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Abstract—Paleoproterozoic carbonaceous shales in the Tim-Yastrebovskii ancient rift, which underwent
zonal metamorphism at 350—550°C, contain REE mineralization of silicates (allanite, thorite, and Ce—P
huttonite) fluorcarbonates (bastnaesite and synchysite), phosphates (monazite and xenotime), and REE-
bearing apatite. The reason for the wide occurrence of bastnaesite and other REE minerals is relatively high
REE concentrations in the sulfide-bearing carbonaceous shales, with these elements accumulated in the
organic matter in the course of diagenesis. Reaction textures with REE-bearing chlorite, bastnaesite, and
allanite suggest that REE-bearing chlorite and bastnaesite provided REE for the forming of higher tempera-
ture allanite and monazite. This is corroborated by the REE patterns of the monazite, allanite, and bastnaes-
ite, which are almost identical and are characterized by the strong predominance of LREE. The replacements
of REE minerals during metamorphism at 350—550°C took place via a number successive transitions:
(1) Mnz — Aln, Chlggg — Bst, Chlggg — Aln, Bst — Aln and (2) Bst — Mnz and Apy rgg— Mnz.
These replacements can be accounted for by prograde metamorphic reactions.

DOI: 10.1134/S0869591110040053

INTRODUCTION

A few past decades witnessed significant achieve-
ments in the reproduction of the evolution of meta-
morphic events via studying phase equilibria of critical
minerals and the application of mineralogical ther-
mobarometry and isotopic dating. Studies of assem-
blages of accessory minerals, first of all, those with
REE, were launched more recently, with interest in
them was stirred up largely due to progress in methods
of the in-situ analysis (CHIME) and isotopic dating
(SHRIMP) of metamorphic events with the use of
monazite, xenotime, thorite, allanite, sphene, bastn-
aesite, and other minerals that can contain apprecia-
ble concentrations of Th, Pb, and U.

The forming and decomposition reactions of REE
minerals during metamorphism are still understood
inadequately poorly. The two viewpoints concerning
this problem are as follows: (1) no rock-forming alu-
minosilicates, which contain practically no REE, can
participate in the forming and decomposition of REE
minerals, and (2) REE minerals (first of all, monazite
and xenotime) are formed as byproducts of reactions
involving aluminosilicates (garnet, andalusite, stauro-
lite, chlorite, and others) and resulting in the release of
REE (Spear and Pyle, 2003), whose concentrations in
the aluminosilicates were on the order of a few dozen

ppm.

The reactions without aluminosilicate phases doc-
umented in much detail in metapelites are the forming
of allanite during the decomposition of detrital mona-
zite under greenschist facies conditions (Smith and
Barero, 1990; Wing et al., 2003), the replacement of
the assemblage of florencite with synchysite by the
association of allanite with synchysite at HP—LT
metamorphism (Janots et al., 2006), and the high-
temperature replacement of allanite by metamorphic
monazite under epidote-amphibolite facies condi-
tions (Wing et al., 2003; Janots et al., 2008; Janots
et al., 2009; Tomkins and Pattison, 2007; and others).
The forming of monazite duirng the partial decompo-
sition of REE-apatite in high-pressure rocks of the
Bohemian Massif was described in (Finger and Krenn,
2007), and the origin of this mineral at the sacrifice of
apatite and sphene was described in cordierite—ortho-
amphibole gneisses in Manitouwadge, Ontario, (Pan,
1997) and Rogaland orthogneisses in Southwestern
Norway (Bingen et al., 1996).

The other viewpoint implies that appreciable
amounts of LREE and P can be contained in “usual”
silicates, and their decomposition in the absence of
high-temperature REE minerals can produce mona-
zite (Lanzirotti and Hanson, 1996; Kohn and Malloy,
2004; Gibson et al., 2004). This conclusion is based on
a dramatic increase in the monazite content with the
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Fig. 1. Structural zones in the Precambrian basement of the Voronezh Crystalline Massif.

(1) Paleoproterozoic rocks of the Voronezh block; (2) Archean rocks of the Kursk block; (3) synclinal structures filled with Pale-
oproterozoic rocks: (I) Tim—Yastrebovskaya, (II) Volotovskaya, (I11) Mikhailovskaya, (IV) Belgorodskaya; (4) equal depth lines

for the Precambrian basement surface.

appearance of staurolite and on an increase in the
LREE and P concentrations (to a few dozen ppm) in
garnet, plagioclase, biotite, muscovite, and chlorite in
the absence of these components in the staurolite
(Kohn and Malloy, 2004). The growth of monazite
and xenotime via the partial decomposition of garnet
in metapelites was documented in the Canadian Cor-
dilleras (Gibson et al., 2004) and in contact metamor-
phic rocks in northern Labradore (McFarlane et al.,
2005).

Paleoproterozoic carbonaceous shales in the Tim—
Yastrebovskaya structure in the Voronezh Crystalline
Massif (VCM) were determined to contain REE min-
eralization of phosphates (monazite and xenotime,
and REE bearing apatite), fluorcarbonates (bastnaes-
ite and synchysite), and silicates (allanite, Ce—P hut-
tonite, and thorite). These REE minerals sometimes
show reaction relations both with one another and
with chlorite, which occurs as clusters in the carbon-
aceous shales.

This publication is centered on the interpretation
of the textural relations of REE minerals in carbon-
aceous shales from the Tim—Yastrebovskaya structure
with the aim of reproducing the succession of reac-
tions of the forming, growth, and decomposition of
mineral phases during low- and middle-temperature
zonal metamorphism.
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GEOLOGY

The Tim—Yastrebovskaya structure is one of the
largest Paleoproterozoic synforms at VCM: it extends
for 130 km from northwest to southeast at a width of
10—30 km and a depth of 5—8 km (as inferred from
geophysical data) (Fig. 1). In terms of geodynamics,
the structure is an acient continental rift that started to
develop in the Paleoproterozoic on a Neoarchean pro-
toplatform.

The Tim—Yastrebovskaya structure and the struc-
tures surrounding it are made up of Archean and Pale-
oproterozoic rocks (Fig. 2). Archean rocks in struc-
tures around the Tim—Yastrebovskaya structure com-
pose thick sequences of high-grade metamorphosed
sedimentary and volcanic—sedimentary rocks of the
Oboyan Complex and Mikhailovskaya Group. The
Tim—Yastrebovskaya structure itself is filled with Pale-
oproterozoic rocks of the Kursk and overlying Oskol
groups.

Rocks of the Kursk Group compose the southwest-
ern flank of the structure and its northwestern and
southeastern closures and are dominated by
metapelites and metapsammites of the Stoilenskaya
Formation and thick sequences of magnetite quartz-
ites with beds of schists of the Korobkovskaya Forma-
tion (approximately 1000 m in thickness and more).
The exact age of BIF in the Kursk Group is uncertain.
The lower age boundary was constrained to the
Neoarchean using the underlying potassic rhyolite of
the Lebedinskaya Formation: U—Pb zircon age of
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Fig. 2. Schematic geological map of the Tim—Yastrebovskaya structure.

(1) Oboyan Complex (gneisses, granite-gneisses, migmatites, granulites, and magmas); (2) Mikhailovskaya Group (two-mica and
chlorite schists; amphibolites, komatiites, rhyolites, and dacites); (3—4) Kursk Group: (3) Stoilenskaya Formation (metasand-
stones, quartzites, phyllite-like shales, and mica schists), (4) Korobkovskaya Formation (BIF, phyllite-like shales, and
mica schists); (5—7) Oskol Group: (5) Rogovskaya Formation (quartz—biotite and quartz—sericite schists, dolomites, marbles);
(6—7) Timskaya Formation: (6) lower subformation (quartz-biotite carbonaceous shales, calc-silicate rocks, and metamorphosed
mafic and acid volcanic rocks), (7) upper subformation (carbonaceous shales and metamorphosed mafic and acid volcanic
rocks); (8—11) intrusive complexes: (8) Stoilo-Nikolaevskii, (9) Zolotukhinskii, (10) Oskol, (11) Atamanskii.

2590 + 44 Ma (Shcherbak et al., 1992. Its upper age
boundary can be estimated based on the age of the
overlying acid volcanics in the Mikhailovskaya syn-
form: close to 2170 Ma (Artemenko, 1998).

The composition and age of the Oskol Group are
determined by cyclically alternating conglomerates,

gritstones, and metasandstones, which grade into car-
bonate—mica schists with beds of amphibolites, meta-
morphosed dolomites, and limestones and widespread
carbon-bearing rocks and volcanics in the upper part
of'the sequence. The thickness of the Oskol Group was
estimated at a few kilometers. The group is subdivided
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into the older terrigenous—carbonate Rogovskaya
Formation and the younger Timskaya Formation,
which is dominated by terrigenous—volcanic rocks.
The Rogovskay Formation occurs along the south-
western slope of the Tim—Yastrebovskaya structure
and in its northeastern closure and consists of variably
marmorized limestone, which is enriched in carbon-
aceous matter in single beds. The Timskaya Formation
is predominant in the Tim—Yastrebovskaya structure
(Fig. 2) and is classified into a lower and an upper sub-
formation.

The Lower Timskaya Subformation has a pro-
nounced cyclic structure with widespread sulfide—car-
bonaceous schists and subordinate beds of metasand-
stones, quartzites, and calc-silicate rocks.

The Upper Timskaya Subformation is dominated
by volcanic rocks. The lower portion of its vertical sec-
tion is composed of carbonaceous and carbon-free
mica schists, and its upper part consists mostly of
metavolcanics with sandstone and schist beds. No pre-
cise dates have ever been obtained for rocks of the
Oskol Group.

The collision of Sarmatia and Wolgouralia at
approximately 2.1 Ga resulted in the closure of the
Kursk block. Crustal melting zones developed there in
an compressional environment, and a number of
intrusive complexes was formed in various parts of the
collision structure (Kholin, 2001). In the closure
structures of the Kursk block, these are the Stoilovo-
Nikolaevskii granitoid complex (2085 + 5 Ma), Shche-
bekinskii syenite complex (2066 + 14 Ma), and Mali-
novskii granite complex (2040 + 30 Ma) (Artemenko,
1998). The same evolutionary phase was marked by
the origin of the andesite unit in the Glazunovskaya
Formation at 2151 + 79 Ma (Artemenko, 1998).

