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Abstract—The morphology, optical properties, and composition of allanite-(Ce) and allanite-(Y) from rare-
metal tourmalinite of the Severnyi granitic pluton in the Chukchi Peninsula have been studied, as well as the
composition and structure of host metasomatic rocks and the assemblage of rock-forming and accessory
minerals. The hydrothermal origin of both allanite species and their stable combination have been estab-
lished. Allanite-(Y) is partly replaced with allanite-(Ce), and metasomatic rims 2—10 um wide enriched in
LREE around allanite-(Y) have been identified. The degree of isomorphic Y+ HREE substitution for LREE
is estimated at 16%, on average; the maximum (Y+HREE)/LREE ratio does not exceed 0.25. It is assumed
that the transition of allanite-(Y) into allanite-(Ce) might be caused by anincrease in acidity and decrease in
aqueous fluid temperature at the late stage of the hydrothermal process.
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INTRODUCTION

Minerals of the allanite subgroup are the most
important concentrators of REE in the Earth’s crust.
Allanite species and varieties enriched in LREE, espe-
cially allanite-(Ce), are acutely predominant in felsic
and alkaline igneous, metamorphic, and hydrother-
mal rocks. Allanite enriched in Y and HREE is
extremely rare and occurs mainly in granitic pegmatite
and rare-metal granite (Khvostova, 1962; Mineev,
1969; Semenov, 2001; Giere and Sorensen, 2004;
Alekseev and Marin, 2012). It has been established
that accessory allanite-(Ce) and allanite-(Y) are
related to leucogranite and rare-metal granite in the
Russian Far East (Alekseev and Marin, 2014; Alek-
seev, 2014). Therefore, the combination of both afore-
mentioned minerals in the same rock described in this
paper is of undoubted interest.

CHARACTERIZATION OF ALLANITE

A quartz—tourmaline vein with high-grade REE
mineralization, including allanite-(Ce) and allanite-
(Y), has been revealed in an outcrop of granite pertain-
ing to the Severnyi pluton at one of the southern spurs
of the Shelag Range in the Chaun District of the
Chukchi Peninsula. The metasomatic vein is localized
in the zone of tourmalinized granite at the flank of the
Kekurny tin deposit. Granite at this outcrop under-

went intense tourmaline—albite alteration and was
transformed at the contact with the vein into blas-
togranitic albitite containing admixture (<10%) of
quartz, tourmaline, fluorite, and sporadic apatite,
thorite, zircon, allanite-(Ce) and allanite-(Y) dissem-
inations. The studied vein is composed of medium-
grained (0.2—1.0 mm) granoblastic quartz 1 with
abundant (25—60%) poikilitic tourmaline segrega-
tions. The early tourmaline generation is represented
by large prismatic schorl pale blue in color with dark
blue and brown zones. The late generation is character-
ized by greenish blue acicular schorl. The tourmaline—
quartz aggregate contains impregnations (1—5%) of pur-
ple subhedral fluorite crystals 200—1200 pm in size and
short-prismatic fluorapatite 10—400 m across mostly
in relatively coarse-grained spots of matrix with the
predominance of late quartz 2 and a lowered content
of tourmaline 2. Tourmalinite and wall-rock albitite
contain in order of abundance: allanite-(Ce), apatite-
(CaF), fluorite, allanite-(Y), zircon, and thorite. This
mineral assemblage is overprinted by low-intense late
mineralization: tourmaline is replaced with non-
tronite, and chains of secondary leucoxene have been
noted in substantially quartz spots.

Allanite-(Ce) is identified in gangue tourmaline as
numerous reddish brown columnar and acicular crys-
tals with simple rhomb-shaped transverse sections (3—40,
occasionally up to 90 um), which frequently make up
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Fig. 1. Coexistence of allanite-(Y) and allanite-(Ce) in tourmalinite from Chaun district of Chukchi Peninsula. Aln-Ce, allanite-
(Ce); Aln-Y, allanite-(Y); Ap, apatite-(CaF); Tour, tourmaline; Q, quartz; Zrn, zircon. Micrographs, plane light.

parallel intergrowths. In spots with predominant
quartz 2, the content of allanite-(Ce) increases and
this mineral is gathered into radiaxial bunches and
irregular monomineralic intergrowths up to 0.6 mm in
size. Allanite-(Ce) also occurs as inclusions in quartz 2,
is closely intergrown with tourmaline 2, apatite, and
zircon, and locally replaced with microgranular flu-
ocerite-(Ce) pseudomorphs (Figs. 1, 2).

