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Abstract—Paleoproterozoic metapelites of the Vorontsovskaya structure contain accessory REE phosphates
(monazite, xenotime, and REE-apatite), fluorine-carbonates (bastnaesite and synchysite), and silicate
(allanite). Analysis of phase equilibria involving REE-bearing minerals indicates that bastnaesite is stable
only in the greenschist facies and decomposes with the synthesis of monazite at temperatures below the stau-
rolite isograde (490—500°C) at a pressure of 3 kbar. Monazite first appears in the greenschist facies, and its
stability expands with increasing temperature, including the granulite facies. A diversity of reaction textures
suggests that the mineral is formed in the garnet zone by a reaction of bastnaesite with apatite and by the par-
tial decomposition of REE-bearing chlorite. Monazite is produced in the garnet and staurolite zones by a
reaction of allanite with apatite and by a decomposition reaction of REE-bearing apatite.

DOI: 10.1134/S0869591111030076

INTRODUCTION

Accessory minerals attract more and more close
attention of petrologists and are often employed in
petrological models of geological processes. The map-
ping of the monazite—allanite and allanite—monazite
isogrades (Smith and Barero, 1990; Wing et al., 2003;
and others) indicates that accessory REE-bearing
minerals are not inert in the course of metamorphism
but actively participate in prograde metamorphic
reactions. Since practically all REE minerals can be
dated by isotopic techniques, their involvement in
metamorphic reactions provides means for dating the
metamorphic processes themselves.

As a widespread accessory mineral of metamorphic
rocks, monazite is the most frequently utilized mineral-
ogical geochronometer of metamorphic rocks. The
genesis of this mineral was interpreted as follows: it is
thought to be produced by the recrystallization of detri-
tal monazite (Rasmussen and Muhling, 2007; Wing
et al., 2003) and metamorphic reactions in the green-
schist facies (Wing et al., 2003; Savko et al., 2010),
when staurolite (Smith and Barero, 1990) and alumino-
silicates (Wing et al., 2003) are synthesized. Monazite
can also be synthesized by metasomatic processes
(Smith et al., 1999) and by the partial melting and
recrystallization of earlier monazite (Spear and Pyle,
2002). LREE for monazite synthesis during metamor-
phism are thought to be borrowed from allanite (Smith
and Barero, 1990; Wing et al., 2003), bastnaesite and
apatite (Savko et al., 2010), or rock-forming silicates
(plagioclase, micas, and chlorite), which can contain

LREE and P in concentrations sufficient for monazite
to start growing (Kohn and Malloy, 2004; Carrie and
Kohn, 2008). Monazite with or without xenotime can
be synthesized at garnet decomposition (Gibson et al.,
2004; McFarlane et al., 2005; Kelly et al., 2006). UHT
complexes sometimes contain the Ti—LREE silicate
perryite (La, Ce, Ca),(Mg, Fe),(Ti, Fe)Si,0,, (Grew
and Manton, 1986; Hokada, 2007).

The accessory mineralization found in Paleoprot-
erozoic schists and metasands of the Vorontsovskaya
structure includes REE phosphates (monazite, xeno-
time, and REE-apatite), F-carbonates (bastnaesite and
synchysite), and silicate (allanite). These minerals
sometimes occur in reaction relations with one another
and with rock-forming minerals. In contrast to other
metamorphic complexes, the most widely spread low-
temperature REE mineral of these rocks is bastnaesite,
which is stable only in the greenschist facies.

This publication is centered on an interpretation of
textural relations between accessory REE minerals
and on arguments for the occurrence of the isograde of
bastnaesite decomposition (Bst-out), which coincides
with the staurolite isograde in metapelites of the
Vorontsovskaya Group.

GEOLOGY

The eastern Voronezh province (Vorontsovskii gra-
ben-synclinorium) separates the Sarmatian segment
of the Precambrian crust from the Volga—Ural seg-
ment of the East European Platform and has an area of
>70 000 km? at a width of 100—150 km and a length of
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Fig. 1. Schematic map showing tectonic zoning of the Precambrian basement of the Voronezh Crystalline Massif (Polyakova
et al., 2006). (1) Paleoproterozoic rocks in the eastern part of the Voronezh Crystalline Massif; (2) Archean rocks of the Kursk
block; (3) synclinorium structure of the Kursk block filled with Paleoproterozoic rocks (I—Tim—Yastrebovskii, II—Volotovskii,
III—Mikhailovskii, [IV—Belgorod); (4) isohypses of the Precambrian basement top: areas where metamorphic zoning was

mapped: (5) Elan’—Ertil’skii, (6) Mamon—Podkolodnovskii.

>600 km (Fig. 1). The eastern Voronezh province is
truncated by the Losevsko—Mamonskii deep fault in
the west, with this fault separating the province from
the Lipetsk—Losevskii volcanic belt, and is bounded
by the Varvarinskii inlier of the Archean basement in
the south. The eastern boundary of the province is
largely uncertain because of the high thickness of the
overlying Phanerozoic sedimentary cover. Judging
from seismic data, the thickness of the deposits varies
from 2—3 km in the southwestern part to 6—8 km near
the Novokhoperskii deep fault. The lithological com-
position of the group is highly homogeneous: it con-
sists of sandy—shale flyschoid units of the Voronts-
ovskaya Group intruded by numerous Paleoprotero-
zoic intrusions [syenite dikes of the Artyushkovskii
Complex, differentiated massifs of the dunite—peri-
dotite—gabbro association of the Mamonskii Complex
(2080 = 20 Ma; Chernyshov et al., 1990), pyroxenite—
norite—diorite association of the Elan’ Complex (2060 +
20 Ma; Chernyshov et al., 1990), S-granitoids of the
Bobrovskii Complex (2022 + 3 Ma; Bibikova et al.,
2009), and gabbro-dolerites of the trap association
grouped in the Novogol’skii Complex (1805 + 14 Ma;
Chernyshov et al., 1990)].

The metasediments of the Vorontsovskaya Group
exhibit contrasting variations in their model age values
Trng(DM) (from 2.12 to 2.85 Ga), which suggests that

the rocks were formed from the erosion products of
both Archean and juvenile Paleoproterozoic sources
(Shchipanskii et al., 2007). The U—Pb concordant age
of metamorphism [on zircon from crystalline schists
of the muscovite—sillimanite zone (Hole 8240)] is
2104 £ 4 Ma (Bibikova et al., 2009). Hence, all intru-
sions were emplaced into already-metamorphosed
rocks of the Vorontsovskaya Group.

METHODS

All of our samples were taken from borehole core
material, which was thoroughly described during
fieldwork. Thin sections prepared from the samples
were examined under an optical microscope and then
under an Jeol 6380 LV electron microscope equipped
with an INCA 250 energy-dispersive analytical setup
at the Voronezh State University. REE minerals were
identified under an optical microscope and in BSE
images, their quantitative analyses were conducted
using synthetic REE standards (Table 1). The Jeol
6380 LV analyses were conducted at the Voronezh
State University at 20 kV accelerating voltage, 1—2 nA
absorption current of electrons at Cu, 200 nm beam
diameter, and 10 mm focal distance.

Minor and trace elements were analyzed by ICP-MS
at the Analytical Certification Test Center of the Insti-
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tute of the Problems of Technology of Microelectronics
and Superpure Materials, Russian Academy of Sce-
inces. Rock and mineral samples were decomposed in
acids in a closed system. The chemical yield at decom-
position was controlled using '*'Dy. According to this
procedure, the samples were 64—100% dissolved, per-
haps, because of the occurrence of insoluble carbon-
aceous matter, which was visually identified in the form
of variable amounts of insoluble black precipitate
remaining after the dissolution of the samples. The
detection limits were 0.02—0.03 ppm for REE, Hf, Ta,
Th, and U; 0.03—0.05 ppm for Nb, Be, and Co;
0.1 ppm for Li, Ni, Ga, and Y; 0.2 ppm for Zr; 0.3 ppm
for Rb, Sr, and Ba; and 1-2 ppm for Cu, Zn, V, and Cr.
The accuracy of the analyses was controlled by replicate
analyses of the SSL-1 Russian standard of metamor-
phic schist (GSO-3191-85). The relative standard devi-
ation was no greater than 0.3 for all elements at their
concentrations of 5 detection limits and no greater than
0.15 at concentrations of >5 detection limits.

