Og4. This can be explained by the increase of the O4-M1-010 angle and
decrease of the O4-M1-O8 angle with lengthening of the O4-010 edge.

Keywords: babingtonite; scandiobabingtonite; scandium; crystal structure; Heftetjern; Baveno

1. Introduction

Babingtonite, CapFe?*Fe®*[SisO14(OH)] (Z = 2), is one of the hydro-pyroxenoid group
minerals. In general, it occurs in zeolitic veins and cavities of basic igneous rocks (e.g., Wise
and Moller [1]), and skarn deposits (e.g., Burns and Dyar [2]). Babingtonite, manganbabing-
tonite, CapMn?*Fe3*[Si5O;4(OH)], and scandiobabingtonite, CayFe?*Sc3*[Si5014(OH)] are
known as independent mineral species [3,4]. In particular, occurrences of scandiobabing-
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Italy [4], and in the Heftetjern granite pegmatite, Norway [5].

The crystal structure of babingtonite-group minerals has two 8-coordinated Ca sites
(Al and A2), two crystallographically independent octahedra, M1 and M2. The M1Os-
Attribution (CC BY) license (https:// ~ Octahedra are larger than the M20s. An undulating chain is built by five SiO4 tetrahedra [6].
creativecommons.org/licenses /by / Ferrous and ferric iron is separated onto M1 and M2, respectively, based on the results
40/). of 57Fe Mgssbauer studies of babingtonite [1,7-10]. The divalent Mn?* and Mg2+ ions
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occupy the larger M10g octahedra whereas the AI** ions locate at the smaller M2Og octa-

hedra [11]. Thus, it is considered that divalent and trivalent octahedral cations are ordered
at M1 and M2, respectively. However, this rule might not be applied to the assignment
of Sc3* due to its large ionic radius, 0.745 A [12]. Scandiobabingtonite from Baveno, Italy
(type loc.) studied by Orlandi et al. [4] contained Fe?* and Mn?* as divalent cations and
Sc3* and Fe?* as trivalent cations with additional small amounts of Sn**. They suggested
(Cay.71Nag 25)51.96(Fe?* 0.65Mng 32)50.97(Sc0.91500.04Fe>* 0,03)5£0.985i5.00014.00(OH)1.00 as
the empirical formula of scandiobabingtonite. All Sc** ions were assigned to M2. Orlandi
et al. [4] noticed that the crystal used for the structural study was not actually scandioba-
bingtonite, but Sc-rich babingtonite because the refinement converged to the occupancy of
73%Fe + 27%Sc at M2. They explained that any Fe?* <> Sc>* substitution at M1 is excluded
since <M1-O> of 2.165 A in Sc-rich babingtonite is similar to that of 2.169 A in babingtonite
obtained by Araki and Zoltai [6]. However, the site occupancy of M1 refined with Fe
yielded 0.856(6) Fe in the structural study by Araki and Zoltai [6], implying the presence
of non-negligible amount of Mg in their crystal. The shorter <M1-O> distance of Sc-rich
babingtonite compared to that of babingtonite would rather imply partial Sc occupancy at
M1 while the majority of Sc resides at M2. Thus, in this study, the Sc-rich babingtonite speci-
mens from Heftetjern, Norway and Baveno, Italy were examined using electron microprobe
analysis (EPMA), and X-ray single-crystal refinement in order to re-examine the behavior
of Sc3* in the babingtonite structure, and to investigate the structural flexibility due to
chemical variations. In fact, the Sc content in our studied Heftetjern specimen is more
than 1 apfu implying Sc ions occupy not only M2. Furthermore, laser-induced breakdown
spectroscopy (LIBS) was applied to the specimen from Baveno because the unusual Sc
distribution in this crystal motivated us to analyze the Li content although significant Li
concentrations have been unknown for minerals from the Baveno locality.

2. Materials and Methods

Both specimens are derived from pegmatitic occurrences. Sc-rich babingtonite from
the Heftetjern granite pegmatite, Norway, forms blueish grey tabular crystals associated
with quartz, albite and cascandite (Figure 1a). Mineral assemblages of Sc-bearing minerals
from this locality were summarized by Kristiansen [13]. The platy crystal of Sc-rich babing-
tonite from a miarolitic cavity of granite from Baveno is greyish black (Figure 1b) and is
accompanied with albite, K-feldspar and kristiansenite. Baveno is the type locality of scan-
diobabingtonite [4]. Sc-bearing minerals from Baveno and their history were introduced
by Gramaccioli et al. [14]. As shown in Figure 1a,b, the two specimens are characterized
by different color. This difference is possibly derived from varying valence of iron. Based
on chemical analysis mentioned below, the former contains almost only Fe** whereas the
latter contains both Fe?* and Fe3*. Perhaps charge transfer between Fe?* and Fe3* gives
rise to greyish black color for Baveno specimen.

