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ABSTRACT

The new REE-rich, monoclinic, epidote-supergroup minerals ferriakasakaite-(La) and ferriandrosite-(La),

found in tephroite � calcite veinlets cutting the stratiform ferromanganese deposit from the Shobu area, Ise

City, Mie Prefecture, Japan, were studied using electron microprobe analysis and single-crystal X-ray

diffraction methods. Ferriakasakaite-(La), ideally A1CaA2LaM1Fe3+M2AlM3Mn2+ (SiO4)(Si2O7)O(OH) (Z =

2, space group P21/m), has a new combination of dominant cations at A1(Ca) and M3(Mn2+), which are

the key sites to determine a root name for epidote-supergroup minerals. The unit-cell parameters are a =

8.8733(2), b = 5.7415(1), c = 10.0805(3) Å, b = 113.845(2)º and V = 469.73(2) Å3. According to the

structural refinement (R1 = 3.13%), the determined structural formula is A1(Ca0.54Mn2+0.46)
A2[(La0.48Ce0.20Pr0.07Nd0.18Gd0.02)S0.95Ca0.05]

M1(Fe3+0.42V
3+
0.34Al0.18Ti

4+
0.06)

M2(Al0.96Fe
3+
0.04)

M 3 (M n 2 +
0 . 5 0 F e

2 +
0 . 4 3M g 0 . 0 7 ) ( S i O 4 ) ( S i 2 O 7 )O (OH ) . F e r r i a n d r o s i t e - ( L a ) , i d e a l l y

A1Mn2+A2LaM1Fe3+M2AlM3Mn2+(SiO4)(Si2O7)O(OH) (Z = 2, space group P21/m), is the
M1Fe3+ analogue

of androsite. The unit-cell parameters are a = 8.8779(1), b = 5.73995(1), c = 10.0875(2) Å, b =

113.899(1)º and V = 469.97(2) Å3, and the structural formula is A1(Mn2+0.56Ca0.44)
A2[(La0.49Ce0.20Pr0.08Nd0.19Gd0.02)S0.97Ca0.03]

M1(Fe3+0.40V
3+
0.28Al0.20Fe

2+
0.05Ti

4+
0.07)

M2(Al0.97Fe
3+
0.03)

M3(Mn2+0.50Fe
2+
0.40Mg0.10)(SiO4)(Si2O7)O(OH) (R1 = 2.93%). The two new minerals, which are

compositionally very similar overall, are distinguished by occupancy of A1, Ca vs. Mn2+. The structural

properties of these minerals depend not only on the REE content at A2, but also on the Mn content at A1.

KEYWORDS: ferriakasakaite-(La), ferriandrosite-(La), lanthanum, epidote supergroup, new minerals.

Introduction

EPIDOTE-SUPERGROUP minerals occur in a variety of

rock types and geological settings. Among them,

the allanite-group minerals are an important class

of the rock-forming minerals as a reservoir of

rare-earth elements (REE) (Gieré and Sorensen,

2004). Stratiform ferromanganese deposits in

Japan are reported to be rich in REE (Kato et

al., 2005; Moriyama et al., 2010; Fujinaga et al.,

2011), yet minerals containing REE as essential

constituents are rare in these deposits. In the

present study of REE-bearing minerals in a

stratiform ferromanganese deposit, we found

two new allanite-group minerals from the Shobu

area, Ise City, Mie Prefecture, Japan, from which

the V-rich allanite-group mineral vanadoallanite-

(La) (IMA2012-095), has been reported

(Nagashima et al., 2013).

The structural formula of monoclinic epidote-

supergroup minerals is represented as

A1A2M1M2M3(SiO4)(Si2O7)O(OH). The struc-

ture consists of a single chain of edge-sharing

M2 octahedra and a zig-zag chain of central M1

octahedra withM3 octahedra attached on alternate
* E-mail: nagashim@yamaguchi-u.ac.jp
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sides along its length. Chains of octahedra run

parallel to the b axis, linked by SiO4 and Si2O7

groups (Ito et al., 1954; Dollase, 1968). This

structural arrangement gives rise to 9-coordinate

A1 and 10-coordinate A2 sites. In epidote-group

minerals (Mills et al., 2009) corresponding to the

clinozoisite subgroup defined by Armbruster et al.

(2006), A1 and A2 are filled with Ca, and the

octahedral M1, M2 and M3 sites are occupied by

trivalent cations. Cations having large ionic radii,

such as Sr and Ba, occupy A2, and those smaller

than Ca, such as Mn2+, substitute for Ca at A1. On

the other hand, the allanite group is defined by a

heterovalent substitution of the type Ca2+(A2) +

Me 3+ (M3) $ REE 3+ (A2) + Me 2+(M3)

(Armbruster et al., 2006). For members of the

allanite-group minerals the Levinson-type suffix

designation is used to characterize the dominant

REE, such as La3+, Ce3+ and Nd3+.