The optical properties of allanite-(Ce) in transmit-
ted light are as follows: sharp pleochroism from dark
reddish brown along N, (z, ) to red-brown with slight
greenish hue along N,, (y, B) and pale brown to yellow-
ish along N, (x, o) (N2 N,,, > N,); N, — N, ~ 0.022;
dispersion of optical axes is distinct. The chemical
composition of allanite-(Ce) is characterized by
markedly elevated Fe, Ca contents and deficiency in
lanthanides. This composition is close to that of acces-
sory allanite from leucogranite in the Russian Far East
but differs in Ti, Mg, Mn deficiency and low Th con-
tent. In the crystal chemistry aspect, allanite-(Ce) is
distinguished by elevated concentration of silicon—
oxygen tetrahedra (3.15—3.48 apfu), which is compen-
sated by vacancy in A2 hollows (Y, REE) (0.7 apfu, on
average). Iron (1.21—1.51 apfu) apparently occupies
not only M3 octahedra, but also M 1. This allows us to
suggest the occurrence of Fe?* (Table 1, columns 1—
5). The empirical formula of allanite-(Ce) is
Ca(Cay 17Ce ;3REE( 27)0.87(Al, sgF€; 34)2,92(S13.2301;)O(OH).

Allanite-(Y) in tourmalinite yields in abundance to
allanite-(Ce), is distributed throughout the vein, and
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its amount somewhat increases in selvages. The min-
eral is intimately intergrown with tourmaline of both
generations and quartz 1, occasionally with fluorite,
and is infrequently aggregated with apatite. Allanite-
(Y) is characterized by euhedral short-prismatic crystals
15-50 pm and occasionally 95—115 um in size.
Monomineralic polycrystalline intergrowths of allanite-
(Y) up to 0.1-0.4 mm in size are typical (Figs. 1, 2).
Crystals with a block structure and polysynthetic twins
oriented across elongation are noted. The optical
properties of allanite-(Y) are as follows: colorless, with
a secondary yellow-brown rim; N, — N, = 0.009—
0.011, and appreciable dispersion.

The chemical composition of allanite-(Y) is
distinguished by an extremely low Al content, ele-
vated Ca and Y concentrations (Table 1, columns
6—9). These features make allanite-(Y) similar to
accessory analogs in Li—F granites from the Rus-
sian Far East (Alekseev, 2014). The empiric for-
mula of allanite-(Y) is Ca(Cay»nYy75) X
(Aly 0FegssY1.67REE( 62)327(Si;501))O(OH). As com-
pared with allanite-(Ce) from the same tourmalinite,
the mineral is sharply depleted in Fe and especially in
Al; Fe/Al = 8.8; for comparison, this ratio in allanite-
(Ce) is ~0.9 (Table 1). The main crystal chemical fea-
ture of allanite-(Y) is unstable distribution of Y and
lanthanides between sites)4 and M, as was previously
noted for accessory allanite in Li—F granite (Alekseev
et al., 2012); the deficiency in Al and Fe in M-octahe-
dra is about 2.02 apfu; and the superfluous amount of
Y + REE cations at site A reaches 2.20 apfu.
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Fig. 2. Anatomy of allanite-(Y) and allanite-(Ce) aggregates and individuals in tourmalinite from Chaun District of Chukchi Pen-
insula: (a) parallel intergrowths of columnar allanite-(Ce) and intergrowths of allanite-(Y) at contacts with fluorapatite; (b) close-
up of allanite-(Y) with secondary chernovite, thorite, and Y—Ce rim; (c) contact of radiaxial intergrowth of columnar allanite-
(Ce) crystals partly replaced with fluocerite with parallel short-prismatic allanite-(Y) crystals; (d) close-up image of allanite-(Y)
with Y—Ce rim. Aln-Y-Ce, allanite (Y,Ce); Chrn, chernovite-(Y); Thr, thorite; Flce, fluocerite. See Fig. 1 for other letter sym-

bols; (a—c) BSE images; (d) image in secondary electrons.