Chemical analyses were performed using an electron microprobe analyzer (EPMA,
JEOL JXA-8230) installed at the Centre for Instrumental Analysis, Yamaguchi University,
Yamaguchi, Japan. The LiO concentration of Baveno specimen was analyzed using laser-
induced breakdown spectroscopy (LIBS, Applied spectra J200-EC) at Gem Research Japan,
Osaka, Japan. Operating conditions for EPMA were: accelerating voltage of 15 kV, a beam
current of 20 nA and a beam diameter of 1-5 um. Wavelength-dispersion spectra were
collected using LiF, PET and TAP monochromator crystals to identify interfering elements
and locate the best wave lengths for background measurements. The abundances of Si, Ti,
Al, Cr, V, Fe, Sc, Mn, Mg, Ca, Sr, Ba, Na, K, Ni, Cu, Zn, Sn, Pb, P, F, and Cl were measured.
The following standards were used: natural wollastonite (Si, Ca), synthetic KTiPOy (P, K),
synthetic Ca3z(VOy), (V), synthetic rutile (Ti), synthetic corundum (Al), synthetic eskolaite
(Cr), synthetic hematite (Fe), Sc metal (Sc), synthetic tephroite (Mn), synthetic periclase (Mg),
synthetic bunsenite (Ni), SrBaNb4O1, (Sr, Ba), albite (Na), orthoclase (K), native copper
(Cu), zinc oxide (Zn), cassiterite (Sn), PbVGe-oxide (Pb), synthetic fluorite (F), and synthetic
halite (Cl). The Sr, Pb, Cu, P, K, Sn, F and Cl contents, which are not listed in Table 1, are
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below detection limit. The ZAF method was applied to all elements. Under this conditions,
analytical errors are estimated as 2% for major elements after the reproducibility observed
in multiple measurements. Li concentration for separated scandiobabingtonite grain
mounted on a glass slide by petropoxy resin were determined using LIBS. The LIBS
employed a 266 nm Nd:YAG laser coupled with an optical emission spectrometer. The
employed Li peak had a wavelength of 670.706 nm. All analyses were carried out under
a He gas flow of 1.0 L min~! with a laser pulse energy of 2.5 mJ at 10 Hz using a laser
beam diameter of 35 um. The gate delay and pre-ablation times were 0.3 us and 0.3 s,
respectively, and 10 shots were used for calculations. Emission spectra were collected in
the 185.177-1050.782 nm spectral range covering the main emission lines of major elements
(Na, Ca, Mn, Fe, Sc). NIST SRM 610 and 612 glasses were used as calibration standards
covering the LiO concentration range between 86.5 ppm (NIST 612) and 0.098 wt.% (NIST
610). Under this measurement condition, the analytical errors of Li,O in NIST SRM 610
and 612 were £:3.7% and £6.5%, respectively, after the reproducibility observed in multiple
measurements. Based on these results, the analytical error of Baveno specimen is estimated
as £6%. Cation ratios were normalized as total numbers of cations = 9. The oxidation state
of iron was estimated from stoichiometry (total cations = 9 per 14.5 oxygen ions) and charge
balance. The average chemical data of Sc-rich babingtonites listed in Table 1 were obtained
from the crystals used for the structural analysis.

Figure 1. Optical photograph of Sc-rich babingtonite from the Heftetjern pegmatite, Norway (a) and
the Baveno pegmatite, Italy (b).

Sc-rich babingtonite samples were observed by transmission electron-microscopy
(TEM) using a JEOL JEM-2010F instrument operated at 200 kV at the Institute for Solid
State Physics, University of Tokyo, Tokyo, Japan. Specimens for TEM observation were
prepared by a JEOL Ion-Slicer. The holder which allows a specimen tilt angle of +30°
was used for TEM observation. Selected area electron diffraction (SAED) patterns were
obtained using an aperture with 10 um in diameter, being ca. 125 nm in real space. We used
the objective aperture with 40 um in diameter for high resolution TEM image produced by
the interference between transmitted and diffracted waves in the 26 region above 1.9 A.
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Table 1. Chemical compositions of Sc-rich babingtonites.
Heftetjern, Norway Baveno, Italy
Locality Ave. Std. Ave. Std.
n=7 n =20
SiO, 53.75 0.40 52.59 0.30
TiO, 0.02 0.03 0.04 0.03
Al,O3 0.04 0.04 0.26 0.24
Cr,O3 *! 0.01 0.01 0.00 0.01
Vo053 *1 0.01 0.01 0.01 0.01
FeO *! 8.63 0.87 11.13 2.01
Scy O3 *1 13.78 1.35 8.44 2.16
MnO *! 2.73 0.30 441 0.74
MgO 0.24 0.03 0.07 0.02
CaO 18.32 0.74 17.83 0.45
Na,O 0.76 0.51 0.91 0.26
NiO 0.02 0.02 0.02 0.03
ZnO 0.02 0.02 0.01 0.02
SnO, 0.00 0.00 1.42 0.22
Li, O *2 - 0.03 0.01
98.38 97.17
>Cations =9
Si 5.00 0.03 498 0.02
Ti 0.00 0.00 0.00 0.00
Al 0.00 0.00 0.03 0.03
Cr3* 0.00 0.00 0.00 0.00
Vv3+ 0.00 0.00 0.00 0.00
Fe 0.67 0.07 0.88 0.16
Sc3* 1.12 0.10 0.70 0.18
Mn?* 021 0.02 0.36 0.06
Mg 0.03 0.00 0.01 0.00
Ca 1.83 0.08 1.81 0.05
Na 0.14 0.09 0.17 0.05
Ni 0.00 0.00 0.00 0.00
Zn 0.00 0.00 0.00 0.00
Sn 0.00 0.00 0.05 0.01
Li - 0.01 0.00
Total 9.00 9.00
Recalculated values from stoichiometry (total cations = 9 per 14.5 oxygens) and charge balance
Fe?* 0.65 0.49
Fe3* 0.02 0.39

*1 Total Cr as Crp,O3, V as V503, Sc as Sc;O3, Mn as MnO, and Fe as FeO. *2 Li;O content in Baveno specimen
was analyzed by LIBS (number of analytical points = 15). Si content obtained by EPMA was used as an internal
standard to estimate the Li content.

