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Abstract—Our detailed petrographic study of the Early Proterozoic metapelites of the Tim—Yastrebovskaya
structure resulted in distinguishing the following four metamorphic zones: garnet-chlorite, staurolite—
andalusite, staurolite-sillimanite, and sillimanite-muscovite. The zoning mapped in the area is noted for the
fact that its Mn-rich metapelites contain the assemblage of Fe-Mn garnet with andalusite in place of staurolite.
Based on its morphology, composition, and zoning, the garnet of the rocks can be subdivided into two types:
early kinematic with prograde zoning and late kinematic with retrograde zoning or unzoned. The results of
microthermometry and mineralogical thermobarometry led us to conclude that the metapelites of the Tim—Yas-
irchovskaya struciure were affected by two metamorphic events. During the early episode, which was related
to folding at 2250 Ma, the metasediments were regionally metamorphosed 1o the garnet—chlorite grade (zone).
The intrusion of large granodiorite bodies at 2086 Ma induced the second metamorphic episode, during which
the metapelites were metamorphosed at 520-620°C and 3-4 kbar.

INTRODUCTION

The advances achicved over the past two decades in
precise techniques for the assaying the physicochemi-
cal conditions of lithospheric mineralizing processes
made it possible to model geodynamic environments in
correlations with various types of physicochemical
metamorphic conditions (Glebovistkii, 1996; Rever-
datto et al., 1995; De Yoreo er al., 1991; England and
Thompson, 1984).

Metamorphic zoning is commonly interpreted as
reflecting either the spatial distribution of local heat
fluxes (thermal dome model) or the regional P=T gradi-
ents during the subsidence of crustal blocks (gradient
model), with the temperature of the latter model
depending exclusively on the burial depth of the rocks
(Dobretsov et al., 1970; Korikovskii, 1995). However,
metamorphic zoning can also be induced by intruded
magmatic bodies (contact regional metamorphism).

Detailed data obtained on the metapelites of the
Tim=Yastrebovskaya structure demonstrate that its
metamorphic zoning was caused by the effect of intru-
sions of various compositions. Another distinctive fea-
ture of the rocks is the rarity of staurolite in mineral
assemblages whose temperature and pressure corre-
spond to the conditions of the staurolite and staurolite-
sillimanite grades. Because of this, the possibility of
mapping this metamorphic zoning based on such an
important index mineral as staurolite was limited, and
information on the evolution of the thermodynamic
metamorphic parameters could be obtained with the
utilization of data of microstructural analysis and the

chemistry of minerals. The minerals of the Tim—Yastre-
bovskaya metapelites most suitable for these purposes
are garnet and micas,

This study was centered on the analysis of mineral
assemblages from the zonal metamorphic aurcole of
the Tim-Yastrebovskaya structure. Much attention was
focused on studying the morphology, chemistry, and
zoning of garnet with the aim of reproducing the evolu-
tion of the physicochemical metamorphic parameters.

GEOLOGY

The Voronezh crystalline massif is a large, shallowly
buried uplift of the East European Platform basement.
The massif is composed of three major types of struc-
tures: Early Archean gneiss—migmatite and granulite
blocks, Late Archean granite-greenstone belts, and
Early Proterozoic mobile belts, which are restricted to
regional deep faults between Early Archean blocks
(Fig. 1).

The Tim—Yastrebovskaya structure in the Alek-
seevsko-Voronezh tectono-stratigraphic terrane is one
of the largest Early Proterozoic strictures of the Voron-
ezh crystalline massif. It extends for 130 km from
northwest to southeast, has a width of 10-30 km, and,
according to geophysical evidence, is characterized by
a depth of 5-8 km. The thickness of the Phanerozoic
sedimentary cover that overlies the Precambrian rocks
within the structure is 57-214 m, and, hence, all con-
clusions cited in this paper were arrived at based on a
detailed study of the drilling core.
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Fig. 4. Late-kinematic garnet from the staurolite-andalusite zone,
(a) Back-scattered electron image. (b) Microprobe profile.
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Fig. 5. Composition of garmet from metapelites of different metamorphic zones of the Tim=Yastrebovskaya structure.

