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New epidote-supergroup minerals from the Mogurazawa mine,
Gunma, Japan: akasakaite-(Ce), akasakaite-(La),
vanadoakasakaite-(Ce), and vanadoakasakaite-(La)
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New allanite-group minerals, akasakaite-(Ce), akasakaite-(La), vanadoakasakaite-(Ce), and vanadoakasakaite-
(La), associated with small quartz lenses within rhodonite-enriched rocks of the stratiform manganese deposits at
the Mogurazawa mine, Gunma, Japan, were studied using electron microprobe analysis, Raman spectroscopy,
and single-crystal X-ray diffraction methods. Akasakaite is defined by the ideal formula, 4'Ca?REE>*M!Me3*
M2 AIM3Mn?*(Si04)(Si,07)O0(OH) (Z = 2, space group P2,/m). The four new minerals are distinguished by the
dominant cation at the M1 site (Al or V**) and the dominant REE*" at the A2 site (Ce or La). The unit-cell
parameters are a = 8.885-8.925, b= 5.694-5.744, ¢ =10.100-10.153 A, p=113.62-113.79°, and V' = 468.0-476.4
A3. Structure refinements converged to R1 values of 2.20-2.86%. At the M1 site, Al content reaches 85% in
akasakaite-(La), whereas V>" reaches 82% in vanadoakasakaite-(La). The cation assignments for these specimens
are as follows: *!Cag s4Mnj e, “*Lag 53Ce0 15Ndg 05Pr0.02S10.04Ca0.15, ' Al 35V3 13 Tig.00, M?Al, g0, and “3Mng s
Feo01Vii6Aloe; for akasakaite-(La) and “'CaggoMng4o, “2LagsCeo17Ndo.06Pr0.03S10.15Ca014, M'Vi5Aly 15,
M2Aly6aV353Tighs, and M3Mngh, ViheAlg, for vanadoakasakaite-(La). All studied specimens are enriched in
Mn?*, which predominates at the M3 site and also occupies over 40% of the A1 site. The unit-cell dimensions
of vanadoakasakaites are larger than those of akasakaites. This variation appears to be attributed mainly to the
elongation of <M 1-O> caused by the substitution of Al for V3* at the M1 site. Moreover, the expansion of the M3
site by the substitution of divalent octahedral cations, such as Mn?*, elongates the M3-08 distance, which short-
ens the 42-08 distance despite no cation substitution at the A2 site. This suggests that the variation in the aka-
sakaite structure is largely influenced by cation substitution at the M3 and M1 sites. The topological change of the
A1 polyhedra due to Mn?* substitution for Ca at the 41 site, as reported in previous studies, was also observed.

Keywords: Akasakaite-(Ce), Akasakaite-(La), Vanadoakasakaite-(Ce), Vanadoakasakaite-(La), Epidote-super-
group, New mineral

INTRODUCTION ite-group minerals are an important class of rock-forming

minerals that serve as reservoirs of rare earth elements

Epidote-supergroup minerals are found in a variety of (REE) (e.g., Gieré and Sorensen, 2004). The stratiform
rock types and geological settings. Among them, allan- ferromanganese deposits in Japan are reported to be rich
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in REE (e.g., Kato et al., 2005; Moriyama et al., 2011,
Fujinaga et al., 2011), but details of the minerals contain-
ing REE as essential components in these deposits require
further study.

The general formula of epidote-supergroup minerals
is represented as 4,M5[T,07][TO4](O, F)(OH, O). The 4
sites are subdivided into 41 and A2, while the M sites are
subdivided into M1, M2, and M3 in the epidote structure.
The volumes of the octahedral sites decrease in the order
M3 > M1 > M2. The T sites are primarily filled with Si,
although the presence of minor amounts of Al is not de-
nied. Only a small number of species contain fluorine or
lack a hydroxyl (OH) group. The structure features a sin-
gle chain of edge-sharing M2 octahedra and a zigzag
chain of central M1 octahedra, with M3 octahedra attach-
ed on alternating sides along its length. Chains of octahe-
dra run parallel to the b-axis, connected by SiO4 and Si,O5
groups (Ito et al., 1954; Dollase, 1968). This structural
arrangement results in 9-coordinated 41 and 10-coordi-
nated A2 sites. In the epidote-group minerals, the A1
and A2 sites are filled with Ca, and the octahedral M1,
M?2, and M3 sites are occupied by trivalent cations. The
cations with large ionic radii, such as Sr and Ba, occupy
the A2 site, while those smaller than Ca, such as Mn?",
substitute for Ca at the A1 site. On the other hand, the
allanite-group is defined by the heterovalent substitu-
tion of the type Ca*"(42) + Me*"(M3) <> REE*"(42) +
Me* (M3) (Armbruster et al., 2006). For members of the
allanite-group minerals, the Levinson-type suffix designa-
tion is used to identify the dominant REE, such as La and
Ce. In the epidote supergroup, the key cation sites used to
define the root name are the 41 and M3 sites. It is recom-
mended to use a prefix when Al is not the dominant triva-
lent cation at the M1 site (Armbruster et al., 2006).

Akasakaite-series minerals, belonging to the allanite
group, are defined by the formula, 4!Ca?>REE**M! )fe3*
M2 AIM3MN?*(Si04)(Si,07)O(OH). Four akasakaite-series
minerals were recently discovered in the stratiform man-
ganese deposits of Mogurazawa mine, Hishimachi, Kiryu
City, Gunma Prefecture, Japan, and have been approved as
new minerals: akasakaite-(Ce), akasakaite-(La), vanado-
akasakaite-(Ce), and vanadoakasakaite-(La), by the Com-
mission on New Minerals, Nomenclature and Classifica-
tion (CNMNC) (IMA2025-001, 2025-002, 2024-044,
and 2025-003). Type specimens are deposited in the Na-
tional Museum of Nature and Science, Tokyo, Japan, with
specimen numbers NSM M-53012 for akasakaite-(Ce),
M-53013 for akasakaite-(La), M-52312 for vanadoaka-
sakaite-(Ce), and M-53014 for vanadoakasakaite-(La).
A reference specimen representative of the occurrence,
no. 92186C is deposited in the Geological and Mineralo-
gical Museum of Faculty of Science, Yamaguchi Univer-

sity. In this study, we describe the newly discovered
akasakaite-series minerals and investigate their crystal-
chemical properties.