X-ray diffraction data for single-crystal of Heftetjern Sc-rich babingtonite
(0.11 x 0.08 x 0.07 mm) were collected using a Bruker SMART APEX II CCD diffractometer
installed at Shimane University, Shimane, Japan. The crystal was mounted on a glass fiber
and intensity data were measured at room temperature using graphite-monochromatized
MoK« radiation (A = 0.71073 A). Preliminary lattice parameters and an orientation matrix
were obtained from twelve sets of frames and refined during the integration process of the
intensity data. Diffraction data were collected with w scans at different ¢ settings (¢—w
scan) [15]. Data were processed using SAINT [15]. An empirical absorption correction
using SADABS [16] was applied. The diffraction data for a single-crystal of Baveno Sc-rich
babingtonite (0.08 x 0.06 x 0.045 mm) was collected at room temperature with MoK
radiation using a Rigaku MMO007 rotating anode generator equipped with VariMax optics,
an AFC10 goniometer and HyPix-6000HE detector at Rigaku Corporation, Tokyo, Japan.
Preliminary lattice parameters and an orientation matrix were obtained from six sets of
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frames and refined during the integration process of the intensity data. The diffraction
data were processed using CrysAlis'™™ [17]. An empirical absorption correction using
CrysAlis™™ [17] was applied. The reflection statistics and systematic absences were consis-
tent with space groups P1 and P1. Subsequent attempts to solve the structure indicated
that the observed average structure was centrosymmetric, and for this reason P1 was the
correct space group. Structural refinement was performed using SHELXL-97 [18]. Scat-
tering factors for neutral atoms were employed. Ca was assigned to Al and A2 and Si
to Sil-Si5. Fe was assigned to M1 and Sc to M2. To reduce the correlations among site
occupancies, scale factor, and displacement parameters, some occupancies were fixed based
on the EPMA data in final refinement. The site occupancies of Si at Si1-Si5 were fixed in
both crystals. Because the site scattering factor of A2 in Sc-rich babingtonite was obviously
smaller than that of A1, Ca and Na were, thus, assigned to A2 based on chemical data. The
hydrogen position of the hydroxyl group was derived from difference-Fourier syntheses.
Subsequently, the hydrogen position was refined with a fixed value of U = 0.05 A%, and
with a bond distance restraint of O-H = 0.980(1) A [19].

In order to validate the refined structures, the charge distribution (CD) analysis was
applied following Nespolo et al. [20,21] and Nespolo [22]. The method exploits the experi-
mental bond distances to compute a non-integer coordination number (effective coordina-
tion number, ECoN: Hoppe [23]), and distributes the formal oxidation number, g, of each
atom among all its bonds as a function of ECoN. By labelling the computed charges with Q,
the g/Q ratio for the cations is the internal criterion for such evaluation [20-22].

3. Results
3.1. Chemical Compositions of Sc-Rich Babingtonite

The average compositions of Sc-rich babingtonite are given in Table 1, in which the
total number of cations, except H ion, was normalized to 9, and the Fe?* and Fe3* recalcu-
lated from stoichiometry. The Heftetjern scandiobabingtonite is rich in Sc,O3 (13.78 wt.%)
and poor in FeO (8.63 wt.%) compared to that reported by Raade and Erambert [5] from the
same locality (11.06 wt.% ScyO3 and 9.78 wt.% FeO). Our studied crystal is characterized by
small amount of sodium (~1.26 wt.% NayO). The average formula of Heftetjern scandiob-
abingtonite is (Cay g3Na.14)51.97(S>* 1 12Fe**0,6sMn** g 21Mgg 03Fe>* 0.02)£2.035i5.00014(OH).
The oxidation state of iron is assumed to be mostly ferrous based on the charge-balance cal-
culation. Although the oxidation state of octahedral cations in babingtonite-group minerals
is in general Me?*:Me>" = 1:1, trivalent cations in the studied scandiobabingtonite reached
ca. 1.14 apfu. This excess of trivalent cations must be counterbalanced by monovalent Na
substituted for Ca: Ca?* + Fe?* <» Na* + Sc>*.

The chemical formula of Baveno Sc-rich babingtonite on a basis of its average composi-
tion. (Table 1) is (Ca1.81Nag17)51.98(Sc> 0. 70Fe?* 0 40Mn?* g 36Fe3*  305n0,05Al0.03Mgo.01 Lio.01)
¥2.04514 98014(OH), which is characterized by significant Na and Sn contents. Similar chem-
ical characteristics of scandiobabingtonite from Baveno were reported by Orlandi et al. [4],
but our specimen has higher Fe (11.13 wt.% as FeO) and lower Sc contents (8.44 wt.% Sc,O3)
rather than that studied by Orlandi et al. [4] (8.93 wt.% as FeO and 11.32 wt.% ScyO3). The
Li;O content in Baveno crystal is very low (0.03 wt.%). Iron in the Heftetjern specimen is
expected to be almost pure Fe?*, while the Fe?* /(Fe?" + Fe3*) ratio of the Baveno one is
estimated as 0.56 based on the charge-balance calculation.