DESCRIPTION OF ROCKS
OF THE VORONTSOVSKAYA GROUP

The Vorontsovskaya Group is
metasediments of various types.

composed of

The metasandstones are pale gray, fine- to medium-
grained, blastopsammitic, massive, or, more rarely,
banded rocks with grains ranging from 0.1 to 0.3 mm
across (Fig. 2a). The psammitic material is composed of
fragments of quartz (up to 55—60%), plagioclase (albite—
oligoclase, up to 40%), and single grains of siliceous,
quartzite-like, and tuffogenic rocks. Mineral grains are
equant, flattened, often with uneven outlines and acute
angles. The cement is recrystallized in a microgranoblas-
tic aggregate and consists of quartz, plagioclase, biotite,
chlorite, and, occasionally, muscovite.

The schists are gray to dark gray lepidoblastic and
porphyroblastic rocks with schistose, banded, and
sometimes, crenulated structures. The rocks consist of
quartz (30—50%), plagioclase (0—15%), biotite 25—
50%), muscovite (0—10%), and subordinate amounts
of chlorite, andalusite, carbonaceous matter, and sul-
fides. Schists in higher temperature metamorphic
zones are lepidogranoblastic and granoblastic and
contain garnet, staurolite, sillimanite, and greater
amounts of muscovite.

The gneisses are gray, medium grained, lepidogra-
noblastic or granoblastic rocks (Fig. 3c) of gneissose,
banded, or crenulated structure and consist of quartz
(35—40%), plagioclase (up to 35%), large biotite flakes
(5—20%), muscovite (0—15%), garnet (0—5%), silli-
manite (3—10%), potassic feldspar (0—5%), and
cordierite (0—10%).

The calc-silicate metasediments are greenish-gray
granoblastic (with nematogranoblastic features) rocks
(Fig. 2d) consisting of quartz, plagioclase (40—50%
both), calcite (up to 30%), clinozoisite (up to 25%),
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Table 1. Standards used for the quantitative analysis of REE-
bearing minerals on an Jeol 6380 LV scanning electron micro-
scope equipped with an INCA 250 analytical setup at the Vor-
onezh State University

Element Standard
Y Y
La LaBg
Ce CeO,
Pr PrF;
Nd NdF;
Sm SmF;
Eu EuF;
Gd GdF;
Tb TbF;
Dy DyF;
Ho HoF;
Yb YbF;
Th ThO,
U uo,

amphibole (10—30%), diopside (up to 10%), garnet
(0—-5%), and sphene (0—5%).

The chemical composition of metasedimentary rocks
of the Vorontsovskaya Group suggests that their pro-
toliths were graywacke—clay sedimentary sequences
(Lebedev, 1977).

Metapelites of the Vorontsovskaya Group are char-
acterized by MgO predominance over CaO (except only
for rocks in the garnet zone, which bear roughly equal
MgO and CaO concentrations) and FeO predominance
over Fe,0; at a total Fe concentration close to the clarke
value (Table 2). The K,0/Na,0 ratios vary between the
metamorphic zones. In the garnet zone, Na,O domi-
nates over K,O, whereas higher temperature zones
always contain more K,O than Na,O (Table 2), which is
explained by differences in the original lithologies.
Because of the medium Fe concentrations of the rocks,
the mineral assemblages of the garnet zone with low-
temperature garnet occur only in the metamorphosed
sandstones (Savko, 1994a), in which plagioclase typi-
cally dominates over micas.

The schists contain moderate concentrations of a
broad spectrum of minor and trace elements (Table 3),
which are close to their average concentrations in
Paleoproterozoic graywackes (Condie, 1993).

The total REE concentrations vary from 110 to
260 ppm, as is typical of Precambrian schists. Total
LREE concentrations vary from sample to sample



SAVKO, BAZIKOV

Fig. 2. Types of rocks of the Vorontsovskaya Group. (a) Blastopsammitic biotite—feldspar—quartz metasandstone. Crossed polar-
izers, magnification 24x, sample 8305/276. (b) Graphite-bearing schist with staurolite porphyroblasts replaced by muscovite in
the margins. One polarizer, magnification 10x, sample 8286,/466. (c) Muscovite—biotite gneiss. Crossed polarizers, magnification
15x%, sample 8354/378. (d) Calc—silicate metasedimentary calcite—amphibole—clinozoisite—plagioclase—quartz rock. Crossed

polarizers, magnification 20x, sample 8312/342.

from 98 to 232 ppm. The chondrite-normalized REE
patterns (Fig. 3a) have negative Eu anomalies
[Eu/Eu* = Eu,/(Sm, + Gd,)0.5 = 66—0.87], except
only a single sample (whose Eu/Eu* = 1.21) and steep
negative slopes [(La/Yb), = 7.3—13.1 (Gd/Yb), =
1.22-2.17, and (LREE/HREE), = 2.44-3.66]
(Table 3). These features are typical of post-Archean
clay shales, whose protoliths consisted of detrital
material with erosion products of granitic rocks (Likh-
anov et al., 2008).

The Ce/Ce* ratio [where Ce/Ce* = Ce,/(Ln, +
Pr,)0.5] of the carbonaceous schists is 0.97—1.10,
which suggests [with regard for (LREE/HREE), =
2.44—3.66] that the sediments were accumulated on
the shelf, in a humid climate, and a quiescent tectonic
environment (Balashov, 1976; Murrey et al., 1990).

The Th/U ratio of schists of the Vorontsovskaya
Group varies from 2.47 to 4.41, except only one sam-

ple of carbonaceous schist (sample 8384/430), whose
Th/U = 1.24. These values suggest that the material
was supplied to the sedimentation basin from a mixed
source, which involved weathering products of volca-
nic rocks (greenstone belts) with Th/U < 3 and gra-
nitic rocks with Th/U > 4 (McLennan et al., 1995).
This also follows from the elevated concentrations of
both lithophile and siderophile elements (high con-
centrations of Cr and Ni) (Table 3), which suggest a
mixed (basite and silicic) source (Shchipanskii et al.,
2007). The predominant components of these sources
should have been volcanics of the Losevskaya Forma-
tion and Usmanskii granitoids (Shchipanskii et al.,
2007).

The REE concentrations of biotite and muscovite
from the staurolite (sample 8712/4), staurolite—silli-
manite (samples 8713/1 and 8715/2), and muscovite—
sillimanite (sample 8371/488) zones are generally
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Table 2. Chemical composition (wt %) of rocks of the Vorontsovskaya Group
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Garnet zone Staurolite zone . Staurqlite— 'Musco.vite—

Com- sillimanite zone sillimanite zone
ponent 8305/ |8200/|8062/| 8617/ |8600/| 8307/ |8286/|8287/|8309/(8712/|8758/| 8713/ |8312/|8384/| 8240/ |8371/|8282/

275 | 209 | 380 | 404 |307.9| 334 | 499 | 273 |339.4|506.5| 562 | 634.4 |304.8| 300 | 352 | 365 |386.8
SiO, [65.80 | 68.28160.30|65.30 |66.78|69.22 |59.32|57.94| 59.40 | 60.24| 55.72| 59.40 | 65.76| 55.86(65.54 |59.4 |54.20
TiO, 0.52 | 1.02| 1.04| 096 | 045 0.87 | 0.97| 1.30] 1.08| 0.80| 0.90| 0.40 | 0.90, 1.02| 0.48 | 0.90| 0.77
AlLO; [13.85 [13.12(16.12(13.90 |14.13|12.72 | 14.35] 17.11] 15.97 | 18.64| 17.25| 19.56 | 14.16| 17.12| 13.48 | 17.10| 19.61
Fe,05; | 1.37 | 0.85] 2.70| 1.64 | 1.26| 1.26 | 3.80| 3.06| 2.13| 0.88| 2.16| 2.63 | 0.76| 2.83| 2.93 | 1.41| 2.00
FeO 539 | 4.11| 3.60| 3.89 | 4.89| 4.70 | 4.18| 4.43| 598| 5.69| 7.33| 6.20 | 4.50, 591| 4.85 | 6.39| 7.48
MnO | 0.07 | 0.05] 0.02| 0.02 | 0.04| 0.03 | 0.08{ 0.06] 0.04| 0.02| 0.11| 0.05 | 0.06] 0.08 0.39 | 0.10| 0.08
MgO 2.85 | 2.17| 290| 292 | 2.25| 225 | 3.30| 4.19] 3.52| 2.84| 4.31| 2.82 | 2.90| 3.54 3.03 | 3.56| 4.45
CaO 2.76 | 2.74| 3.08| 349 | 1.79| 1.59 | 2.85| 1.37| 1.37| 1.65| 1.93| 0.70 | 5.70| 1.94] 1.68 | 2.53| 1.38
Na,O | 4.00 | 290| 3.00{ 3.37 | 3.30| 1.50 | 2.20| 0.40{ 1.90| 2.10| 2.70| 1.75| 1.20] 2.20| 1.80 | 2.40| 2.10
K,O 1.90 | 2.00| 3.70{ 2.40 | 2.00{ 3.10 | 2.10{ 4.20| 3.40| 3.60| 2.80| 3.80 | 1.45 4.40| 3.80 | 3.65| 4.65
LOI 1.54 | 2.03| 2.58| 2.34 | 1.22| 3.00 | 5.88| 5.35| 4.04| 2.21| 3.26| 297 | 1.66| 4.52| 2.99 | 1.58| 2.56
P,04 0.14 | 0.23| 0.53| 0.16 | 0.12 0.21 | 0.23| 0.21| 0.16| 0.13| 0.11| 0.12 | 0.37| 0.21] 0.31 | 0.21| 0.19
Total [100.1999.50|99.57|100.39 | 98.23]|100.45 | 99.26 99.62| 99.09 | 98.80 | 98.58 |100.40 | 99.30 99.63100.92 | 99.23| 99.47
H,O0~ — 0.04| 0.24| 1.28 | 0.23| 0.43 | 0.05| 0.17| 0.40| 0.10| 0.10{ 0.07 | 0.14 0.17| 0.18 | n.d. | 0.20
SO; 0.06 | 0.09] 0.35| 0.15 | 0.04| 0.62 | 3.17| 3.35| 0.12| 0.13| 0.14| 0.46 | 0.07| 1.38 0.62 | 0.46| 0.77