(1-4) Garnet composition: (1) gamet from the gamet—chlorite zone, (2) gamet from the stawrolite-andalusite zone, (3) gamet from the
staurolite-sillimanite zone, (4) gamet from the sillimanite-muscovite zone; (5) margin of a garmet grain; and (6) core of a game! grain,

trations. The CaO and MnO concentrations decrease, 25 wt %). The concentrations of the spessartine, gros-
whv:rfas those of FeQ and MgO increase from the cores  sular, and pyrope and-members are, respectively, 45—
of rims of crystals (Figs. 3c, 3f). 59, 13-23, and 3-6% (Table 7). The clear zoning is also

The garnet of the second type (Sample 3678/256.0)  prograde (Fig. 3i). The elevated MnO concentrations of
has Xy = 85-87% and is notably enriched in MnO (19— most of the garnets is explained by the fact that, in the
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absence of other Mn-bearing minerals, gamet is the
only phase of the garnet—chlorite zone capable of con-
centrating this component.

Garnet from the carbonaceous sulfide-bearing
schists compose an individual field (Fig. 5). The garnet
is spessartine with a low concentration (13-16%) of
grossular (Table 7). which is explained by the bulk-rock
chemistry of the carbonaceous schists. The poorly pro-
nounced zoning of this mineral is discernible only in
the distribution of Fe and Mg, whose concentrations
increase from cores to rims (Fig. 3k).

The high-Mn and low-Mn rocks of the staurolite-
andalusite  and  staurolite—sillimanite  metamorphic
zones contain Fe-richer garnet, whose content strongly
increases in Mn-rich rocks.

The iron mole fraction of garnet in the staurolite—-
andalusite zone equals 89-91%. This garnet is poorer in
spessartine (7-8%) and grossular (5-7%) (Table 7) and
differs from this mineral in the garnet—chlorite zone by
lower concentrations of MnO (2.8-3.5 wit %, Table 7).
The MnO concentration increases and MgO simulta-
neously decreases from the cores to rims of crystals,
i.e., the garnet zoning is retrograde (Fig. 4b).

Garnet in the assemblages of the staurolite—silli-
manite zone is characterized by Xp, = 90-91%, with the
MnO concentration decreasing to 0.32-045 wt %
{Table 7). No clear zoning was detected (Fig. 6).

Garnet occurs in the metapelites of the sillimanite—
muscovite zone as dodecahedral grains devoid of inclu-
sions. The Xp, ranges from 87 to 89%, and the concen-
trations of the spessartine, grossular, and pyrope com-
ponents are, respectively, 1, 3-5, and 11-12% (Table 7).
Compared with the garnet of the staurolite—sillimanite
zone, the garnet of this zone is slightly lower in Mn and
higher in Fe. The garnet of Sample 3704/20 displays
retrograde zoning (the FeO and MnO concentrations
increase rimward). The increase in the Xy, of gamet
toward its contact with biotite is explained by the
exchange reaction Biyy, + Grip, —= By, + Grty,.

METAMORPHIC REACTIONS

The appearance and growth of gamet in the garnet—
chlorite zone of the Tim—Yastrebovskaya structure pro-
ceed by means of reaction between chlorite and quartz

Chl g+ Qtz —= Chiy. + Gri. + H,0. (0

This reaction leads to an increase in the X, of garmet
and a decrease in this parameter of chlorite,

The appearance and growth of staurolite in rela-
tively Fe- and Al-rich metapelites is associated with the
decomposition of chlorite per se or its assemblages
with garnet

Chl + Ms —= St + Br+ Qrz + H,0 {(2)
Ms+Gri+ Chl —= St + Br+ Qiz+H,0.  (3)

PETROLOGY Vol.9 No.6 2001
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Fig. 6. Microprobe profile across a garnet grain from the
staurolite-sillimanite zonc,

However, staurolite does not appear at all in Mn-
enriched rocks because of the stability of the right-hand
side of the hypothetical reaction

St+MnO + Ms £ 01z
— BI + Grlan_!-'ﬂ{'n, M) + a"’.n‘d'.