3.2. TEM Observation

Figure 2 shows HRTEM and SAED images of Sc-rich babingtonite from Heftetjern
(Figure 2a,b) and Baveno (Figure 2¢,d) specimens. Several fragments were observed in each
specimen. The lattice fringes were clearly confirmed, and no stacking faults are found in
both specimens (Figure 2a,c). Although the existence of stacking faults is not completely
denied, the studied specimens are characterized as well-crystalline and single phase, and in
general, they do not contain other pyroxenoids with different chain periodicity, which were
often found in pyroxenoid group minerals. In fact, the intergrowth of scandiobabingtonite
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and cascandite was reported in the Heftetjern specimen by Raade and Erambert [5] though
it was not observed in our specimen from the same locality. In electron diffraction images
(Figure 2b,d), satellite reflections were not observed.

Figure 2. Transmission electron microscopic (TEM) images of Sc-rich babingtonite for Heftetjern
(a,b) and Baveno (c,d) specimens. HRTEM images (a,c) and SAED pattern (b,d) are presented for
each specimen. The rings (d ~ 1.9 A) in SAED patterns show the objective lens aperture used for
HRTEM.

3.3. Crystal Structure Solution and Refinements

Crystallographic data and refinement parameters are summarized in Table 2. Struc-
tural refinements converged to R1 = 3.29% for Heftetjern specimen and 3.65% for Baveno
specimen. The refined atomic positions and anisotropic displacement parameters are listed
in Table 3 and Table S1. The interatomic distances and distortions of octahedral sites are
presented in Table 4, and the selected angles in Table S2. In Tables 2-5, Tables S1 and S2, es-
timated standard deviations are represented in parentheses (1o). The octahedral distortion
shown in Table 4 was estimated using the functions defined by Baur [24] and Robinson
et al. [25]. The crystal structure of Sc-rich babingtonite is shown in Figure 3 drawn with
VESTAS3 [26]. The site occupancies of the M1 and M2 sites are listed in Table 5. The
procedure to determine the cation distributions are mentioned in the discussion section.
Tables S3 and 5S4 show the results by the CD analysis using the CHARDI-2015 program [22].
The calculated ECoN(ij) for cation sites is listed in Table S3. The o value of Heftetjern and
Baveno specimens are 1.4 and 1.3% for PC (ij) and 3.7 and 3.3% for V(rs), respectively
(Table S4), which ensured validity of the refined structures.
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Table 2. Data collection and details of structure refinements.
Locality Heftetjern, Norway Baveno, Italy
Space group P1
Crystal size (mm) 0.11 x 0.08 x 0.07 0.08 x 0.06 x 0.045
Cell parameters a(A) 7.5272(1) 7.5199(2)
b (A) 11.7175(1) 11.7145(3)
c (A) 6.7613(1) 6.7408(2)
a (°) 91.710(1) 91.756(2)
B(°) 93.637(1) 93.786(2)
7(°) 104.522(1) 104.549(2)
V (A3) 575.49(2) 572.83(3)
Dcalc (g/ cm?) 3.22 3.26
Radiation MoK« (A = 0.71073 A)
Monochromator Graphite VariMax optics
Diffractometer Bruker APEXII CCD RIGAKU HyPix-6000HE
Scan type @-w scan [15] w scan
Absorption correction SADABS [16] CrysAlisPro [17]
Absorption coefficient p (mm~1) 3.23 3.38
Corrected reflections 17,219 15,995
Unique reflections 5505 3498
Criterion for observed reflections
Rint (%) 311 3.35
Rs (%) 4.01 242
Omax(®) 36.3 30.5

Index limit

Refinement on F2 using

—12<h<12,-19<k
<19, -11<1<11

~10<h<10,-16 <k
<16,-9<1<9

SHELXL-97 [18]

R1 (%) 3.29 3.65

wR2 (%) 8.04 9.56

S 1.06 1.09

No. of parameters 223 223

Weighting scheme *

Armax (e Ai?’)
Arpin (€ A*B’)

w=1/[s%(Fo2) +
(0.0341P)% + 0.19P]
1.00 (0.65 A from O3)
—0.99 (0.44 A from A2)

w=1/[s2(Fo2) +
(0.0476P)% + 1.06P]
1.19 (1.85 A from H1)
—0.88 (0.78 A from M2)

* The function of the weighting scheme is w = 1/(02(Fo2) + (a-P)? + b-P), where P = (Max(Fo2, 0) + 2F.2)/3, and the
parameters a and b are chosen to minimize the differences in the variances for reflections in different ranges of
intensity and diffraction angle.
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Table 3. Refined site occupancies at A and M sites, atomic positions and isotropic displacement

parameters (AZ).