OCCURRENCE AND PHYSICAL PROPERTIES

Akasakaite-(Ce), akasakaite-(La), vanadoakasakaite-(Ce),
and vanadoakasakaite-(La) were found in the Mogura-
zawa mine, Hishimachi, Kiryu City, Gunma Prefecture,
Japan (36°26'23"'N 139°22'59"E). The type locality is in
the Ashio Mountains district, which is mainly composed
of Mesozoic Jurassic accretionary sediments. It is situated
within the Kurohone-Kiryu complex in the Ashio belt,
composed of greenstone, limestone, chert, and siliceous
mudstone. The Kobugahara granodiorite, Sori granodio-
rite, and Ashikaga granodiorite are intruded in the north-
ern, northwestern, and southern parts of the Ashio Moun-
tains, respectively. The stratiform manganese deposits are
located in sedimentary rocks, especially in chert, and the
region was once home to numerous manganese mines.
The Mogurazawa mine was one such manganese mine,
with three known deposits: Minamiiri, Mujina, and Fune-
gazawa (e.g., Hirowatari and Takeda, 1962). These oper-
ations continued until the 1950s. All studied materials
were collected from the dumps of the Minamiiri deposit.

The primary ore minerals include rhodochrosite,
rhodonite, tephroite, hausmannite, and manganosite. Oc-
casionally, rocks are mainly composed of rhodochrosite
and rhodonite, which may contain V-bearing minerals
such as nagashimalite, suzukiite, and roscoelite (Matsu-
bara and Kato, 1980; Matsubara et al., 1982). Addition-
ally, two V-bearing minerals, zoltaiite and mannardite,
were observed.

The occurrences of four akasakaite-series minerals
are very similar. They occur in association with small
quartz lenses within rhodonite-rich rocks and do not con-
tact other V-containing minerals (Fig. 1). In addition, no
cases of the coexistence of akasakaite-series minerals
across different species have been observed to date. Since
the amount of akasakaite-series minerals is very rare in
this deposit, the crystals available for various measure-
ments are also limited.

Euhedral to subhedral prismatic crystals elongated
parallel to [010] are the most common form of akasaka-
ite-(Ce), akasakaite-(La), vanadoakasakaite-(Ce), and
vanadoakasakaite-(La). The crystals are dark brown with
a vitreous luster, embedded in quartz (Fig. 1). The crystals
range in length from a few micrometers to 1 mm. The
calculated densities of akasakaite-(Ce), akasakaite-(La),
vanadoakasakaite-(Ce), and vanadoakasakaite-(La) based
on the empirical chemical formulae are 4.055, 4.050,
4.178, and 4.131 g/cm?, respectively.
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Figure 1. Representative occurrences of akasakaite-series miner-
als. Euhedral to subhedral prismatic crystals of akasakaite-(La)
are dark brown with a vitreous luster.

The refractive index of vanadoakasakaite-(Ce) was
measured using a liquid mixture of methylene iodide, sul-
fur, and tetraiodoethylene (rn = 1.81). It was found that its
refractive index exceeded 1.81. Since a solution with a
higher refractive index was unavailable, the refractive in-
dex cannot be measured accurately directly. The mean re-
fractive index obtained from the Gladstone-Dale relation-
ship (Mandarino, 1981), using the empirical formula and
calculated density, was 1.84, consistent with the observa-
tion (n > 1.81). On the other hand, the reflective indices of
akasakaite-(Ce), akasakaite-(La), and vanadoakasakaite-
(La) were not measured because of the limited number
of specimens. Alternatively, the mean refractive index of
each species was estimated using the Gladstone-Dale re-
lationship (Mandarino, 1981), employing the empirical
formula and calculated density: 1.81 for akasakaite-(Ce),
1.80 for akasakaite-(La), and 1.86 for vanadoakasakaite-
(La). Due to a shortage of materials, other optical proper-
ties, including dispersion and pleochroism, were also not
evaluated.

EXPERIMENTAL
Chemical analysis (EPMA)

Chemical analyses of the studied crystals were conducted
using an electron microprobe analyzer (EPMA, JEOL
JXA-8230) installed at the Centre for Instrumental Analy-
sis, Yamaguchi University, Japan. The chemical composi-
tions of akasakaite-(Ce), akasakaite-(La), vanadoakasaka-
ite-(Ce), vanadoakasakaite-(La), and probe standards are
listed in Table 1. Several crystals were extracted from the
hand specimen and mounted individually in resin for
chemical analysis of each crystal. Operating conditions
were: an accelerating voltage of 15 kV, a beam current
of 20 nA, and a beam diameter of 1-5 um. Wavelength-

dispersive X-ray spectra were measured using LiF, PET,
and TAP monochromators to identify interfering elements
and determine the optimal wavelengths for background
measurements. The abundances of Si, Ti, Al, Cr, V, Fe,
Mn, Co, Ni, Mg, Ca, Sr, Ba, Na, K, P, F, Cl, La, Ce, Pr,
and Nd were measured. The peak and background posi-
tions of each element were carefully confirmed to avoid
overlap. Several elements, which are not shown in Table 1,
are below the detection limit. Although the presence of
other rare-earth elements, REE, such as Y, Sm, Eu, Gd,
Dy, Ho, and Er, was carefully confirmed in a preliminary
analysis, they were all found to be below the detection
limit. The ZAF correction method was applied to all ele-
ments. H,O was not measured directly due to a lack of
material, but the O-H stretching Raman band and sin-
gle-crystal XRD refinement confirmed the presence of hy-
drogen. The slightly low total wt% for akasakaite-(Ce),
vanadoakasakaite-(Ce), and vanadoakasakaite-(La) may
be caused by electron beam damage or the effects of cracks
hidden beneath the beam spot. The H,O content in wt%
was calculated based on stoichiometry.

Raman spectroscopy

Raman spectroscopy was conducted using a Renishaw
inVia Reflex spectrometer equipped with a green diode
laser at a wavelength of A = 532 nm, installed at Institute
for Solid State Physics, University of Tokyo, Japan. The
laser power at the sample surface was approximately 10
mW. The Raman spectrum was obtained from unoriented
crystals. The vanadoakasakaite-(Ce) spectrum is hardly
visible due to strong photoluminescence, so it is not in-
cluded. The OriginPro® 2025 software package was uti-
lized for data analysis. The collected spectra were base-
line-corrected for the continuous luminescence back-
ground. Peak positions, full widths at half maximum
(FWHM), and integrated intensities were determined from
fits using pseudo-Voigt functions [PV = (1 — g)*Lorentz +
g*Gauss, g is the weight coefficient].