Two new allanite-group minerals, ferriak-

asakaite-(La) and ferriandrosite-(La), from the

ferromanganese deposit at Ise were approved as

new minerals by the Commission on New

Minerals, Nomenclature and Classification

(IMA2013-126, 2013-127). The ideal formulae

are A1CaA2LaM1Fe3+M2AlM3Mn2+(SiO4)(Si2O7)

O(OH) (Z = 2) and A1Mn2+A2LaM1Fe3+M2Al
M3Mn2+(SiO4)(Si2O7)O(OH) (Z = 2), respectively.

Ferriakasakaite-(La) is named in honour of the

Japanese mineralogist, Prof. Masahide Akasaka

(b. 1950) for his outstanding contribution to

mineralogy, especially to the study of rock-

forming minerals occurring in Mn-Fe ore deposits

and natural and synthetic epidote-supergroup

minerals. On the basis of the root name

‘akasakaite’ given by our study, an allanite-

s u b g r o u p m i n e r a l , i d e a l f o r m u l a

CaCeFe3+AlMn2+(Si2O7)(SiO4)O(OH), from

Kesebol, Västra Götaland, Sweden, described by

Bonazzi et al. (2009) can be named as

‘ferriakasakaite-(Ce)’. The name ‘ferriandrosite-

(REE)’ was proposed as one of the possible new

roots of the allanite group by Armbruster et al.

(2006). Type specimens of ferriakasakaite-(La)

and ferriandrosite-(La) are deposited in the

National Museum of Nature and Science,

Tokyo, Japan (NSM M-43919 and M-43920).

Here we describe the new minerals and examine

their crystal-chemical features.

Occurrence and physical properties

Ferriakasakaite-(La) and ferriandrosite-(La) were

found in the stratiform ferromanganese deposit in

the Shobu area, Ise City, Mie Prefecture, Japan

(Fig. 1). The deposit occurs within the Northern

Chichibu Belt, which is mainly composed of

Jurassic accretionary complexes (Katoh, 1995).

The REE contents of the ferromanganese deposits

in the Chichibu Belt are characteristically high

with a negative Ce anomaly and the La contents

attain 402�668 ppm (Kato et al., 2005) or

1.57�158 ppm (Fujinaga et al., 2006) which

caused high La and low Ce contents in the

epidote-supergroup minerals of the ore deposits in

this district.

The manganese ore samples are dark brown to

black in colour, and networks of white (<4 mm

wide) and pale brown (<2 mm wide) veinlets are

often observed. The ores consist mainly of

magnetite, hematite and caryopilite. Monazite-

(La), chalcopyrite and Ni-Fe sulfides such as

pentlandite and heazlewoodite are minor ore

minerals. Veinlets are composed mainly of

rhodochrosite, bementite, tephroite and calcite

(Fig. 2). Allanite-group minerals occur in these

veinlets.

The allanite-group minerals are characterized

by high La content, and classified as ferriallanite-

(La), ferriakasakaite-(La), ferriandrosite-(La) and

vanadoallanite-(La). Relative abundances are

ferriallanite-(La) > ferriakasakaite-(La), ferrian-

drosite-(La) >> vanadoallanite-(La). They are

indistinguishable macroscopically or by optical

microscopy. Thus, precise and accurate chemical

and structural analyses are essential for their

identification. Ferriakasakaite-(La) and ferrian-

drosite-(La) occur in veinlets consisting mainly of

tephroite � calcite (Fig. 2) together with the

FIG. 1. Representative occurrence of allanite-group

minerals (black crystals) in tephroite (yellow) � calcite

(white) veinlet. The photo was taken in plane-polarized

light.
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vanadoallanite-(La) reported by Nagashima et al.

(2013) . In addi t ion, isei te Mn2Mo3O8

(IMA2012-020), which is an uncommon Mo-Mn

mineral, was found in the rhodochrosite veinlets

(Nishio-Hamane et al., 2013).

Euhedral to subhedral prismatic crystals

elongated parallel to [010] represent the most

common appearance of ferriakasakaite-(La) and

ferriandrosite-(La). They often form aggregates.

Crystals are dark brown with a vitreous lustre

(Fig. 1). The length of the crystals varies from

several mm to 150 mm. The mineral is brittle with

imperfect cleavage on {001}. The calculated

densities of ferriakasakaite-(La) and ferriandro-

site-(La) are 4.22 and 4.23 g cm�3, respectively.

Experimental

Electron microprobe analysis (EMPA)

The chemical compositions of the crystals studied

were determined using a JEOL JXA-8230 electron

microprobe analyser at the Centre for Instrumental

Analysis, Yamaguchi University. Several crystals

were picked from the hand specimen and mounted

separately in resin for chemical analysis.