Site Heftetjern, Baveno, Site Heftetjern, Baveno,
Norway Italy Norway Italy
Al x 0.78285(6) 0.78537(8) o4 x 0.32403(18) 0.3231(3)
y 0.94184(3) 0.94247(5) y 0.34392(11)  0.34236(18)
z 0.14510(6) 0.14439(9) z 0.2511(2) 0.2489(3)
ued 0.01193(8) 0.01691(13) ued 0.0093(2) 0.0159(4)
Occ Ca1 00 Cayo0 05 x 0.54658(18) 0.5476(3)
A2 X 0.23511(5) 0.23498(8) y 0.62362(11) 0.62281(18)
y 0.52449(3) 0.52256(6) z 0.3605(2) 0.3620(3)
z 0.29664(6) 0.29944(10) ued 0.0104(2) 0.0170(4)
ued 0.01020(13) 0.0167(2) 06 x 0.67996(18) 0.6797(3)
Occ Ca0‘879(5)Na0,121 Cao.glg(g)Naovlgl y 037438(11) 037379(18)
M1 x 0.59133(4) 0.59151(6) z 0.37721(19) 0.3767(3)
y 0.64458(2) 0.64463(4) ued 0.0093(2) 0.0160(4)
z 0.05998(4) 0.06114(6) o7 x 0.96595(18) 0.9668(3)
ued 0.00717(8) 0.01336(15) y 0.38837(11) 0.38725(18)
Occ FeO.glz(l) F€0'914(2) zZ 01589(2) 01589(3)
M2 x 0.04577(4) 0.04582(6) ued 0.0098(2) 0.0167(4)
y 0.23481(3) 0.23560(4) 08 x 0.67605(18) 0.6765(3)
z 0.18689(5) 0.18698(6) y 0.47579(12)  0.47449(18)
ued 0.00735(8) 0.01383(14) z 0.0325(2) 0.0310(3)
Occ SC1'056(2) SC1.219(3) ued 00096(2) 00166(4)
Si1 x 0.29210(7) 0.29043(11) 09 x 0.92492(18) 0.9255(3)
y 0.05364(4) 0.05399(7) y 0.57242(11)  0.57179(17)
z 0.34008(7) 0.34089(11) z 0.3369(2) 0.3364(3)
ued 0.00759(10) 0.01390(16) ue 0.0091(2) 0.0155(4)
Si2 x 0.46362(7) 0.46313(10) 010 x 0.86916(18) 0.8700(3)
y 0.31596(4) 0.31550(7) y 0.75391(11)  0.75439(18)
z 0.42663(7) 0.42583(11) z 0.12336(19) 0.1243(3)
ued 0.00672(9) 0.01318(16) ued 0.0091(2) 0.0166(4)
Si3 x 0.80612(7) 0.80656(10) on x 0.01987(19) 0.0191(3)
y 0.44861(4) 0.44743(7) y 0.21715(12) 0.21830(18)
z 0.21360(7) 0.21295(11) z 0.4867(2) 0.4845(3)
ued 0.00640(9) 0.01269(15) ued 0.0116(3) 0.0187(4)
Si4 x 0.98787(7) 0.98887(10) 012 x 0.20278(18) 0.2041(3)
y 0.71562(4) 0.71504(7) v 0.73870(11)  0.73891(18)
z 0.30648(7) 0.30714(11) z 0.2453(2) 0.2462(3)
ued 0.00662(9) 0.01298(16) ued 0.0097(2) 0.0163(4)
Si5 x 0.33021(7) 0.32945(10) 013 x 0.51046(18) 0.5112(3)
y 0.83865(4) 0.83870(7) y 0.79903(12) 0.80065(18)
z 0.10790(8) 0.10746(12) z 0.0580(2) 0.0577(3)
ued 0.00726(9) 0.01359(16) ued 0.0108(2) 0.0173(4)
o1 x 0.2007(2) 0.2003(3) 014 x 0.79688(18) 0.7992(3)
y 0.99084(12) 0.99011(19) y 0.13677(11) 0.13810(18)
z 0.5332(2) 0.5344(3) z 0.0780(2) 0.0791(3)
ued 0.0134(3) 0.0205(4) ued 0.0101(2) 0.0174(4)
02 x 0.13377(18) 0.1319(3) 015 x 0.40070(18) 0.3977(3)
y 0.07586(12) 0.07670(19) y 0.96704(11) 0.96769(18)
z 0.1828(2) 0.1836(3) z 0.2338(2) 0.2318(3)
ued 0.0098(2) 0.0170(4) ued 0.0115(3) 0.0194(4)
o3 X 0.43477(18) 0.4344(3) Hi1 X 0.124(4) 0.124(5)
y 0.17383(11) 0.17352(17) y 0.9097(10) 0.9095(16)
z 0.4293(2) 0.4309(3) z 0.521(5) 0.507(7)
ued 0.0106(2) 0.0173(4) Lriso 0.05 0.05
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Table 4. Selected bond distances (A), volumes of polyhedra (As) and deformation parameters for
octahedra *1.

Heftetjern, Baveno, Heftetjern, Baveno,
Norway Italy Norway Italy
Al- o1 2.277(1) 2.268(2) A2- 08 2.364(1) 2.365(2)
013 2.328(2) 2.327(2) 05 2.347(1) 2.353(2)
014 2.320(1) 2.325(2) o7 2.360(1) 2.351(2)
(0] 2.359(1) 2.355(2) o4 2.391(1) 2.388(2)
010 2.450(1) 2.444(2) 06 2.442(1) 2.431(2)
o2 2.705(1) 2.675(2) 09 2.563(1) 2.560(2)
Mean (VI) 2.407 2.399 012 2.613(1) 2.636(2)
015 3.059(1) 3.096(2) 0y 2.957(1) 2.931(2)
015/ 3.173(1) 3.141(3) Mean 2.505 2.502
Mean (VIII) 2.584 2.579
Sil- 03 1.615(1) 1.613(2)
M1- 013 2.049(1) 2.064(2) 02 1.622(1) 1.620(2)
05 2.092(1) 2.089(2) o1 1.624(2) 1.626(2)
010 2.170(1) 2.172(2) 015 1.631(1) 1.630(2)
08 2.190(1) 2.182(2) Mean 1.623 1.622
04 2.234(1) 2.225(2)
osg’ 2.231(1) 2.248(2) Si2- 05 1.600(1) 1.599(2)
Mean 2.161 2.163 03 1.626(1) 1.624(2)
yMl 13.25 13.29 04 1.630(2) 1.629(2)
DI 0.028 0.027 06 1.660(1) 1.660(2)
<Aoct> 1.012 1.012 Mean 1.629 1.628
og(oct)? 35.08 35.73
Si3- 08 1.608(1) 1.607(2)
M2- 014 2.017(1) 1.995(2) o7 1.597(1) 1.597(2)
o7 2.045(1) 2.020(2) 06 1.631(1) 1.630(2)
O11 2.060(1) 2.040(2) 09 1.668(1) 1.670(2)
02 2.128(1) 2.119(2) Mean 1.626 1.626
04 2.172(1) 2.152(2)
010 2.230(1) 2.230(2) Si4- O11 1.596(1) 1.598(2)
Mean 2.109 2.092 010 1.621(2) 1.621(2)
yM2 12.35 12.07 09 1.648(1) 1.647(2)
DI 0.032 0.035 012 1.653(1) 1.653(2)
<Aoct> 1.010 1.01 Mean 1.630 1.630
oq(oct)? 28.51 27.98
Si5- 013 1.592(1) 1.593(2)
O1...011 2.576(2) 2.575(3) 014 1.608(1) 1.607(2)
015 1.654(1) 1.651(2)
012 1.664(1) 1.661(2)
Mean 1.630 1.628