Single-crystal structure analysis

X-ray diffraction data for the single-crystal were collected
using Rigaku XtaLAB Synergy-R/DW with a HyPix-
6000HE diffractometer installed at Yamaguchi University,
Japan. The crystals [0.05 x 0.07 x 0.15 mm for akasakaite-
(Ce), 0.03 x 0.11 x 0.20 mm for akasakaite-(La), 0.02 X
0.04 x 0.06 mm for vanadoakasakaite-(Ce), and 0.21 X
0.11 x 0.07 mm for vanadoakasakaite-(LLa)] were mounted
on a glass fiber. Intensity data were measured at room tem-
perature using MoKo. radiation (4 = 0.71073 A). Prelimi-
nary unit-cell parameters and an orientation matrix were
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Table 1. Chemical compositions of akasakaite-series minerals from the Mogurazawa mine, Gunma, Japan
Akasakaite-(Ce) Akasakaite-(La) Vanadoakasakaite-(Ce) =~ Vanadoakasakaite-(La)
IMA2025-001 IMA2025-002 IMA2024-044 IMA2025-003 Probe
Oxide Ave  Std Range Ave Std Range Ave Std Range Ave Std Range standard
(Wt%) n=14 n=15 n=23 n=21
SiO, 30.83 0.30 30.20-31.23 31.48 0.26 30.93-31.96 29.78 0.21 29.39-30.24 29.96 0.47 29.11-30.86 CaSiO;
TiO, 031 0.09 0.08-049 0.28 0.11 0.17-0.61 080 0.24 0.39-1.18 0.38 0.16 0.09-0.69 TiO,
AlLO; 14.84 0.39 14.08-15.30 17.20 0.41 15.99-17.77 9.70 0.54 8.58-10.84 7.09 0.82 6.00-9.00 ALO;
V,0;" 6.39 053 5.78-733 3.84 020 3.48-423 1149 0.34 11.03-12.13 17.44 1.47 15.33-19.63 Ca3(VOyq),
FeOV 0.23 0.04 0.17-0.29 0.14 0.08 0.00-0.31 0.28 0.06 0.16-0.44 0.01 0.02 0.00-0.07 Fe,0;
MnOV 14.18 0.31 13.62-14.59 15.02 0.49 14.38-16.04 14.96 0.60 13.74-16.11 12.99 1.48 10.63-15.18 MnO
NiO 0.02 0.03 0.00-0.08 - 0.03 0.03 0.00-0.12 0.02 0.03 0.00-0.09 NiO
CoO - - 0.16 0.04 0.07-0.24 - CoO
MgO 0.14 0.02 0.10-0.19 - 0.13 0.03 0.08-0.17 0.05 0.03 0.01-0.11 MgO
CaO 696 0.14 6.72-722 7.05 028 6.72-7.63 549 049 4.57-6.09 6.85 0.68 5.92-829  CaSiO;
SrO 1.13 020 0.82-1.45 0.64 0.10 0.52-090 3.37 0.62 2.58-4.76 2.60 0.65 1.71-3.67 SrTiO3
Na,O 0.01 0.01 0.00-0.03 - 0.02 0.02 0.00-0.05 0.02 0.01 0.01-0.03 NaAlSi;Og
P,05 0.01 0.01 0.00-0.04 - 0.02 0.02 0.00-0.06 0.03 0.02 0.00-0.06 KTiOPO4
La,03 8.12 027 7.71-846 15.12 0.75 13.72-16.57 6.19 0.53 5.36-7.06 12.06 1.43 9.77-14.01 LaBg
Ce,04 11.65 0.18 11.28-11.90 536 0.27 4.94-579 1294 0.75 11.22-14.02 4.51 040 3.80-5.22 CeBg
Pr,05 0.64 0.10 0.41-0.77 0.71 0.10 0.48-0.85 0.20 0.07 0.04-0.34 0.76 0.15 0.50-1.13 PrBg
Nd,03 1.55 0.14 137-1.81 142 0.21 1.10-1.86 0.70 0.12 0.54-097 1.72 0.19 1.30-2.01 NdBg¢
F 0.14 0.13 0.00-0.49 0.11 0.08 0.00-0.18 0.23 0.11 0.07-0.46 - CaF,
Cl - - 0.01 0.01 0.00-0.05 - NaCl
-O=F, Cl 0.06 0.05 0.10
Total 97.09 98.32 96.39 96.49
H,0 (calc.)? 1.48 1.51 1.38 1.49
O0=125
Si 299 0.01 298-3.04 299 0.02 295-3.02 3.00 0.01 295-3.02 3.01 0.02 2.98-3.03
Ti 0.02 0.01 0.01-0.04 0.02 0.01 0.01-0.04 0.06 0.02 0.03-0.09 0.03 0.01 0.01-0.05
Al 1.70 0.04 1.64-1.74 192 0.04 1.82-198 1.15 0.06 1.03-1.28 0.84 0.09 0.71-1.04
V3t 0.50 0.04 0.45-0.58 0.29 0.01 0.27-0.32 093 0.03 0.89-0.99 141 0.11 1.23-1.58
Fe?* 0.02 0.00 0.01-0.02 0.01 0.01 0.00-0.02 0.02 0.01 0.01-0.04 0.00 0.00 0.00-0.01
Mn?* 1.17 0.02 1.13-1.19 121 0.04 1.16-1.29 127 0.05 1.17-1.38 1.11 0.14 0.89-1.30
Ni 0.00 0.00 0.00-0.01 - 0.00 0.00 0.00-0.01 0.00 0.00 0.00-0.01
Co - - 0.01 0.00 0.01-0.02
Mg 0.02 0.00 0.01-0.03 0.02 0.00 0.01-0.03 0.01 0.00 0.00-0.02
Ca 0.72 0.02 0.70-0.75 0.72 0.03 0.68-0.78 0.59 0.05 0.50-0.65 0.74 0.07 0.64-0.90
Sr 0.06 0.01 0.05-0.08 0.04 0.01 0.03-0.05 020 0.04 0.15-0.27 0.15 0.04 0.10-0.21
Na 0.00 0.00 0.00-0.01 - 0.00 0.00 0.00-0.01 0.00 0.00 0.00-0.01
P 0.00 0.00 0.00 - 0.00 0.00 0.00-0.01 0.00 0.00 0.00-0.01
La 0.29 0.01 0.28-0.30 0.53 0.02 0.49-0.58 0.23 0.02 0.20-0.26 045 0.06 0.36-0.53
Ce 0.41 0.01 0.40-042 0.19 0.01 0.17-020 0.48 0.03 0.41-0.51 0.17 0.02 0.14-0.19
Pr 0.02 0.00 0.01-0.03 0.02 0.00 0.02-0.03 0.01 0.00 0.00-0.01 0.03 0.01 0.02-0.04
Nd 0.05 0.00 0.05-0.06 0.05 0.01 0.04-0.06 0.03 0.00 0.02-0.03 0.06 0.01 0.05-0.07
Total 7.97 7.98 8.00 8.01
F 0.04 0.04 0.00-0.15 0.03 0.02 0.00-0.05 0.07 0.04 0.02-0.15 -
Cr - - 0.00 0.00 0.00-0.01 -
OH™ 0.96 0.97 0.93 1

