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ABSTRACT

The crystal structure of allanite from granitic pegmatite, the Daibosatsu Pass, Yamanashi, Japan, has
been refined under the constraint of chemical composition determined by electron microprobe analysis
of rare earth elements. Back-scattered-electron images and X-ray element maps of the allanites show
that each of their crystal grains has chemically homogeneous distribution of major elements. A typical
formula for the chemistry is: (Cag.020[Jo.080)x1.000(1-20.238C€0.443PT0.048Ndo.100SM0.019Tho.042Mng 008
Co.102)s1 .000(A10,607Fe8.+3 17T10.076)x1.000(Al .000)(F33T543F33§65Mn0405sMgo‘o37)>:1 .ooo(Si04)(Soizo7)O(0H)«

The crystal structure of allanite, monoclinic, a 8.905 (1), b 5.7606 (5), ¢ 10.123 (1) A, B 114.78°(1),
space group P2,/m, Z = 2, has been refined to an unweighted R factor of 3.46% for 1459 observed
reflections. Although the H atom position was not determined on the Difference-Fourier map, inspection
of the bond valence sums demonstrates that the H atom is uniquely located at the O10 atom and involved
in a hydrogen bond to O4. A systematic examination as to crystal chemistry of allanites suggests that the
isolated SiO, tetrahedron has the largest distortion of three kinds of the tetrahedron containing Si,O-
groups in the allanite structure. This observation is common to the epidote group minerals, while the
larger distortion of A2 sites caused by occupancy by REE in allanites contrasts with the smaller one of 4
sites in other epidote group minerals. In the allanite groups the bond angles between the O10—H bond
and hydrogen bond H---O4 are found to range from 170 to 180°.

Compilation of the chemical compositions of the title allanite and the others from granitic rocks, Japan,
which reveals Th-incorporation as the coupled substitution of 3Th*" + [J (vacancy) = 4REE>*, provides
an explanation for the observation that higher Th concentrations characterize allanites from the island
arcs. The ternary Al,O3-Fe,O3-XREE diagram illustrates that allanites are grouped, according to their
origins, into three classes suggestive of tectonic backgrounds for the crystallization localities;
(1) intracontinental, (2) island arc and (3) continental margin.

Kevworbps: allanite, Japan, chemistry, tectonic setting, crystal structure, EMPA.

Introduction
ALLANITE, an epidote group mineral

and is found in glaucophane schist (Banno, 1993)
and garnet lherzolite as well (Yang and Enami,

[42M3S150,,(OH): 4 = Ca, Ce; M = Al, Fel, is
known as a characteristic accessory mineral in
granite, granodiorite, monzonite, syenite, skarns
and granite pegmatite (e.g. Deer et al., 1986;
Gaines et al., 1997; Gieré¢ and Sorensen, 2004),

2003). There are also allanite phenocrysts in acid
volcanic rocks (e.g. Mahood and Hildreth, 1983;
Chesner and Ettlinger, 1989). The classification of
Ercit (2002) permits allanites to be grouped,
according to their major REE contents, into
allanite-(Ce), allanite-(La) and allanite-(Y). Most
allanites preferentially incorporate the radioactive
elements Th and U, as minor elements (Deer et

* E-mail: hossy716@arsia.geo.tsukuba.ac.jp

DOI: 10.1180/0026461056940259 al., 1986), and so allanite often occurs in the
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metamict state. However a report by Holtstam et
al. (2003) concluded that non-metamict and
unaltered ferriallanite-(Ce) from the Bastis
Fe-Cu-REE deposit in Sweden, CeCaFe® AlFe®*
(Si04)(Si,07)O(0OH), contains neither Th nor U.

Because of the very close spacing of the X-ray
lines in the L spectra of the REESs, accurate
electron microprobe analysis (EMPA) of REE-
bearing minerals is experimentally challenging
(Reed and Buckley, 1998; Nishida et al., 1999).
The modified methods devised through careful
measurement of these X-ray lines have improved
the quality of the REE data collected by EMPA
(Reed and Buckley, 1998; Nishida et al., 1999),
where accelerating voltage of 25 kV is appro-
priate for quantitative analysis of REE. Previously
published compositions of allanites from Japan
(e.g. Hasegawa, 1957; Nagashima and

Nagashima, 1960), except for granitic allanite
(Suzuki et al., 1990) and metamorphic allanite
(Sakai et al., 1984; Banno, 1993), were reported
before initial use of EMPA. Several authors
(Pudovkina and Pyatenko, 1965; Dollase, 1971)
have carried out structural determinations of non-
metamict allanites since the first refinement of the
crystal structure of allanite by Ueda (1955).
However, because of the lack of accurate EMPA
of REE (Reed and Buckley, 1998; Nishida et al.,
1999), structural refinements of allanites have not
been attempted under the fixed constraint of their
chemical compositions.

The aims of this study are (1) to determine
accurate chemical compositions, resolved by
EMPA, of allanites from granitic rocks,
Japanese island arc, (2) to define crystal chem-
istry characteristics of allanites, and (3) to provide
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geochemical backgrounds of tectonics on occur-
rences of allanites.

Experimental methods

Occurrence and crystal information

The Daibosatsu Pass, in northeast Yamanashi
Prefecture, Japan, comprises Tertiary pelitic
hornfels (Nagashima and Nagashima, 1960)
(Fig. 1). Allanite occurs as a coarse-grained
black prismatic crystal in the granitic pegmatite
intruding into those rocks together with quartz
and a few plagioclases (Fig. 2). Nearby dykes
contain scheelite, epidote and ilmenite
(Nagashima and Nagashima, 1960). Some alla-
nites completely enclosed by quartz, presumably
less permeable to fluid, tend to be in a non-altered
and non-metamict state, but this granitic pegma-
tite is radioactive, as determined by a Geiger-
Miiller counter.

Fic. 2. Photograph of the unaltered and non-metamict
allanite crystal included in quartz in granitic pegmatite
from the Daibosatsu Pass. Al: allanite; Qz: quartz;

The allanite crystals range in size from
10x10x25 mm to 2x2x5 mm. Figure 3
shows the morphology of allanites from the
Daibosatsu Pass and the intracontinental region
(Deer et al., 1986). The intracontinental morphol-
ogies of allanites (with some uncertainty in the
mineral identification) show tabular habit (Hintze,
1897; Dana, 1911; Goldschmidt, 1920; Troger,
1971; Deer et al., 1986), whereas allanites from
the Daibosatsu Pass are regularly prismatic and
euhedral.