Operating conditions were accelerating voltage

of 15 kV, beam current of 20 nA and beam

diameter of 1 mm. Wavelength dispersive X-ray

spectra were measured with LiF, PET and TAP

monochromators to identify interfering elements

and locate the best wavelengths for background

measurements. The abundances of Si, Ti, Al, Cr,

V, Fe, Mn, Ni, Mg, Ca, Sr, Ba, Na, K, Y, F, Cl and

REE (La, Ce, Pr, Nd, Sm, Eu, Gd, Dy, Ho and Er)

were measured. Peak and background positions of

each element were carefully confirmed to avoid

overlap. Several elements, which are not shown in

Table 1, were below detection limits. The probe

standards for the measured elements excluding

REE are as follows; wollastonite (Si, Ca), rutile

(Ti), corundum (Al), eskolaite (Cr), Ca3(VO4)2
(V), hematite (Fe), manganosite (Mn), NiO (Ni),

periclase (Mg), SrBaNb4O12 (Sr, Ba), albite (Na),

K-feldspar (K), fluorite (F) and halite (Cl). The

following standards and X-rays for REE were

used: synthetic REE-bearing hexaborides, REEB6,

for LaLa1, CeLa1, PrLb1 and NdLa1; synthetic

REE-bearing phosphate standards for SmLb1,
EuLa1, GdLa1, DyLa1, HoLa1 and ErLa1;
(Zr,Y)O2 for YLa1. The measured intensities of

EuLa1 and GdLa1 were corrected for peak overlap

interference of PrLb2 for Eu and LaLb2 and CeLg1
for Gd using JEOL software. The ZAF correction

method was used for all elements. FeO and Fe2O3

were calculated based on charge balance where the

total positive charge = 25. The difference between

analytical total and 100 wt.% was assumed to be

H2O. Table 1 gives the chemical compositions of

ferriakasakaite-(La) and ferriandrosite-(La) crys-

tals used for structural analyses.

FIG. 2. Backscatter electron image of ferriakasakaite-(La) and ferriandrosite-(La), and associated minerals such as

tephroite, calcite, rhodochrosite and heazlewoodite. The square is the area for mapping analysis shown in Fig. 3.
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Single-crystal structure analysis

The X-ray diffraction (XRD) data for single

crystals were collected using a Bruker SMART

APEX II CCD diffractometer at Shimane

University, Japan. The crystals (0.06 mm6
0.04 mm60.02 mm for ferriakasakaite-(La) and

0.04 mm60.04 mm60.04 mm for ferriandrosite-

(La)) were picked from the thin section and

mounted on a glass fibre. Intensity data were

measured at room temperature using graphite-

monochromatized MoKa radiation (l =

0.71069 Å). 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 o scans at different j settings

(j�o scan) (Bruker, 1999). Data were processed

using SAINT (Bruker, 1999). An empirical

absorption correction using SADABS (Sheldrick,

1996) was applied. Reflection statistics and

systematic absences were consistent with space

groups P21 and P21/m. Subsequent attempts to

solve the structure indicated that the observed

structure is centrosymmetric and for this reason

P21/m is the correct space group. Refinement was

performed using SHELXL-97 (Sheldrick, 2008).

Scattering factors for neutral atoms were

employed. The position of the hydrogen atom of

the hydroxyl group was derived from difference

Fourier syntheses. Subsequently, the hydrogen

position was refined at a fixed value of Uiso =

0.05 Å2. To obtain the site-scattering values of

each cation site, site occupancies were refined

with Ca and Mn for A1, La for A2 (without

restraint), Fe and Al forM1, Al and Fe forM2 and

Mn for M3 (without restraint). The site occupan-

cies at Si1, Si2 and Si3 were fixed as 1.0 Si,

because their occupancies at the preliminary stage

indicated that these three sites are fully occupied

with Si within error. Final cation assignments

were determined using the average chemical

compositions of each measured crystal. The

hydrogen position was refined with a bond

distance constraint of O�H = 0.980(1) Å

(Franks, 1973).

Calculated powder diffraction patterns with

CuKa radiation were obtained by RIETAN-FP

(Izumi and Momma, 2007) on the basis of the

unit-cell dimensions and atom parameters from

the single-crystal analyses, as there was not

enough sample for powder XRD measurements.