D'V, Fe, and Mn as V,03, FeO, and MnO

2 The H,0 content was estimated based on [(OH)+F] = 1.00.
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obtained from six sets of frames and refined during the
integration process of the intensity data. CrysAlis™™ (Agi-
lent, 2014) was used to process the diffraction data and to
correct empirical absorption. The reflection statistics and
systematic absences were consistent with space groups
P2, and P2,/m. Subsequent attempts to solve the structure
revealed that the observed average structure is centrosym-
metric, indicating that P2,/m is the correct space group.
Structural refinement was performed using SHELXL-
2019/3 (Sheldrick, 2015). Scattering factors for neutral
atoms were employed. To obtain the site-scattering values
of each cation site, the site occupancies of the A1, M1, and
M3 sites for all studied crystals were refined with Ca and
Mn, Al and V, and Mn and Al scattering factors, respec-
tively. Although the site occupancy at the M2 site was
refined with Al and V scattering factors during the prelimi-
nary refinement, it was fixed as 1.0 Al in the final refine-
ment if it was determined to be 1.0 Al apfu within the
standard deviation. The site occupancies of the A2 site
were refined with Ce and Ca for akasakaite-(Ce), La and
Ca for akasakaite-(La) and vanadoakasakaite-(La), and Ce
and Sr for vanadoakasakaite-(Ce). Moreover, the direct
occupancy refinement at the 7 sites converged to full oc-
cupancy with Si scattering factors within the standard un-
certainty. Then, their occupancies were fixed at 1.0 Si,
which is also supported by the EPMA results. Final cation
assignments were determined using the average chemical
compositions of each measured crystal. Hydrogen posi-
tions of the hydroxyl groups were also derived from differ-
ence-Fourier synthesis and were refined at a fixed value of
Uio = 0.05A, applying a restraint of O-H = 0.980(1) A
(Franks, 1973).

Since X-ray powder diffraction data could not be col-
lected from all specimens due to the limited amount of
material, simulated powder diffraction patterns were ob-
tained using RIETAN-FP (Izumi and Momma, 2007)
based on the results of single-crystal analyses.

RESULTS

Chemical compositions of the studied akasakaite-se-
ries minerals

The chemical compositions of the four studied akasaka-
ite-series minerals are given in Table 1, where the cation
ratios were calculated per 12.5 O atoms. The studied aka-
sakaite-series minerals are chemically zoned, with com-
plex elemental substitution relationships. Figure 2 shows
the result of the element concentration map of vanado-
akasakaite-(La) as a prime example. In all specimens,
the substitution of Al <> V3" is confirmed (Fig. 2). More-
over, the substitutions of REE* + Mn** < Ca +

Figure 2. Back-scattered electron image and X-ray maps showing
the distribution of Mn, Al, and V of vanadoakasakaite-(La).

(AI+V3) for akasakaite-(Ce) and ~(La) and Ca <> Mn?"
and REE*" + Mn?" < (Ca+Sr) + (AI+V>") for vanado-
akasakaite-(Ce) and -(La) are also observed. Vanado-
akasakaite-(Ce) and -(La) are enriched in Sr (~ 4.8 wt%
SrO) relative to akasakaite-(Ce) and -(La) (~ 1.5 wt%).
The V,0; content in vanadoakasakaite-(Ce) and -(La)
reaches 12.1 and 19.6 wt%, respectively. Moreover, the
akasakaite-(Ce) is rich in V3" (5.8-7.3 wt% V,03) and
poor in Al (14.1-15.3 wt% Al,O;) rather than the aka-
sakaite-(La) (3.5-4.2 wt% V,0; and 16.0-17.8 wt%
AlLO3). The empirical formulae based on the average
chemical data are A(Ca0,72Mn(2)§5Ce0,41La0‘29Nd0,05Pr0,02
St0.06)x2.00"(Al} 70Mng 72 V3 50Mgo.02Tig.02F€0.02)x2.95” (Siz.99
011)°*(00.96F0.04)x1.00° " [(OH).0600.04]51.00 for akasaka-
ite-(Ce) (analytical points, n = 14), “4(Cag,»Mnjls
Lay 53Ce0,1oNdo,05P10.025T0.04)52.00"(Al} 02Mn§ 56 V3 56 Tio 02
Feo.01)53.00 (Si2.00011)%(00.97F0.03)51.00° *[(OH)0.9700.03]51.00
for akasakaite-(La) (n = 15), 4(Cag.soMng%Ceo.4sLag 3
Ndo,03Pr0.01570.20)2.05"(Al.15 V3 93Mn§ 5 Tig hsFed 52C0o.01
Mgo.02)53.017(S13011)%*(00.93F0.07)51.00° *[(OH)0.9300.07]51.00
for vanadoakasakaite-(Ce) (n = 23), and “(Cag7s
Mng30Lag 4sCe.17Ndg 06PT0.035T0.15)52.00" (V141 Aly saMng 71
Ti0.03)52.99" (Si3.01011)%*01.00°"%(OH); 99 for vanadoaka-
sakaite-(La) (n = 21). The ideal formulae are presented
as CaCe(Al,Mn?>")(Si,0,)(Si04)O(OH), requiring SiO,
3095, AlLOs; 17.51, MnO 12.18, CaO 9.63, Ce,0O4
28.18, H,0 1.55, and a total of 100 wt%; CaLa(ALMn*")
(Si,07)(Si04)O(0OH), requiring SiO; 31.02, Al,O; 17.54,
MnO 12.21, Ca0 9.65, La,05 28.03, H,O 1.55, and a total
of 100 wt%; CaCe(V3"AIMn*")(Si,07)(Si04)O(OH), re-
quiring SiO, 29.73, ALO; 8.41, V,05; 12.36, MnO
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Table 2. Data collection and details of structure refinement