Chemical composition

Allanites were analysed for major and minor
elements using the EMPA (JXA-8621; JEOL)
equipped with three wavelength-dispersive spec-
trometers. Qualitative analyses were made using
25 kV accelerating potential and 250 nA beam

(a) island arc (this study)

S
L

PI: plagioclase.

current. The methods for selection of the REE
peak position recommended by Nishida et al.
(1999) were applied to the present analysis: the K
series of X-ray spectra was used for major
elements; the M series for Th; and the L series
for REE. Measurements of the Lo lines for Y, La,
Ce and Nd and the L lines for Pr, Sm, Gd and
Dy, required no peak-overlap corrections. The
present method for EMPA of REE, except for Nd,
has been developed from that adopted by Wing et
al. (2003).

Elements detected with qualitative analyses
were measured by quantitative analyses. Allanite
grains were analysed quantitatively for major
elements (Si, Ti, Al, Fe, Zn, Mn, Mg, Ca, Th) at a
voltage of 25 kV, beam current of 10 nA, and

(b) intracontinental (Deer ez al., 1986)

AN

2

Fic. 3. Morphology of allanites from (a) island arc and () intracontinental settings.
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TaBLE 1. Standard materials used for wavelength dispersive electron

microprobe analysis.

Standard
element

Chemical composition
(Wt.%)

Si
Ti
Th
Al
Fe
Zn
Mn
Mg
Ca
Y
La
Ce
Pr
Nd
Sm
Gd
Dy

Si0, (100.0)

TiO, (100.0)

ThO, (100.0)

AlLO; (100.0)

F6203 (1000)

Si0, (33.11), ZnO (66.89)

MnO (30.76), Fe,05 (69.24)

MgO (100.0)

Si0, (51.73), CaO (48.27)

Si0, (54.3), Al,O; (12.7), CaO (20.5), Y05 (11.8)
Si0, (54.3), ALLO; (12.7), CaO (20.6), La,0; (11.5)
Si0, (54.2), Al,O; (12.8), CaO (20.4), Ce,05 (11.9)
Si0, (54.0), Al,O; (12.7), CaO (20.6), Pr,05 (12.2)
Si0, (54.4), ALO; (12.8), CaO (20.8), Nd,O;5 (11.8)
Si0, (54.8), ALO; (12.9), CaO (20.8), Sm,0; (11.2)
Si0, (54.8), ALO; (12.1), CaO (20.7), Gd,05 (12.1)
Si0, (54.7), AlLO; (12.5), CaO (20.6), Dy,0; (12.0)

count times of 20 s. Concentrations of REE were
measured at 25 kV with a 50 nA beam current,
and count times of 20 s. Both beam currents were
corrected with the following:

_ Intensity (specimen)
" Intensity (standard)
Beam current (standard)

Beam current (specimen)

composition (standard)

There were two types of measurement for the
present analyses because the analytical error
would be great if all elements were analysed at
the same beam current (Uchiyama et al., 1972); a
list of the standards used in this study is presented
in Table 1; and all data were corrected with a
‘ZAF’ matrix-correction program.

X-ray powder diffraction

The degrees of metamictization for allanites were
examined by X-ray powder diffraction (PXRD)
analysis. Samples were X-rayed with Cu-Ko
radiation (40 kV, 30 mA) using a Rigaku
Geigerflex system with a flat graphite mono-
chromator and 1° divergence slit. Whole patterns
from 5 to 65°20 were scanned at 0.1°20 steps and
the reflections in the 24.5—26.0 and 30.0—31.5°26
ranges at 0.01°20 steps. The allanite samples were

ground in an agate pestle until their powders were
judged to be of a sufficiently small grain size to

TaBLE 2. Details of data collection and refinement of
allanite from the Daibosatsu Pass.

Diffractometer Enraf-Nonius CAD4
Wavelength Mo-Ka radiation (A = 0.71069 A)
Temperature 296 K

Crystal size 0.1 x0.1 x0.1 mm

Scan mode ®/20 i

a 8.905(1) A

b 5.7606(5) A

c 10.123(1) A

B 114.78(1)°

v 470.7(2) A3

Space group P2y/m

VA 2

20 max 70

Total reflections 5557
Unique reflections 1498

R;y¢ value 0.01
Unique Fy > 1459
46(Fy)

F(000) 549.5

R value 3.46%

Rw value 10.49%
Goodness of fit 1.28

n 7.87 mm !
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TaBLE 4. Bond lengths (1&) and angles (°).

A1-03 x 2% 2.339(4) M1—04 x 2 1.867(4)
07 2.347(4) 01 x 2K 1.985(4)
01 x2% 2.361(5) 05 x 2M 2.015(4)
05° 2.591(7) Mean 1.956
06° 2.905(7)
09 x 2% 3.126(3)
Mean 2.611
M2—03 x 2™ 1.867(4)
010x2° 1.909(3)
06 x 2F° 1.919(4)
A2—07 2.323(7) Mean 1.898
02x2'%® 2.477(4)
o1o" 2.608(6)
02 x2! 2.631(4)
03 %2 2.799(4) M3—08 1.957(7)
08 x2 3.007(2) 04 1.994(6)
Mean 2.676 02 x 2% 2.195(4)
01 x 2 2.309(5)
Mean 2.160
Sil—-07 1.601(6) 01-Sil—07 x2 111.3(2)
Ol x 21 1.638(5) 01-Si1-01 113.5(3)
094 1.645(7) 01-Sil—09 x 2 107.5(2)
Mean 1.631 07-Sil1—-09 105.3(3)
Si2—08 1.614(7) 03-Si2—08 x2 108.8(2)
03 x2° 1.631(4) 03-Si2—03 112.4(3)
09 1.640(7) 09-Si2—08 110.6(3)
Mean 1.629 09-Si2—03 x2 108.2(2)
Si3—02 x 21 1.630(4) 02-Si3—-02 103.3(3)
06 1.656(6) 06—Si3—02 x2 113.1(2)
05 1.666(7) 05-Si3—-02 x2 113.2(2)
Mean 1.646 05-8i3—06 101.3(3)