Sillimanite is produced in the higher grade parts of
the staurolite—sillimanite zone by both the And —= Sil
inversion and the partial decomposition of staurolite

St+Qtz+ Ms —= Br+Sil+ Grt+ H,0 (5)

and the possible prograde breakdown of the Na-richest
muscovite

Msy, + Otz —= M5y, + Ab(Olg) + Sil + H,0. (6)

An increase in the temperature resulls in the resorp-
tion of staurolite, decrease in its Xy, and an increase in
the Zn0O concentration in the last remaining staurolite
by the reaction

St+ Otz —= Gri+ Sil + St,5, + H,0. (M

The carbonaceous schists provide evidence of two
reactions

(4)

Grf[_'e‘_mﬂ + S} —r .F}"r'l' GTTM' {8}

Bleestg + Sy —= By, + Pyr. 9

P-T METAMORPHIC CONDITIONS

The P-T metamorphic conditions of the Tim-Yas-
trebovskaya metapelites were determined by two meth-
ods. First, we compared the mineral assemblages
observed in the rocks with known petrogenetic grids
(Korikovskii, 1979 and others) and the experimentally
established boundaries of the stability fields of minerals
and mineral assemblages (for example, aluminosili-
cates, staurolite with quartz, and others). The advantage
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Table 8. Metamorphic temperatures calculated for metapelites of the Tim—Yastrebovskaya structure

Sample Thermometer Temperature, °C
Garnet—chlorile zone
3678/256.0 Griimargin) — Bi(21) (Perchuk, 1986) 501
Gri(margin) — B21) (Ferry, Spear, 1978) 410
Gri{margin) — Br(21) (Thompson, 1976) 450
22152 Gri(13) = Chi(matrix) (Perchuk, 1989) 465
Grt{13) = Chi{matrix) (Patric, Evans, 1989) 463
361571 Grt{margin) — Ms(45) (Hanes, Forest, 1988) 420
Gri{margin) — Ms(45) (Krogh, Raheim, 1978) 502
Staurolite—andalusite zone
3670/ Gri(20) = Br{matrix) (Perchuk, 1986) 506
Gri(20) — Brimatrix) (Ferry, Spear, 1978) 503
Gri(20) - Brimatrix) (Thompson, 1976) 519
Staurolite-sillimanite zone
4317/370.1 Gri(margin) — Br(incl. in Gr1) (Perchuk, 1986) 534
Gri(margin) — B(incl. in Grr) (Ferry, Spear, 1978) 510
CGri{margin) — Br(incl. in Gri) (Thompson, 1976) 524
37164 Ms{matrix) = Brimatrix} (Hoisch, 1989) 531
Sillimanite—muscovile zone
370420 Grifmargin) = Brimatrix) (Perchuk, 1986) 601
Grrimargin) — Br{matrix) (Ferry, Spear, 1978) 617
Griimargin) — Brimatrix) (Thompson, 1976) 617
CGirt{margin) — Si{incl. in Grr) (Perchuk, 1989) 583

of this method is its capability of determining the over-
all position of the assemblages in a P-T space and the
character of metamorphism (facies series). This tech-
nique can be particularly successfully applied to
medium-temperature metapelites, in which a relatively
narrow temperature interval may involve the appear-
ance and decomposition of several minerals (for exam-
ple, chlorite, staurolite, muscovite, etc.), which system-
atically vary in composition. At the same time, this
technique is disadvantageous because it often cannot
provide precise quantitative P-T estimates.

The second method, mineralogical thermobarome-
try, makes use of the composition of chemically zoned
minerals to reconstruct P-T coordinates and paths.
These techniques can be more successfully utilized in
calculating the P-T trajectories of high-temperature
rocks, because the careful interpretation of thermobaro-
metric results potentially offers valuable information
on the evolution of the metamorphic complexes. The
disadvantage of this method is the possibility of errors
caused by the poorly known thermodynamic constant
of some mineral solid solutions and the affect of some
components (such as MnO in garnet or ZnQO in stauro-
lite) on the properties of the minerals, as well as by dif-
ficulties in determining the equilibrium compositions
of minerals utilized in thermobarometry.