METAMORPHISM

The zonal metamorphism of rocks of the Tim—Yas-
trebovskaya structure was studied in much detail
(Savko and Polyakova, 2001; Polyakova et al., 2005,
2006) at an extent permitted by the poorly exposed
study area with a thin network of boreholes. When the
metamorphic zones of the metapelites were mapped,
the following zones and subzones were recognized: the
biotite zone with chlorite—potassic feldspar and
biotite—muscovite subzones and the garnet and stau-
rolite zones with staurolite—chlorite andalusite—
biotite, and cordierite—biotite subzones (Fig. 3).

Biotite zone. Chlorite—potassic feldspar subzone.
The lowest temperature mineral assemblages in the
examined metapelites of the Tim—Yastrebovskaya
structure are Chl + Kfs + Bt and Chl + Kfs + Ms rocks
(Fig. 4a). The stability of the Ch/+ Kfs association con-
strain the lowest temperature metamorphic conditions
to the lower part of the biotite subfacies of the green-
schist facies (chlorite—potassic feldspar subzone). The
stability of the Ch/+ Kfs association is comparable with
that of the Bf + Ms association in the metapelite inter-
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calations (Fig. 4b). This association can be generated
in this subzone only in rocks that originally contained
muscovite, stilpnomelane, and potassic feldspar, with
biotite produced there by the reaction St + Kfs = Bt +
0z + H,0. Hence, the lowest temperature metamor-
phic conditions in the Tim—Yastrebovskaya structure
are constrained, on the one hand, by the decomposi-
tion of the assemblage of stilpnomelane with potassic
feldspar with the origin of biotite and, on the other
hand, by the stability of the chlorite plus potassic feld-
spar association, which characterizes the upper part of
the chlorite—potassic feldspar subzone of the biotite
zone.

Biotite—muscovite subzone. In the higher grade
metamorphic rocks, the association of chlorite with
potassic feldspar gives way to the association of biotite
with muscovite (Ch/ + Kfs = Bt + Ms + Otz + H,0)
(Fig. 4b). Consequently, the metapelites bear mineral
assemblages with either excess potassic feldspar (Bf +
Kfs + Ms) or chlorite (Bt + Chl+ Ms) stable in the upper
part of the biotite zone, which we refer to as the
biotite—muscovite subzone.

The metapelites with excess potassic feldspar
sometimes contain garnet rich in spessartine (Sps;s_g
Grsy3_14Prps_¢Alm,_s) (Fig. 4c), whose occurrence in
the biotite zone, even in the pre-biotite subfacies, is
not unusual. Spessartine is formed in the biotite or
pre-biotite subfacies not by a reaction of chlorite with
quartz but by the decomposition of Mn-bearing car-
bonates.

Garnet zone. Starting in the upper greenschist
metamorphic facies, garnet is formed by the reaction
Chl + Qrz = Grt + H,0. The appearance of garnet
results in the Bf + Grt, Chl + Grt, Bt + Chl + Grt, Bt +
Grt + Ms, and Bt + Chl + Grt + Ms assemblages in low-
Al metapelites of the Tim—Yastrebovskaya structure
and the Grt + Ms and Chl + Grt + Ms assemblage in
more aluminous metapelites (Figs. 4d, 4e). Highly
magnesian chlorite remains stable up to the high-tem-
perature region of the staurolite facies in the Bt + Chl +
Ms and Chl + Ms associations.

Staurolite zone. Staurolite—chlorite subzone. Fur-
ther changes in the metamorphic conditions are
marked by the appearance of staurolite in the
metapelites. The Tim—Yastrebovskaya structure con-
tains no metapelites with the And + Chl + Cld assem-
blage, and staurolite is formed in the metapelites by
the reaction Ms + Grt + Chl — St + Bt + Otz + H,0,
which testifies to metamorphic conditions of the stau-
rolite—muscovite subfacies (Figs. 5a, 5b) (Korikovsky,
1979).

After staurolite crystallization, metapelites of the
Tim—Yastrebovskaya structure contain the assem-
blages Bf + Grt + Ms + St, Bt + Grt + St, Bt + Ms + St,
and Bt + Chl + Grt + St (Figs. 5a, 5b). The assemblages
Bt + Grt, Chl + Grt, Bt + Chl + Grt, and Bt + Grt + Ms
formed during earlier metamorphic stages remain sta-
ble throughout the whole temperature range of the
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Fig. 3. Map showing the metamorphic zoning of the Tim—Yastrebovskaya structure.

staurolite—chlorite subzone. An increase in the meta-
morphic grade results solely in changes in the compo-
sition of minerals due to the redistribution of compo-
nents between coexisting minerals.

Andalusite—biotite subzone. Samples from some
boreholes drilled through metapelites of the staurolite
facies contain mineral assemblages with andalusite. In
the low-temperature portion of the staurolite zone,
andalusite was formed by the reaction St + Chl + Ms =
And + Bt + Qrz, which corresponds to the lower bound-
ary of the andalusite (kyanite, sillimanite)—biotite—
staurolite subfacies according to (Korikovsky, 1979).

Metapelites of the andalusite—biotite subzone of
the Tim—Yastrebovskaya structure contain the And +
Bt + Ms and And + Bt + Ms + St (Figs. 5¢, 5d) assem-
blages and many mineral associations of the stauro-
lite—chlorite—muscovite subfacies that are still stable.

Cordierite—biotite subzone. The highest tempera-
ture mineral assemblage of our metapelites is Bf + Crd
(Fig. 5e). Cordierite first crystallizes in the upper part
of the greenschist facies in aluminous rocks, according
to the reaction Chl + And + Qtz = Crd + H,O (Kori-
kovsky, 1979). However, the association of cordierite
with biotite appears in the upper part of the

andalusite—biotite subfacies of the staurolite facies,
which is referred to as the cordierite—biotite subzone.
This grade can be recognized only in metapelites with
highly magnesian chlorite, which ensures the stability
of such mineral assemblages as Bt + Chl/ + Ms and
Chl + Ms up to the upper part of the staurolite facies.
In the cordierite—biotite zone, magnesian chlorite
gives way to the Bt + Crd assemblage, which is pro-
duced by the reaction Ch/ + Ms + Qtz = Bt+ Crd + H,0
(Fig. 5e).

The metamorphic P-T conditions determined for
the biotite zone by mineralogical thermobarometry
are <350—400°C for the low-temperature chlorite—
potassic feldspar subzone, 400—500°C for the garnet
zone, and 500—560°C for the staurolite zone at pres-
sures of 2.1—3.6 kbar (Polyakova et al., 2006). The dis-
tribution of the metamorphic zones shows a striped
and patchy mosaic pattern: the lowest grade rocks of
the greenschist facies are prone to be restricted to the
southwestern flank of the structure, in which a narrow
meridionally elongated fragment of the chlorite—
potassic feldspar subzone was mapped. Higher grade
rocks (garnet zone) are restricted to the northeastern
flank of the structure. The central part of the Tim—

PETROLOGY Vol. 18

No. 4 2010



PHASE RELATIONS OF REE-BEARING MINERALS

Al,0;—(CaO + Na,0)

80
\ + Otz

| (BLECHLE K \
“[Chi + Bt + (Ank-Dol, Mgs-Sd) |\
< <

N

(Fe,Mn,Mg)O 80 60 40 20 K,0
(a)
Al,0;,—(CaO + Na,0) ALO3;—(CaO + Na,0 + K,0)

AN
80
\ . + 01z

“[Bt + Chl + Ms \
. N
J |

[+ Bi + (Ank-Dol, Mgs-Sd) |

\ \ AN

(Fe,Mn,Mg)O 80 60 40 20 K,0 (Fe,MgO 80 60 40 20 MnO

(b) (©)
AlL,O3—(CaO + Na,0) AlL,O;—(CaO + Na,O0 + K,0)
\\\‘ Ms ®
80 AN + 01 80 + Orz, Kfs
\ Ms\ + Pl + Pl
i + HyO¥ 60 + H,O0¥
60 B, K
y ® Bt +Gre+ Ms
40 40 |
P Grt+Bt+S \
AN _ N
7 [Chi+ Gri + Bi
P - _\\ 20 (& NENAN
[Br + Chi+ Cum-Gru ANERN \ _ \
(Fe,Mn,Mg)O 80 60 40 20 K,O (Fe,Mg)O 80 60 40 20  MnO
(d (e)

Fig. 4. Greenschist-facies phase equilibria in metapelites from the Tim—Yastrebovskaya structure.

(a—c) Biotite zone: (a) chlorite-potassic feldspar subzone, (b, c) biotite-muscovite subzone, (d, e) garnet subzone, (c, e) in K,O-
rich MnO-rich metapelites. Open circles show the composition of Mn-rich metapelites.
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Yastrebovskaya structure shows a complicated patchy
mosaic distribution of lower and higher temperature
metamorphic zones, with concentrically zoned ther-
mal aureoles around intrusions of the Stoilo—Nikolae-
vskii Complex (Fig. 3).

The low-temperature metamorphic zones exhibit
obvious evidence that minerals and mineral aggregates
grew synchronously with folding. In contact aureoles
around intrusions of the Stoilo—Nikolaevskii Com-
plex, randomly oriented mineral crystals overprint the
earlier schistosity.

The metamorphic complex was formed by two suc-
cessive metamorphic events. The earlier one affected
the whole complex of Paleoproterozoic rocks in the
Tim—Yastrebovskaya structure and was manifested
regionally. These processes were synchronous with
folding and ductile deformations, as the temperature
grew from 350 to 560°C at a pressure increase to
3.6 kbar. The heat flux thereby increased from the
southwestern to northeastern flank of the structure
(Fig. 3). The geothermal gradient of the regional
metamorphism was 40—50°C/km. The other, later
metamorphic even was manifested locally, in the con-
tact aureoles of intrusions of the Stoilo—Nikolaevskii
Complex. The temperature gradient increased to 70—
80°C/km at a pressure decrease to 2.1 kbar.