lower than in the rocks (Table 4, Fig. 3b). The mini-
mum concentrations (of the order of a few ppm) were
detected in muscovite from the high-temperature
muscovite—sillimanite zone (Fig. 3b). The high con-
centrations of Y (562 ppm), Zr (903 ppm), and all
HREE (210 ppm) (Table 4, Fig. 3b) indicate that gar-
net concentrates these elements.

METAMORPHISM

The zonal metamorphism of rocks in the eastern
Voronezh province was studied within isolated
domains in the Elan’—Ertil’skii and Mamon—Pod-
kolodnovskii areas (Savko, 1990, 1994b; Savko and
Gerasimov, 2002; Gerasimov and Savko, 1995) as
thoroughly as possible in a poorly exposed region
drilled with merely a thin network of boreholes. The
garnet (430—480°C), staurolite (490—520°C), stauro-
lite—sillimanite (520—560°C), and muscovite—silli-
manite (560—600°C) zones were mapped in the
Elan’—Ertilskii area (Fig. 4a), whose metamorphism
did not reach the conditions of the highest tempera-
ture sillimanite—potassic feldspar—cordierite zone.
No metapelites of the lowest temperature garnet zone
were found in the Mamonsko—Podkolodninskii area,
which contains highest temperature rocks of the
Vorontsovskaya Group: garnet—sillimanite—cordierite
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gneisses (600—750°C) (Fig. 4b). The metamorphic
pressures varied from 3 kbar in the garnet zone to 5
kbar in the garnet—sillimanite—cordierite zone.

Garnet zone. In the field of the Vorontsovskaya
Group, metasediments of the garnet zone are exposed
within three isolated domains. The largest of them
extends from the northeastern part of the Elan’ pluton
eastward toward the Novokhoperskaya zone and has a
width of 8—18 km (Fig. 4a). Another domain occurs
between the Elan’ and Talovskii intrusions, trends to
the northwest, and has a maximum width of 10 km.
Conceivably, this domain is connected with the first
(the largest) one, but it is hard to determine this for
sure because the regionally metamorphosed rocks are
overprinted with the contact aureole of the Elan’ Mas-
sif. The third domain is very small and corresponds to
a local metamorphic temperature minimum within
the staurolite zone. The most widely spread mineral
assemblages are Qtz + Ab + Bt + Chl + Ms, Qtz + Pl +

Chl + Bt, Otz + Bt + Chl, and Qtz + Ab + Bt + Grt.!

! Mineral symbols: Ab—albite, Aln—allanite, And—andalusite,
Ae—apatite, Bst—bastnaesite, Bt—Dbiotite, Cal—calcite, Chl—chlo-
rite, Cpy—chalcopyrite, Crd—cordierite, Grt—garnet, [Im—il-
menite, Kfs—potassic feldspar, Mnz—monazite, Ms—muscovite,
Pl—oplagioclase, Po—pyrrhotite, Py—opyrite, Qtz—aquartz, Rut—
rutile, Sph—sphene, Sil—sillimanite, Sp/—spinel, St—staurolite.
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Table 3. Concentrations (ppm) of minor and trace elements in metamorphic rocks of the Vorontsovskaya Group