Symmetry transformations used to generate equivalent atoms; * x, y+1, z; b X,
Y, 2 © —xt L, y=Yh, =z a2, —z; xHL, p, z T —x, —p2,
—z+1; & —x+1, y—th, —z+1; h e+, —ytl, —z+1; ' x, =y, z ) —x, —y, —z;
Ky, y—1,z; " —x, =y, —z; ™ —x+1, —y, —z+1; "x—1,y, 7; © —x, —y, —z+1;
P—x, —yp+1, —z+1; 4 —x+1, —p+1, —z.

avoid problems associated with micro-absorption.
Silicon metal powder was used as an angle-
calibration internal standard for angle diffraction.
Each mixture of allanite sample (3 g) and silicon
powder standard (0.333 g) was applied to the no-
reflection quartz plate.

Fourier-transform infrared microspectroscopy

The (OH™) presence and metamictization in
allanites were confirmed by Janssen Micro
Fourier-transform infrared spectroscopy (FTIR;
Jasco, Inc.). Single crystals of allanite, 20 pm
thick, were chosen under a stereomicroscope and

408

placed on a KBr plate. Each spectrum was
measured in the 650—4000 cm™' region, with a
1 cm™" resolution.

Single crystal X-ray intensity measurement

Single crystal X-ray-diffraction intensities for the
Daibosatsu allanite-(Ce) were collected with an
automated diffractometer (CAD4; Enraf-Nonius
B.V.) with graphite-monochromated Mo-Ka
radiation from an irregular fragment of dimen-
sions 0.1 x0.1 x0.1 mm. Twenty reflections
within the range 20° < 20 < 30° were centred
such that unit-cell dimensions (Table 2) could be
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TABLE 6. Electron microprobe analysis (mean and standard deviation of 7 points) of
allanite from the Daibosatsu Pass used for the structure refinement. Unit formulae

normalized to12.5 oxygens.

Oxide (wt.%) mean s.d. a.p.fu. mean s.d.

SiO, 30.49 0.02 Si 3.000 0.004
TiO, 1.06 0.03 Ti 0.076 0.007
ThO, 1.91 0.01 Th 0.042 0.005
Al,O3 14.27 0.02 Al 1.607 0.005
Fe,0; 9.00 0.02 Fe* 0.682 0.006
La,0, 6.74 0.02 La 0.238 0.005
Ce,03 13.28 0.03 Ce 0.443 0.005
Pr,03 1.39 0.05 Pr 0.048 0.008
Nd,O3 2.93 0.01 Nd 0.100 0.003
Sm,03 0.59 0.05 Sm 0.019 0.007
FeO 7.16 0.02 Fe** 0.543 0.006
MnO 0.78 0.04 Mn 0.063 0.006
MgO 0.26 0.02 Mg 0.037 0.005
CaO 8.99 0.02 Ca 0.920 0.005
Total 98.85 0.03 Total 7.818 0.006

Chemical formula:

(Cag.920] 04080)); 1.000(Lag 238Ce0.443P roz()fsNd% 1 00SMo 019 Tho 042Mng g0g |:|40. 102)2_1 .000
(Alo.07F€0.317Ti0.076)x1.000(Al1.000)(F€5 543F €0 365Mn0.055M20.037)51.000(S104)(S1207)O(OH).

[] stands for a defect.

refined by least-squares from the resultant setting
angles. Intensity data were collected in ®-20 scan-
mode at a fixed scan-rate of 1.0°20/ min. In all,
5557 reflections were measured within the range
of 4° < 20 < 60°. Psi-scan data were measured
on five reflections at increments of 10° about the
diffraction vector; absorption correction was
applied using the semi-empirical method (North
et al., 1968). Data were corrected for Lorentz,
polarization and background effects, averaged and
reduced to structure factors. The resultant 1459
unique reflections were considered as observed
[Fo = 406(Fy)]. Final atomic positional and
equivalent displacement parameters are given in
Table 3. Table 4 shows selected interatomic
distances and angles. Table 5 presents bond
valence analysis.

Results

Chemical composition

The present EMPA demonstrates that Ce is
predominant over other REE in all analysed
allanite grains from the Daibosatsu Pass, which
were identified as allanite-(Ce) (Table 6). This
allanite is characterized by a narrow range of
compositional variation and its chemical zoning

410

escapes EMPA detection. For calculation of
Fe?"/Fe*" in allanite formula, Ercit (2002) has
suggested that the method based on 6 (M + T)
cations and 12 (O) + 1(OH) per formula is
superior. However, his calculation of the allanite
formula was suggested based on the chemical
compositions before establishment of the
improved EMPA method for accurate REE
detection (Reed and Buckley, 1998; Nishida et
al., 1999). Thus it is assumed that Si is 3 as a basis
of normalization, which has been applied in
crystal structure refinements of REE-bearing
epidote group minerals (Dollase, 1971; Peacor
and Dunn, 1988; Rouse and Peacor, 1993).
Therefore, structural formulae were calculated
based on 12.5 oxygens, after normalization of
chemical data to 3 Si atoms per formula unit.
Table 6 lists assignments of cations based on
charge balance. Allanites from granitic rocks of
Haguri, Omiyadani, Daian, Suishoyama,
Fukudayama and Shimo-ono in Japan, were also
analysed by EMPA. The location of these samples
are shown in Fig. 1. All of these allanites proved
to be of a Ce type. Tables 7 and 8 list chemical
compositions of these allanites in comparison
with that of the refined allanite from the
Daibosatsu Pass (Table 6).
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TaBLE 7. Electron microprobe analysis (mean and standard deviation of 10 points) of allanites from Haguri,

Omiyadani and Daian in Japan. Unit formulae normalized to 12.5 oxygens.