RELATIONSHIP BETWEEN ALLANITE-(Y)
AND ALLANITE-(Ce)

Allanite-(Ce) and allanite-(Y) crystals occur in
tourmaline—quartz aggregates as monominerallic seg-
regations localized close to each other. In many cases,
these segregations come in contact and display reac-
tion relationships, where faces of euhedral allanite-(Y)
crystals become distorted and corroded (Figs. 2c, 2d;
3b—3d); the crystals contain secondary chernovite-
(Y) and thorite inclusions (Fig. 2b). In segregations of
allanite-(Ce), the relics of its yttrium precursors (Figs.
3a, 3d) are detected. It can be suggested that allanite-
(Ce) forms later than allanite-(Y) and partly replaces
the latter.

Along with aggregative replacement of allanite-Y
with its cerium proxy, outer rims 2—10 um wide
enriched in LREE are widespread. They are appar-
ently products of diffusion metasomatic transforma-
tion of allanite-(Y) and represent incomplete pseudo-
morphs of allanite-(Ce) after allanite-(Y) (Figs. la—
1d; 2b, 2d; 3b). The intermediate composition of rims
indicates incomplete diffusion exchange of HREE and
LREE apparently related to their distinct sites in the
allanite crystal structure (Table 2).

Figure 4a shows the typical zoning of allanite-(Y)

crystal caused by cation exchange in the course of its
metasomatic alteration. Unaltered allanite-(Y) has
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been identified in the core (data points 5, 6 in probe
profile). The outer rim (data points 1—4, 7—9) is char-
acterized by depletion in Y and HREE and by enrich-
ment in Ce, Nd, and Sm (Fig. 4b).

The metasomatic rims, as a rule, are composed of
three to four zones differing in diffusion intensity. The
main trend is the gain of LREE, Si, Al, Th and the loss
of Y, HREE, Fe, and Ca (compare column 9 in Table 1
and column 7 in Table 2). The formula coefficient
ratio LREE/(Y + HREE) varies, on average, from
0.04/2.18 in cores to 0.16/1.34 in rims. The amount of
Si cations markedly increases from core to periphery
of allanite-(Y) (from 3.59 to 4.31 apfu); Al contents
also somewhat increase and Th appears (0.05 apfu).
The outermost zone of rim a few um wide is depleted
in all lanthanides and occasionally enriched in Fe up
to 26.09—34.37 wt %.

The restricted LREE—(Y + HREE) isomorphism
in minerals from allanite subgroup was earlier noted by
Khvostova (1962), Mineev (1969), Giere and
Sorensen (2004), etc. Two-step REE isomorphism in
allanite-(Y) has been established (Alekseev et al.,
2012). The reason for incomplete HREE and LREE
miscibility may be their separate positions in the crys-
tal structure and metastable character of the allanite
structure proper. The elevated Y and HREE content in
the altered allanite shows that replacement of these
Vol. 58
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Table 1. Chemical composition (wt %) of allanite-(Ce) and allanite-(Y) from tourmalinite of Chukchi Peninsula

Allanite-(Ce) Allanite-(Y)
Component
1 2 3 4 5 6 7 8 9 10
SiO, 35.55 37.59 35.54 35.28 35.83 35.61 33.97 35.22 35.79 33.85
Al,O4 14.42 13.91 13.53 14.43 14.22 — 0.83 0.42 0.54 1.41
FeO* 17.37 15.61 19.18 17.27 18.37 9.38 8.88 7.72 8.94 12.23
CaO 12.59 9.72 14.15 11.75 9.62 12.31 10.66 8.06 10.56 3.09
La,0; 4.69 4.84 4.82 4.99 4.42 — — — — 0.07
Ce,04 11.28 13.61 12.47 12.63 11.57 — 0.27 — 0.06 3.07
Nd,0; 3.81 3.41 2.68 3.05 3.16 — 0.69 1.15 0.54 3.96
Sm,0; — — — — 0.03 — 1.83 0.89 0.54 1.73
Gd,04 — - — - - - 1.42 3.12 0.86 3.65
Dy,0; — - — — - - 3.55 3.83 1.61 4.32
Er,04 — — — — — — 3.45 — 0.51 2.94
Yb,0; - - - - - - 2.89 — 0.42 2.14
Y,0; - — - - 0.11 42.34 30.77 38.05 38.69 27.19
ThO, — — — 0.01 1.55 — — — 0.03 0.30
Total 99.71 98.69 100.39 99.41 99.97 99.64 99.21 98.47 99.09 100.23
Formula coefficients of cations