Element 7522/308a 8186/400 8197/452 8384/430b 8731/402.5 | 8715/427.5 548¢
Li 69.27 27.72 53.50 36.73 24.02 211.68 61.46
Be 1.46 0.86 1.30 1.66 1.04 3.00 1.69
Sc 15.47 7.42 13.80 10.06 9.28 12.30 15.89
A\ 162.97 105.25 130.73 190.75 97.06 126.10 149.66
Cr 140.06 122.76 127.69 203.98 103.27 96.04 152.03
Co 22.37 16.11 16.96 28.07 13.74 21.88 18.28
Ni 71.01 51.59 58.33 77.70 54.34 69.43 61.54
Cu 93.35 53.85 38.68 182.22 40.48 135.25 90.28
Zn 111.90 59.85 104.25 108.92 73.30 76.50 94.35
Ga 23.05 15.42 20.12 17.32 15.36 23.16 18.41
As 3.13 8.87 bdl 8.55 3.94 0.83 0.51
Se <1.3 <1.5 <1.5 4.44 <1.5 <3 <0.6
Rb 119.41 76.66 142.56 151.75 83.62 105.32 107.11
Sr 288.83 146.47 169.01 104.59 211.63 329.85 261.84
Y 19.01 17.77 17.83 13.96 14.58 35.72 19.65
Zr 122.93 247.45 146.92 136.07 195.34 246.08 119.44
Nb 9.77 9.45 10.48 17.08 8.79 12.51 8.31
Mo 2.84 2.87 0.63 20.07 0.95 1.43 2.60
Ag 0.22 0.16 0.08 1.21 0.18 0.27 0.21
Sn 1.70 1.92 2.12 5.07 1.86 1.50 2.28
Sb 1.20 0.74 0.82 2.63 0.69 0.26 0.36
Cs 6.68 2.27 10.99 14.73 4.11 17.34 6.74
Ba 641.52 405.61 402.05 264.03 367.02 125.36 674.12
La 34.36 28.52 28.46 32.32 25.01 55.82 29.44
Ce 76.50 55.63 57.75 60.79 52.40 108.59 66.12
Pr 8.46 6.33 7.00 6.55 6.29 12.23 7.25
Nd 32.14 24.74 27.48 25.16 23.99 46.24 28.45
Sm 6.20 448 5.27 4.34 4.33 8.80 5.11
Eu 1.26 1.07 1.10 0.99 1.08 2.29 1.27
Gd 4.96 4.13 4.47 343 3.63 8.28 4.17
Tb 0.77 0.64 0.72 0.55 0.59 1.25 0.63
Dy 3.53 3.21 3.57 2.66 2.94 6.71 3.41
Ho 0.70 0.66 0.72 0.51 0.62 1.31 0.69
Er 2.06 2.02 2.14 1.49 1.87 3.81 1.86
Tm 0.30 0.29 0.32 0.24 0.27 0.55 0.27
Yb 1.96 1.93 2.06 1.67 1.90 3.72 1.80
Lu 0.28 0.28 0.30 0.24 0.27 0.54 0.26
Hf 3.42 6.37 4.24 343 5.08 7.00 3.56
Ta 0.79 0.91 0.93 1.26 0.82 1.30 0.82
\%Y% 2.76 3.02 1.09 4.19 2.11 1.40 0.99
Tl 0.53 0.28 0.60 2.15 0.46 0.43 0.56
Pb 19.66 10.71 10.02 24.44 11.12 29.58 10.78
Bi 0.24 0.09 0.11 0.90 0.09 0.34 0.13
Th 5.82 5.52 6.03 7.12 4.64 10.93 5.41
U 1.95 1.68 1.75 5.72 1.41 3.56 2.11
2REE 173.48 133.93 141.35 140.94 125.18 260.12 150.73
Ce/Ce* 1.07 0.97 0.97 0.97 1.00 0.97 1.08
Eu/Eu* 0.67 0.75 0.68 0.76 0.81 0.81 0.82
(La/Yb), 12.58 10.61 9.90 13.89 9.46 10.78 11.74
(Gd/Yb), 2.09 1.77 1.79 1.70 1.58 1.84 1.92
(LREE/HREE), 3.35 2.87 2.80 3.66 2.85 2.79 3.16
La/Sc 2.22 3.85 2.06 3.21 2.69 4.54 1.85
Th/Sc 0.38 0.74 0.44 0.71 0.50 0.89 0.34
La/Th 591 5.17 4.72 4.54 5.39 5.11 5.44
Co/Th 3.85 2.92 2.81 3.95 2.96 2.00 3.38
Th/U 2.98 3.28 3.45 1.24 3.28 3.07 2.57
PETROLOGY Vol. 19 No. 5 2011
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Element 583¢/3 809/19 831/6 7308%* 7219%* 249 834%*
Li 56.28 49.00 58.39 n.d. n.d. n.d. n.d.
Be 1.73 1.54 1.84 n.d. n.d. n.d. n.d.
Sc 16.91 16.45 11.04 16.88 16.26 12.27 12.67
A% 185.47 168.64 132.87 138.60 94.43 96.31 94.45
Cr 168.55 184.66 103.89 126.60 103.40 94.62 114.80
Co 19.78 21.00 16.16 22.03 16.35 14.38 14.79
Ni 68.63 65.84 45.29 96.57 54.41 62.38 63.94
Cu 62.71 75.15 55.30 n.d. n.d. n.d. n.d.
Zn 103.82 108.83 106.33 n.d. n.d. n.d. n.d.
Ga 20.10 18.80 21.97 n.d. n.d. n.d. n.d.
As 5.01 1.09 0.34 n.d. n.d. n.d. n.d.
Se <2 <0.7 <14 n.d. n.d. n.d. n.d.
Rb 100.04 116.10 154.79 107.70 95.35 70.58 80.22
Sr 220.01 255.92 106.24 228.00 285.00 293.00 402.00
Y 23.78 17.24 19.40 19.74 24.85 14.97 16.69
Zr 145.54 162.80 181.35 149.40 160.50 141.80 200.20
Nb 9.73 9.41 11.66 8.62 8.77 7.17 6.49
Mo 3.90 4.53 9.84 n.d. n.d. n.d. n.d.
Ag 0.17 0.15 0.18 n.d. n.d. n.d. n.d.
Sn 4.49 2.74 2.82 n.d. n.d. n.d. n.d.
Sb 0.58 0.42 0.52 n.d. n.d. n.d. n.d.
Cs 5.62 6.16 6.75 n.d. n.d. n.d. n.d.
Ba 1072.15 620.72 969.66 498.00 468.00 337.00 533.00
La 36.68 25.10 32.21 28.28 25.25 21.99 22.30
Ce 77.89 53.72 67.76 62.94 53.44 46.18 48.57
Pr 8.18 6.19 6.58 6.41 6.41 5.41 5.93
Nd 32.78 23.96 25.81 29.77 24.30 20.98 23.98
Sm 5.47 4.39 4.64 5.55 4.52 3.89 4.20
Eu 1.27 1.00 0.98 1.12 1.17 1.44 1.10
Gd 4.73 3.68 3.86 4.60 3.64 3.23 3.31
Tb 0.73 0.57 0.60 0.65 0.58 0.47 0.48
Dy 3.86 2.94 3.48 3.58 3.57 2.61 2.85
Ho 0.74 0.57 0.69 0.70 0.81 0.51 0.59
Er 2.18 1.66 1.96 1.91 2.37 1.34 1.63
Tm 0.32 0.24 0.29 0.28 0.38 0.19 0.24
Yb 2.00 1.65 1.91 1.83 2.47 1.23 1.44
Lu 0.28 0.25 0.29 0.28 0.38 0.20 0.22
Hf 4.43 4.84 5.68 4.08 4.14 3.80 5.15
Ta 1.08 0.96 1.28 0.68 0.73 0.50 0.46
\WY% 1.35 0.93 2.14 n.d. n.d. n.d. n.d.
Tl 0.64 0.54 0.65 n.d. n.d. n.d. n.d.
Pb 15.52 11.55 13.53 11.21 9.47 12.52 10.09
Bi 0.16 0.21 0.36 n.d. n.d. n.d. n.d.
Th 6.92 6.36 8.65 6.74 5.16 5.03 4.04
U 2.47 2.25 3.51 1.53 1.37 1.20 1.03
>REE 177.12 125.92 151.05 147.90 129.29 109.67 116.84
>LREE 161.01 113.36 136.99 132.95 113.92 98.45 104.98
Ce/Ce* 1.06 1.03 1.08 1.10 1.00 1.01 1.01
Eu/Eu* 0.75 0.74 0.69 0.66 0.85 1.21 0.87
(La/Yb), 13.13 10.94 12.07 11.08 7.33 12.82 11.11
(Gd/Yb), 1.95 1.85 1.67 2.08 1.22 2.17 1.90
(LREE/HREE), 3.36 3.05 3.25 3.00 2.44 2.87 2.97
La/Sc 2.17 1.53 2.92 1.68 1.55 1.79 1.76
Th/Sc 0.41 0.39 0.78 0.40 0.32 0.41 0.32
La/Th 5.30 3.95 3.72 4.20 4.89 4.37 5.52
Co/Th 2.86 3.30 1.87 3.27 3.17 2.86 3.66
Th/U 2.80 2.82 2.47 441 3.77 4.19 3.92

** Compiled from (Shchipanskii et al., 2007).
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Table 4. Concentrations (ppm) of minor and trace elements in silicate minerals from metamorphic rocks of the Vorontsovskaya Group

8712/4 8715/2 8713/1 8371/488
Element

Bt Bt Bt Ms Grt Bt Ms
Li 1544 1045 1246 322 37.3 363 1140
Be 0.12 0.43 0.66 0.21 0.21 0.70 6.8
Sc 48.4 52.3 45.6 22.8 120 44.0 30.1
A% 321 418 466 284 61.5 378 13.9
Cr 343 919 1066 1113 146 327 14.2
Co 63.6 59.4 56.7 61.2 16.2 42.7 0.57
Ni 233 232 204 225 15.2 115 2.3
Cu 27.6 83.3 15.8 14.7 4.1 16.9 5.4
Zn 350 340 362 409 92 409 100
Ga 44.5 35.2 37.6 41.1 13.9 35.6 105
As 1.2 9.7 2.2 2.1 1.2 2.8 0.89
Se bdl <1 bdl <1.2 <15 bdl bdl
Rb 434 360 289 9.7 9.5 357 915
Sr 11.0 8.5 9.4 16.0 7.9 9.6 7.6
Y 13.4 233 17.8 30.2 561.9 6.6 8.1
Zr 108 99.1 126 136 903 164 100
Nb 24.1 27.8 23.2 5.2 1.4 27.0 115
Mo 0.29 1.2 0.95 0.43 0.39 0.31 0.53
Rh bdl bdl bdl bdl bdl bdl bdl
Pd bdl bdl bdl bdl bdl bdl bdl
Ag 1.5 1.2 1.8 1.4 1.4 0.48 3.6
Cd bdl bdl bdl bdl 0.83 0.45 bdl
Sn* 13.6 13.0 8.5 2.9 1.2 4.4 59.4
Sb 0.32 0.51 0.52 0.54 0.37 1.1 0.15
Te bdl bdl bdl bdl bdl bdl bdl
Cs 148 69.9 102 3.3 0.7 28.1 38.7
Ba 1228 1997 1912 76.7 123 1496 22.9
La 15.9 27.8 15.3 19.8 20.1 23.0 1.8
Ce 349 59.9 34.0 46.8 41.9 50.4 4.4
Pr 4.2 7.2 3.9 5.5 5.2 6.1 0.53
Nd 16.6 25.9 14.9 21.1 19.2 22.5 2.1
Sm 3.3 4.8 3.0 4.1 4.9 3.9 0.68
Eu 0.37 0.21 0.23 0.39 0.82 0.15 0.016
Gd 2.8 3.8 2.8 3.9 18.6 2.9 0.87
Tb 0.45 0.68 0.51 0.73 5.6 0.4 0.18
Dy 2.3 3.3 2.8 4.4 56.7 1.4 1.0
Ho 0.49 0.74 0.64 1.1 14.9 0.24 0.24
Er 1.4 2.4 1.9 3.1 52.1 0.62 0.72
Tm 0.21 0.35 0.26 0.46 8.1 0.09 0.11
Yb 1.4 2.3 1.8 2.9 55.4 0.67 0.76
Lu 0.22 0.35 0.27 0.43 7.2 0.10 0.10
Hf 2.7 2.5 3.0 3.2 17.1 4.0 2.4
Ta 1.8 2.2 1.8 0.52 0.27 2.2 9.1
w 0.54 1.0 0.60 0.30 0.37 1.0 7.3
Re bdl bdl bdl bdl <0.04 bdl bdl
Ir bdl bdl bdl bdl <0.08 bdl bdl
Pt bdl bdl <0.06 <0.06 <0.2 <0.1 bdl
Au bdl bdl bdl bdl bdl bdl bdl
Tl 1.9 1.5 1.2 0.059 0.057 1.6 3.1
Pb 7.1 6.9 4.8 5.2 6.4 7.7 3.7
Bi 0.29 0.17 0.13 0.084 0.073 0.43 0.094
Th 4.5 6.2 3.9 4.5 4.7 6.5 2.5
U 1.2 1.3 1.2 1.7 3.1 1.5 2.5
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Fig. 3. Chondrite-normalized REE patterns. (a) Metamorphic rocks of the Vorontsovskaya Group. (b) Minerals from schists of

the Vorontsovskaya Group.