Akasakaite-(Ce)
IMA2025-001

Crystal size (mm) 0.05 x 0.07 x 0.15

Akasakaite-(La)
IMA2025-002
0.03 x 0.11 x 0.20

Vanadoakasakaite-(Ce)
IMA2024-044
0.02 x 0.04 x 0.06

Vanadoakasakaite-(La)
IMA2025-003
0.21 x 0.11 x 0.07

Space group

Monoclinic P2;/m

Unit-cell dimensions  “ (A) 8.8955(4) 8.8848(4) 8.9089(3) 8.9245(2)
b (A) 5.70644(19) 5.6938(2) 5.73904(17) 5.74456(12)
c (A) 10.1175(4) 10.0998(4) 10.1212(4) 10.1528(2)
Q) 113.792(5) 113.668(5) 113.616(4) 113.769(3)
V(A% 469.94(4) 467.96(4) 474.15(3) 476.36(7)

Z 2

Dyt (g/cm?) 4.055 4.050 4.178 4.131

Radiation MoKuo (A = 0.71073 A)

Monochromator VariMax optics

Diffractometer Rigaku XtaLAB Synergy-R/DW with HyPix-6000HE

Scan type ® scan

Absorption correction CrysAlis™ (Agilent, 2014)

Absorption coefficient 1 (mm™) 8.39 7.43 8.48 8.40

Ormin~Omax(®) 2.2-40.2 2.2-40.2 2.2-40.2 2.2-40.2

Collected reflections 13143 16016 10261 16271

Unique reflections 3164 3157 3201 3221

Criterion for observed

reflections

Rint (%) 2.37 3.69 2.58 2.16

Rs (%) 1.90 2.48 2.77 1.22

—-16 <h <16, —16 < h < 16, 16 <h <14, —-16 < h < 16,
Index ranges -10 <k <10, -5<k<10, -10 <k <10, -10 <k <10,
-18</<18 -18</<17 -12</<18 -18</<18

Refinement on F? using SHELXL-2019/3 (Sheldrick, 2015)

R1 (%) 2.32 2.86 2.23 2.20

wR2 (%) 6.04 7.61 5.09 5.69

No. of parameters 124 124 125 125

= 2 2
Weighting scheme? w = 1/[6°(Fo~)

Apmax (e Ai})
Apmin (e A73)

w = 1/[c%(Fo?)
+(0.0170P)? + 0.93P] + (0.0368P)> + 0.83P] + (0.0188P)* + 0.44P]
1.15 (0.66 A from 42) 2.57 (0.66 A from 42) 1.61 (0.66 A from A2)

—0.75 (0.45 A from Si2) —1.88 (0.56 A from 42) —0.99 (0.55 A from 42) —0.86 (1.19 A from 06)

w = 1/[c%(Fo?) w = 1/[6%(Fo?)
+ (0.0203P)> + 0.76P]

1.45 (0.60 A from 42)

1) The function of the weighting scheme is w = 1/[c%(Fo?) + (a-P)?> + b-P], where P = [Max(Fo?, 0) + 2Fc?)/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.

11.70, CaO 9.25, Ce,05 27.07, H,O 1.49, and a total of
100 wt%; and CaLa(V**AIMn?")(Si,0,)(SiO4)O(OH), re-
quiring SiO, 29.79, Al,0; 8.43, V,0; 12.38, MnO 11.72,
Ca09.27, Lay03 26.92, H,0O 1.49, and a total of 100 wt%.

Crystal structure refinements and determination of
site occupancies

Crystallographic data and refinement parameters are sum-
marized in Table 2. The refined atomic positions are listed
in Supplementary Table S1 (Supplementary Tables S1-S4
are available online from https://doi.org/10.2465/jmps.
250927), and the anisotropic displacement parameters

are in Table S2. Interatomic distances, selected angles,
and distortions of octahedral sites are present in Table 3.
The crystal structure of akasakaite-group minerals is
shown in Figure 3. The simulated X-ray powder diffrac-
tion patterns from single-crystal data and the calculated
patterns from the CIF file are listed in Table S3.

The number of electrons at each cation site, derived
from the refined site occupancies and cation assignments
for the 4 and M sites, is listed in Table 4. The scheme of
the site occupancy determination at the 41, 42, M1, M2,
and M3 sites is as follows: (1) Sr and REEs, such as La,
Ce, Pr, and Nd, were assigned to the 42 site after the pre-
vious structural studies of epidote-supergroup minerals
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Figure 3. Crystal structure of akasakaite-series minerals using the
data obtained from akasakaite-(La) projected down [010] drawn
with VESTA 3 (Momma and Izumi, 2011). Dashed lines indi-
cate H--O bonds.

(e.g., Armbruster et al., 2006), and its deficiency was filled
with the Ca ions. The remaining Ca was assigned to the A1

site. (2) After all the remaining Ca is assigned to the A1
site, this site is filled with Mn?*. The Mn?" ions distribute
in both A1 and M3 sites based on the chemical composi-
tion. (3) In many cases, the smallest M2 octahedral site is
occupied by only Al. However, if the M2 site is not occu-
pied by only Al the cation with the next smallest ionic
radius after Al is assigned. In this study, the Ti*' ion is
preferentially assigned to M2, and then the V3 ion is as-
signed based on the observed number of electrons. (4) If
the M2 site is occupied by only Al, the Ti*" ion is assigned
to the M1 site. In that case, the refined V occupancy at the
M1 site is interpreted as the sum of Ti and V. The site
occupancies of Al and V were determined based on the
observed number of electrons calculated from the refined
site occupancy value. Therefore, the occupancy refined
with Al and V at the M1 site is directly applied to its site
occupancy. (5) The remaining Mn?* ions, after being as-
signed to A1, were assigned to the largest M3 octahedral
site, due to the large ionic radius of Mn?" (0.83A after
Shannon, 1976). For instance, in the case of akasakaite-
(Ce), the Mn occupancy at the M3 site was calculated as
follows: 1.17 apfu (average Mn?" content determined by
EPMA) — 0.45 apfu (Mn?" at the A1 site) = 0.74 apfu. The

Table 4. Refined site occupancies and cation assignments with numbers of electrons of the 4 and M sites?