METHODS

All of our samples were obtained from borehole
core, which was thorough described in the field. Trace
and minor elements were analyzed by inductively cou-
pled plasma with mass spectrometry (ICP-MS) at the
Certified Test Analytical Center of the Institute of
Microelectronic Technology and Ultrahigh-Purity
Materials, Russian Academy of Sciences (ASITs
IPTM RAS). Rock samples were decomposed by acids
in a closed system. The chemical yield during decom-
position was controlled with the use of '°'Dy. Accord-
ing to these data, the samples were 100—64% decom-
posed, perhaps, due to carbonaceous matter that was
not decomposed, as can be seen from the presence of
variable amounts of black residual material of the sam-
ples after their decomposition. 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 (GSO 3191-85) certified Russian standard
of metamorphic schist. The relative standard deviation
was no greater than 0.3 for all elements at concentra-
tions of the elements no higher than 5 detection limits
and no higher than 0.15 at >5 detection limits.

Borehole core material was utilized to prepare pol-
ished thin sections, which were first examined under
an optical microscope and then on an Jeol 6380 LV
electron microscope equipped with an INCA 250
EDS analyzer at the Voronezh State University and on

PETROLOGY Vol. 18

No. 4 2010

391

a TESCAN VEGA II XMU electron microscope with
an INCA X-SIGHT EDS analyzer at the Institute of
Experimental Mineralogy, Russian Academy of Sci-
ences. REE minerals were identified under an optical
microscope and in BSE images; their qualitative anal-
yses were carried out with the use of standard REE
samples (Table 1).

Analytical conditions at Jeol 6380 LV (Voronezh
State University) were as follows: the accelerating
voltage was 20 kV, the electron absorption current at
Cu was 1—-2 nA, the beam diameter was 200 nm, and
the focal length was 10 mm. The accelerating voltage
at the TESCAN VEGA 11 XMU SEM was 20 kV, the
focal length was 25 mm, the electron absorption cur-
rent on Co was 0.3 nA, and the beam diameter was
260 nm.

PETROGRAPHY AND PETROCHEMISTRY
OF CARBONACEOUS SHALES

The metasedimentary rocks of the Timskaya For-
mation are gray, dark gray, or black, often greenish
thin- or fine-grained. In terms of grain size and pro-
portions of chlorite, micas, and quartz—feldspar
aggregates, they show gradual transitions from meta-
morphosed silt—pelite to psammite. The rocks typi-
cally have a metapsammites textures, defined by the
presence of clastic quartz grains of variable roundness.
The texture of the shales and their groundmass of the
metapsammites is lepido-granoblastic. If large (up to
2—3 mm) grains of metamorphic minerals appear in
the rocks, the texture of the rocks becomes porphyro-
blastic.

Carbonaceous mica—quartz shales are the most
widely spread rock type of the Timskaya Formation.
The major rock-forming minerals are (in addition to
quartz) muscovite, biotite, chlorite, and pyrite, and
the rocks may contain minor calcite concentrations.

The micas usually occur as small (a few hundredths
of a millimeter) flakes with abundant dust of carbon-
aceous matter, which makes the minerals practically
opaque.

Chlorite is widespread in the carbonaceous shales
as relatively large (up to 0.3 mm) laths and their accu-
mulations (clusters) and as small (0.05 mm) flakes of
greenish brown color. The low-temperature chlorite
shows variations in their Xz, = 0.53—0.89%.

The highly carbonaceous shales are rich in sulfides,
whose contents are correlated with the content of car-
bonaceous matter. Sulfide form thin-grained dissemi-
nation in the carbonaceous matter, pockets of fine-
grained pyrrhotite and pyrite (up to a few centimeters
across), and large crystals in rocks. The total contents
of sulfides may be as high as 30%.

Carbonaceous matter occurs as fine dust, lenses,
lenticular accumulations, and practically monomin-
eralic aggregates of graphite.
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Table 1. Standards used in the quantitative analysis of the REE
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-bearing minerals

Standard

TESCAN VEGA 11 xmu scanning electron microscope equipped
with an INCA x-sight energy-dispersive analyzer (Institute of Ex-
perimental Mineralogy, Russian Academy of Sciences)

Element| Jeol 6380 scanning electron microscope equipped

with an INCA 250 energy-dispersive analyzer (Voron-
ezh State University)

Y Y

La LaBg

Ce CeO,

Pr PrF;

Nd NdF;

Sm SmF;

Eu EuF,

Gd GdF;

Tb TbF;

Dy DyF;

Ho HoF;

Er ErF,

Tm TmF;

Yb YbF;

Lu LuF;

Th ThO,

U Uo,

YPO,
LaPO,
CePO,
PrPO,
NdPO,
SmPO,
EuPO,
GdPO,
TbPO,
DyPO,
HoPO,
ErPO,
TmPO,
YbPO,
LuPO,
ThO,
uo,

The carbonaceous shales contain beds with ele-
vated MnO contents (4—9 wt %), ranging from 2 to
10 m in thickness. These rocks contain Mn-rich min-
erals: spessartine, Mn-calcite, and Mn sulfide alaban-
dite.

The REE mineralization is constrained mostly to
highly carbonaceous varieties of the shales that con-
tain >10% carbonaceous matter. The highly carbon-
aceous shales of the Timskaya Formation can be sub-
divided into the following types according to their
mineral composition: garnet—quartz—biotite, two
mica, quartz—biotite, quartz—muscovite, quartz—
graphite, and chlorite—biotite—muscovite shales. All
of these varieties of the carbonaceous shales interca-
late in the vertical section of the formation with low-
carbonaceous and carbon-free quartz—biotite and
two-mica shales and with dolomite, quartzite, and
quartzite-sandstone beds. Carbonaceous shales of the
Timskaya Formation have a variable mineralogical
composition and, consequently, variable petrochemis-
try. However, all of them are rich in organic carbon
(Coe > 10%), sulfur, phosphorus, and iron, with FeO
strongly dominating over Fe,O; (Table 2).

The quartz—muscovite carbonaceous shales are
characterized by the predominance of FeO over Fe,0s,
at a total Fe content close to the clarke, and by the pre-
dominance of K,O over Na,O (Table 2); the rocks typ-
ically bear elevated concentrations of sulfur and C
and low contents of carbonates.

org

The quartz—muscovite carbonaceous shales typi-
cally contain elevated concentrations of a broad spec-
trum of minor and trace elements (Table 3). The total
REE concentrations vary from 146 to 777 ppm, which
is higher than the usual concentrations in metapelites.
Significant variations from sample to sample are
shown by the total concentrations of LREE: from 64
to 528 ppm. The chondrite-normalized REE patterns
(Fig. 6) show negative Eu anomalies (Eu/Eu* = 0.40—
0.67) and significant negative slopes ((La/Yb), =2.7—
29.9, (Gd/Yb), = 0.71-3.61, and (LREE/HREE), =
1.09—8.39; Table 3). These features are typical of post-
Archean clay shales formed from detrital material with
erosion products of granitoid rocks (Likhanov et al.,
2008). The Ce/Ce* ratio of the carbonaceous shales
varies within a narrow range of 0.98—1.21, which sug-
gests, particularly considered together with
(LREE/HREE), 1.09—8.39, that sedimentation
took place at shallow water depths on the shelf, in a
humid climate, and in a tectonically quiet setting
(Balashov, 1976; Murrey et al., 1990).

REE minerals are spread particularly widely in the
quartz—muscovite carbonaceous shales. The REE
minerals are allanite, bastnaesite, synchysite, mona-
zite, xenotime, and thorite. Other accessory minerals
are ilmenite, rutile, ilmenorutile (with 4.1-5.9 wt %
Nb,O; and 0.6—1.0 wt % Ta,0s), magnetite, sphene,
chalcopyrite, sphalerite, galena, arsenopyrite, cobal-
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Fig. 6. Chondrite-normalized REE patterns of carbonaceous shales from the Tim—Yastrebovskaya structure.

tite, gersdorffite, alabandite, and Nb-aeschynite
(Y,Ca,Ce,Nd, Th)(Nb,Ti, Ta),(O,0H).

MINERALOGY OF THE REE-BEARING
MINERALS

Allanite [Ca,REE,Al,(Mg,Mn,Fe)(Si;0,,)O(OH)] is
an REE-bearing silicate of the epidote group. It occurs
in the rocks as two morphological varieties: (1) rela-
tively large (up to 500 pm long) prismatic crystals
(porphyroblasts) with a well pronounced cleavage,
submerged in a matrix, in close association with sul-
fide and bastnaesite inclusions (Figs. 7a, 7b, 7e, 7f);
and (2) small elongated grains up to 50 um (usually 5—
20 um) long, restricted to chlorite clusters (Figs. 7c,
7d, 8a, 8b, 8d, 8f). In addition to chlorite, allanite (2)
occurs in close association with bastnaesite, pyrite,
rutile (Figs. 8b, 8d), and, more rarely, monazite
(Figs. 8a, 8e, 8f). Large tabular allanite (1) crystals dis-
play a zonal distribution of Fe, whose concentration
decreases from the cores to rims of the grains (Table 4).
Allanite (1) is richer in Fe and REE than allanite (2).
It is worth mentioning that, similar to analogous rocks
elsewhere (see, for example, Janots et al., 2008), our
rocks contain no zonal allanite crystals with gradations
from allanite to clinozoisite.

REE in the allanite are dominated by Ce (8.4—
11.4wt % Ce,0;), whose concentrations are almost
twice as high as that of La (3.6—6.4 La,05) (Table 4).
In addition to these elements, the mineral contains
appreciable concentrations of Nd (1.8—4.0 wt %
Nd,O;) and bears excess Al and Ca. The Ca excess
suggests that REE3* are partly substituted for Ca?*,
and excess Al is, correspondingly, explained by the
partial substitution of Fe** for AP’ in the allanite
No. 4
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structure. The Al,O;, CaO, and REE concentrations
in our allanite samples are close to those in allanite
from metapelites in other metamorphic regions
(Fig. 9a).