Staurolite zone. Metapelites of the staurolite zone
are widespread in the eastern part of the Voronezh
Crystalline Massif and occur in the central part of the
Vorontsovskaya structure (in the FElan’—Ertil’skii
zone) and in its southern part (in the Mamon—Pod-
kolodnovskii zone). The metasediments of the stauro-
lite zone are plagioclase—quartz—biotite schists and
metasandstones, which often contain staurolite, gar-
net, andalusite, muscovite, and chlorite. Staurolite
most often appears at the lowest temperatures in the
recrystallized matrix of metasandstones, which are
slightly more ferrous than the schists. The mineral
assemblages of the staurolite zone depend on the tem-
perature and pressure regime and on the chemical
composition of the rocks. The smallest number of
degrees of freedom has the assemblage Qtz + Bt + Pl £
St+ Ms + Grt £ And £+ Chl.
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Staurolite—sillimanite zone. In the Elan’—Ertil’skii
tectonic zone, a staurolite—sillimanite metamorphic
zone was mapped as a sublatitudinal stripe 5—9 km wide,
which sometimes branches. Fields of this zone of other
geometry were mapped in the area of the Talovskii gab-
bro—diorite massif and the Elan’ gabbroid massif. In the
southern part of the Vorontsovskaya structure (Mamon—
Podkolodnovskii field), a staurolite—sillimanite zone was
mapped as a semicircular stripe 2—8 km wide around
metasediments of the muscovite—sillimanite zone. The
main mineral assemblage of this zone is Otz + Pl + Ms +
Sil + St + Grt + Bt.

The muscovite—sillimanite zone is widespread in
zonal metamorphic complexes of moderate pressure,
but in contrast to the other zones (staurolite, stauro-
lite—sillimanite, and sillimanite—potassic feldspar—
cordierite), this zone contains mineral assemblages
with very small numbers of minerals. Three relatively
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Fig. 4. Metamorphic zoning of the Vorontsovskaya Group: (a) Vorontsovskaya Group; (b) Mamon—Podkolodnovskii area. Iso-
grades: (1) staurolite, (2) staurolite—sillimanite, (3) sillimanite, (4) sillimanite—potassic feldspar—cordierite. Sampling sites of
rocks with mineral assemblages of (5) garnet zone, (6) staurolite zone, (7) staurolite—sillimanite zone, (8) muscovite—sillimanite
(9) sillimanite—potassic feldspar—cordierite zone, (10) metapelite xenoliths in magmatic rocks. Intrusive rock, Mamonskii Com-
plex: (11) peridotites, (12) pyroxenites, (13) gabbronorites; Elan’ Complex: (14) norites, (15) diorites; Bobrovskii Complex:
(16) granodiorites and quartz diorites, (17) granites; Artyushkinskii Complex: (18) syenites; Novogol’skii Complex: (19) gabbro-
dolerites; (20) faults; (21) geological boundaries. Symbols: (22) Vorontsovskaya Group, (23) Mamonskii Complex;
(24) Bobrovskii Complex, (25) Artyushkinskii Complex; (26) Novogol’skii Complex; (27) Elan’ Complex.

PETROLOGY WVl. 19 No.5 2011



PHASE EQUILIBRIA OF BASTNAESITE, ALLANITE, AND MONAZITE

455

Fig. 4. (Contd.)

large fields of rocks of the muscovite—sillimanite zone
were mapped in the Elan’—Ertil’skii domain.
Metapelites of the muscovite—sillimanite zone are a
predominant rock type in the metamorphic zoning of
the Mamon—Podkolodnovskii domain. These rocks
are exposed as a semicircular stripe 7—12 km wide
around the highest temperature biotite—potassic feld-
spar—cordierite gneisses. The rocks contain a rela-
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tively little diverse mineral assemblages, and the small-
est number of degrees of freedom has the assemblage
Otz + Pl + Bt + Ms + Grt + Sil + Kfs.

Sillimanite—potassic feldspar—cordierite zone. The
metamorphic zoning of the Mamon—Podkolodnovskii
domain includes metapelites of the highest tempera-
ture zone only in the southern part of the area. These
rocks were mapped as an almost oval field 13 x 17 km
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of sillimanite—cordierite gneisses (Fig. 4b). It is
bounded by a gabbro—diorite semicircular intrusion in
the west, a small peridotite massif in the north, and a
field of metapelites of the muscovite—sillimanite zone
in the east. The southern boundary of the zone is
uncertain because that area was not drilled. The field
of the sillimanite—cordierite gneisses was determined
to be intruded by numerous small hyperbasite bodies.
The metapelites of this zone are medium-grained
biotite—sillimanite gneisses, which often contain
cordierite, garnet, potassic feldspar, and spinel and
have granoblastic or lepidogranoblastic textures. The
most widely spread mineral assemblage are Otz + Pl +
Bt + Sil £ Kfs £ Crd + Grt £ Spl = llm + Po. Although
occasional samples contain garnet, cordierite, and
potassic feldspar, these minerals have never been
found in contact, and hence, no higher temperature
garnet—orthoclase—cordierite zone was distinguished
in the area.

MINERALOGY OF THE REE-BEARING
MINERAL PHASES

The associations of both rock-forming and acces-
sory REE-bearing minerals in metasedimentary rocks
of the Vorontsovskaya Group are listed in Table 5
(according to metamorphic zones), which shows that
bastnaesite is contained only in the garnet zone, allan-
ite was found only in the staurolite zone, xenotime
occurs predominantly in the staurolite—sillimanite
zone, while monazite and apatite are contained in all
of the metamorphic zones.

Allanite CaREEAILFe?*Si;O,,0(0H) is an REE-
bearing silicate of the epidote group and was identified
in two samples from the staurolite metamorphic zone.
In sample 8712/4, allanite occurs as an elongated
grain (15 pm long) in contact with monazite (Fig. 5a)
and as small grains approximately 5 pm across. At the
boundary between allanite and monazite, a small grain
of REE-bearing apatite was detected. REE contained
in the allanite are dominated by Ce (the mineral con-
tains 12.30—13.59 wt % Ce,03), whose concentration
is almost three times higher than those of La (4.62—
5.76 wt % La,0;) and Nd (3.83—5.04 wt % Nd,05)
(Table 6); the mineral also contains Th (1.65—2.26 wt
% ThO,) and Pr (0.72—0.91 wt % Pr,0;). The allanite
grains display a zonal Ce and La distribution, with an
increase in their concentrations from grain cores to
margins, and with Nd and Th showing the opposite
trends (Table 6). The mineral also contains P, whose
concentration increases from 0.10 wt % P,0Os in the
core to 0.92 wt % in the margin (Table 6).

Small allanite grains (less than 5 pm) were found in
sample 8010/287 (Fig. 5b) from the low-temperature
part of the staurolite zone. The mineral occurs in this
rock in association with large (up to 50 pm) monazite
grains and REE-bearing apatite. This allanite contains
much less REE (almost three times less) than the min-
eral in sample 8712/4 and contains no Th. REE are
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dominated by Ce (4.51 and 6.46 wt % Ce,0;), and the
concentrations of La (1.68 and 2.37 ppm La,0;) and
Nd (2.21 and 2.73 wt % Nd,0;) are lower (Table 6).