Results

Chemical compositions of ferriakasakaite-(La)
and ferriandrosite-(La)

The chemical compositions of the selected

ferriakasakaite-(La) and ferriandrosite-(La) crystals

used for single-crystal X-ray analysis are given in

Table 1, where the total number of cations, except

H, was normalized to eight. Both are characterized

by very large MnO and La2O3 contents. Although

the dominant REE is lanthanum in both specimens,

they are also rich in Nd and Ce (~5.4 wt.% Ce2O3,

~5.4 wt.% Nd2O3). The CaO content in ferriaka-

sakaite-(La) (Av. 5.4 wt.%) is larger than in

ferriandrosite-(La) (Av. 4.3 wt.%). The corre-

sponding chemical formulae based on average

chemical data (n = 3 for each crystal) are

(Ca0.59La0.48Ce0.20Pr0.07Nd0.18Gd0.02Mn2+0.45)S1.99
(Mn2+0.50Mg0.07Fe

2+
0.43Fe

3+
0.46V

3+
0.34Cr0.01Al1.13

Ti0.06)S3.00Si2.99O12(OH)1.09F0.02 for ferriakasa-

kaite-(La) and (Ca0.47La0.49Ce0.20Pr0.08 Nd0.19
Gd0.01Mn2+0.55)S1.99(Mn2+0.50Mg0.10Fe

2+
0.45Fe

3+
0.43V

3+
0.28

Al1.17Ti0.07)S3.00Si3.01O12(OH)1.04F0.09 for ferrian-

drosite-(La). The Fe2+/total Fe values [0.48 for

ferriakasakaite-(La) and 0.51 for ferriandrosite-

(La)] were calculated based on total positive

charge of 25 to maintain charge balance.

Mössbauer spectra could not be measured due to

the limited amount of sample available. The

simplified formulae are CaLa3+Fe3+AlMn2+

(Si2O7)(SiO4)O(OH) for ferriakasakaite-(La),

which requires SiO2 29.55, Al2O3 8.36, Fe2O3

13.09, MnO 11.63, CaO 9.19, La2O3 26.71, H2O

1.48, total 100 wt.% and Mn2+La3+Fe3+AlMn2+

(Si2O7)(SiO4)O(OH) for ferriandrosite-(La), which

requires SiO2 28.85, Al2O3 8.16, Fe2O3 12.78,

MnO 22.70, La2O3 26.07, H2O 1.44, total

100 wt.%.

The REE, Ca, Fe and Mn contents in both

minerals vary in a narrow range. Small chemical

variations of Ca, Fe, Mn, V and Al are shown in

the X-ray maps of ferriakasakaite-(La) and

ferriandrosite-(La) in a thin section (Figs 3b�f,
respectively), from which crystals for the XRD

analyses were separated. There tends to be large

amounts of Mn2+ in the Ca-poor part (Figs 3b and

d), and an enrichment in V3+ in the Ca-rich region

(Figs 3b and e). The Al content tends to be large

in the most Mn2+-rich area (Figs 3d and f). The

variation of Fe content (Fig. 3c) may affect the

Fe2+/total Fe ratio.

In spite of such complicated compositional

variations, the standard deviations representing

the ranges of chemical variation of each crystal
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FIG. 3. Backscatter electron image (a) and X-ray maps showing the distribution of Ca (b), Fe (c), Mn (d), V (e) and

Al (f) of ferriakasakaite-(La) and ferriandrosite-(La) and their associated minerals.
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are not significant (� 0.82 wt.% at maximum,

Table 1). Thus it is concluded that the chemical

composition of each crystal is represented by the

average compositions listed in Table 1.

Crystal-structure refinements and determination
of site occupancies

Crystallographic data and refinement parameters

are summarized in Table 2. Refined atom positions

and anisotropic displacement parameters are listed

in Tables 3 and 4 (deposited with the Principal

Editor of Mineralogical Magazine and available

from www.minersoc.org/pages/e_journals/

dep_mat_mm.html). Interatomic distances,

selected angles and distortions of octahedral sites

are presented in Table 5. The crystal structure of

ferriakasakaite-(La) and ferriandrosite-(La) is

shown in Fig. 4. Calculated powder diffraction

data are listed in Table 6.

Observed and estimated electron numbers and

the determined site occupancies are listed in

Table 7. Occupancies of cation sites were

calculated by following procedure: (1) elements

<0.01 a.p.f.u. in EMPA data were omitted;

(2) octahedral cations except for Al, such as Fe,

Mn, V and Ti, were treated as Fe or Mn in the

refinement; (3) The sum of A1 + A2 + M1 + M2 +

M3 was normalized to five with recalculated Fe2+

and Fe3+ values; (4) V3+ was treated as Fe3+,

because the site distribution of V3+ ions was

unknown. Among the REE, La, Ce, Pr and Gd,

occupying A2, La is the dominant cation at A2 in

both minerals. Calcium ions partially occupy A1

and A2. The number of electrons at A1 is

obviously >20 because Mn2+ ions compensate

TABLE 2. Data-collection and structure-refinement details.