Oxide (wt.%) Haguri-D Haguri-B Omiyadani-D  Omiyadani-B Daian-D Daian-B
mean s.d. mean s.d mean s.d. mean s.d. mean s.d. mean s.d.
SiO, 3144 0.05 3123 0.07 3348 0.05 33.77 0.03 3230 0.03 3214 0.05
TiO, 0.00 0.00 0.00  0.00 1.16 0.02 042 0.05 1.57  0.02 1.49 0.07
ThO, 1.76  0.07 148 0.04 1.13  0.04 1.26  0.02 3.60 0.01 320 0.05
Al,O4 1596 0.05 1583 0.03 17.73 0.04 17.72 0.03 16.73 0.04 1532 0.04
Fe, 03 8.51 0.08 8.70 0.05 6.55 0.03 727 0.03 7.25 0.05 746 0.02
Y,0; 1.93  0.04 1.90 0.01 0.00 0.00 0.00 0.00 0.75 0.03 091 0.03
La,04 2.28 0.03 226  0.02 5.89  0.07 599 0.06 444  0.02 5.02 0.04
Ce,03 6.65 0.02 6.66  0.02 833 0.05 8.74 0.05 7.82  0.04 8.08 0.04
Pr,05 1.48 0.03 1.52  0.03 1.16 0.05 1.19  0.08 1.32  0.04 1.37 0.02
Nd, 05 6.20 0.04 6.26  0.02 343 0.04 4.02  0.05 398 0.05 431 0.01
Sm,03 2.87  0.02 2.88  0.04 0.50 0.02 0.54 0.04 098 0.02 0.17 0.05
Gd,03 2.08 0.05 221 0.05 1.02 0.03 1.05 0.04 1.01  0.01 1.06 0.04
Dy,03 0.86 0.03 0.84 0.03 0.00 0.00 0.00 0.00 0.52  0.01 0.61 0.02
FeO 7.83  0.08 825 0.02 6.12  0.03 6.82 0.03 6.71  0.05 6.75 0.02
ZnO 0.00 0.00 0.00 0.00 0.53  0.04 032 0.04 0.00 0.00 0.00 0.00
MnO 6.61 0.04 731  0.05 0.54 0.05 0.65 0.02 1.01 0.04 1.05 0.01
MgO 0.00 0.00 0.00 0.00 0.85 0.04 0.50 0.04 046 0.03 0.55 0.04
CaO 3.13  0.04 233 0.01 11.21 0.03 9.81 0.05 7.88  0.04 9.31 0.04
Total 99.58 0.05 99.66 0.03 99.63 0.04 9929 0.04 98.33 0.03 9880 0.04

Allanites from Haguri, Omiyadani and Daian have two kinds of dark (D) and light (B) domains, observed on the
backscattered electron image.

Chemical formula

Haguri-D:

2+
(Cag321Mng s36[J0.143)£1.000(Y 0,008L.20,081C€0.233PT0.052Ndo 212SM0.005Gd0.066DY0.026 Tho.038F€5.046[10.053)=1.000

(Alg.503F€3.197)x1.000(Al1000)(Fe5 550F €0 450)1.000 (Si04)(Si>07) O(OH).

Haguri-B:

(Cao.zngng.s‘)s Co.166)x1 .ogg(Yo.ogzLao.ogoceo.zg5Pr0.0§3Nd0.2 1 5Smo.095Gdo.070DYO.026Th0.032FC%585 (o.012)=1.000
(Alp.793F€0207)(Al1.000)(Fet 585F€0.415)51.000 (Si04)(S1,07) O(OH).

Omiyadani-D:

(Ca, 4000)(Lao.195C2$0.26 1 };Eo.ossNdo. 1105Mg .01 sGdo,owTho.oza(:_30.0761?35540 Co212)x1 .OOO(AI(L873Ti0.078Feg)§)49)2 1.000
(Aly.000)=1.000(F€0.218F€0.303Mg0.113Mng.041Z00.035)x1.000 (S104)(S1207) O(OH).

Omiyadani-B:

(Cag.oss] 304045)2_1.000(L610.201Ceo.277PT05)+391\I(103. 131 Smo.o17Gd0.032Th0.026F63582 |:|q.044)z 1.000
(Alp.899F€0.072Ti0.029)51.000(Al1.000)(F€0.436F €0.425M20.068MN0.050Z10.021)51.000(S104)(S1,07) O(OH).

Daian-D:

(Cao.784D.o.216)231.+000(Y0.037L30.152C€0.§§4Pr0.%5Nd0.1325m0.031Gdo.o31DYQ.016Thp.076Fe(2).+1 12000.114)=1.000
(Alg.g31Tio.110F€0.059)51.000(Al1.000)(Fen.448F€5.400Mno 670Mg0.064)£1.000(S104)(Si207) O(OH).

Daian-B:

(Cago31] 35)%069)2‘1 .000(Yo.04sLao.1 73Ceo.%gspfo.%i7Ndo.l44sm0.005Gd0,033D}’0.918Th0..068Fe%.+00| [Jo.203)x1.000
(Alg.e8s5Fe0210Tio.105)x1.000(Al1.000)(Fe5 526F€0.314Mno.083ME0.077)51.000 (Si04)(S12,07) O(OH).

[J stands for a defect.

The present allanites have only moderate Mn
contents, but the allanites from Haguri and
Suishoyama have appreciable Mn contents
(~7 wt.% MnO), equivalent to manganoan alla-
nite containing 6.74 wt.% of MnO (Hutton,
1951). Moreover, ThO, contents in the analysed
allanites are in the range 1.13—3.60 wt.% (Tables
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6, 7 and 8), approximately consistent with the
compiled data for chemical compositions of
allanite (Gieré and Sorensen, 2004). This
incorporation contrasts with variations in Th
content between grains within a single thin
section of allanite in granite from Japan
(Hayase, 1954). However the mechanisms of
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TABLE 8. Electron microprobe analysis (mean and standard deviation of 10 points) of allanites from
Suishoyama, Fukudayama and Shimo-ono in Japan. Unit formulae normalized to12.5 oxygens.