Site Refined site occupancy Observed no. of e~ Cation assignment Estimated no. of e~
(a) Akasakaite-(Ce)
Al Cag 57(1yMng 43 22.15(22) Cag.ssMnj s 22.25
A2 Ceo.7642)C20.236 49.03(10) (Ceg.41La9.20Ndg.05P10.02)50.78S10.06Ca0.17 50.55
M1 Alg.sa26)Vo.ass 17.58(11) Aly54V0.44Tio.02 17.58
M2 Al 13 Al 13
M3 Mny g536)Alo.147 23.24(14) Mn3 52Fefi5:Mgo.00 V3 06Alo.16 2222
(b) Akasakaite-(La)
Al Cao ssyMnoas 2225(22) Cap Mg 2230
A2 Layg g323)Cag. 168 50.78(15) (Lag 53Ce0,18Ndg.05P10.02)50.78S10.04Cag. 18 49.95
M1 Alygs37yVo.147 14.47(10) AlogsVii3Tig 0 14.48
M2 AlLo 13 Al 13
M3 Mny gso7Alo.131 23.43(16) Mn3%sFed 1 Vi i6Alo.07 23.60
(¢) Vanadoakasakaite-(Ce)
Al Cayg 5333)Mng 412 22.061(8) Ca s4Mnlss 22.30
A2 Ceo.6734)ST0.327(4) 51.452(4) (Ceg.48Lag 23Ndg 03Pr0.01)50.75510.20C20.05 51.94
M1 Vo.7005)Al0 300 20.000(5) Vi5oAlp 30 20.00
M2 Alog315)Vo.169 14.691(5) Alg53V31Tio 06 14.64
M3 Mng.923(5)Alo.077 24.082(5) Mnj §1Fefi0oMg0.02C00.01 V3 12Al0.02 24.30
(d) Vanadoakasakaite-(La)
Al Cag s5659)Mng 435 22.18(20) Cag goMny 49 22.00
A2 Lag 7922)Cag 208 49.30(10) (Lag.45Ceo,17Nd0.06P10.03)50.71510.15Ca0.14 49.38
M1 Vo.g246)Alo.176 21.24(13) Vi&Alg1s 21.20
M2 Alg.6a36)Vo.357 16.57(10) Alg 64V 53Tio 03 16.57
M3 Mnyg gos(6)Alo.105 23.74(14) Mng5, VihsAlo o2 23.99

D The chemical compositions are fixed by EPMA data.
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Table 5. Bond-valence analysis (v.u.) weighted on the cation assignments of Table 4

Site (a) Akasakaite-(Ce)  (b) Akasakaite-(La)

(c) Vanadoakasakaite-(Ce)

(d) Vanadoakasakaite—(La)

Al 1.95 1.95
A2 2.37 2.37
M1 2.76 2.84
M2 3.04 3.14
M3 1.91 2.06
Sil 3.97 3.96
Si2 4.01 3.99
Si3 3.86 3.86
o1 1.89 1.91
02 1.85 1.88
03 2.00 2.02
04 1.53 1.58
05 1.92 1.93
06 2.00 2.03
o7 1.92 1.94
08 1.70 1.71
09 2.05 2.04
010 1.27 1.32

1.91 1.95
2.45 2.37
2.80 2.84
3.12 3.14
2.09 2.06
3.94 3.96
3.99 3.99
3.86 3.86
1.91 1.91
1.91 1.88
2.01 2.02
1.57 1.58
1.91 1.93
2.01 2.03
1.91 1.94
1.76 1.71
2.02 2.04
1.32 1.32

6-fold coordinated divalent cations, such as Fe?" and Mg,
were also located at the M3 site for the same reason. The
deficiency at M3 was compensated with a small amount of
Al and V3*.

As a result of the above scheme, the structural
formulae based on 13 anions (O, OH, F) of the studied
akasakaites are “!(CagssMng4s)s1.00"2(Ceo.41Lag 20Ndy o5
Pro.02S10.06Ca0.17)x100 M (Alg.s4VaaTio02)s1.00"*(Al 0)
M3(Mng72Feq.02Mg0.02 V3 06Al0.16)20.98S12.909012[(OH)g 06
Fooalzio0 for  akasakaite-(Ce), “#!(Cag s4Mnge)s1.00
42(Lag 53Ce0.15Ndg.05PT0.02510.04Ca0.18)s1.00" ' (Alg 85 V3 13
Tio.02)z1.00"2 Al 00™>(Mng 55Feq.01 V3 16Al0.07)50.99512.99012
[(OH)g.97F0.03]x1.00 for akasakaite-(La), *!(Cag s4Mng 36)z1.00
42(Ceg 45Lag 23Ndg 03Pr0.0151020Ca0,05)s1 00" (V3 70Al0 30)51.00
M2(Alg.83V3 11 Tig06)z1.00">(Mns; VE12Feg 02Mgo.02Alo.02
C00.01)x1.00513.00012[(OH)0.93F0.07]51.00 for vanadoakasaka-
ite-(Ce), and *!(Cag 60Mng 30)s1.00™*(Lag 45Ceo.17Ndo.06Pro.03
Sto.15Ca0.14)51.00 (V3 52A10.18)x1.00" (Al 64 V3 53 Tid 03)s1.00
M3(Mng 51 V3 26A10.02)£0.99513.01012(0H) o for vanadoaka-
sakaite-(La). The dominant constituent at the 4 and M sites
turns out to be Ca at A1, Ce’" or La>" at 42, Al or V3" at
M1, Al at M2, and Mn*" at M3.