Monazite (LREE)PO, is the most widely spread
accessory REE-bearing mineral and was identified in
most of our samples with REE mineralization. Never-
theless, some samples from the lowest temperature
metapelites (from the garnet zone) either contain no
monazite at all or, if present, this mineral occurs in
association with bastnaesite or in reaction relations
with apatite, chlorite, and biotite (Table 5). Starting in
the staurolite zone, monazite is contained in all sam-
ples. Monazite occurs in the garnet and staurolite
zones as small (no larger than 20 pm) unzonal grains.
The higher temperature rocks (from the muscovite—
sillimanite and sillimanite—cordierite—potassic feld-
spar zones) contain larger monazite grains (up to 100—
150 um) (Fig. 6a).

Reaction textures with REE-bearing minerals are
widespread in the garnet zone and occur not as widely in
the staurolite zone. Monazite and allanite were detected
only in two samples from the staurolite zone, in which
they occur in close association with apatite (Table 5).
Monazite sometimes occurs in contact with bastnaesite
and in the presence of apatite (Fig. 5c¢). In samples
8200/209 and 7004/264, very small monazite grains are
included in bastnaesite (Figs. 5d, 5¢). Relations between
monazite and apatite (which often contains REE) are
diverse: in the garnet zone, these are numerous irregu-
larly shaped monazite inclusions in apatite (Fig. 5f), tiny
monazite lamellas along cleavage planes in apatite
(Fig. 7a), and rims round pyrite (Fig. 7f). In some sam-
ples from the garnet zone, numerous small monazite
grains replace large crystals of chlorite (Figs. 7c—7¢) and
biotite, together with bastnaesite (Fig. 5d).

No differences were detected between the chemical
compositions of monazite from different metamor-
phic zones (Table 7). The mineral always contains
much Ce and minor admixtures of Ca and Si.

REE are dominated by Ce (28—32 wt % Ce,0,),
and the mineral contains much La and Nd (12—15 wt
% La,0, and Nd,O; each) and Pr (2—5 wt % Pr,05).
The HREE contained in the monazite are Sm, Gd (1—
3.5 wt % Sm,0; and Gd,0; each), and Eu (up to 2 wt %
Eu,0,). Along with REE, the monazite contains Th,
U, Pb (2—5 wt % ThO, and 0.5—1 wt % PbO and UO;
each), and minor amounts of Ca and Si (Table 7). The
P concentration in the mineral almost exactly corre-
sponds to the stoichiometric value. It is interesting that
monazite from various metamorphic zones may con-
tainupto 1.5wt % F.

The fact that the monazite contains Pb (up to 1 wt %
PbO) is explained by the generation of this element by
the radioactive decay of U and Th. Considering the
Paleoproterozoic age of the carbonaceous schists, Pb
could be readily accumulated in a concentration suffi-
cient for its analysis on a microprobe, which provides
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Table 5. Mineral associations of silicate (rock-forming) and accessory REE-bearing minerals

Sample Mineral association REE-bearing accessory mineral
Garnet zone
8617/300 Otz + Bt + Pl + Chl Bst + Ap
8617/404 Otz + Pl + Kfs + Bt + Chl Bst+ Ap
8062/380 Qtz + Bt + Ms + Chl Mnz + Ap + Zrn
820/318 Otz + Bt + Chl + Pl + Ms + Gph Bst + Mnz
542-¢/173 Qtz + Bt + Pl + Chl + Gph Bst+ Ap
8305/1 Qtz + Chl + Bt + Ms Bst
8200/209 Otz + Ms + Chl + Bt Bst + Mnz
548-c/4 Qtz + Chl + Pl + Kfs Bst + Mnz + Xen + Ap
7522/308 Qtz + Bt + Czo + Pl + Kfs Bst + Syn
7004/264 Otz + Bt + Pl + Kfs + Gph Bst + Mnz
8186,/400 Qtz + Pl + Ms + Chl + Bt + Gph Mnz
8731/402 Qtz + Pl + Ms + Chl + Bt Bst + Mnz
8601/425 Otz + Pl + Kfs + Chl + Bt + Tur Mnz + Ap
Staurolite zone
8712/4 Otz + Pl + Bt + Chl + Grt + St Mnz + Aln + Ap
8010/287 Otz + Pl + St + Ms + Bt Mnz + Aln + Ap
8283/8 Otz + Ms + Bt + Chl + Pl + St Mnz + Ap + Xen
809/6 Otz + Pl + Chl + Bt + St Mnz
Staurolite—sillimanite zone
8358/1 Qtz + Pl + Ms + Bt + St + Sil Mnz + Xen
8053/275 Otz + Bt + Ms + Pl + St + Sil Mnz + Xen +Ap
8312/1 Qtz + St + Bt + Pl + Ms + Sil Mnz + Xen + Ap
8384/430 Qtz + Pl + Kfs + Bt + Ms + St + Sil + Gph Mnz +Ap
Muscovite—sillimanite zone
8240/352 Otz + Bt + Pl + Ms + Sil Mnz
8371/488 Qtz + Bt + Ms + Pl + Sil Mnz
8703/322 Otz + Pl + Bt + Ms + Sil Mnz
7103/503 Qtz + Bt + Ms + Pl + Sil Mnz
8354/378 Qtz + Bt + Ms + Pl + Sil Mnz + Ap
Sillimanite—potassic feldspar—cordierite zone
4n/170 Qtz + Pl + Bt + Sil + Crd + Gph Mnz + Zrn
In/119 Otz + Pl + Bt + Crd + Sil + Gph Mnz
242-a/310 Qtz + Pl + Bt + Crd + Grt + Sil Mnz

a basis for CHIME chemical dating of monazite
(Suzuki et al., 1994).

Bastnaesite, a F-carbonate of REE, belongs to the
parisite group and has the empirical formula
(Ce,La)(CO»)F; this mineral is widespread only in the
garnet zone and has never been found in higher tem-
perature zones. The mineral was detected in two mor-
phological types. It occurs in the matrix as elongated pris-
matic crystals from 10 to 100 um long (Figs. Se, 8a, 8b),
and its large grains are sometimes zonal (Fig. 8b). The
other morphological type comprises small (10—
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20 um) acicular crystals and rosettes of this mineral
that replace chlorite (Figs. 8d, 8e), biotite (5d), and
plagioclase (Fig. 8c).

Both morphological types of bastnaesite are similar in
composition and display the predominance of Ce (25—
32 wt % Ce,0,), whose concentrations are roughly twice
higher than those of La and Nd (8—16 wt % La,O; and
Nd,O; each) (Table 8). Other REE contained in appre-
ciable concentrations in the mineral are Pr (2—4 wt %
Pr,0;) and Y (up to 5.3 wt % Y,03). The Th concentra-
tions in the bastnaesite is no higher than 1 wt % ThO,,
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Fig. 5. Relations between REE-bearing minerals in low- and medium-temperature metapelites of the Vorontsovskaya Group.
(a) Allanite in contact with monazite and apatite (staurolite zone, sample 8712/4); (b) tiny allanite relics in association with monazite
and apatite (staurolite zone, sample 8010/287); (c) monazite in association with bastnaesite, xenotime, and apatite (garnet zone, sample
548-c/4); (d) bastnaesite replacing biotite and monazite replacing bastnaesite (garnet zone, sample 8§200/209); (e) tiny monazite inclu-
sions in bastnaesite (garnet zone, sample 7004,/264); (f) monazite inclusions in apatite (garnet zone, sample 8062/380). The numbers
of analytical spots in this and other figures correspond to the numbers of microprobe analyses in Tables 6—10.

and this element was not detected in some bastnaesite The only exception is bastnaesite in sample 548-
grains. The Ca concentrations broadly vary, from 0.7 to  ¢/4, in which this mineral is in close association with
almost 9 wt % CaO. Similar REE proportions were monazite (Fig. 8f). Unfortunately, the small size of the
detected in the allanite and bastnaesite. grains (<10 pm) allowed us to analyze only one of
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Table 6. Composition of allanite in metapelites of the Vorontsovskaya Group

Sample 8712/4 Sample 8010/287
Component

2 3 4 7 8 31 32
P,0; 0.52 0.10 0.89 — 0.33 - 3.19
SiO, 31.63 30.98 31.04 32.21 31.19 36.19 34.44

ThO, 1.69 2.26 1.60 0.34 1.57 — —
Al,O4 16.58 17.64 16.83 18.40 17.83 20.02 21.14
La,0, 5.53 4.62 5.38 5.09 5.71 2.16 2.96
Ce, 04 12.50 12.30 13.18 11.53 12.49 5.81 8.07
Pr,0, 0.84 0.72 0.88 0.73 0.54 0.44 0.52
Nd,05 4.84 3.83 4.14 4.28 4.36 2.84 3.42
FeO 11.37 11.55 11.28 12.09 11.64 8.70 8.88