Allanite in carbonaceous shales in the Tim—Yastre-
bovskaya structure is rich in Mn (3.50—6.35 wt %
MnO), whose concentration is higher than that of Fe
(Table 4, Fig. 9b). Allanite in metapelites from else-
where contains practically no Mn (Fig. 9b), and, in
contrast to this mineral from elsewhere, allanite in our
carbonaceous shales contains 0.21—0.50 f.u. of Mn.
This element can partly occupy the structural sites of
Al (up to 0.5 f.u.), together with Ca, and part of M3
sites (up to 0.28 fu.), together with Fe and Mg
(Table 5), which indicates that the mineral cannot be
classed with REE—Mn subgroups (for example,
androsite, khristovite, Mn-dissakisite, and others)
(Armbruster et al., 2006). Nevertheless, the mineral
can be referred to as Mn-allanite. The reason for ele-
vated Mn concentration in the allanite is the composi-
tion of the carbonaceous shales, which may contain up
to 4—9 wt % MnO, with the corresponding metamor-
phic rocks Lcontaining other Mn minerals, such as
spessartine, Mn-bearing calcite, and alabandite.

The fact that concentrations of (Fe** + Mg +
Mn?*) are correlated with those of (Ce + La + Nd)
suggests heterovalent isomorphism Ca’t + APt —
REE** + (Fe?*, Mn?*, Mg). The total for the cation
charge is 24.8—25, i.e., is a little bit low, perhaps, due
to the partial substitution of O for OH, as is typical of
allanite.

Chlorite, with inclusions of carbonaceous matter is
enriched in REE and contains these elements in con-
centrations that can be reliably analyzed on a micro-
probe. REE are dominated by Ce, whose concentra-
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Fig. 7. Allanite relations in carbonaceous shales from the Tim— Yastrebovskaya structure.

(a, b) Large allanite crystals in association with pyrite in the rock matrix (sample 3527/472); (c, d) small allanite grains in chlorite
clusters in association with bastnaesite, monazite, apatite, and pyrrhotite (sample 3620/299.5); (e, f) allanite rims around pyrite

(sample 3527/496).

tions vary from 0.44 to almost 2 wt %; other REE
occurring in appreciable amounts are La and Nd. The
total REE concentration may come as high as 2.4 wt %
(Table 6), and a single analytical spot analysis yielded
0.73 wt % Th. Figures 10a and 10b show images of
REE-bearing chlorite with a bastnaesite rim replacing
it and with small allanite inclusions. The core of the
grain contains a large inclusion of carbonaceous mat-
ter. REE are unevenly distributed over the grain, with

their highest concentrations constrained to the vicin-
ity of the graphite inclusion and the lowest ones occur-
ring in zones adjacent to allanite inclusions and bastn-
aesite rims.

Similar to allanite, monazite [(LREE)PO,] is con-
tained in the carbonaceous shales as two morphologi-
cal types. Monazite (1) is small, no larger that 30 um,
anhedral grains in apatite (Figs. 11d, 11f) and occa-
sional “emulsion” dissemination in large apatite crys-
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Fig. 8. REE minerals in carbonaceous shales from the Tim—Yastrebovskaya structure.

(a) Relations of allanite, monazite, and apatite in a chlorite cluster (sample 3523/511); (b) allanite in association with bastnaesite,
chlorite, and pyrite (sample 3527/496); (c) association of allanite, monazite, and apatite in the matrix (sample 3523/511);
(d) bastnaesite in chlorite and allanite in close association with pyrite and chlorite (sample 3527/496); (e) bastnaesite, monazite,
allanite, and apatite in a chlorite cluster (sample 3523/511); (f) monazite and allanite in physical contact, the rock also contains
apatite and bastnaesite (sample 3523/511).

PETROLOGY WVol. 18 No.4 2010

395



396

(a)

CaO
1.00

REE

L4 M L4

1.00

SAVKO et al.

O Carbonaceous shales form the Tim—Yastrebovskaya structure
m (Tomkins Pattison, 2007)
o (Krenn, Finger, 2007)

m (Finger et al., 1998)

@ (Kelts et al., 2008)

Fig. 9. Allanite composition in diagrams (a) Al,03—CaO—REE and (b) MgO—MnO—FeO.

tals (Fig. 11a). Monazite occasionally replaced apatite
in grain rims (Fig. 11b). Monazite (2) is contained in
chlorite clusters as anhedral grains up to 50 pum, in
close association with sulfides, bastnaesite, allanite,
and apatite (Figs. 12b, 12c, 12e). The mineral can also
be contained as inclusions in pyrite (Fig. 12a), some-
times together with apatite (Fig. 12d).

When occurring in association with allanite in
chlorite clusters, monazite usually forms small
resorbed anhedral crystals (Figs. 8a, 8c, 8e, 8f). Occa-
sionally aggregates of very small xenotime and mona-
zite grains were found (Fig. 12f).

The two types of monazite show no differences
between their chemical composition (Table 7). All
varieties are rich in Ce and contain minor Ca concen-
trations. The highest concentrations of LREE other
than Ce,0; (28.7—33.3 wt %) are those of La,O;
(14.6—18.3 wt %), Nd,0; (8.8—12.4 wt %), Pr,0O,
(1.46—4.47 wt %), and Sm,O; (0.06—4.26 wt %)
(Table 7, Fig. 13). The mineral usually contains minor
concentrations of Si, which may partly substitute P.
The monazite is generally characterized by high con-
centrations of the Ce-group REE (66—72% respective
oxides).

The fact that the monazite contains Pb (up to 1 wt %
PbO) is accounted for by the generation of this ele-
ment by the radioactive decay of U and Th. Consider-
ing the Paleoproterozoic age of the carbonaceous

shales, radiogenic Pb can be readily accumulated in
concentrations sufficient for microprobe analysis, and
this provides a basis for the chemical dating of mona-
zite on CHIME (Suzuki et al., 1994).

Bastnaesite is an REE fluorcarbonate of the
parisite group, having the empirical formula [(Ce,
La)(CO»)F]. It is the predominant REE mineral in the
chlorite clusters. Bastnaesite occurs in the matrix as
long (up to 200 pum) elongated prismatic crystals
(Fig. 14a). The chlorite clusters sometimes contain
small rosettes of acicular crystals 10—20 pm long
(Figs. 14b, 14d, 14e) and rims around chlorite
(Figs. 14c, 10a, 10b) and tiny inclusions in it (Figs. 8b,
14b—14d). Bastnaesite occurs in chlorite clusters in
close association with monazite, allanite, and pyrite.

The composition of the bastnaesite is characterized
by the predominance of Ce (24.9—37.6 wt % Ce,0;)
over other REE (Table 8), with the Ce concentration
being twice as high as that of La (13.9—19.55 wt %
La,0;). Other REE contained in appreciable concen-
trations are Nd (7.9—15.8 wt % Nd,0;) and Pr (1.05—
4.38 wt % Pr,05). The Th concentrations of the bastn-
aesite never exceed 3.15 wt % Th,03, and the mineral
sometimes does not contain Th at all. The Ca concen-
tration broadly varies: from 2 to almost 9 wt % CaO.
The allanite and bastnaesite show similar REE pat-
terns.
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Fig. 10. REE-bearing chlorite in carbonaceous shale from the Tim—Yastrebovskaya structure (analytical spots of microprobe

analyses correspond to analysis numbers in Table 6).

(a) Large chlorite grain in the matrix with an inclusion of carbonaceous matter and bastnaesite rims around it (sample 3584/518);
(b, ¢) fragments of this chlorite grain at a higher magnification: chlorite contains allanite and bastnaesite ingrowths.

Bastnaesite often occurs together with synchysite
[Ca(Ce,La,Nd)(COs;),F], the calcic end member of
the bastnaesite—synchysite = isomorphic  series
(Table 8). The mineral occurs in the form of small (no
larger than 20 um; Figs. 8b, 14b) grains. Synchysite
differs from bastnaesite in bearing higher concentra-
tions of Ca (15—16 wt % CaO) and, correspondingly,
lower concentrations of Ce (25—26 wt % Ce,0;) and
La (12.7—15.9 wt % La,05) (Table 8).

Similar to monazite and allanite, apatite is con-
tained in the carbonaceous shales in two morphologi-
cal types. Apatite (1) is large grains of equant rounded
or irregular morphology, 100—350 pm across, occur-
ring in association with pyrite and rutile. The mineral
often contains inclusions of monazite, xenotime, and
a phase having a composition (Th,REE) (Si, P)O,
(Figs. 11a, 11d, 11f), although occasional apatite
grains are homogeneous and bear no inclusions. Apa-
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tite (2) is contained in chlorite clusters in the form of
anhedral grains up to 50 um across, in close associa-
tion with sulfides, bastnaesite, allanite, and monazite
(Figs. 7c, 8a, 8c, 8e, 8f, 11c, 11e, 11f). All of the apa-
tite varieties are F-apatite.

No appreciable REE concentrations were detected
in the apatite with monazite inclusions (Table 9).
Some grains of matrix apatite without inclusions con-
tain LREE, Th, and U (Table 9).

Phase (Th,REE)(Si,P)O, (Ce—P huttonite) was
detected in the form of inclusions in apatite, together
with monazite, as small anhedral inclusions no larger
than 30 um (Fig. 11f). The predominant element of
the phase is Th (38—45.6 wt % ThQO,), with its concen-
trations being twice as high as those of Si (15.3—
22.3wt % SiO,) (Table 10). The mineral contains
minor amounts of P (up to 5 wt % P,0s), Ca (up to
1.7 wt % CaO), Fe (up to 1.3 wt % FeO), Pb (up to
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Fig. 11. Relations of apatite and monazite in carbonaceous shales from the Tim—Yastrebovskaya structure.

(a) Numerous monazite inclusions in apatite (sample 3527/496); (b) apatite replaced by monazite in the matrix (sample
3527/508); (c) apatite and monazite in the matrix, monazite contains pyrite inclusions (sample 3527/508); (d) amoeba-shaped
monazite inclusions in apatite (sample 3527/508); (¢) monazite, apatite, and bastnaesite in a chlorite cluster (sample 3523/573);
(f) inclusions of monazite and a phase of the composition (Th,REE)(Si,P)Oy in apatite (sample 3527/496).

2wt % PbO), and U. The contents of REE oxides
exceed 11 wt %, with the predominance of HREE
(Fig. 13). The presence of P and REE is explained by
the continuous isomorphic series between huttonite
and monazite and, consequently, coupled substitu-
tions Th*4Si*t* «~— Ce™3P*.

Zircon— Thorite Solid Solutions

We found minerals of composition intermediate
between zircon and thorite in a sample of the car-
bonaceous shale (sample 3053/220). One of the
minerals was detected as a grain 20 x 30 pm whose
core consists of thorite and the broad outer zone is

PETROLOGY Vol. 18 No.4 2010
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Fig. 12. Relations of monazite in carbonaceous shales from the Tim—Yastrebovskaya structure.