Oxide (wt.%) Suishoyama Fukudayama Shimo-ono
mean s.d. mean s.d. mean s.d.
SiO, 30.54 0.06 32.11 0.17 31.37 0.27
TiO, 0.00 0.00 0.00 0.00 1.40 0.02
ThO, 1.17 0.04 2.81 0.03 343 0.09
Al,O5 13.55 0.05 16.36 0.12 13.66 0.10
Fe, 03 8.47 0.04 8.55 0.06 7.96 0.11
Sc,04 0.19 0.01 0.24 0.00 0.00 0.00
Y,0; 1.36 0.09 2.77 0.04 1.45 0.04
La,04 3.62 0.13 2.14 0.05 2.32 0.07
Ce,05 8.36 0.14 4.68 0.12 5.37 0.17
Pr,04 1.79 0.03 1.21 0.02 1.45 0.03
Nd,O3 5.51 0.05 4.22 0.04 5.67 0.05
Sm,03 1.97 0.04 2.45 0.05 2.25 0.04
Gd,03 1.56 0.06 2.55 0.01 1.91 0.02
Dy,05 1.10 0.02 1.55 0.04 1.08 0.04
FeO 7.96 0.04 7.53 0.06 8.32 0.11
MnO 6.70 0.18 2.83 0.04 3.92 0.05
MgO 0.00 0.00 0.00 0.00 0.27 0.00
Ca0O 4.81 0.11 7.43 0.04 7.82 0.06
Total 98.66 0.19 99.43 0.35 99.65 0.61

Chemical formula

Suishoyama:

(Cag.508Mng 421)x1.000(S€0.016 Y 0,0721-20,132C€0.302PT0.064Nd0.104SM0.067Gd0.051DY0.035Tho.026[10.042)1.000
(Algs75F€5 425)x1.000(Al1.000)(Feg 623F €5 23sMng 130)x1.000 (Si04)(Si207) O(OH).

Fukudayama:

(Cap.74sMng 22500.027)x1.000(5¢0.02 Y 0.139La0.074Ce0_161P10.041Ndg. 1425M0 070G dg.070DY0.047Tho 060

Feg 010000.148)x1.000(Al0.703F €5 207)£1.000(Al1.000) (Feg 585 €0 415Mno.0s2Mo.038)x1.000 (Si04)(Si207) O(OH).
Shimo-ono:

(Cag.803Mng.197)x1.000( Y 0.074L20.082C€0,188Pr0,051Nd0.104SM0.074Gdo.061DY0.033Tho.075Mno.030[0.129)x1.000
(A10A542F€(3)A+357Tio.101)21A000(A11A000)(Fe(2>.+632F33A+248Mn0.082Mg0A03s)z1Aooo (8i04)(Si,07)O(OH).

[ stands for a defect.

coupled substitutions responsible for Th incor-
poration are complex and speculative (Gieré and
Sorensen, 2004). The most distinctive feature of
allanites from granitic rocks of the Japanese
island arc is that no U was detected by EMPA
even though Th is present in all the samples. Deer
et al. (1986) did suggest that Th and U are present
in the majority of allanites. However some reports
(e.g. Hasegawa, 1960; Suzuki et al., 1990)
concluded that allanites from granitic rocks in
Japan often contain less than 0.1% U. Th-U
partitioning between allanite and melt (or
solution) will be discussed in more detail later.

X-ray powder diffraction

Intensities of two X-ray powder diffraction lines,
I1(217) and I(113), for allanites from the
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Daibosatsu Pass, Suishoyama, Fukudayama and
Shimo-ono, respectively, are compared in Table 9
and Fig. 4. The process of metamictization of
allanite greatly influences intensities and d spa-
cings of its X-ray powder diffraction lines (e.g.
Ueda, 1957; Pellas, 1961). With decreasing
degree of lattice ordering, diffraction peaks
appear to become less intense and less sharp. As
is evident from Table 9 and Fig. 4, with
increasing amorphization, the XRD peaks
decrease in both sharpness and intensity, but
their shift towards lower 26 (i.e. larger d spa-
cings) is not distinctive because of the variety of
chemical composition of the investigated alla-
nites, and finally they fade away: the degree of
metamictization increases in the order:
Daibosatsu Pass, Suishoyama, Fukudayama and
Shimo-ono. Moreover, clay minerals were not
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F1G. 4. PXRD patterns of four allanites (Daibosatsu Pass, Suishoyama, Fukudayama and Shimo-ono) representing the
20 ranges suggestive of radiation damage, from well crystallized to fully metamict states. (@) Profiles of (2171) peak.

detected in these allanites, which shows that these
allanites were not altered. Therefore, the decrease
in crystallinity of the examined allanites is found
to result from metamictization only. Therefore,
the Daibosatsu allanite is a suitable sample for

crystal structure refinement.

(b) Profiles of (113) peak.

Fourier-transform infrared microspectroscopy

The (OH™) spectrum of unaltered and non-
metamict allanite from the Daibosatsu Pass
consists of two main stretching bands at
3187 cm ! and 3355 cm ™! (Fig. 5). This obser-

vation entirely conforms with the OH-stretching
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TaBLE 9. The d spacing, full width at half maximum (FWHM) intensity and
intensity for Bragg and diffuse scattering components of the (211) and
(113) reflections of allanites from granitic pegmatites in Japan.

Sample d FWHM Intensity
(A) (°20) (counts/mg)*

211 reflection

Daibosatsu Pass 3.516 0.149 37.6

Suisyoyama 3.520 0.236 12.0

Fukudayama 3.515 0.247 7.6

Shimo-ono n.d.** n.d. n.d.
113 reflection

Daibosatsu Pass 2.905 0.186 85.6

Suisyoyama 2912 0.278 33.6

Fukudayama 2916 0.321 13.6

Shimo-ono n.d. n.d. n.d.

* Intensity of investigated allanites is normalized to the amount of sample
mounted on an X-ray non-reflection quartz holder.

** n.d.: not detected.

bands in epidote (Cech et al., 1972). On the other
hand, the spectra of metamict allanites from
granitic rocks from Suishoyama, Fukudayama
and Shimo-ono show relatively broad absorption
peaks at ~3225, 3218 and 3209 cm ', respec-
tively (Fig. 5), very different from those in the
Daibosatsu allanite. In addition, the SiO-
stretching band at 1035 cm™' of the Daibosatsu
allanite shifted towards the lower wavenumbers
(~1021, 1017 and 1004 cm ") with the increasing
metamict state characteristic of the other allanites
(Fig. 5). Similar shifts were observed in the
corresponding spectra of allanite, zircon and
their metamict equivalents (Janeczek and Eby,
1993; Zhang and Salje, 2001). Therefore, the OH-
and SiO-stretching bands may serve as indicators
of metamictization.