Bond-valence sums were calculated using the elec-
trostatic strength function of Brown and Altermatt (1985)
and the bond-valence parameters of Gagné and Haw-
thorne (2015). The results are given in Table 5. The cal-
culated bond-valence sums and refined hydrogen posi-
tions indicate that one hydroxyl group is located at O10
(donor, 1.27-1.32 valence unit, v.u.) with O4 acting as
acceptor (1.53-1.58 v.u.). The valence unit of O8 (1.70-

1.76 v.u.) is smaller than the expected 2 v.u. of O, which is
due to the elongation of the M3-O8 and 42-O8 bonds,
which will be discussed later.

Raman spectra of akasakaite-series minerals

Figure 4 shows the spectra of four akasakaites in the rang-
es 115-1250 (lattice vibration region) and 2650-3820 (OH
region) cm ! with the spectra of allanite-(La), RRUFF
R070246 (unoriented with 532 nm laser, Lafuente et al.,
2015) and allanite-(Ce), RRUFF080044 (unoriented with
532 nm laser, heated at 850 °C for 18 h) as references. The
peak around 570 cm™! is assigned to the Si-Oy-Si bending
mode of the monoclinic epidote structure, as reported by
Nagashima and Mihailova (2023). Although the peak
around 693 cm! is generally not observed in Al-Fe** se-
ries epidote, it is typically observed in allanite-group min-
erals. In the O-H stretching region, several peaks centered
at approximately 3250 cm™! overlap, which appears to be
due to the different local chemical surroundings of the ac-
ceptor oxygen anion.

DISCUSSION
Structural variations related to the cation substitution
In allanite-group minerals, the M3 site is occupied by the
octahedral divalent cations (= Me?") to balance the REE**

in the A2 site. The expansion of M3 octahedra is signifi-
cant because of the large ionic radii of Me?", such as Fe?",
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Mn?*, and Mg. Among the Me?" ions primarily located in
the M3 site of the epidote structure, the Mn?" ion is the
largest octahedral divalent cation (0.83 A, 6-coordinated;
Shannon, 1976). Hence, the akasakaite- and androsite-se-
ries minerals, where Mn?" dominates at the M3 site, ex-
hibit a long <M3-O> distance. In this study, 81% of the
M3 site in vanadoakasakaite-(Ce) is occupied by Mn**
and the <M3-O> distance attains 2.180 A (Tables 4 and
5). Moreover, among the studied akasakaites, vanadoaka-
sakaite-(Ce) and -(La) have elongated <M1-O> due to the
predominant V3* ions in the M1 sites, with <M1-O>
reaching 2.006 and 2.013 A, respectively, while akasaka-
ite-(Ce) and —(La) have <M1-O> = 1.990 and 1.972 A,
respectively (Table 3).

Divalent octahedral cation substitution for Al at the
M3 site significantly increases the M/3-O8 distance, caus-
ing the O8 site to shift away from the M3 cation. Since the
O atom at the OS site is shared with the A2, M3, and Si2
sites (Fig. 3), this shift of O8 caused by the expansion of
the M3 site results in the shortened 42-O8 distance (Fig.
5). The A2-0i distance is primarily influenced by the cat-
ion distribution in the A2 site, as exemplified in a study of
synthetic Sr-bearing clinozoisites (Drsam et al., 2007).
However, even if the A2 site is completely occupied by
Ca and no substitution has taken place, the 42-O8 distance
decreases with the increase of the M3-O8 distance (e.g.,
summarized data for the Al-Fe** series by Franz and
Liebscher, 2004). Figure 5 shows the relationship between
the M3-08 and 42-08 distances in allanite-group miner-
als. In the androsites (Mn>" at the 41 and M3 sites), the
A2-08 distance is short, despite the predominance of

18 h) as reference.

3.06
3.04— [ Feriallanite
<> O
—~ 3.02— O
< o
g i O
e O
% 3.00— Vanadoallanite
° .
©
<&
8 2098~ ° o @ w
| &
2.96— A
B R2=0.72 A
2.94—
| | I | | I | | I | |
1.90 1.95 2.00 2.05 2.10
M3-08 distance (A)
. ﬁ( Akasakaite (This study) O Biagioni et al. (2019)
Akasakaite [ ﬁ( Vanadoakasakaite (This study) |:| Nagashima et al. (2015)

["] Allanite <> Dissakisite /\ Androsite ) Uedaite

Figure 5. Relationship between the M3-08 and 42-O8 distances.
Data for the allanite group listed in Table S4 are plotted. Standard
deviations (1) are smaller than the symbol size. Data sources are
as follows: This study, Dollase (1971), Rouse and Peacor (1993),
Bonazzi et al. (1996), Kartashov et al. (2002), Hoshino et al.
(2005), Cenki-Tok et al. (2006), Lavina et al. (2006), Orlandi
and Pasero (2006), Hoshino et al. (2008), Miyawaki et al.
(2008), Hoshino et al. (2010), Nagashima et al. (2011), Kolitsch
etal. (2012), Skoda et al. (2012), Nagashima et al. (2013, 2015),
Biagioni et al. (2019), and Stevko et al. (2023).
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REE?" at the A2 site, as well as in the other allanites (Fig. 5
and Table S4). The shortened 42-O8 distance results from
the elongation of M3-0O8 caused by the substitution of
Mn?" at the M3 site. Furthermore, the 42-O8 distance of
the M Me3*-dominant species, such as ferriallanite and va-
nadoallanite, as well as the vanadoakasakaite in this study,
is generally longer than expected (Fig. 5), which is attrib-
uted to the expansion of the M1 site. Therefore, it is evi-
dent that the cation distribution of the M3 and M1 sites
substantially influences not only the octahedral sites but
also the adjacent coordination polyhedra and, ultimately,
the entire epidote structure.

Moreover, the substitution of Mn?" for Ca at A1 caus-
es the topological change of 9-coordinated A1 polyhedra
(Bonazzi et al., 1996; Nagashima et al., 2010, 2013, 2015;
Biagioni et al., 2019). According to previous studies, as
Mn?" increases at the A1 site, the oxygen atoms at the O3
and O1 sites (2™ to 5™ neighbor O atoms) move closer to
A1, while 06 (7" neighbor) and 09 (8" and 9" neighbors)
shift away from A41. In contrast, since the positions of O5
(6™ neighbor) remain unaffected, the lengthened S[(41-
06)-(41-05)] distance (A) seems to be a good indicator
of Mn®" at the A1 site. In this study, the large & value
has also been confirmed (Fig. 6), ranging from 0.462 A
(against Cag ssMn3 Y at A1) in akasakaite-(La) to 0.495 A
(against CapeoMniho at Al) in vanadoakasakaite-(La)
(Table 3).