(a) Monazite inclusion in pyrite (sample 3527/508); (b) monazite in chlorite in association with bastnaesite (sample 3527/496);
(c) monazite and bastnaesite in a chlorite cluster (sample 3523/510.5; (d) reaction relations of apatite and monazite (sample
3527/508); (e) small monazite and bastnaesite grains at a contact between apatite and chlorite (sample 3620/299.5); (f) aggregate

of monazite and xenotime (sample 3527/496).

Zr-bearing thorite (Fig. 15a) with 8.22—10.36 wt %
710, (Table 10). Thorite differs from Zr-thorite in
having higher concentrations of Y,0;, Ce,0;, and
Nd,05(2.72—3.50, 3.27—3.54, and 3.15—3.40 wt %,
respectively).

The other mineral is unzoned Th-bearing zircon,
whose grains reach 20—25 pm across (Fig. 15b) and
PETROLOGY Vol. 18

No. 4 2010

contain 27.2—27.7 wt % ZrO, and 23.2—24.9 wt %
ThO,. Other components contained in concentrations
of no lower than 1-2 wt % are UO;, Y,0;, Ce,0s,
Nd,0;, PbO, and CaO (Table 10). The elevated
(REE +Y) concentrations are caused by the heterov-
alent substitution 2(REE + Y)**(Ca + Fe)** < 2(Th,
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Fig. 13. Composition of monazite, Ce—P huttonite, and thorite-zircon solid solution in carbonaceous shales from the Tim—Yas-

trebovskaya structure.

Zr, U)**. Th-zircon contains inclusions of Pb sulfose-
lenide (Fig. 15b, analytical spots 3 and 5; Table 10).

The low analytical total of microprobe analyses of
the thorite, zircon, and Ce—P huttonite (Table 10) are
explained, first of all, by the presence of adsorbed
water, whose concentrations in thorite may be as high
as 15—17 wt % (Speer, 1982; Farges and Callas, 1991).

INTERPRETATIONS OF MINERAL
EQUILIBRIA

Genesis of Allanite

As was mentioned above, allanite occurs in the
highly carbonaceous metapelites of the Timskaya For-
mation in two types of mineral assemblages: (1) in
close association with chlorite, pyrite, and bastnaesite,
in which it can form rims around pyrite and contain
bastnaesite inclusions in the matrix (Figs. 7a, 7f), and
in chlorite clusters (Fig. 8b); and (2) allanite coexist-
ing with apatite and monazite in the presence of pyrite
and, sometimes, bastnaesite (Figs. 8a, 8c, 8e, 8f), with
the monazite showing evidence of resorption.

In the second type of assemblages, allanite was
formed by a reaction of the partial decomposition of
monazite. A number of such reactions were suggested
in recently published paper (Wing et al., 2003; Janots
et al., 2008) (Table 11). All of these reactions involve
Ca- and Fe-bearing silicates or carbonates, together
with monazite, in their left-hand parts and apatite in
the right-hand ones, as is necessary for mass balance.
With regard for the fact that pyrite is widespread in the
mineral assemblages in question, allanite could be
produced in them by similar reactions but involving
pyrite and Mn-bearing silicates (spessartine) or car-
bonates (Mn-calcite)

Mnz+ Py + Ca™

+ Mn2+( in silicate and/or carbonate) (D
— Aln+ Ap + fluid (H,0, CO,, S,).

Note that the REE patterns of the monazite, allan-
ite, and bastnaesite are almost identical and show
strong LREE predominance.

We did not found detrital mineralize in carbon-
aceous shale of the Timskaya Formation, because this
mineral has probably not survived the greenschist-
facies metamorphism. In the absence of monazite,
LREE could have been borrowed from bastnaesite
(synchysite) and LREE-bearing chlorite. Bastnaesite
is widespread in the chlorite clusters, although its sin-
gle large crystals also occur in the groundmass of the
rock. Small bastnaesite crystals are restricted to chlo-
rite and form acicular and rosette-shaped aggregates
and rims replacing chlorite. These textures are
explained by bastnaesite crystallization during the par-
tial replacement of LREE-bearing (up to 2.5 wt %)
chlorite. This mechanism was earlier suggested in
(Lanzirotti and Hanson, 1996), in which LREE con-
centrations in chlorite were determined to be of the
order of 1000 ppm. Further support to this hypothesis
comes from the LREE distribution patterns of chlo-
rite, which the lowest concentrations of these ele-
ments detected in zones adjacent to allanite ingrowths
and bastnaesite rims. The richness of the metamorphic
fluid in F is corroborated by fluid inclusions in calcite
occurring in contact with chlorite that is rimmed by
bastnaesite

Chiggs + Cal + Flu —= Chl + Bst+ H,0.  (2)

Allanite ingrowths in REE-bearing chlorite, reac-
tion textures of bastnaesite replacement by allanite,
and REE distribution in the chlorite led us to suggest
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Fig. 14. Bastnaesite in carbonaceous shales from the Tim—Yastrebovskaya structure.

(a) Large prismatic crystal in the matrix (sample 3063/330); (b) bastnaesite and synchysite in chlorite (sample 3527/496);
(c) bastnaesite rims around chlorite (sample 3063/329); (d) chlorite replacement by bastnaesite in the presence of calcite with
fluorite inclusions (sample 3524/518); (e) bastnaesite replacement by allanite (sample 3524/518); (f) chlorite replacement by

bastnaesite (sample 3063/496).

that the allanite was formed by the partial decomposi-
tion of REE-bearing chlorite in the presence of calcite

CthEE + Cal - Chl + All’l + C02 (3)

or a reaction of bastnaesite (synchysite) and chlorite,
particularly considering the fact that the bastnaesite
contains 2—9 wt % CaO

Bst(Ca) + Chl — Aln + fluid (H,0, CO,, HF). (4)

PETROLOGY WVol. 18 No.4 2010

Monazite Genesis

Reactions forming monazite via the decomposition
of allanite at a temperature increase in the vicinity of
the staurolite isograde involve allanite and apatite in
their left-hand parts and monazite and a Ca-, Al-, and
Fe—Mg-bearing phase in the right-hand parts
(Table 11). We have not found any textures of the reac-
tion replacement of allanite by monazite in our
metapelites. Although allanite and monazite can
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Fig. 15. Zircon-thorite solid solution in carbonaceous
shales from the Tim—Yastrebovskaya structure.

(a) Zr-thorite: the grain core (paler) consists of
thorite (microprobe analytical spots 8, 9 in Table 10),
and the darker broad outer rims consist of thorite (micro-
probe analytical spots 6, 7, and 10) (sample 3053/220);
(b) Th-zircon (microprobe analytical spots 2, 4) with
inclusions of Pb sulfoselenite (microprobe analytical spots
3, 5) (sample 3053/220). The numbers of analytical spots
correspond to analysis numbers in Table 10.

occur in the same association in some chlorite clus-
ters, they show no reaction relations. Monazite with-
out allanite is often contained in chlorite clusters in
close association with bastnaesite, in which the former
mineral is newly formed (Figs. 7c, 11e, 12b, 12c, 12e).
This provided us with a good ground to think that the
monazite was formed by the reaction

Bst + Ap — Mnz + Cal + fluid (HE, H,0).  (5)

Another very widely spread type of reaction tex-
tures is the replacement of apatite by monazite
(Figs. 11b, 11c, 11e, 12f), with no other REE detected
in the minerals (Figs. 11a, 11d, 11f). This led us to
believe that the monazite crystallized immediately
from REE-enriched apatite according to the reaction

SAVKO et al.

This is corroborated by the absence of REE from
the apatite replaced by or containing inclusions of
monazite.

DISCUSSION

Crystallization Succession of LREE-Bearing Phases
during Metamorphism

The general crystallization succession of LREE-
bearing index minerals during prograde metamor-
phism in metapelites is as follows: detrital monazite —
metamorphic allanite — metamorphic monazite
(Smith and Barero; Wing et al., 2003; Janots et al.,
2009; and others); metamorphic monazite is thought
to be replaced by apatite at high temperatures (Finger
and Krenn, 2007). The temperature of these replace-
ment reactions, their mechanisms, and the possibility
that not only detrital (or magmatic) but also metamor-
phic monazite can exist at low temperature is a matter
of heated debates. Instances when monazite and
allanite occur in the same mineral assemblage are
fairly rare, with either allanite or monazite growing in
the course of prograde metamorphism due to the
effect of Ca and Al concentrations in the rocks on the
stability of allanite.

Monazite is thought to be a metastable (detrital or
magmatic) phase at very low-temperature metamor-
phic, although newly formed grains of this mineral
sometimes reportedly grew during diagenesis in the
course of pre-greenschist facies metamorphism (Ras-
mussen et al., 2001; Evans et al., 2002; Wing et al.,
2003; and others).

Phase equilibria at the Mnz — Aln — Mnz tran-
sitions were recently discussed in detail in (Wing et al.,
2003; Tomkins and Pattison, 2007; Janots et al., 2009).
As was shown in (Wing et al., 2003), allanite can be
produced in metapelites via the decomposition of
detrital or metamorphic monazite within the green-
schist facies at the biotite isograde. The decomposition
of allanite with the forming of monazite is correlated
with the appearance of andalusite or kyanite, cordier-
ite, and staurolite. It was determined (Tomkins and
Pattison, 2007) that the Aln — Mnz transition in the
Nelson contact aureole occurred at a temperature
close to that of the breakdown of the muscovite—chlo-
rite association with the forming of staurolite or the
association of cordierite and andalusite.