*1 DI(oct) = 1/6Z1R; — Ray. | /Rav. (R;: each bond length and Ray.: average distance for an octahedron) [24],

6
Doct>= Y (I — lg)2 /6 (I;: each bond length and ly: center-to-vertex distance for an octahedron with O, symmetry,
i=1
12 2
whose volume is equal to that of a distorted octahedron with bond lengths I;) [25], and og(oct)? = Y (6; — 90°) /11

i=1
(0;: O-M-O angle) [25].
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Table 5. Cation distribution and estimated bond distances at the M1 and M2 sites.
Localit Site il;‘;?l:iasl Sc asési;n Determined Site Call\lc :)'l lea_t ed 8 obs-calc Observed Estimated 8 obs-cale
y ysis fu & Occupancies ** fu P Bond | Bond | .
(epfu) (epfu) (epfu) (epfu) Distance (A)  Distance (A) (A)
. M1 23.71(3) Sc3* g 40Fe? o3y Mn2* o1 23.70 0.01 2.161 2.139 0.022
Hefteern ) 4586 22.17(4) Sc¥.6Fe?* 0 2 Mgo ssFe™ 0.2 218 —0.01 2.109 2.113 —0.004
45.88
Baveno M1 1865 23.76(5) Sc*.43Mn?* g 36Fe?* 0.1 2349 027 2.163 2.146 0.017
M2 - 25.60(6) Fe3* ) 36Fe?* 030502650+ 0.05Alps 2551 0.09 2.092 2.074 0.018
49.36

*1 Number of electron (epfu) was estimated based on Zcations at M1 + M2 = 2. *> Mn?*, Mg, Al, Sc, and total
Fe contents are fixed by the result of chemical analysis. Fe?* and Fe**-ratio was estimated based on electrical

neutralization.

02

013

Figure 3. The crystal structure of Sc-rich babingtonite (a) and the topology of octahedra (b) drawn

with VESTA3 [26].
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4. Discussion
4.1. Determination of Cation Distributions at the Octahedral Sites and the Large Polyhedra in the
Heftetjern and Baveno Sc-Rich Babingtonite

Based on the published studies of babingtonite and manganbabingtonite [7-10], diva-
lent cations, such as Mn?* and Mg, are assigned to M1, and small AlP* ions to M2, and the
Fe ions are added until both M1 and M2 are full. Moreover, the previous > Fe Mossbauer
studies, cited above, repeatedly resulted in the exclusive occupancy of ferrous and ferric
ions at M1 and M2, respectively. Thus, the cation assignment has been interpreted that the
octahedral divalent and trivalent cations order at M1 and M2, respectively. However, the
Sc content of the Heftetjern scandiobabingtonite is more than 1 apfu, indicating that Sc ions
are present at both octahedral M1 and M2 sites. In addition, since the ionic radius of Vige3+
0.745 A [12], is smaller than that of Fe?*, 0.78 A, but larger than Mg2+, 0.72 A, the presence
of Sc** ions at M1 and M2 implies that divalent cations not only occupy M1 but can also
be present at M2. The assignment of octahedral cations, which used to be applied for
babingtonite and manganbabingtonite is not valid for that of scandiobabingtonite. Based
on above consideration, we calculated the site populations at M1 and M2 in the Heftetjern
babingtonite as follows: (1) elements with <0.02 apfu in chemical analysis were omitted;
(2) the sum of cations at the octahedral sites, such as Mn?*, Mg, Sc3*, AI** and Fe, was
normalized to two based on the ideal formula; (3) based on the ionic radii, Mn?* and A1+
are assigned to M1 and M2, respectively; (4) the abundance of Fe and Sc at M1 and M2
was estimated based on the site-scattering values at each site; (5) the Fe?*:Fe3* ratio was
calculated based on the charge neutrality, and Fe>* was assigned to M1 and both Fe?* and
Fe3* to M2. Finally, the site populations at M1 and M2 are given as Sc3o.42Fe? g3y Mn?t o1
and Sc3+0.6gFez+0.27Mg0,03Fe3+0,02 in apfu, respectively (Table 5). The site-scattering values
calculated from the resulting site populations are 23.70 and 22.18 epfu (number of electron),
respectively, which are consistent with the observed site-scattering values at M1 and M2,
23.71(3) and 22.17(4) epfu, respectively (Table 5), derived from the refined site occupancies,
0.912 Fe at M1 and 1.056 Sc at M2 (Table 3).