Ferriakasakaite-(La) Ferriandrosite-(La)

Space group P21/m P21/m
Crystal size (mm) 0.06 6 0.04 6 0.02 0.04 6 0.04 6 0.04
Cell parameters a (Å) 8.8733(2) 8.8779(1)

b (Å) 5.7415(1) 5.7399(1)
c (Å) 10.0805(3) 10.0875(2)
b (º) 113.845(2) 113.899(1)
V (Å3) 469.73(2) 469.97(2)

Dcalc (g cm�3) 4.35 4.35
Absorption coefficient (mm�1) 8.62 8.61
Collected reflections 4386 9217
Unique reflections 1500 2733
Rint (%) 4.16 3.01
Rs (%) 4.83 4.23
ymax (º) 30.0 38.9
Miller index limit �124h412, �74k48,

�134l414
�154h414, �84k49,

�174l417
R1 (%) 3.13 2.93
wR2 (%) 6.23 5.81
S 1.01 1.01
No. of parameters 125 125
Weighting scheme w = 1/[s2(Fo

2) +
(0.0270P)2]

w = 1/[s2(Fo
2) +

(0.0264P)2]
Drmax (e Å�3) 1.01 (0.59 Å from O9) 1.25 (0.76 Å from Si2)
Drmin (e Å�3) �1.02 (0.74 Å from A2) �1.23 (0.55 Å from Si1)

The XRD data were collected using a Bruker SMART APEX II CCD diffractometer. Intensity data were measured at
room temperature using graphite-monochromatized MoKa radiation (l = 0.71069 Å). Diffraction data were
collected with j-o scan (Bruker, 1999). Data were processed using SAINT (Bruker, 1999). An empirical absorption
correction using SADABS (Sheldrick, 1996) was applied. Structural refinement was performed using SHELXL-97
(Sheldrick, 2008). The function of the weighting scheme is w = 1/[s2(Fo2) + (a·P)2 + b·P], where P = [Max(Fo2,
0)+2Fc2]/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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for the Ca deficiency at A1. The numbers of

electrons at A1 of both minerals are almost

identical within error (Table 7), suggesting

similar cation populations at A1. The difference

in average Ca contents of ferriandrosite-(La)

(0.42�0.06 a.p.f.u.) and ferriakasakaite-(La)

(0.56�0.03 a.p.f.u.) (Table 1) may be attributed

to the limited EMPA analysis positions.

The scheme of the site occupancy determina-

tion at the octahedral M1, M2 and M3 sites is as

follows:

(1) Octahedral divalent cations, Mn2+, Fe2+ and

Mg are assigned to M3 in descending order. In

ferriakasakaite-(La), the deficiency at M3 is

compensated by Fe3+; the small amount of Fe2+

(0.05 a.p.f.u.) is assigned to M1 in ferriandrosite-

(La).

(2) M2 is occupied mainly by Al, and small

amounts of heavier cations, such as Fe3+ and Ti4+,

are also assigned to M2 based on the number of

electrons exceeding 13. In Table 7, two different

assignments for M2 are given, either Fe3+

following Armbruster et al. (2006), or Ti4+

following Nagashima et al. (2011).

(3) Other cations, such as Ti4+, Al3+, Fe3+ and

V3+, are assigned to M1.

As a result, the determined cation distributions

at A1, A2 and M3 of ferriakasakaite-(La) are

Ca0 . 5 4Mn0 . 4 6 , (La0 . 4 8Ce0 . 2 0Pr0 . 0 7Nd0 . 1 8

Gd0.02)S0.95Ca0.05 and Mn2+0.50Fe
2+
0.43Mg0.07, respec-

tively, and those of ferriandrosite-(La) are

Mn0 . 5 6Ca0 . 4 4 , (La0 . 4 9Ce0 . 2 0Pr0 . 0 8Nd0 . 1 9

Gd0.02)S0.97Ca0.03 and Mn2+0.50Fe
2+
0.40Mg0.10, respec-

tively. However, there are two different models

for the Ti distribution. The two possible cation

assignments at the M1 and M2 sites are (1)

(Fe3+0.42V
3+
0.34Al0.18Ti

4+
0.06)

M1(Al0.96Fe
3+
0.04)

M2 and (2)

(Fe3+0.46V
3+
0.34Al0.20)

M1(Al0.94Ti
4+
0.06)

M2 for ferriaka-

sakaite-(La) and (1) (Fe3+0.40V
3+
0.28Al0.20Fe

2+
0.05Ti

4+
0.07)

M1(Al0.97Fe
3+
0.03)

M2 and (2) (Fe3+0.43V
3+
0.28Al0.21Fe

2+
0.05

Ti4+0.03)
M1(Al0.96Ti

4+
0.04)

M2 for ferriandrosite-(La).

However, both models lead to the same

predominant cations at A1, A2, M1 and M3 in

these minerals: Ca, La3+, Fe3+ and Mn2+ for

ferriakasakaite-(La), and Mn2+, La3+, Fe3+, Mn3+

for ferriandrosite-(La), respectively. In both

crystals, some difference between the observed

and estimated number of electrons at M1 (and

M3) is striking (Table 7); the observed number of

electrons of M1 is somewhat smaller than the

estimated ones and that of M3 is vice versa. This

is attributed to chemical zonation by the

FIG. 4. Crystal structure of ferriakasakaite-(La)/ferriandrosite-(La) projected onto (010) drawn with the program

VESTA3 (Momma and Izumi, 2011). Dashed lines indicate H_O bonds. The dominant cations at M1, M2, M3 and

A2 are represented with each site name. The difference between ferriakasakaite-(La) and ferriandrosite-(La) is the

dominant cation at A1. The former is Ca and the latter Mn2+.
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TABLE 6. Calculated powder diffraction patterns based on the results of single-crystal X-ray analyses*.