MnO 0.59 0.49 0.44 0.43 0.61 - —
MgO 0.49 0.63 0.58 0.36 0.62 — 0.56
CaO 10.72 11.30 10.47 11.46 10.90 17.40 11.27
Na,O 0.21 0.19 0.01 0.42 — 2.30 1.71
Total 97.51 96.61 96.72 97.34 97.79 95.86 96.16
P 0.04 0.01 0.07 - 0.03 - 0.24
Si 3.04 2.96 3.01 3.00 2.97 3.07 3.02

Th 0.04 0.05 0.04 0.01 0.03 — —
Al 1.88 1.99 1.92 2.02 2.00 2.00 2.19
La 0.20 0.16 0.19 0.17 0.20 0.07 0.10
Ce 0.44 0.43 0.47 0.39 0.43 0.18 0.26
Pr 0.03 0.03 0.03 0.02 0.02 0.01 0.02
Nd 0.17 0.13 0.14 0.14 0.15 0.09 0.11
Fe 0.91 0.92 0.91 0.94 0.93 0.62 0.65

Mn 0.05 0.04 0.04 0.03 0.05 - —
Mg 0.07 0.09 0.08 0.05 0.09 - 0.07
Ca 1.10 1.16 1.09 1.14 1.11 1.58 1.06
Na 0.04 0.04 — 0.08 — 0.38 0.29
>REE 0.84 0.75 0.83 0.55 0.60 0.28 0.39

Note: Cation proportions were calculated by normalizing to the total of cations (8). Here and in other tables, dashes mean concentrations of ele-
ments below the detection limit. The numbers of analyses correspond to analytical spot numbers in Figs. 5—8. Here and in Tables 7—10, oxides

are given in wt % and elements are in ppm.

them (Fig. 8e, analytical spot 16) without interference
of other phases in the EDS analyses. In this bastnaesite
analysis, REE are dominated by Pr (31.8 wt % Pr,05),
Yb (12.24 wt % Yb,03), and Ce (11.45 wt % Ce,0;)
(Table 8). The mineral contains minor amounts of La
(3.55 wt % La,0;) and Nd (1.73 wt % Nd,0,).
Another bastnaesite grain (Fig. 5c, spot 15) has a sim-
ilar composition but additionally contains much P and
Si (Table 8), which is likely explained by the involve-
ment of quartz and monazite in the analytical spot of
the microprobe beam. This Pr-rich bastnaesite is also
rich in Mn (approximately 4 wt % MnO). It is perti-
nent to mention that no bastnaesite of such composi-

PETROLOGY Vol. 19

No. 5 2011

tion has been found so far, although Ce-, La-, and Y-
bearing bastnaesite is known.

The bastnaesite was found in association with syn-
chysite Ca(Ce,La,Nd)(CO,;),F, a calcic end member
of bastnaesite—synchysite isomorphic series (Fig. 8b).
The synchysite differs from bastnaesite in bearing
higher concentrations of Ca (10—16 wt % CaO) and,
correspondingly, lower concentrations of Ce (23—
27 wt % Ce,0Os) and La (12.7—15.9 wt % La,05) (Table 8).
Some synchysite crystals are zonal (Table 8b, Table 8)
and have paler cores of bastnaesite and margins
(darker) of synchysite.
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Fig. 6. REE-bearing minerals from metapelites of the medium- and high-temperature zones of the Vorontsovskaya Group, Vor-
onezh Crystalline Massif. (a) Large monazite grain in graphite gneiss (sample 4n/170, sillimanite—potassic feldspar—cordierite
zone); (b) xenotime grain in a silicate matrix of crystalline schist (sample 8053/275, staurolite—sillimanite zone); (c) REE-bear-

ing zircon (sample 8062/380, garnet zone).

Apatite (Ca,REE);[PO,];(F, OH) was found in
metasedimentary rocks of the Vorontsovskaya Group
as single grains in the matrix and in reaction textures,
together with monazite, allanite, and bastnaesite, in
the garnet and staurolite zones (Figs. 5a—5c, 5f). The
apatite sometimes contains REE. For example, small
apatite grains (approximately 5 pm) in association
with monazite and allanite in sample 8010/287 con-
tain close to 4.4 wt % REE, with the maximum con-
centration of these elements detected in sample
8712/4: 13.5 wt % (Fig. 5a, Table 9). Apatite with
monazite inclusions is depleted in REE (about 1 wt %)
but is richer in Th (1.7—3.9 wt % ThO, (Fig. 5f, Table 9),
whereas no REE were detected in the apatite with
monazite lamellas. Single apatite grains in the matrix
usually contain no REE. All of the apatite grains are
F-apatite.

Xenotime [YPO,] is an HREE phosphate. It was
most often found in staurolite-bearing assemblages,
together with monazite, as single grains 10—40 um

across of equant or elongated shape (Figs. 5c, 6b). The
xenotime bears low concentrations of Si (1.5—2.5 wt
% Si0,), which isomorphically substitutes P and
shows a deficit in Y (approximately 0.8 f.u.), an ele-
ment substituted for HREE (approximately 12 wt % in
total) (Table 10). The mineral also contains Ca (up to
3wt % Ca0), U (up to 1.5 wt % UQO,), Th (up to 1.5
wt % ThQO,), and Pb (up to 1.5 wt % PbO). Small (no
larger than 5 pm) xenotime grains in contact with
monazite contain much LREE (2—3 wt % La,0; and
5-9 wt % Ce,0,). The xenotime was formed during
the partial decomposition of garnet in the staurolite
zone, because garnet is the only rock-forming silicate
able to concentrate Y.

The silicate matrix of sample 8062/380 contains
zircon with 0.3—0.8 wt % Ce,05 and 0.5—1 wt % Pr,0,
(Fig. 6¢).

PETROLOGY Vol. 19 No.5 2011
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Fig. 7. Reaction textures of REE-bearing minerals in metapelites of the Vorontsovskaya Group, Voronezh Crystalline Massif.
(a) Thin monazite lamellas oriented in cleavage planes in apatite (garnet zone, sample 8062/380); (b) monazite rim around apa-
tite (staurolite zone, sample 8384/430); (c) monazite growing along margins of a chlorite grain (garnet zone, sample 8186,/400);
(d) monazite developing in the core of a large chlorite grain (garnet zone, sample 8601/425); (e) chlorite replaced by monazite
(garnet zone, sample 548-c/4); (f) monazite and bastnaesite rims around pyrite (garnet zone, sample 8731/402).

INTERPRETATIONS (Table 5). This testifies that the mineral was formed
OF MINERAL EQUILIBRIA during the metamorphism of rocks of the Voronts-

As was mentioned above, bastnaesite occursonlyin ~ Ovskaya Group but was not an overprinted (epige-
the garnet zone, in which it is spread fairly widely netic) phase, because otherwise bastnaesite should

PETROLOGY Vol. 19 No.5 2011
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Fig. 8. Bastnaesite relations with other minerals in metapelites of the Vorontsovskaya Group, Voronezh Crystalline Massif.
(a) Bastnaesite in contact with apatite in the rock matrix (sample 8617/404); (b) large zonal bastnaesite grain with an outer syn-
chysite zone (sample 7522/308); (c) bastnaesite replacing plagioclase (sample 7004/264); (d) bastnaesite inclusion in chlorite
(sample 8305/1); (e) chlorite replaced by bastnaesite (sample 820/318); (f) “Pr”-bastnaesite in association with monazite, xeno-

time, and apatite (sample 548-c/4).

have also occurred in other (higher temperature)
metamorphic zones. Bastnaesite commonly exhibits
reaction relations with monazite and phyllosilicates
(biotite and chlorite). The mineral was formed at the

recrystallization of detrital bastnaesite or monazite
during greenschist-facies metamorphism, although
other mechanisms were also possible. Bastnaesite
could have replaced chlorite (Figs. 8d, 8e, 8f) or, more

PETROLOGY Vol. 19 No.5 2011
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Table 9. Composition of apatite from metapelites of the Vorontsovskaya Group