The site populations of the Baveno Sc-rich babingtonite in the present study were also
derived essentially in the same way as above. However, Sn** was assigned to M2, because
of its rather small ionic radius, 0.69 A after Shannon [12]. The resulting site populations
at M1 and M2 are SC3+0.43M1’12+0.36F82+0.21 and Fe3+0_36Fe2+0,3OSc3+0_26Sn4+0.05A10_03 apfu,
respectively. In contrast to the results of Baveno babingtonite by Orlandi et al. [4], the site-
scattering values at M1 and M2 calculated from the chemically determined site populations,
23.49 and 25.51 epfu, respectively, are reasonably close to the observed site-scattering values
at M1 and M2, 23.76(5) and 25.60(6) epfu, respectively (Table 5), derived from the refined
site occupancies, 0.914 Fe at M1 and 1.219 Sc at M2 (Table 3). Although it is noted that the
site-scattering value calculated from chemical analysis, 48.65 epfu, deviates somewhat from
that derived from the refined occupancy, 49.36 epfu (Table 5), its reason may be attributed
to the chemical heterogeneity and the presence of Sn** in this specimen.

The determined site occupancy at M1 and M2 in this study seems to be deviated
from the definition of the babingtonite-group minerals including scandiobabingtonite,
CapyMIFe2*M25:3+Gi:0,4(OH). The dominant-valency rule here should be applied instead of
the dominant-end-member approach after the recommendation of the IMA-CNMNC [27].
In general, the divalent cations, Me?* (=Fe?, Mn?*), predominantly occupy M1, and M2
are occupied by trivalent cations, Me>* (= Fe*, Sc®") in the structures of the babingtonite-
group minerals. In both specimens, the Me>* ions preferentially occupy the smaller M2
octahedra in the both specimens (0.70 = 0.685c>* + 0.02Fe>* in the Heftetjern specimen,
and 0.65 = 0.36Fe3* + 0.265¢3* + 0.03 Al in the Baveno one). Furthermore, based on the
cation occupancy at M1 (Table 5), Me?* (0.58 = 0.37Fe?* + 0.21Mn?* in the Heftetjern
specimen, and 0.57 = 0.36Mn?* + 0.21Fe?* in Baveno one) is still dominant compared to
Me** in both specimens despite the dominant cations at each M1 and M2 are Sc** and
Sc3* in the Heftetjern specimen, and Sc®* and Fe®* in the Baveno one. The Heftetjern
specimen having 0.37Fe?* > 0.21Mn?* at M1 and the dominant Sc>* at M2 is defined
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as scandiobabingtonite. On the other hand, in the Baveno specimen, since the Me%* ion
predominant in M1 is Mn?* (0.36Mn?* > 0.21Fe?*) and M2 is preferentially occupied by Fe3*,
it is thus classified as manganbabigntonite despite the Sc-enriched characteristics. If for our
Baveno sample, 0.2 Fe?* is shifted from M2 to M1, and correspondingly 0.2 Sc>* from M1 to
M2, manganbabingtonite would become scandiobabingtonite. However, the calculated site
scattering leads to M1: 24.49 epfu and M2: 24.51 epfu, and these values are not in agreement
with the observed scattering values (Table 5). Thus, we regard this hypothetical assignment
as unfavorable for our specimen. The FeZ* /(Fe**+Fe3*) ratio of Baveno scandiobabingtonite
studied by Orlandi et al. [4] was 0.96 [=0.65Fe2* /(0.65Fe2* +0.03Fe3*) apfu based on their
formula)] compared to 0.56 in this study. The high Sc and slight less Mn contents with
FeZ* /(Fe**+Fe®") ratio in their crystal compared to ours may also lead their sample to
scandiobabingtonite. Based the data of Orlandi et al. [4] and our new data, it is possible the
three minerals such as babingtonite, scandiobabingtonite and manganbabingtonite coexist
in Baveno.

The validity of the determined site occupancy in this study was examined in terms
of interatomic distances estimated from the determined occupancies using the bond va-
lence parameters [28,29]. As shown in Table 5, since the estimated <M1-O> and <M2-O>
distances for the Heftetjern specimen are 2.139 and 2.113 A, respectively, the estimated
<M2-O> distance is similar to the observed one, 2.109 A, whereas the estimated <M1-O>
distance is slightly shorter than the observed one, 2.161 A. This small difference may be
caused by the chemical variation due to Fe3* « Sc3* substitution. In Baveno specimen, the
estimated <M1-O> and <M2-O> distances are 2.146 A and 2.074 A, respectively (Table 5),
and, thus, both are slightly shorter than those of observed ones (<M1-O> = 2.163 A and
<M2-O> = 2.092 A). After all, in spite of slight differences between the estimated <M1-O>
and <M2-O> distances and the calculated ones, the determined site populations are rea-
sonably consistent with the observed interatomic distances.

The refined site-scattering value of A2 was obviously smaller than that of Al. Al
turned out to be fully occupied by Ca. Thus, additional Na ions were assigned to A2, and
the refined site occupancies at A2 were determined as Cag gy9(5)Nag 121 for the Heftetjern
specimen and Cag g19(8)Nag.181 for the Baveno one (Table 3), which are consistent with the
chemical composition (Table 1).