————— Ferriakasakaite-(La) ——— ———— Ferriandrosite-(La) ————
h k l 2y (º) d (Å) Icalc h k l 2y (º) d (Å) Icalc

0 0 1 9.59 9.220 26 0 0 1 9.58 9.223 23
1 0 0 10.89 8.116 18 1 0 0 10.89 8.117 17
1 0 1̄ 11.23 7.871 23 1 0 1̄ 11.22 7.878 23
1 0 1 17.22 5.147 18 1 0 1 17.22 5.146 19
1 0 2̄ 17.86 4.961 8 1 0 2̄ 17.85 4.965 8
0 1 1 18.19 4.874 7 0 1 1 18.19 4.873 7
1 1 0 18.92 4.687 18 1 1 0 18.92 4.686 18
0 0 2 19.24 4.610 11 0 0 2 19.23 4.611 11
1 1 2̄ 23.68 3.754 10 1 1 2̄ 23.67 3.755 10
0 1 2 24.75 3.595 11 0 1 2 24.75 3.595 10
2 1 1̄ 25.36 3.509 47 2 1 1̄ 25.36 3.510 46
2 1 0 26.88 3.314 14 2 1 0 26.88 3.314 14
2 0 1 27.34 3.260 12 2 0 1 27.34 3.260 12
2 1 2̄ 27.45 3.246 5 2 1 2̄ 27.44 3.248 5
3 0 2̄ 30.80 2.901 22 3 0 2̄ 30.78 2.903 22
1 1 3̄ 30.82 2.899 100 1 1 3̄ 30.80 2.900 100
0 2 0 31.13 2.871 40 0 2 0 31.14 2.870 40
2 1 1 31.53 2.835 13 2 1 1 31.54 2.834 13
0 2 1 32.64 2.741 5 0 2 1 32.65 2.740 5
0 1 3 33.03 2.710 35 0 1 3 33.03 2.710 35
1 2 0 33.07 2.706 35 1 2 0 33.08 2.706 35
3 0 0 33.09 2.705 12 3 0 0 33.08 2.706 12
3 0 3̄ 34.15 2.624 6 3 0 3̄ 34.11 2.626 5
3 1 1̄ 34.27 2.614 53 3 1 1̄ 34.27 2.615 53
2 0 2 34.84 2.573 26 2 0 2 34.84 2.573 26
1 0 4̄ 35.91 2.499 5 1 0 4̄ 35.89 2.500 5
1 2 2̄ 36.12 2.485 6 1 2 2̄ 36.12 2.485 7
0 2 2 36.85 2.437 5 0 2 2 36.86 2.437 5
3 1 3̄ 37.66 2.386 13 3 1 3̄ 37.64 2.388 13
2 2 2̄ 38.80 2.319 13 2 2 2̄ 38.79 2.320 13
3 0 4̄ 39.79 2.263 8 3 0 4̄ 39.76 2.266 8
1 2 2 40.84 2.208 9 1 2 2 40.85 2.207 8
1 2 3̄ 41.34 2.182 7 1 2 3̄ 41.33 2.183 7
4 0 1̄ 41.49 2.175 21 4 0 1̄ 41.48 2.175 22
2 2 1 41.90 2.154 19 2 2 1 41.91 2.154 19
0 1 4 42.21 2.139 7 0 1 4 42.21 2.140 7
4 0 3̄ 42.27 2.136 5 4 0 3̄ 42.24 2.138 5
2 2 3̄ 42.67 2.117 20 2 2 3̄ 42.66 2.118 20
0 2 3 43.08 2.098 13 0 2 3 43.08 2.098 14
2 0 3 43.50 2.079 9 2 0 3 43.51 2.079 9
2 2 2 47.41 1.916 15 2 2 2 47.42 1.916 15
1 1 4 47.83 1.900 7 1 1 4 47.83 1.900 7
3 1 2 48.00 1.894 5 3 1 2 48.01 1.893 5
2 2 4̄ 48.46 1.877 11 2 2 4̄ 48.44 1.878 12
5 0 2̄ 51.54 1.772 5 5 0 2̄ 51.51 1.773 5
2 3 1̄ 52.00 1.757 7 2 3 1̄ 52.01 1.757 7
4 2 2̄ 52.09 1.754 5 4 2 2̄ 52.07 1.755 5
4 1 5̄ 54.33 1.687 7 4 1 5̄ 54.28 1.689 7
2 0 6̄ 54.60 1.679 5 2 0 6̄ 54.56 1.681 5
1 3 3̄ 55.19 1.663 13 1 3 3̄ 55.20 1.663 13
4 2 0 55.41 1.657 5 4 2 0 55.41 1.657 5
5 1 1̄ 55.69 1.649 6 5 1 1̄ 55.67 1.650 6
3 2 2 55.87 1.644 9 1 2 4 55.72 1.648 5
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octahedral cations, such as Fe, Mn, V and Al,

which also has an effect on the ionic distribution

at M1. The observed number of electrons of M1

may suggest that the quantity of Mg assigned to

M1 is slightly underestimated.