Effect of cation behavior on the unit cell parameters,
particularly on the f angle

Based on the systematic studies of the synthetic Ca-ana-
logue clinozoisite-group minerals, cation distributions at
the M3 and M1 sites strongly influence the a-, b-, and c-
dimensions, whereas little influence on the variation in the
p angle (e.g., Anastasiou and Langer, 1977; Giuli et al.,
1999; Langer et al., 2002; Nagashima and Akasaka, 2004;
Nagashima et al., 2009; Nagashima and Akasaka, 2010).
On the other hand, the results of the structural analysis of
synthetic Sr-bearing clinozoisite, reported by Dorsam et
al. (2007), indicated that a systematic decrease of the
angle with increasing Sr content at the 42 site (115.42°
with Sro'lzgca()'gn at A2 and 114.99° with SI'()'878C30'122
at A2). It was interpreted as resulting from the compres-
sion of the M3 and Si3 polyhedra, and the expansion of the
A2 polyhedron. It is also well established that in REE-
bearing epidote group minerals, REE*" at the 42 site
and Me?" at the octahedral sites lead to an expansion of
the unit-cell dimensions, while the § angle decreases with
increasing REE content at the A2 site (Bonazzi and Men-
chetti, 1994, 1995; Bonazzi et al., 1996; Bonazzi and
Menchetti, 2004; Gieré and Sorensen, 2004). Further-

0.55

0.50 |- £
i}ﬁ A
0.45 [ OO 2 A

O
0.40 —

0.35

5[(A1-05)-(A1-06)] (A)

0.30

| | | | | | | | |
0.0 0.2 0.4 0.6 0.8 1.0

Mn at the A1 site (apfu)

Figure 6. The variation of [(41-05)-(41-06)] (A) as a function of
Mn?* content at the A1 site. The solid line is the regression line
suggested by Biagioni et al. (2019): 3[(41-05)-(41-06)] (A) =
0.32(1) +0.28 x Mn?" at A1 (apfu). Data for allanite-group listed
in Table S4 are plotted. The symbols are the same as in Figure 5.

more, the f angle of REE-bearing epidote-supergroup
minerals with Mn?" at 41 is generally smaller than that
of those without Mn?* at 41 (Nagashima et al., 2015). This
smaller § angle is typically observed in the androsite se-
ries, in the range of 113.09-113.90° (Table S4, Bonazzi et
al., 1996; Cenki-Tok et al., 2006; Nagashima et al., 2015;
Stevko et al., 2023). In the akasakaite-series minerals, the
predominant cation at the A1 site is Ca; however, in many
cases, part of the 41 site is occupied by Mn?*, which often
results in the small £ angle (113.62°-113.77° in Table 2),
similar to that of androsite (Nagashima et al., 2015; Bia-
gioni et al., 2019). Therefore, this study also confirmed
that the f angle varies depending on the Mn?* content of
the A1 site, as well as the REE and Sr contents of the 42
site. It is supported by the roughly negative correlation
between the f angle and the Mn + REE + Sr content at
the A1 and 42 sites (Fig. 7). Nevertheless, since the / an-
gle of uedaite (114.52° from SXRD, and 115.10° from
PXRD) examined by Miyawaki et al. (2008) tends to be
larger than expected (Fig. 7), we must consider the possi-
bility that the interplay of dominant cation species at the
M1 and M3 sites, alongside the 41 and 42 sites, produces
a complex effect that warrants further investigation.

Nomenclature and relationship to other species

The four species studied here belong to the epidote-super-
group mineral, which is classified as 58.2 in the Dana clas-
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Figure 7. Variation of the #-angle as a function of Mn?>" + REE>* +
Srat the 41 and A2 sites. Data listed in Table S4 are plotted. Data
sources not represented in the caption of Figure 5 are as follows:
Bonazzi et al. (1990, 1992, 1996), Comodi and Zanazzi (1997),
Dollase (1968), and Nagashima et al. (2010). Standard deviations
(1o) are smaller than the symbol size.

sification and 09.BG.05b in the Nickel-Strunz classifi-
cation. They were named in accordance with the recom-
mended nomenclature of epidote-supergroup minerals
(Armbruster et al., 2006). The root name, akasakaite,
ACa?REEFMI AIM2AIM3Mn?*(Si,07)(Si04)O(0H), s
applied for minerals in which Ca and Mn?" are the dom-
inant cations at the A1 and M3 sites, respectively. A prefix
should be added if the dominant cation at the M1 site is not
aluminum, and the predominant REE cation at the 42 site
should be noted as an extended Levison suffix. The ideal
formulae of each specimen were represented as 4!Ca“4>Ce
MIAIM2 AIM3MN?*(Si,07)(Si04)0(0H),  “'Ca®?LaM'Al
M2 AIM3MN?*(Si,07)(Si04)O(0H),  4!Ca®2CeMIV3TM2A]
M3Mn?*(Si,07)(Si04)O(0H), and “4'Ca®?LaV'V3*M2A]
M3Mn?*(Si,07)(Si04)O(0OH), and they named akasakaite-
(Ce) (IMA2025-001), akasakaite-(La) (IMA2025-002),
vanadoakasakaite-(Ce) (IMA2024-044) and vanadoaka-
sakaite-(La) (IMA2025-003), respectively. The former
two and the latter two species are related by the homova-
lent substitution of Al <> V3* at the M1 site. They are also
related to the ferriakasakaite-(La), ferriakasakaite-(Ce),
manganiakasakaite-(LLa), which are known as species be-
longing to the akasakaite series (Nagashima et al., 2015;
Biagioni et al., 2019). The Mn?"-enriched akasakaite-se-

ries minerals are closely related to androsite-series, repre-
sented as 4'Mn*>"?REE*M!(Mn**, Fe**, V3HM2AIM3Mn?*
(S1,07)(Si04)O(OH) (Bonazzi et al., 1996; Cenki-Tok et
al., 2006; Nagashima et al., 2015; Stevko et al., 2023). An-
drosite-akasakaite solid solution commonly occurs, char-
acterized by the Ca <> Mn?" substitution at the Al site
(e.g., Bonazzi et al., 1996; Cenki-Tok et al., 2006; Naga-
shima et al., 2015).
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