4.2. Cation Distribution and Structural Variation

The unit-cell parameters of babingtonite-group minerals are influenced by the cation
distribution at both M1 and M2 [10]. In general, the unit-cell volume is 559-562 A3
for babingtonite and 564 A3 for manganbabingtonite (e.g., Armbruster [30]; Nagashima
et al. [10]). The unit-cell volume of scandiobabingtonite and Sc-rich babingtonite ranging
from 573 to 576 A% (Table 2 and Orlandi et al. [4]) is larger than that of babingtonite and
manganbabingtonite, indicating that the effect of Sc>* (r = 0.745 A) substitution for Fe>*
(r = 0.645 A) at M2 is significant.

The structural variation of babingtonite and manganbabingtonite is mainly due to the
Me?* substitution at M1 because M2 is mainly occupied by Fe*. On the other hand, in
Sc-rich babingtonite, the relationship between cation distribution and structural variation
is more complicated because the cation substitution occurs at both M1 and M2. The
<M2-O> distance of Sc-rich babingtonite (2.109 A for Heftetjern and 2.092 A for Baveno) is
longer than that of babingtonite, 2.03-2.05 A [6,10,11,30,31]. The M2-Oi distances almost
isotropically expand, and such M20g expansion also leads to the lengthened O4-O10 edge
shared between the M104 and M20Og octahedra (Figure 3b). The O4-0O10 edge is 2.89 A for
Heftetjern and 2.87 A for Baveno whereas that in babingtonite and manganbabingtonite
ranges 2.80-2.84 A. Tt also leads to the increase of the M1-O4 distance of Sc-rich babingtonite
showing out of trend in Figure 4 despite the other M1-O:i distances increase with increasing
mean ionic radius of M1 as well as in babingtonite. Thus, the increase of M1-O4 is
influenced by M2QOg expansion. The expansion of M20g also causes the stronger angular
distortion of M20Oy (Figure 5 and Table 4). In contrast, the angular distortion of M1Og of
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Sc-rich babingtonite is smaller than that of babingtonite (Figure 5). This can be explained by
the increase of O4-M1-010 angle and decrease of the O4-M1-O8 angle with the lengthened
04-010 edge (Figure 3b). All oxygen atoms of both M10Og and M2O¢ octahedra are shared
with SiOy-tetrahedra consisting of an undulated chain. The topology of the babingtonite-
group minerals is restrained by the undulated chain. The structural variations observed
in the crystal structure of Sc-rich babingtonite occur in order to compensate for structural
strain caused by the expansion of M20Og octahedra. Although the Na substitution for Ca at
A2 was observed in this study, its effect cannot be evaluated because the cation variation at
the octahedral sites is more pronounced.

2.30
@® This Study
* Nagashima et al. [10]
+ Armbruster [30]
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Figure 4. Variation of M1-Oi distance (A) as a function of mean ionic radii of M1 (A). For the
Heftetjern specimen, errors (10) are smaller than the symbols size. Errors (10) of Baveno specimen
are almost same as size of symbols [10,30].



Minerals 2022, 12, 333 14 of 16

o 30.0
= Scandiobabingtonite/Sc-rich babingtonite
FG @ This study
Q © Orlandi et al. 4]
,ﬂ I~ Babingtonite and manganbabingtonite
ﬁ (@) 0 Araki and Zoltai [6]
[&] Ie) x Nagashima et al. [10]
Q 280 - @ ¢ Tagai etal. [11]
I\D + Armbruster [20]
)
% i
kS
c 26.0 —
®]
- —
e
— -
g .
[} tx o %y x L
- p— D
T 240 L ©
I X
4] +
—
) »
o1
jo
< ol v 0

35.0 36.0 37.0 38.0 39.0
Angular distortion of M10,-octahedra

Figure 5. Relationship between angular distortion [25] between M10g and M20Og. Definition of
angular deformation was given in the footnote of Table 4. For our studied specimens, errors (30) are
smaller than the symbol size [4,6,10,11,20].

The influence of cation distribution at M1 and M2 for the variation of Si-O-5i angles
within the undulated silicate chain was reported by Nagashima et al. [10]. It is also
confirmed in the present study. The Si-O-Si angles are listed in Table S2. The variation
of the M10y octahedra leads to the change of connected angles among the Si204-Si304—
5140, tetrahedra (Figure 3a). On the other hand, the connected angles between Si1O4—
51204 tetrahedra and between Si404-Si50; tetrahedra are influenced by the variation of
M20g [10]. Manganbabingtonite having significant Mn?* at M1 showed the lager Si2-O6~
5i3 and Si3-09-5i4 angles than the others (see Table 6 in Nagashima et al. [10]). In case of
Sc-rich babingtonite, the Si1-O3-5i2 and Si4-012-5i5 angles (S5i1-03-5i2 = 139.1-139.8°
and S5i4-012-5i5 = 133.2-132.4° in this study) are greater than those in babingtonite and
manganbabingtonite, Sil-O3-Si2 = 136-137° and Si4-O12-Si5 = 131-132° [6,10,30,31], due
to Sc** at M2.

The hydrogen bond connects the open side of the C-shaped triplet consisting of the
5il, 5i5, and Si4 tetrahedral sites (Figure 3a). The O1-H1---O11 separation, 2.57-2.58 A, in
this study is supported by that reported by previous studies [4,6,10,11,30,31]. Although the
cation distribution affects the nature of SiO4-chains as mentioned above, it has no influence
on the distance of the very strong hydrogen-bond, which is typically observed in hydrous
pyroxenoids with 3- and 5-periodic chains [32].

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/min12030333/s1, Table S1: Anisotropic displacement parameters
(A2?), Table S2: Selected bond angles (°), Table S3: Calculated effective coordination number, ECoN(ij),
for cation sites, Table S4: Results of charge distribution analyses.
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