Discussion

Relationship between cation distributions and
structural variations

Structural variations due to ionic substitutions in

minerals affect unit-cell parameters. Based on

systematic studies of the synthetic clinozoisite

group of the epidote supergroup, in which A1, A2

and M2 are filled with Ca, Ca and Al,

respectively, cation distributions at M3 and M1

strongly influence the a , b and c dimensions but

not the b angle (115.5�0.2º) (Anastasiou and

Langer, 1977; Giuli et al., 1999; Langer et al.,

2002; Nagashima and Akasaka, 2004; Nagashima

et al., 2009, 2010). On the other hand, REE

contents at A2 in REE-bearing epidote-supergroup

minerals affect not only the a, b and c dimensions

but also the b angle; the latter decreases

systematically with increasing REE content at

A2 (Fig. 5a), as noted by Bonazzi and Menchetti

(1995, 2004) and Gieré and Sorensen (2004).

Thus, the b angle is one of the critical parameters

indicating structural variation caused by REE

content at A2.

However, as shown in Fig. 5a, the b angles

plotted against REE3+ content at A2 of Mn2+

REE-bearing epidote-supergroup minerals having

>0.1 a.p.f.u. Mn2+ at A1 and >0.1 REE3+ at A2,

are generally smaller than those of Mn2+-free

allanite. The b angles vs. REE3+ content at A2 of

ferriakasakaite-(La) and ferriandrosite-(La) are

also significantly smaller than the values expected

using the regression line for Mn2+-free allanite-

group minerals (Fig. 5a). That is to say, in

addition to REE content at A2, the Mn2+ content

at A1 strongly affects the b angle. In fact, as

shown in Fig. 5b, the b angles of Mn2+-bearing/

rich epidote-supergroup minerals, except for

uedaite-(Ce), show a systematic decrease with

increasing Mn2+ content at A1. Such structural

variation with the substitution of Mn2+ for Ca at

A1 is caused by a topological change of A1O9

polyhedra, as described by Bonazzi et al. (1996)

and Nagashima et al. (2010, 2013); O3 and O1

(2nd to 5th neighbour oxygen atoms) get closer to

A1, O6 (7th neighbour) and O9 (8th and 9th

neighbours) shift away from A1 with increasing

Mn2+ at A1, whereas O5 and O7 positions are not

influenced. This results in a positive correlation

between d[(A1�O6)�(A1�O5)] (Å) and Mn2+ at

A1 (a.p.f.u.), as first pointed out by Bonazzi et al.

(1996) and confirmed by Nagashima et al. (2010,

2013). The d[(A1�O6)�(A1�O5)] values of

ferriakasakaite-(La) (0.459(3) Å against

Ca0.55Mn0.45 at A1) and ferriandrosite-(La)

(0.454(3) Å against Ca0.45Mn0.55 at A1) are also

consistent with those of other epidote-supergroup

minerals containing Mn2+ at A1 [except for

uedaite-(Ce)] (Fig. 5). As Mn2+ abundance at A1

significantly affects the topology of A1O9

polyhedra, the low total Mn2+ + Ca content of

uedaite-(Ce), ~0.8 a.p.f.u. (Miyawaki et al., 2008)

may cause the d i f f e r ence o f b and

d[(A1�O6)�(A1�O5)] with respect to other

epidote-supergroup minerals with Mn2+ at A1

(Figs 5 and 6). Large amounts of Al3+ at M1 in

uedaite-(Ce) may also influence b and

d[(A1�O6)�(A1�O5)]. In Mn2+-free epidote

TABLE 6 (contd.)

————— Ferriakasakaite-(La) ——— ———— Ferriandrosite-(La) ————
h k l 2y (º) d (Å) Icalc h k l 2y (º) d (Å) Icalc

1 0 6̄ 56.20 1.636 11 3 2 2 55.88 1.644 9
0 3 3 56.61 1.625 6 1 0 6̄ 56.17 1.636 11
4 2 4̄ 56.67 1.623 20 0 3 3 56.62 1.624 6
5 1 4̄ 56.86 1.618 5 4 2 4̄ 56.63 1.624 21
3 3 1̄ 57.43 1.603 12 5 1 4̄ 56.82 1.619 5
1 1 5 57.80 1.594 9 3 3 1̄ 57.43 1.603 12
4 1 2 58.85 1.568 9 1 1 5 57.80 1.594 9
4 0 6̄ 58.87 1.567 7 4 0 6̄ 58.82 1.569 7

4 1 2 58.86 1.568 9

* Only reflections with relative intensity >4% are listed.
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and allanite-group minerals, substitution of Me3+

for Al3+ at M3 and M1 increases the A1�O6
distance, and thus d[(A1�O6)�(A1�O5)]. This
implies that epidote-supergroup minerals rich in

Al3+ at M3 and M1 have low d[(A1�O6)–
(A1�O5)] values (e.g. clinozoisite in Fig. 6).