The conditions under which allanite is synthesized
and decomposes are uncertain as of yet, and the fac-
tors controlling its stability have not been identified.
The stability field of dissakisite, a magnesian variety of
allanite, was calculated from thermochemical data
and spans a temperature range of 250—550°C at a
broadly varying pressure (Yanots et al., 2007). Most
researchers admit that allanite replaces monazite at
400—450°C and remains stable up to the amphibolite
facies (Smith and Barero, 1990; Wing et al., 2003; and
others). Monazite appears again in the temperature
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Table 3. Concentrations (ppm) of minor and trace elements in highly carbonaceous shales from the Tim—Yastrebovskaya structure, ppt*

Element 573/3523 | 450/3527 | 475/3527 | 496/3527 | 508/3527 | 327/3063 | 330/3063 | 386/3063
Li 33.4 74.2 32.1 23.9 24.4 44.5 50.9 42.5
Be 1.7 0.52 2.3 1.6 1.6 1.6 6.8 1.7
Sc 11.0 20.5 9.5 13.3 8.7 12.6 3.2 12
A\ 142 229 222 207 183 175 36.4 265
Cr 145 97.8 141 138 131 187 50.2 175
Co 57.8 153.4 11.6 103 48.4 12.4 8.0 79.4
Ni 145 569 114 241 175 257 69.8 376
Cu 91.4 558 443 486 350 229 121 480
Zn 370 84.8 40.6 84.5 309 300 255 270
Ga 25.8 17.3 21.8 20 17 224 36.6 21.3
As 120 9.3 1.2 1.7 0.55 <DL 0.42 127
Se 3.3 48.5 15.3 18.7 18 25.1 3.2 21.4
Rb 116 281 120 97.7 96.9 92.7 104 114
Sr 32.2 4.4 42.7 50.9 31.1 22.5 76.6 36.2
Y 7.1 37.2 13.6 15.4 14.5 11.8 46.3 43.9
Zr 126 72.1 132 113 111 177 684 145
Nb 11.0 1.4 4.7 3.1 3.6 9.6 109 9.4
Mo 1.3 4.0 34 14.1 4.3 15.7 1.3 8.5
Ag 0.41 0.73 0.45 0.37 0.21 0.29 <DL 1.7
Cd 2.1 0.12 0.076 0.44 1.2 1.1 <DL 1.4
Sn 6.2 1.7 3.0 2.8 2.3 5.6 7.7 3.5
Sb 0.91 5.4 3.5 4.1 0.92 1.6 2.7 12.3
Te <DL 3.1 1.7 2.1 1.7 1.9 1.2 2.4
Cs 6.4 35.1 6.2 6.8 4.6 6.2 25 13.5
Ba 1122 208 416 263 223 307 296 127
La 45.9 18.5 54.3 56 335 12.1 144 423
Ce 99.2 41.9 105 111 65.4 27.9 345 88.6
Pr 10.1 4.2 11.0 12.5 7 3.4 38.6 9.5
Nd 37.3 18.1 40.4 46.7 25.9 13.3 136 36.1
Sm 6.1 3.6 6.9 8 4.6 2.7 20.3 6.5
Eu 0.93 0.53 1.3 1.4 1 0.51 2.7 1.4
Gd 4.8 4.4 5.7 6.6 4.4 2.9 16.8 6.9
Tb 0.56 0.7 0.7 0.79 0.62 0.47 24 1.1
Dy 2.2 5.1 3.0 34 3 2.8 11.5 7.1
Ho 0.36 1.3 0.52 0.58 0.58 0.56 2 1.5
Er 1 4.3 1.4 1.6 1.7 1.7 5.2 4.5
Tm 0.15 0.68 0.21 0.24 0.25 0.26 0.7 0.67
Yb 1.1 4.9 1.4 1.6 1.7 1.9 4.5 4.6
Lu 0.17 0.79 0.22 0.25 0.25 0.32 0.59 0.7
Hf 3.8 1.7 3.8 3.0 3.2 5.1 22.3 4.2
Ta 0.67 0.18 0.51 0.27 0.32 0.84 13.7 0.95
\\4 6.3 0.5 2.8 5.7 2.2 4.1 2.8 4.4
Re <DL 0.035 0.023 0.044 0.021 0.042 <DL 0.046
Pt 0.033 <0.03 0.064 <0.05 0.039 0.4 <DL <DL
Hg 0.071 0.12 0.03 0.093 0.11 0.046 0.023 0.21
Tl 2.9 4.5 1.8 1.6 1.4 1.3 2.3 2.8
Pb 35.9 88.7 23.4 24.9 16.7 24.7 20.7 80.8
Bi 0.15 1.1 0.45 0.53 0.36 0.72 0.21 1.3
Th 13.1 2.1 20.6 17.1 18.7 9.9 22.4 16.9
U 2.1 1.6 59 6.1 4.8 7.3 1 6.1
XREE 216.97 146.2 245.65 266.06 164.4 82.62 776.59 211.47
Y>LREE 155.2 64.9 170.3 179.5 105.9 43.4 527.6 140.4
Ce/Ce* 1.08 1.21 0.99 0.98 0.99 1.1 1.1 1.04
Eu/Eu* 0.5 0.4 0.61 0.57 0.67 0.55 0.43 0.63
(La/Yb), 29.92 2.70 27.93 25.10 14.3 4.57 22.95 6.59
(Gd/Yb), 3.61 0.74 3.38 341 2.14 1.26 0.71 1.24
(LREE/HREE), 8.39 1.09 7.05 6.61 4.09 1.70 6.23 2.20
PETROLOGY Vol. 18 No. 4 2010
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Table 5. Distribution of ions between major sites in the crystal chemical formulas of allanite from carbonaceous shales from the
Tim—Yastrebovskaya structure

Al A2 M1 M2 M3
Sample
2+ 2+ 3+ 3+ 2+
Sample Aln 1* | 21%* | 0.88Ca 0.45Ca 1.00Al | Al |0.29A10.17Mn 0.20Fe 0.33Mg
3537/496 0.12Mn 0.55REE
22 0.95Ca 0.42Ca 0.98A1 | Al |0.28A10.23Mn 0.15Fe 0.34Mg
0.05Mn 0.58REE #0.02
Aln2 | 23 0.86Ca 0.43Ca 0.96A1 | Al |0.37A10.20Mn 0.12Fe 0.31Mg
0.14Mn 0.57REE #0.04
24 0.84Ca 0.49Ca 1.00Al | Al |0.41A10.13Mn 0.17Fe 0.35Mg
0.16Mn 0.51REE
25 0.85Ca 0.39Ca 1.00Al | Al |0.44A10.17Mn 0.14Fe 0.31Mg
0.15Mn 0.61REE
Aln3 | 26 0.99Ca 0.34Ca 0.96A1 | Al [0.29A10.28Mn 0.13Fe 0.30Mg
0.01Mn | 0.66(REE + Th) | #0.04
27 1.00Ca 0.31Ca 1.00Al | Al |0.40Al0.28Mn 0.15Fe 0.28Mg
0.70REE
Aln4 |1 0.89Ca 0.37Ca 1.00A1 | Al [0.29A10.18Mn 0.20Fe 0.33Mg
0.11Mn 0.63REE
2 0.91Ca 0.43Ca 1.00Al | Al |0.25A10.19Mn 0.25Fe 0.31 Mg
0.09Mn 0.57REE
Aln5 | 22 0.86Ca 0.42Ca 1.00A1 | Al [0.39A10.16Mn 0.15Fe 0.34Mg
0.14Mn 0.58REE
23 0.92Ca 0.42Ca 1.00Al | Al |0.34A10.19Mn 0.17Fe 0.34Mg
0.06Mn 0.58(REE + Th)
0.02Na
24 0.90Ca 0.43Ca 1.00Al | Al |0.39A10.20Mn 0.16Fe 0.27Mg
0.10Mn 0.57REE
Sample Alnl | 8 0.82Ca 0.40Ca 1.00Al | Al |0.34A10.07Mn 0.26Fe 0.35 Mg 0.01Ti
3527/472 0.18Mn 0.60REA
9 0.86Ca 0.32Ca 1.00Al | Al |0.30Al0.15Mn 0.26Fe 0.30Mg 0.01Ti
0.14Mn 0.68REE
10 0.96Ca 0.36Ca 1.00Al | Al |0.31A10.18Mn 0.20Fe 0.31Mg 0.02Ti
0.04Mn 0.64REE
11 0.91Ca 0.48Ca 0.98A1 | Al |0.40Al0.12Mn 0.20Fe 0.25Mg 0.03Ti
0.09Mn 0.52REE #0.02
12 0.86Ca 0.42Ca 0.96A1 | Al |0.39A10.11Mn 0.19Fe 0.30Mg 0.01Ti
0.14Mn 0.58REE #0.04
13 Ca0.79 0.49Ca 0.97A1 | Al |0.33A10.08Mn 0.29Fe 0.30Mg
Mn0.21 | 0.61REE #0.03
Sample Alnl | 8 0.46Ca 0.46Ca 0.91A1 | Al |0.44Al10.36Fe 0.20Mg
3523/512 0.50Mn 0.54REE #0.09
0.04#

* Grain number; ** analysis number.
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Table 6. Chemical composition and crystal chemical coefficients of REE-bearing chlorite from carbonaceous shales of the

Tim—Yastrebovskaya structure

Sample 3524/518
Component

3* 4 5 6 7 8 9 11 12 15 16 17
SiO, 40.9 30.36 | 30.96 | 30.21 | 32.1 29.73 | 29.63 | 34.24 | 31.95 | 34.39 | 38.95 | 37.54
Al,O4 15.65 | 20.08 | 20.13 | 16.83 | 19.73 | 19.7 19.08 | 18.03 | 19.83 | 20.97 | 22.56 | 19.54
FeO 25.6 33.23 | 33.57 | 31.48 | 31.47 | 30.45 | 29.33 | 33.22 | 30.00 | 21.51 | 18.44 | 25.56
Mnl 0.56 0.7 0.59 0.53 0.57 0.68 0.4 0.315| 0.33 0.67 0.43 0.25
MgO 1.02 1.26 1.47 1.31 1.37 1.37 1.18 1.54 1.52 4.18 5.22 1.23
CaO 1.93 2.14 1.99 1.17 2.38 2.5 2.65 1.24 3.14 0.48 0.87 3.06
Na,O 0.25 0.36 0.4 0.22 0.63 0.62 0.52 - 0.44 0.41 0.28 0.5
K,0 0.42 0.38 0.39 0.12 0.57 0.3 0.13 — - 1.29 1.36 0.47

La,0, — — - 0.59 - 0.65 — - — - — —

Nd,0; — — - 0.45 - 0.64 — - — - — —
Ce, 04 1.58 1.65 0.73 1.11 - 1.38 1.54 0.945| 1.65 - 0.44 2.28