Si 3.28 3.48 3.15 3.28 3.31 3.53 3.55 3.63 3.59 3.62
Al 1.57 1.52 1.50 1.58 1.55 0.10 0.05 0.06 0.18
Fe* 1.34 1.21 1.51 1.34 1.42 0.78 0.78 0.67 0.75 1.09
M 2.91 3.03 3.01 2.92 3.05 0.78 0.88 0.72 0.81 1.29
Ca 1.25 0.96 1.42 1.17 0.95 1.31 1.19 0.89 1.14 0.35
La 0.16 0.17 0.17 0.17 0.15 0.00
Ce 0.38 0.46 0.43 0.43 0.39 0.01 0.00 0.12
Nd 0.13 0.11 0.09 0.10 0.10 0.03 0.04 0.02 0.15
Sm 0.00 0.07 0.03 0.02 0.06
Gd 0.05 0.11 0.03 0.13
Dy 0.12 0.13 0.05 0.15
Er 0.11 0.02 0.10
Yb 0.09 0.01 0.07
Y 0.01 2.23 1.71 2.09 2.07 1.55
Th 0.00 0.03 0.00 0.01
XA 1.92 1.70 2.11 1.87 1.63 3.54 3.38 3.29 3.36 2.69

(1-3, 6—8) Representative allanite-(Ce) and allanite-(Y) microprobe analyses, respectively, from tourmalinite; analyses were performed
at Saint-Petersburg Mining University, St. Petersburg; (4, 9) mean allanite-(Ce) and allanite-(Y) compositions of 33 and 12 analyses,
respectively; (6, 7) mean accessory allanite-(Ce) and allanite-(Y) compositions of 328 and 86 analyses, respectively, from leucogranites
and Li—F granites of Russian Far East. Accessory allanite also contains, wt %: (5) 0.07 MgO, 0.95 TiO,, 0.06 MnO; (10) 0.26 MnO.
Dash indicates that element was not detected; FeO* = FeO + Fe,03. Formula coefficients were recalculated based on 8 cations with
equilibration for 12.5 oxygen ions, after Ercit (2002).

elements with LREE occurs largely at site A2, whereas DISCUSSION ON ALLANITE-(Y)

HREE are partly incorporated into M-octahedrons. AND ALLANITE-(Ce) COEXISTENCE
Calculations have shown that the degree of Y and PHENOMENON

HREE replacement with LREE is 16%, on average, First of all, the hydrothermal metasomatic origin of
and the maximum (Y + HREE)/LREE ratio in the the described mineral assemblage should be noted.
rims of allanite-(Y) does not exceed 25% The hydrothermal allanite-(Y) was almost unknown

GEOLOGY OF ORE DEPOSITS Vol.58 No.8 2016
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Fig. 3. Relationships between allanite-(Y) and allanite-(Ce) in tourmalinite from Chaun District of Chukchi Peninsula. Micro-

graphs, plane light. See Fig. 1 for letter symbols.
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Fig. 4. (a) Allanite-(Y) (Aln-Y) with secondary Y—Ce rim (Aln-Y—Ce) from tourmalinite. BSE image; (b) distribution of yttrium
and lanthanides along microprobe profile 1—9. Close-up of Fig. 2c.

until now. Its first find was probably done by Nel et al.
(1949) in Sn-bearing tourmalinite from Transvaal.
Thereby REE composition was not studied, and the
found mineral had been called lombardite. Later on,
Yand Nd had been detected: 5.49 and 5.81 wt %,
respectively (Neumann and Nilssen, 1962). Semenov
(2001) mentioned “yttro-orthite” in greisen from the
Tul’tin tin deposit of the Chukchi Peninsula.