Nomenclature and relationships to other species

Ferriakasakaite-(La) and ferriandrosite-(La) were

named in accordance with the recommended

nomenclature of epidote-supergroup minerals

(Armbruster et al., 2006). The new root name

‘akasakaite’, A1CaA2REE3+M1AlM2AlM3Mn2+

(Si2O7)(SiO4)O(OH), is for minerals in which

Ca and Mn2+ are the dominant cations at A1 and

M3, respectively. It has already been proposed

that a mineral with the chemical composition of

akasakaite should be given a new root name in the

allanite group (Armbruster et al., 2006). In the

species studied here, the dominant cation at M1 is

not Al3+ but Fe3+ due to the large Fe3+ content in

the ore sample. Thus, ‘ferri’ is added as a prefix to

the root name ‘akasakaite’. A suffix ‘La’ implying

the dominant La at A2 is also added. Thus, the

name of the new mineral is ferriakasakaite-(La).

FIG. 5. Variation of the b angle as functions of REE3+ at A2 (a) and Mn2+ at A1 (b). Symbols surrounded by dashed

lines in Fig. 4a are Mn2+-bearing/rich epidote-supergroup minerals. The regression functions are (a) y = �0.77x +

115.46 (excluding Mn2+-rich/bearing samples) and (b) y = �3.34x + 115.68 (excluding the data of uedaite-(Ce)

obtained by Miyawaki et al., 2008). The regression function in Fig. 4b becomes y = �2.71x + 115.54 (R2 = 0.61) if

the uedaite-(Ce) is included. Standard deviations (1s) are smaller than the symbol size. Note: Sample K5-700* was

plotted from Bonazzi et al. (2009). The following samples were not included: (1) Sample YTT, given as allanite-(Ce)

(Hoshino et al., 2010), because it should be classified as oxyallanite; (2) allanite-(Pb) (Dollase, 1971) and Pb- and

REE-rich piemontite (Bermanec et al., 1994), because of the presence of Pb at A1; (3) khristovite-(Ce) (Pautov et al.,

1993), because of the discrepancy between its structure and chemical composition as noted by Cenki-Tok et al.

(2006); (4) allanite-(Nd) (Škoda et al., 2012), because of the inconsistencies in the structural refinement.
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The proposed new mineral, ferriandrosite-(La),

is the M1Fe3+-analogue of androsite. The root

name, androsite, is applied to the species having
A1Mn2+A2REE3+M1Me3+M2AlM3Mn2+(Si2O7)

(SiO4)O(OH) with Me3+ = Al. Ferriandrosite-

(REE) has been recommended as the name for

possible new members of the androsite subgroup

by Armbruster et al. (2006; see their table 3).

Androsite�akasakaite solid solution is common

in most androsite samples, in which Ca often

partly dominates at A1 over Mn2+ (Cenki-Tok et

al., 2006; Bonazzi et al., 1996).

The new mineral name akasakaite can be

applied to the allanite-group mineral with

simplified formula CaREEFe3+AlMn2+(Si2O7)

(SiO4)O(OH) described from Kesebol, Västra

Götaland, Sweden, by Bonazzi et al. (2009). In

this mineral, Ce is the dominant lanthanide and it

should be named ‘ferriakasakaite-(Ce)’. This

mineral is strongly metamict. However, the

crystal structure could be reconstructed by heat

treatment (~800ºC in air and 600/700ºC under

N2), and its structural properties (Bonazzi et al.,

2009) are similar to those of ferriakasakaite-(La)

reported in this study.

Recently, åskagenite-(Nd), Mn2+NdAlAlFe3+

(Si2O7)(SiO4)O2, was discovered in a pegmatite

body at Åskagen quarry, Sweden (Chukanov et

al., 2010). It is rich in Mn2+ and Fe3+ (7.98 wt.%

MnO, 7.75 wt.% FeO and 9.16 wt.% Fe2O3), and

its composition is similar to the species in this

study. However, åskagenite-(Nd) is an OH-free

epidote-supergroup mineral containing the oxy-

allanite component proposed by Hoshino et al.

(2009, 2010). Thus, its ionic substitution scheme,
M3Me3+ + O10O2�, is different from that in

akasakaite and androsite, M3Me2+ + O10OH�.
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