ThO, — — - 0.73 — — — - — - — —
Total 87.91 | 90.16 | 90.23 | 84.75 | 88.82 | 88.02 | 84.46 | 89.53 | 89.22 | 84.22 | 88.66 | 90.43
Si 4.73 3.44 3.47 3.7 3.62 3.45 3.56 391 3.64 3.96 4.21 4.19
Al 2.13 2.68 2.66 2.43 2.62 2.69 2.7 2.43 2.66 2.85 2.88 2.57
Fe?* 2.48 3.14 3.15 3.23 2.97 2.95 2.94 3.17 2.86 2.07 1.67 2.38
Mn 0.05 0.07 0.06 0.06 0.05 0.07 0.04 0.03 0.03 0.07 0.04 0.02

Mg 0.18 0.21 0.25 0.24 0.23 0.24 0.21 0.26 0.26 0.72 0.84 0.2
Ca 0.24 0.26 0.24 0.15 0.29 0.31 0.34 0.15 0.38 0.06 0.1 0.37
Na 0.06 0.08 0.09 0.05 0.14 0.14 0.12 - 0.10 0.09 0.06 0.11
K 0.06 0.05 0.06 0.02 0.08 0.04 0.02 — - 0.19 0.19 0.07

La — — — 0.03 - 0.03 - - — — — -

Nd — — - 0.02 - 0.03 - - — - — -
Ce 0.07 0.07 0.03 0.05 - 0.06 0.07 0.04 0.07 — 0.02 0.09

Th — — - 0.02 - — — - — - — —
Fe?t/(Fe** + Mg)| 0.93 0.94 0.93 0.93 0.93 0.92 0.93 0.92 0.91 0.74 0.66 0.92

Notes: Crystal chemical coefficients were calculated by normalizing to 10 cations.

* Analysis number.

range of 450—530°C (Smith and Barero, 1990; Wing
et al., 2003; Janots et al., 2008; and others). It was
recently established that the temperature of allanite
decomposition with the forming of monazite can vary
depending on the CaO and Al,O; contents of the rocks
(Foster and Parrish, 2003; Wing et al., 2003).

It is still uncertain in which minerals REE had been
concentrated before the crystallization of metamor-
phic allanite and monazite. Some researchers believe
that rock-forming monazite can participate in reac-
tions generating monazite. The reasons for this are as
follows: REE phases are absent from low-grade meta-
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morphic rocks (Kohn and Malloy, 2004), relations
between zoning in coexisting garnet and monazite
(Foster and Parrish, 2003; Pyle and Spear, 2003), the
first crystallization of monazite exactly on the stauro-
lite isograde (Fitzsimons et al., 2005), and LREE and
P concentrations as high as a few dozen ppm in garnet,
plagioclase, biotite, muscovite, and chlorite (Lan-
zirotti and Hanson, 1996). At the same time, other
researchers believe that LREE concentrations in rock-
forming silicates are obviously too low to generate
monazite in metapelites (Simpson et al., 2000; Yang
and Pattison, 2006; Rasmussen et al., 2006; Tomkins
and Pattison, 2007). These authors think that acces-
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Table 8. Chemical composition and crystal chemical formulas of bastnaesite and synchysite from carbonaceous shales of the
Tim—Yastrebovskaya structure

Sample 496,/3527
Component 1* 2 3 4 5 6
Bst 1#*| Syn 2 | Bst 13| Bst 14| Bst 17 | Bst 18 | Bst 19| Bst 20| Bst 7 | Bst 8 [Syn 12| Bst 13| Bst 14| Bst 15| Bst 16
F 7.70 | 7.09| 6.97| 542| 6.31| 7.82| 6.49| 6.50| 7.10| 6.08 | 6.36 | 7.33| 6.49| 6.84| 5.58
CaO 343 |16.00 | 5.20| 5.10| 547 | 5.35| 4.01| 5.51| 3.76 | 4.17|1499 | 4.06 | 6.30 | 8.87 | 8.02
ThO, 315 | 1.39| 068 | 1.59| 1.39| 046 0.33| 2.11| 2.95| 1.77| 1.17| 2.84| 2.07| 2.08| 1.56
UO; — - — 083 — 099 | -— — — - — — 0.27 | 0.68 | 0.42
Y,0;3 141 | 0.26| 0.68| 1.00| 1.39| 0.46| 0.33| 095| 0.58| 0.84| 1.35| 0.85| 1.09| 1.07 | 0.81
La,0;, 18.36 [14.94 {17.98 |13.94 (16.30 |17.21 |18.31 |19.06 |16.72 |16.28 {12.70 | 17.09 | 16.49 | 14.78 | 15.59
Ce,03 31.20 {26.07 {30.86 [24.92 (31.76 |32.42|32.20 |33.31 |29.80 |29.87 |25.46 |32.16 {29.80 [29.69 |30.35
Pr,03 2.36 | 0.88] 2.39| 1.19| 3.38| 3.60| 2.87| 3.02| 2.39| 2.38| 2.50| 3.87| 2.70| 3.99| 3.10
Nd,0;4 11.21 | 747 |11.56 | 794 {11.26 {10.92 [12.48 |11.87 [10.22 |10.16 | 9.63 |11.84 |10.50 |10.96 | 8.65
Total 78.82 |74.1 |76.32|61.93 77.26 [83.29 |77.02 |82.55 |73.52 |71.55 |74.16 |80.04 |75.71 |78.96 |74.08
F 0.70 | 1.10| 0.59| 0.35| 0.54| 0.80| 0.56| 0.64| 0.67| 0.47| 098 | 0.68| 0.54| 0.60| 0.44
Ca 0.13 | 0.96| 0.19| 0.23| 0.20| 0.19| 0.15| 0.19| 0.15| 0.17 | 0.45| 0.15| 0.23| 0.29| 0.28
Th 0.03 | 0.02( 0.01| 0.02] 0.01 — — 0.02] 0.03| 0.02| 0.01| 0.02| 0.02| 0.01| 0.01
8] - - — 0.01 - 0.01 — — - - — — — - -
Y 0.03 | 0.01| 0.01| 0.02| 0.02| 0.01| 0.01| 0.02] 0.01| 0.02] 0.02| 0.02| 0.02| 0.02| 0.01
La 024 | 0.31| 023 0.21| 0.20| 0.21| 0.24| 0.22| 0.23| 0.22| 0.13| 0.22| 0.21| 0.17| 0.19
Ce 0.41 | 0.53] 0.39| 0.38] 0.39| 040| 041| 0.39| 041 041 0.26| 0.40| 0.37| 0.34| 0.36
Pr 0.03 | 0.02| 0.03| 0.02| 0.04| 0.04| 0.04| 0.03| 0.03| 0.03]| 0.03| 0.05| 0.03| 0.04| 0.04
Nd 0.14 | 0.15] 0.14| 0.12| 0.13| 0.13| 0.16 | 0.13| 0.14| 0.14| 0.10| 0.14| 0.13| 0.12| 0.10
Sample 330/3063 Sample 299.5/3620
Component 1 1 1 1
Bst 1 Bst 2 13 16 Bst 14 Syn 8
F 7.41 7.18 6.48 5.30 7.87 4.37
CaO 2.04 2.01 6.74 7.86 2.51 12.57
ThO, — — 2.52 2.09 — 3.21
UO; — — — — — 0.59
Y,0;, 1.87 2.30 — — 1.80 —
La,0, 19.03 18.55 16.31 13.88 19.55 12.13
Ce, 04 37.63 36.68 28.94 26.40 35.97 25.20
Pr,05 3.31 4.38 2.33 2.77 1.05 3.15
Nd,0; 15.75 15.48 10.51 10.33 15.25 9.08
Total 87.04 86.58 73.83 68.63 84.00 70.30
F 0.67 0.80 0.52 0.38 0.82 0.63
Ca 0.07 0.07 0.25 0.3 0.09 0.83
Th — — 0.02 0.02 — 0.05
U — — — — — 0.01
Y 0.03 0.04 — — 0.03 —
La 0.23 0.22 0.21 0.18 0.24 0.28
Ce 0.45 0.44 0.37 0.34 0.44 0.57
Pr 0.04 0.05 0.03 0.04 0.01 0.07
Nd 0.18 0.18 0.13 0.13 0.18 0.20
Notes: Crystal chemical formulas were calculated by normalizing to 1 cation for bastnaesite and 2 cations for synchysite.
* @Grain number; ** analysis number.
PETROLOGY Vol. 18 No. 4 2010
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Table 9. Chemical composition of apatite from carbonaceous shales of the Tim—Yastrebovskaya structure
Sample 3523/511 Sample 3527/508 Sample 3523/573 Sample 3527/496

Component | 1* 2 3 1 2 3 1 1 2 3 4 5
1% 5 18 1 1 5 1 8 5 8 10

F 4.76 4.01 4.49 5.38 3.76 3.56 5.06 497 3.72| 5.14] 599 4.70

P,0O; 38.46 | 39.13 | 41.57| 38.11| 43.88| 44.81 44.01 43.88| 44.64| 40.44| 41.77| 39.37

CaO 53.61 | 54.03 | 57.00| 55.48| 55.32| 56.80 51.16 51.05| 51.64| 56.57| 57.04| 55.62
SiO, 0.35 0.59 0.18 — — — — - — — — -
FeO 0.39 0.29 1.19] - — - - — - — - —
MnO - — — — — — — — — 0.68| -— -
MgO — 0.11 — - — — — - — - — —
Al,O5 — 0.42 0.18 — — — — — — — — —
La,0, — — — — 0.34| - — — — — — —
Tb,04 - — — — 0.39 - — — - — - —
Eu,0, — — — — — 0.80 — — — — — —
PbO — — — 0.14| - — — — — — — —
ThO, — — — 0.25 — — 0.46 — — — — -
uo, — — — 0.28 — — — — — — — —

Total 97.95 | 98.60 | 105.90| 100.00| 103.69 | 105.97 | 100.00 100.00 | 100.00| 102.90| 105.17| 100.00

* Grain number; ** analysis number.

sory LREE minerals could exist under low tempera-
tures (and are now decomposed) and ensure the crys-
tallization of monazite and allanite.