Com. 0%‘27‘3 542-c 823;/ 8062/380 8712/4 8010/287 8283/8
ponent

2 | 14| 3 | 22 [ 23] 24 ] 38| 39 ] 40 | 5 | 1030 |33 | 12] 14
F 425 6.62| 339| 2.77| 484| 2.96| 434] 5.11| 432| 3.03| 3.65| 501| 3.87| 4.05| 3.84
P,0s | 41.04 38.40| 41.33 | 42.23| 40.47| 39.55| 32.12| 31.92| 34.83 | 36.42| 40.75 | 39.37| 34.90 | 39.74 | 39.21
CaO | 53.29| 49.41| 53.45| 54.25| 53.03 | 52.20| 41.33 | 37.63| 42.76 | 42.29| 52.26 | 49.62| 43.86 | 53.52| 52.98
sio, | 061 1.52| 0.18| 020| 048] 1.72] 9.44|20.61| 9.21| 2.09| 0.69| 0.76| 6.58| 0.57| 0.1
FeO | 031| 062| 044] — | 007] 0.10| 2.10] 0.50| 1.17] 042| 041 — | 035] 0.28] 0.48
ALO; | 0.28) 095 004| — | — | — | 313| 005] 042] 094 — | 040| 448| 0.10| 0.50
so; | 002 009 007] — | — | — | 079] — | 023] 018] — | 020 024 — | 0.14
Laos | — | — | = | = | = | = | 042] 009| 0.15| 346 — | 1.18| 098] 0.15| 0.9
Ce,05 | 0.12] 193] 057 — | — | — | 092| 072| o064 677| — | 229] 201 — | 043
NdOs| — | = | = | = | = | = | = | = | = | 28| — | 09%]| 143 — | 002
Dy,Os| — | = | = | = | = | = | = | = | = 1los2] = | = | = | 077 014
ThO, | — | — | — | 022] 049] 042| 2.73| 1.70| 391| 082 — | 022| — | 0.02| 047
Total | 99.92] 99.54] 99.47] 99.67| 99.38] 96.95| 97.32] 98.33| 97.64| 99.74| 97.76] 99.95| 98.7 | 99.2 | 99.31

rarely, biotite (Fig. 5d) and plagioclase (Fig. 8c) and
form acicular crystals and their rosettes at the partial
decomposition of silicates bearing REE in concentra-
tions from a few dozen to a few hundred ppm (Lan-
zirotti and Hanson, 1996; Kohn and Malloy, 2004;
Corrie and Kohn, 2008). Such textures were inter-
preted as produced by bastnaesite crystallization due
to the partial decomposition of LREE-bearing (up to
2.5 wt %) chlorite (Savko et al., 2010).

As a temperature increased, bastnaesite started to
decompose with the synthesis of monazite and eventu-
ally completely disappeared at the transition to the
monazite zone. Monazite inclusions in bastnaesite of
both morphological types (prismatic and acicular
crystals and rosettes)(Figs. 5d, 5¢) and the close asso-
ciation of bastnaesite, monazite, and apatite (Fig. 5c)
testify that bastnaesite was formed by the reaction

Bst+ Ap— Mnz+ Caz+(in silicates)
+ fluid (HF, CO,, H,0).

(1)

Similar relations between bastnaesite and monazite
were documented in carbonaceous schists of the Tim-
skaya Formation in the Tim—Yastrebovskii structure
(Savko et al., 2010) and at the Bayan Obo Nb and REE
deposit in Inner Mongolia, China (Smith et al., 1999).

Thus, reaction (1) corresponds to the isograde of
bastnaesite decomposition (Bsf-out isograde), and its
temperature roughly corresponds to that of the stauro-
lite-in isograde. Bastnaesite and allanite have never
been found together in metapelites of the Voronts-
ovskaya Group, although these minerals are known to
occur in association in carbonaceous schists of the
Tim—Yastrebovskii structure of the Voronezh Crystal-
line Massif (Savko et al., 2010).

Monazite is present in all samples with REE-bear-
ing minerals from the medium- and high-temperature
metamorphic zones, and this mineral was identified in
approximately half of our samples from the garnet
zone (Table 5). This means that metamorphic mona-
zite started to crystallize in the garnet zone, and its sta-
bility expands into higher temperature region (from
the staurolite—sillimanite to sillimanite—potassic feld-
spar—cordierite zone).

In addition to reaction (1), monazite could be
formed at the partial decomposition of chlorite, silli-
manite breakdown, and at the sacrifice of REE-bear-
ing apatite. Metapelites of the garnet metamorphic
zone exhibit very unusual relations between monazite
and chlorite (Figs. 7c—7¢). Monazite replaces the
margins and cores of chlorite flakes and forms small
crystals (monazite dust, see Fig. 7d). Conceivably,
analogous to bastnaesite, monazite crystallized at the
partial decomposition of chlorite that contained REE.

Reaction relations between apatite and chlorite,
such as monazite rims around apatite (Fig. 7b), thin
monazite lamellas in apatite (Fig. 7a), monazite inclu-
sions in apatite (Fig. 5f), suggest that monazite crystal-
lized in the garnet (Figs. 5f, 7a) and staurolite (Fig. 7b)
zones immediately from REE-rich apatite according
to the reaction

Ap; reg — Ap + Mnz + fluid (HE H,0). 2)

This also follows from the fact that many apatite grains in
the garnet and staurolite zones contain REE (up to
13.5wt %) (Table 9). Moreover, the presence of F in
some of the monazites (Table 7) suggests that they were

formed at the expense of bastnaesite and/or apatite.
Although the most common reaction that synthe-
sized monazite during metamorphism is thought to be
PETROLOGY Vol. 19
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the high-temperature replacement of allanite by this
mineral in the epidote-amphibolite facies (Wing et al.,
2003; Janots et al., 2008; Janots et al., 2009; Tomkins
and Pattison, 2007; and others), we found allanite only
in two samples from the staurolite zone. The fact that
the allanite contains P (Table 6, Fig. 5a) suggests that
this mineral was synthesized at the sacrifice of detrital
monazite, as was suggested in (Wing et al., 2003; Jan-
ots et al., 2008; and others). Allanite occurs in the
form of small (relict) grains in association with apatite
and monazite replaced by allanite (Figs. 5a, 5b). A
number of reactions of the type Aln — Mnz was sug-
gested in (Wing et al., 2003; Janots et al., 2008;
Tomkins and Pattison, 2007); the reaction can be writ-
ten in a general form as

Aln + Ap— Mnz
+Ca’t Fez+, A13+(in silicates) (3)

2

+fluid (HF, H,0).

An argument in support of the occurrence of this reac-
tion is also provided by the drastic decrease (by a factor
of almost three) in the LREE concentration in the
decomposing allanite.

The grain size of apatite increases with increasing
temperature from 10—20 pm to 200 um in the silli-
manite—potassic feldspar—cordierite zone.

Another REE phosphate, xenotime, is most widely
spread in the staurolite—sillimanite zone. Its relations
with other minerals were not examined in detail, and
no conclusions can be drawn so far about reactions of
its synthesis or decomposition. It is known from liter-
ature data that phase relations of xenotime in
metapelites are closely coupled with growth and
decomposition reactions of garnet, a mineral able to
concentrate much Y and even be zonal in terms of
concentration of this element (see, for example, Spear
and Pyle, 2002).

CONCLUSIONS

The following conclusions were drawn from phase
relations of REE-bearing minerals in metasedimen-
tary rocks of the Vorontsovskaya Group.

(1) Bastnaesite is the lowest temperature REE min-
eral and is stable only within the garnet zone. Bastn-
aesite can be formed in the greenschist facies at the
recrystallization of detrital bastnaesite and the
replacement of detrital monazite or at the partial
decomposition of silicates (chlorite, biotite, and pla-
gioclase) bearing REE in concentrations of a few
dozen to a few hundred ppm, as follows from the
diverse reaction textures.

(2) Reaction relations between bastnaesite, mona-
zite, and apatite suggest that bastnaesite decomposes
in the high-temperature part of the garnet zone with
the synthesis of monazite according to the reaction
Bst+ Ap — Mnz + Ca®>* (in silicates) + fluid (HF,

SAVKO, BAZIKOV

CO,, H,0). This reaction is marked by the isograde of
bastnaesite decomposition (Bst-out). The complete
decomposition of bastnaesite coincides with the iso-
grade of staurolite synthesis.

(3) Monazite first appears in the garnet zone and
remains stable in all metamorphic zones, including
the sillimanite—potassic feldspar—cordierite zone (in
the lower part of the granulite facies). The diverse
reaction textures suggest that the mineral is formed in
the garnet zone by a reaction of bastnaesite with apa-
tite at the partial decomposition of REE-bearing chlo-
rite. Monazite is produced in the garnet and staurolite
zones by a reaction of apatite with allanite and at the
partial decomposition of REE-bearing apatite. The
monazite stability field expands into the high-temper-
ature region, including the granulite facies.
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