Structure refinement

The program SHELXL-97 (Sheldrick, 1997) was
used throughout this work. Refinement of the
present structure under the constraints of the
chemical composition, which is significantly
different from that established by Dollase (1971),
was carried out in the space group P2,/m, with
structural parameters given by Dollase (1971).
Refinement of the positional parameters and
isotropic displacement parameters converged to
an R index of 3.84%. The anisotropic displacement
model, together with refinement of all parameters,
suggested an R index of 3.46%. This stage of
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refinement led to calculation of a three-dimen-
sional difference-Fourier map, where the hydrogen
atom position was not determined.

Further refinement was carried out with only Si
assigned to tetrahedral sites, as refined with only
Si occupying three tetrahedral sites for epidote
group minerals (e.g. Dollase, 1971; Rouse and
Peacor, 1993; Bonazzi et al., 1996). Form factors
for Ca and (REE + Th + Mn) were applied,
respectively. Occupancies of Ca in Al and (REE
+ Th + Mn) in 42 were refined together with
coordinates and isotropic temperature factors to
determine the distribution of Ca and (REE + Th +
Mn) in A1 and A2 sites of allanite. Form factors
for M1, M2 and M3 sites were modeled with
(0.607A*" + 0.317Fe*" + 0.076Ti), AI*" and
(0.543F¢*" + 0.365Fe*" + 0.055Mn + 0.037Mg),
respectively, based on considerations of charge
balance, the crystal-chemical data for other
epidote group minerals (Dollase, 1971; Kvick et
al., 1988; Rouse and Peacor, 1993), and known
interatomic distances in allanites (Dollase, 1971).
In particular, A1*" has a strong preference for M2
in epidote structures, whereas clarifying any
ambiguity in the distribution of other cations
through refinement is difficult because of the
similarity in respective form factors of Al and
Mg, and Fe and Mn. Therefore, cation-occupan-
cies for M1 and M3 sites were fixed at the
representative EMPA value (Table 6). For that
reason, starting occupancy factors can be tested
by comparing expected mean bond lengths for the
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Fig. 5. IR data for non-metamict allanites from the
Daibosatsu Pass, and for metamict allanites from
Suishyoyama, Fukudayama and Shimo-ono.

M sites, calculated using the proportions of Al, Fe,
Ti, Mn and Mg from the refinement and the mean
of all measurements values for Al-O, Fez+-0,
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Fe**-0, Ti-0, Mn*"-0 and Mg-O from the survey
of Baur (1981), with the observed mean bond
lengths (Table 4). As shown in Table 10,
similarity between the predicted and observed
means is considered to be sufficient because
differences in M1 and M2 sites are no more than
+0.01 A. The error in measurements of bond
lengths of the M3 site is larger than those of the
M1 and M2 sites, and is considered to result from
both the Jahn-Teller effect of Fe*' in M3 site
(Ksenofontov et al., 1985) and deformation of M3
polyhedra sharing edges with distorted REE-
bearing 42 polyhedra (Fig. 6). Concerning the
presence of vacancies ([]) in the 4 sites, Peterson
and MacFarlane (1993) reported the defect
ranging from 0.05 to 0.40, while refinement of
the crystal structure of khristovite-(Ce) (Sokolova
et al., 1991) suggested that there are [0 at the
Al site and [Joo; at A2. All allanite grains
analysed in this study also retain the defect in 4
sites ranging from 0.042 to 0.330 (Tables 6, 7 and
8). Besides, the result of the structural refinement
for the present allanite sample from the
Daibosatsu Pass showed that 41 and A2 sites
have 0.080 and 0.102 vacancies, respectively.
This model is supported by bond-valence
considerations: greater charge cations (REE",
Th*") prefer 42, and the bond-valence contribu-
tions from the 9-coordinated cation at A1 to its
coordinating anions are much less than those from
the 10-coordinated cation at A2 (Table 5).
Therefore, the vacancies at the A1 and A2 sites
determined by the chemical composition and
crystal structure refinement for the Daibosatsu
allanite will find general acceptance with the
crystal chemistry of allanite.

Discussion

Crystal chemistry of allanite

The coordination polyhedra are where REES are
known to be distorted in inorganic lanthanide

TaBLE 10. Comparison between the mean
bond lengths calculated and observed for

M sites.
Calculated Observed
M1 1.95 1.96
M2 1.91 1.90
M3 2.09 2.16
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compounds with complex anions (Wickleder,
2002). In REESs, electrons are removed from the
localized 4f'state. According to the explanation by
Burdett (1995), what happens is the creation of a
small polaron, a region associated with a local
geometrical distortion around the site where one
REFE atom has lost electrons. Therefore, in allanite
the polyhedra with the 42 sites occupied by REE
tend towards distortion.

The observation of Dy/Dy, < 1 (D: the bulk
solid partition coefficients for U and Th) in allanite
has often been reported (e.g. Oberli et al., 1981,
2004). The substitution mechanism responsible for
Th incorporation in the present allanites (Tables 6,
7 and 8) can be explained by the following
relation: 3Th*" + [J (vacancy) == 4REE>", which
was demonstrated in Fig. 7. This relationship
means that crystal chemical properties of Th*"
and REE®'cations harmonize with an A2 site in
allanite. A site preference of Th*" rather than U**
in the allanite structure is considered to be due to
large, REE A2 lattice sites, more favourable to the
incorporation of the larger Th ion (1.05 A in
VIlI-fold coordination) than U*" (1.00 A).