Since no indications of staged formation of the
basic mineral assemblage (albite—quartz—fluorite—
apatite—zircon—thorite—allanite-(Ce)—allanite-(Y)) are
known, we can conclude that allanite-(Ce) and

GEOLOGY OF ORE DEPOSITS

allanite-(Y) can make up paragenesis in the under-
standing of Korzhinsky (1957), Betekhtin (1958), and
Ivanov (1972): a combination of minerals character-
ized by their coeval formation as products of the same
stage of a certain process. Allanite-(Ce) forms some-
what later and partly replaces allanite-(Y). The joint
formation of allanite-(Ce) and allanite-(Y) is a unique
phenomenon. We do not know other cases of such
paragenesis, however, judging from the literature
sources, hydrothermal or hydrothermally altered
allanite is characterized by fluctuation in the propor-
tions of LREE and HREE (Exley, 1980; Meintzer and
Mitchell, 1988; Galankina et al., 1998; Wood and
2016
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Table 2. Chemical composition (wt %) of metasomatic rims around allanite-(Y)

Component 1 2 3 4 5 6 7
SiO, 42.97 45.56 47.08 43.86 36.63 48.84 45.08
AL,O, — 1.21 3.40 1.02 1.68 0.26 1.06
FeO* 7.20 9.80 6.74 7.68 8.90 5.07 7.20
CaO 8.56 7.70 7.18 7.37 9.21 5.55 7.67
Ce, 05 — — 0.75 0.40 1.39 0.94 0.51
Nd,0; 3.95 2.34 1.33 1.84 1.80 3.18 2.22
Sm,0;, — 1.99 1.68 2.91 1.54 2.86 1.69
Gd,0, — 2.19 2.42 3.12 2.52 2.82 2.29
Dy,05 — 3.34 3.57 3.29 4.34 2.48 2.83
Er,0; — — 0.41 1.92 2.58 1.37 1.32
Yb,04 — — 1.80 3.10 1.79 1.73 1.43
Y,0; 25.18 23.11 18.27 19.39 24.87 19.40 21.69
ThO, 9.87 — 2.28 1.38 1.35 1.73 2.27
Total 97.74 97.25 96.91 97.29 98.61 96.25 97.26

(1—6) Representative microprobe analyses of allanite rims; (7) mean allanite rim composition of 10 analyses. See notes to Table 1 for

analytical conditions.

Ricketts, 2000; Cobi¢ et al., 2010; Zenina and Kon-
ovalenko, 2012), including allanite from tourmalinite
(Nel et al., 1949; Campbell et al., 1984).

Allanite-(Ce) versus allanite-(Y) antagonism is
caused by variable alkalinity and composition of vola-
tile components in magmatic melts. Increase in alka-
linity and saturation with fluid at the final stages of
granitic magmatism gives rise to the gain of REE in the
residual melt and fractionation of HREE and LREE
(Balashov, 1976; Alekseev et al., 2012). In magmatic
systems with Li—F granites, in particular, in the
Severnyi granitic pluton, Y and HREE are retained in
the fluid phase and crystallize in rare-metal granite
and associated zwitter as various minerals, e.g.,
allanite-(Y), fergusonite-(Y), chernovite-(Y),
aeschynite-(Y), tveitite-(Y), britholite-(Y), gadolin-
ite-(Y), polycrase-(Y), etc. (Alekseev, 2014). The ten-
dency toward a gain of Y and HREE and the probabil-
ity of allanite-(Y) formation should increase at the
early postmagmatic stage for an elevated alkalinity and
fluorine fugacity (Alekseev and Marin, 2012). In the
course of subsequent hydrothermal processes, includ-
ing tourmalinization, the change in F~ for Cl-, B3~
and the drop in temperature control the inversion of
REE pattern, accumulation of LREE, and allanite-
(Ce) formation (Balashov, 1976).

It is suggested that the alkaline setting characteris-
tic of the albite—tourmaline stage of metasomatism in
granites of the Severnyi pluton, gave way to acidic con-
ditions at the end of this stage. As a result, the metaso-
matism gradually changes: albite—quartz (1)—tourma-
line (1)—allanite-(Y) — quartz (2)—tourmaline (2)—
zircon—fluorapatite—fluorite—allanite-(Ce).  Thus,

GEOLOGY OF ORE DEPOSITS 2016
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variation of acidity—alkalinity in the flow of the
hydrothermal solution creates conditions for the for-
mation of such geochemically distinct minerals as
allanite-(Y) and allanite-(Ce).

CONCLUSIONS

(1) The hydrothermal origin of allanite-(Y) has
been established.

(2) The allanite-(Y) and allanite-(Ce) paragenesis
has been established in tourmalinite from the Severnyi
granitic pluton in the Chaun District of the Chukchi
Peninsula.

(3) Arestricted (Y + HREE)—LREE isomorphism
in allanite has been recorded.
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