The spectrum of REE-bearing minerals contained
in metapelites is not very broad: these are monazite,
allanite, xenotime, REE-apatite, sphene, zircon, and
very rare thorite. The secondary minerals replacing
monazite are REE phosphates: rhabdophane CePO, -
nH,0O and florencite CeAl;(PO,),(OH); (Nagy et al.,
2002; Krenn and Finger, 2007). The rocks occasion-
ally contain bastnaesite (Bingen et al., 1996) and syn-
chysite (Janots et al., 20006).

The fact that carbonaceous shales of the Tim—Yas-
trebovskaya structure contain, along with allanite,
monazite, xenotime, and REE-apatite, also bastnaes-
ite, synchysite, REE-bearing chlorite, Ce—P hutton-
ite, Nb-aeschynite, xenotime, and zircon—thorite
solid solutions is likely explained by the enrichment of
these rocks in REE via their adsorption on organic
matter in the course of sedimentation and diagenesis
(Yudovich and Ketris, 1988). Organic matter is a key
factor controlling the behavior of REE during sedi-
mentation in aquatic environments, as follows from
data obtained by a diversity of methods: ultrafiltration,
electrochemical measurements in waters saturated in
organic matter (Dupré et al., 1999; Dia et al., 2000;
Johannesson et al., 2004; and others), and experimen-
tal studies and model calculations (Davranche et al.,
2008; Tang and Johannesson, 2003; Pourret et al.,
2007; and others).

The scheme of metamorphic transformations of
REE-bearing minerals in sulfide—carbonaceous

PETROLOGY Vol. 18
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shales of the Tim—Yastrebovskaya structure differ from
those inferred for other complexes, first of all, in that
our rocks contain significant amounts of bastnaesite
(synchysite) and REE-bearing chlorite, which were
stable at the lowest metamorphic grades and, perhaps,
also at diagenesis. These minerals played an important
part in metamorphic reactions as a LREE source for
allanite and monazite. Unfortunately, the lack of data
(a merely sparse network of widely spaced boreholes
and a thick sedimentary cover) did not allow us to
evaluate the temperatures of the reactions forming
allanite and monazite at the bastnaesite break-down.
However, mineral assemblages in the metapelites indi-
cate that these reactions proceeded at 350—450°C.

Zircon— Thorite Solid Solutions

Intermediate members of the thorite—zircon solid
solution were previously found only in aluminous
granites and related metasomatites (Foster, 20006).
Nowadays relatively numerous microprobe analyses of
thorite are available from the literature, but the com-
positional variability of this mineral is still known
inadequately poorly. The reason for this is the fact that
thorite is one of the most complex minerals and can
contain more than 40 chemical elements in significant
concentrations, some of them having variable valences
(Speer, 1982).

The problem of the stability of intermediate phases
(Th-bearing zircon and Zr-bearing thorite) is put forth
in connection with the broad interval of solid solution
between hydrous thorite and zircon found in carbon-



412

SAVKO et al.

Table 10. Chemical composition and crystal chemical coefficients of thorite—zircon solid solution and Ce—P huttonite

Sample Sample
Component Sample 3053/220 3327493 | 3524/378
2% 4 6 7 8 9 10 Hut-4 Hut-1
P,0;4 0.60 0.12 0.62 1.05 1.86 1.67 0.97 5.45 1.90
SiO, 20.05 18.72 16.44 18.42 15.84 17.37 17.48 15.13 17.66
Zr0, 27.70 27.23 9.26 8.22 0.43 1.28 10.36 — -
ThO, 24.86 23.22 46.66 51.03 53.36 55.55 45.48 45.58 36.07
SO, 2.56 2.64 1.05 1.10 1.18 0.34 1.43 1.21 -
UO; 1.08 1.20 1.12 — — 0.80 1.77 — 15.15
Y,0; 1.26 1.66 1.37 1.23 2.72 3.50 0.91 — 5.20
La,0;5 - — — — — — - — 0.57
Ce,03 1.18 0.93 2.56 2.23 3.54 3.27 1.90 0.40 3.06
Pr,0, - - - - - - - 0.33 0.95
Nd,04 1.19 1.18 3.03 2.66 3.15 3.40 2.19 1.40 2.26
Sm,0; - — — - — — - 1.90 2.76
Gd,0, 0.64 — - 0.64 0.09 0.61 0.02 1.65 2.62
Dy,0; 0.25 — 0.40 — — 1.00 0.66 2.56 1.63
Ho,03 - 0.68 0.64 — 0.02 0.55 — 0.04 -
Eu,0, 0.43 0.21 0.06 — 0.34 0.15 — 0.27 0.74
Er,O4 - 0.53 0.05 0.44 — - — 0.39 —
Tb,04 - — - - — 0.11 0.48 0.30 1.7
Yb,04 — — — — — — — 1.32 —
Lu,0;5 0.19 — 0.24 — 0.16 — — 043 —
Tm, 04 - — 0.30 0.58 — - 0.21 0.83 1.56
FeO — — 0.37 0.75 0.75 0.51 0.19 1.31 0.75
MgO — 0.81 0.24 0.12 — 0.27 0.30 — —
CaO 2.01 1.92 1.20 1.13 0.94 0.82 1.31 1.76 2.49
PbO 2.59 1.02 0.33 1.19 0.42 0.46 1.23 0.69 1.79
Total 86.59 82.07 85.94 90.79 84.80 91.66 86.89 82.95 98.86
P 0.02 — 0.03 0.04 0.09 0.07 0.04 0.24 0.07
Si 0.86 0.83 0.86 0.90 0.87 0.88 0.88 0.79 0.82
Zr 0.58 0.59 0.23 0.20 0.01 0.03 0.25 - —
Th 0.24 0.23 0.55 0.57 0.67 0.64 0.52 0.54 0.38
S 0.08 0.09 0.04 0.04 0.05 0.01 0.05 0.05 -
U 0.01 0.01 0.01 — — 0.01 0.02 — 0.15
Y 0.03 0.04 0.04 0.03 0.08 0.09 0.02 — 0.13
La - — — — — — - — 0.01
Ce 0.02 0.02 0.05 0.04 0.07 0.06 0.03 0.01 0.05
Pr — — — — — — - 0.01 0.02
Nd 0.02 0.02 0.06 0.05 0.06 0.06 0.04 0.03 0.04
Sm - — - - — - - 0.03 0.04
Gd 0.01 — — 0.01 — 0.01 — 0.03 0.04
Dy - — 0.01 - — 0.02 0.01 0.04 0.02
Ho - 0.01 — - — 0.01 - — —
Eu - - — - 0.01 — - — 0.01
Er — 0.01 — 0.01 — — — 0.01 —
Tb - — - - — - 0.01 0.02 0.03
Lu - — — - — — - 0.01 —
Tm — — — 0.01 — — — 0.01 0.02
Fe - — 0.02 0.03 0.03 0.02 0.01 0.06 0.03
Mg - 0.05 0.02 0.01 — 0.02 0.02 — -
Ca 0.09 0.09 0.07 0.06 0.06 0.04 0.07 0.1 0.12
Pb 0.03 0.01 — 0.02 0.01 0.01 0.02 0.01 0.02
Notes: Crystal chemical formulas were calculated by normalizing to 2 cations.
* Analysis number.
PETROLOGY Vl. 18 No.4 2010
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Table 11. Prograde reactions involving REE minerals in metapelites

Reactions forming allanite

Reference

Mnz + Ms + Ank + Sd + Qtz + HyO = Aln + Ap + Bt + CO,
Mnz + Chl + Pl + Cal + Qtz = Aln + Ap + H,0 + CO,

Mnz + Chl + Cal £ Hem = Aln + Ap + Xen + Cld + fluid
Mnz + Chl + An = Hem = Aln + Ap + Xen + Cld + fluid

(Wing et al., 2003)
(Wing et al., 2003)
(Janots et al., 2008)
(Janots et al., 2008)

Reactions forming monazite

Aln + Ap + Ms + And + Qtz = Mnz + Bt + Pl + H,0

Aln + Ap + Ep+(Na, K) in Ms + Al-Fe-Mg phase = Mnz + Xen + Pl + Bt + St
Aln + Ap + Al-Fe-Mg phase (1) = Mnz + An + Al-Fe-Mg phase (2)

Aln + Ap = Minz + Pl + Mag(?)

(Wing et al., 2003)
(Janots et al., 2008)
(Janots et al., 2008)
(Tomkins, Pattison, 2007)

aceous shales of the Tim—Yastrebovskaya structure.
The stability of minerals in the system Th—Zr—Y—U
was experimentally examined in the 1950s—1960s, and
broad miscibility gaps were discovered in the thorite
and zircon solid solution (Mumton and Roy, 1961).
These experiments were conducted in a simple system
with two end members and in the absence of water,
which made the experimental conditions significantly
different from natural ones.

CONCLUSIONS

Based on equilibria of REE minerals examined in
sulfide-bearing carbonaceous shales of the Tim—Yas-
trebovskaya structure, an evolutionary sequence of
index LREE-bearing minerals during prograde meta-
morphism was established. This sequence differs from
the currently most commonly adapted scheme: detri-
tal Mnz — Aln — metamorphic Mnz. On the one
hand, we have not found any reaction textures with
allanite replacement by monazite and, one the other
hand, have established that an important role in the
assemblages of REE minerals is played by bastnaesite
(synchysite) and REE-bearing chlorite, which are sta-
ble at low metamorphic grades.

The broad occurrence of bastnaesite and other
LREE minerals was predetermined by the relatively
high LREE concentrations (up to 777 ppm) in the sul-
fide carbonaceous shales, with these elements accu-
mulated in the course of sedimentation and diagenesis
by means of adsorption on organic matter.

The occurrence of reaction textures involving
LREE-bearing chlorite, bastnaesite, and allanite led
us to suggest that the sources of LREE for the high-
temperature allanite and monazite were LREE-bear-
ing chlorite and bastnaesite. This is corroborated by
the REE patterns of the monazite, allanite, and bastn-
aesite, which are nearly identical and show the strong
predominance of LREE.

Changes in the LREE mineralogy in the course of
zonal metamorphism at 350—550°C were controlled by

PETROLOGY Vol. 18
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the following succession of transitions: (1) Mnz —
Aln, Chlggg — Bst, Chlggg — Aln, Bst — Aln and (2)
Bst — Mnz and Ap; g — Mnz, which can be inter-
preted as prograde metamorphic reactions.
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