Tetrahedral distortions for SiO4 and Si,O; of
epidote group minerals were calculated following
the method of Robinson ef al. (1971). Figure 6
illustrates the polyhedral linkage of three Si
tetrahedra, A1 and A2 sites in the allanite

AREE® (apfu)

F1G. 6. The structure of epidote group minerals with edge sharing 42 polyhedra, M3 octahedra and Si3 tetrahedra by
02 and O8 atoms. O2 and O8 atoms are shown as ® and €2, respectively. The other O atoms are shown as O.

structure. The observation that distortion of the
Si3 tetrahedron is always the largest is common to
epidote group minerals (Table 11). Dollase
(1971) indicated that the Si3 tetrahedron is
somewhat distorted probably due to the fact that

3.80
] = O Daibosatsu
O Haguri
1 A Omiyadani
3.60 ] < Daian
X Suishyoyama
] V Fukudayama
3.40 - A e} 4k Shimo-ono
3.20
3.00
2.80 o
1 y=—4.64x3.94
1 #=094
2.60 ————7—————7— -
0.05 0.10 0.15 0.20 0.25

3Th' + O (vacancy) (a.p.fu)

Fic. 7. Plot illustrating potential coupled substitution in
allanite in granitic rocks from Japan. The composition of
sample Omiyadani-D in Table 7 shows it is from a little-
altered rim of a single allanite crystal. Therefore, the
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Omiyadani-D sample is not shown in Fig. 7.
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it shares an edge with the 42 polyhedron and the
opposite edge with the A1 polyhedron. The A2
sites of epidote group minerals have the following
occupancies: (Caj o) and (CagogMng gy) in
epidote (Dollase, 1971; Gabe et al., 1973; Kvick
et al., 1988), (Cagg4Srg 16) in piemontite (Ferraris
et al., 1989), (Sro.50Cag41) and (Srg.73Cag7) in
strontiopiemontite (Bonazzi et al., 1990),
(Pbg.5Srp,5(Ca,Mn)g,5) in hancockite (Dollase,
1971). On the other hand, the A2 sites of allanites
incorporate REE, Th and Mn. This incorporation
indicates that there is a disordered distribution of
these cations at 42 sites. Inasmuch as the distorted
A2 polyhedron accommodating REE shares one
02-02 edge with the Si3 tetrahedron (Fig. 6), it
is reasonable that Si3 distortion of allanite is
greater than that of the other epidote group
minerals.

Figure 8 shows that distortions of averaged A
and M sites of allanite from the Daibosatsu Pass
can be distinguished from those of other epidote
group minerals: they were calculated from

average bond lengths following the modified
method of Robinson er al. (1971). The dotted
lines in Fig. 8 indicate that the A4-site distortions
of REE-bearing epidote group minerals (allanite
zone) are larger than those of the other epidote
group minerals (non-allanite zone). The larger
distortion of A4 sites in allanites is caused by
occupancy of REE at A2 sites. The bond valence
sum was calculated to establish the credibility of
the refined crystal structure. The calculation was
carried out as by Brown and Altermatt (1985)
with parameters given by Brese and O’Keeffe
(1991). Bond valences of O2 and OS8 are
undersaturated in comparison with the ideal
bond valence, 2.00, for an O atom (Table 5).
The bond valence model does not necessarily give
an unambiguous description for a defect environ-
ment (Brown, 2002). Moreover, undersaturation
of bond valence sums for O2 and O8 are
interpreted as the effect of defect at the 42 site.
On the other hand, the bond valence sums for O4
and O10 are 1.73 and 1.22 v.u., respectively,

1.014
» allanite (this study)
® allanite (Dollase, 1971)
x B dllascite-(Cc) (Peacor and Dunn, 1988)
A dissakisite-(Ce) (Rousc and Peacor, 1993)
% androsito-(La) (Bonazzi ef al., 1996)
1.013 = ¥ REF-rich piemontite (Bonazzi et al., 1996
* # ferriallanite-(Co) (Kartashov ef al., 2003)
& epidote (Dollase, 1971)
V epidote (Gabe ef al., 1973)
O opidote (Kvick er al., 1988)
O hancockite (Dollase, 1971)
1.012 - | A strontiopiemontite (Bonazzi et al., 1990)
I | ] o | © picmontite (Ferraris er al, 1989)
=1 *
= allanite zone &
= . K
=] K
& 1.011- > .
< *
; *
> v o
< Q
o o
o o
f=} *
S 1.010 - K )
£ R non-allanite zone
8 Q
2 0’
=~ >
A | A ’.0 Ov A ke
1.009 - K
.0
o bt
A
-
R4
1.008 - 0
1.007 : :
1.000 1.001 1.002 1.003 1.004

Distortion of averaged M sites

Fic. 8. Relationship between averaged distortions of 4 and M sites in epidote group minerals. The dotted line
represents the boundary between allanites and the other epidote group minerals. The modified method of Robinson et

al. (1971) is as follows:

(1) Equation for distortion of A4 sites: ), ~ Aarthaa

2

9

, where A,=(1/1,) /o for A1, xﬁzi([,/lﬁ)z/lo for the A2 site.

(2) Equation for distortion of M sites: k»”:m’ where }w:i(],/lo)z/é for each M site.
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implying that the O10 atom is the donor oxygen
for the H atom (Table 5). A firm chemical bond
exists between H and O10. The chemical bond
between O10 and H in allanite is consistent with
those in ferriallanite-(Ce) (Kartashov et al., 2002)
and in epidote (Kvick er al., 1988). Table 12
topologically summarizes configurations of
hydrogen bonds for epidote group minerals. The
04—-010 distance of the present allanite is
observed to be 2.93 A. For that reason, if
O10—H and O4---H distances are presumed to
be 0.96 and 1.97 A, respectively, then the bond
angle of O10—H---O4 will be 180°. The estimated
O4—H distance, 1.97 A, closely coincides with
the 1.96 A observed in epidote (Kvick et al.,
1988). As shown in Table 12, the O10—H---O4
angle calculated for the present allanite is
estimated to be practical for the allanite structure.

Allanite as an indicator of tectonic setting

The present interest in allanites from granitic
rocks of the Japanese island arc originated from
the fact that Th is present in all the samples
despite the fact that no U was detected by EMPA.

Therefore, this unique incorporation of Th has an
implication for the crystallization mechanism of
allanite in granitic rocks. However, some reports
(e.g. Hasegawa, 1960; Suzuki et al., 1990)
concluded that allanites from granitic rocks in
Japan often contain <0.1% U. It is rare for allanite
to contain more U than Th (Gieré and Sorensen,
2004), e.g. in the metasomatically formed crystals
from U-REE skarn (Maas et al., 1987) and in the
crystals occurring in blueschists from the
Sanbagawa belt of Japan (Banno, 1993). These
observations confirm that the allanites in granitic
rocks from the Japanese island arc have experi-
enced neither metasomatism nor metamorphism.
Incorporation of light REE and Th into allanites
occurs in various rocks, having geochemical
implications for their petrogenesis (Deer et al.,
1986). The present (Tables 6, 7 and 8) and other
studies (e.g. Hasegawa, 1960; Deer et al., 1986)
suggest that allanites from the Japanese island arc
are Th-bearing. Furthermore, they contain more
Th than allanites from the other tectonic settings
(Deer et al., 1986). Exley (1980) also reported
values of up to 4.88 wt.% ThO, in allanites of the
Skye granite of Tertiary continental margin

TaBLE 12. Comparisons of interatomic distances and angles for hydrogen bonding in epidote group minerals.

Epidote Epidote Piemontite Strontiopiemontite
(Gabe et al., 1973)  (Kvick et al., 1988) (Ferraris et al., 1989) (Bonazzi et al., 1990)
010—H 0.89 0.98 0.97 0.89
H---O4 2.02 1.96 2.00 2.17
010—-04 2.90 2.92 2.96 2.98
010—H---04 173.7 166.9 168.1 149.9
Dollaseite-(Ce) Khristovite-(Ce) Daissakisite-(Ce) Androsite-(La)
(Peacor and Dunn, (Sokolova et al., (Rouse and Peacor, (Bonazzi et al., 1996)
1988) 1991) 1993)
010—H 0.96 0.91 0.77 0.88
H---O04 1.88 1.97 2.14 2.08
010—-04 2.83 2.87 2.90 2.94
010—H---04 170.2 169.7 177.5 165.9
REE-rich piemontite Ferriallanite-(Ce) Allanite
(Bonazzi et al., 1996)  (Kartashov et al., (this study)
2002)
O10—H 0.85 0.71 0.96 (constrained)
H---04 2.10 2.18 1.97 (assumed)
010—-04 2.94 2.89 2.93 (observed)
010—H---04 167.7 177.3 180.0 (calculated)
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origin. The present observation that allanites from
the Japanese island arc are rich in Th greatly
reinforces the weight of Hermann’s (2002)
conclusion that allanite has the potential to be a
major carrier of light REE and Th in subducted
crustal materials.

This study compares the ternary Al,0O3-Fe,0s-
2 REE compositions of allanites in granitic rocks
from Japan with those of previously published
data, clarifying the tectonic settings for allanite
crystallization. Many allanites from granitic rocks
were plotted in the ternary diagram in Fig. 9.
Allanites from the island arc zone are plotted in
Zone 2 between the continental margin zone
(Zone 3) and the intracontinental one (Zone 1).
This zoning depends on different Fe,O; contents
of allanites. In general, oxygen fugacities for
intracontinental, island arc and continental margin
zones set the following trend. Most Proterozoic
anorogenic granites from Arizona and neigh-
bouring California and Nevada (intracontinental)
appear to have crystallized with oxygen fugacity
(fo,) in the range 107'>*—107"* bar at 700°C
(Anderson and Bender, 1989). On the other hand,
the fo, of Cretaceous granitic complexes from
Myoken-zan and Hobenzan, SW Japan is 10~"7
bar at 700°C (Takagi and Nureki, 1994;
Nakashima, 1996). Therefore, the division into
three zones in Fig. 9 is consistent with petrolo-
gical data for the intracontinental and island arc
areas. Nevertheless, there has been no report
concerning the oxygen fugacity of granites from
continental margin areas. Furthermore, an alter-

Fe:0s

native interpretation of Fig. 9 might suggest that
the oxygen fugacity of granites in the continental
margin area is lower than that in the island arc
area. The establishment of these three groups has
implications for the different oxygen fugacities
influencing the Fe,O5 content for allanite crystal-
lization. Therefore, such a discrimination diagram
is expected to be useful in trying to understand the
origin of granitic magmas yielding allanites and
trying to infer tectonic settings for their host
rocks.

Conclusions

Based on crystal chemistry of the present allanites
and structure refinement of the allanite under the
constraint of its chemical composition, the
following conclusions can be drawn:

(1) Allanites occurring in the present granitic
rocks from the Japanese island arc were identified
as allanite-(Ce).

(2) Global tectonic settings for allanite crystal-
lization are implicit in their Fe,Oz content
differences: three zones on the ternary Al,Os-
Fe,O3-2REE diagram signify intracontinental,
island arc, and continental margin zones in order
of decreasing Fe,Oj3.

(3) Allanite is the important host for light REE
and Th in trace element budgets of subduction
ZONe Processes.

(4) Two IR absorption bands at 3355 and
3187 cm™' and the shift towards the lower
wavenumber of the SiO-stretching band observed

W UlynKhuren (Kartashov et al., 2002)
B Grenville Province (Peterson and MacFarlane, 1993)
QO The Daibosatsu Pass (this study)

[ Haguri (this study)
/\ Omiyadani (this study)
&> Daian (this study)

X Suisyoyama (this study)

Y/ Fukudayama (this study)

5P Shimo-ono (this study)

Y Idaho (Wood and Ricketts, 2000)

@ Argentina (Dahlquist, 2001)

XK Skye(Smitheral., 2002)

P> Southern California (Catlos et al., 2000)
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- > .
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x W »>
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Fi6. 9. Al,0;3-Fe,O5-ZREE diagram of allanites. The dashed lines indicate the three groups of different kinds of

occurrence of allanite.
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for the single allanite crystal serve as indicators of
metamictization for allanite.

(5) Crystal chemical examination of allanites
suggests that the isolated SiO,4 tetrahedron has the
largest distortion, which is common to the epidote
group minerals, and that the larger distortion of 4
sites in allanites can contrast well with smaller
distortion of A sites in the other epidote group
minerals because of occupancy of REE at A2 sites.

(6) The bond angles between the O10—H bond
and hydrogen bond H---O4 range from 170° to
180° in the allanite groups.
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