In order to assay the temperatures of the earlier
metamorphic episode we used the compositions of the
early-kinematic garnet and the gamet-biotite (Perchuk,
1986; Thompson, 1976; Ferry and Spear, 1978), gar-
net—chlorite (Perchuk, 1989; Patric and Evans, 1989),
and garmnet-muscovite (Hanes and Forest, 1988; Krogh
and Raheim, 1978) thermometers (Table 8). We utilized
the compositions of the marginal parts of garmet grains
with prograde zoning and the compositions of adjacent
biotite, muscovite, and chlorite in the rock matrix.

The pressure was quantified by the garet—plagio-
clase—andalusite—quartz geobarometer { Aranovich and
Podlesskii, 1980; Table 9) with the use of the composi-
tions of gamet in the margins of grains with prograde
zoning and the matrix plagioclase.

Our results indicate that the Tim—Yastrebovskaya
metapelites underwent metamorphism to the garnet—
chlorite grade during the early stage. The metamorphic
conditions corresponded to the high-grade greenschist
facies with temperatures of 420-500°C and pressures
of 3.0-3.1 kbar.

The thermodynamic parameters of the higher tem-
perature metamorphic episode were quantified based
on the compositions of late-kinematic gamet and the
garnet-biotite (Perchuk, 1986; Thompson, 1976; Ferry
and Spear, 1978), garnet-staurolite (Perchuk, 1989),

PETROLOGY Vol 9
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Table 9. Metamorphic pressures calculated for metapelites of the Tim-Yastrebovskaya structure

Sample Barometer P, kbar
I6TH256.0 Girt{margin) = Pf(22) (Aranovich and Podlesskii, 1980) 3l
Grt(core) = PI(19) (Aranovich and Podlesskii, 1980) 3.0

Note; Numbers in parentheses correspond to the numbers of microprobe spot analyses in Figs. 3 and 4,

and biotite-muscovite (Hoisch, 1989) geothermome-
ters. The compositions of the minerals were measured
in the margins of garnet crystals with retrograde zoning
and adjacent matrix biotite (Samples 3670/1 and
3704/20), margins of unzoned garnet grains and biotite
inclusions in them (Sample 4371/370.1), margins of
garnel grains with retrograde zoning and staurolite
inclusions in this garnet (Sample 3704/20), and matrix
muscovite and adjacent matrix biotite (Sample 3716/1).
We have determined that the metapelites were meta-
morphosed to the staurolite-andalusite subfacies at
500-520°C, staurolite-sillimanite subfacies at 520-
580°C, and sillimanite-muscovite subfacies at 580-
620°C (Table 8).

We failed to evaluate the pressure with the use of
known geobarometers because of the rarity of suitable
mineral assemblages. Because of this, our pressure esti-
mates for the staurolite-andalusite, staurolite-silliman-
ite, and sillimanite-muscovite zones were based on the
results of paragenetic analysis. The presence of the
staurolite plus sillimanite assemblage in the metapelites
suggests pressures of 3-5 kbar (Korikovskii, 1979), and
the occurrence of andalusite in the staurolite—silliman-
ite zone constrains this interval to 3—4 kbar. The high
iron mole fraction of garnet from the sillimanite—mus-
covite zone also points to pressures of 3—4 kbar (Fig. 7).

THE ORIGIN OF THE TIM-YASTREBOVSKAYA
STRUCTURE AND THE METAMORPHIC
EVOLUTION OF METAPELITES

In the general geodynamic evolutionary model for
the Voronezh crystalline massif, the Tim-Yastre-
bovskaya structure is currently regarded as a second-
order rifi-related structure within the Proterozoic conti-
nent of the Kursk Magnetic Anomaly (Chernyshov
etal,, 1997},

Early during Proterozoic time and the most active
uplift of the Kursk and Voronezh-Samara continent, the
Kursk Magnetic Anomaly was a dry land. An inner con-
tinental sea basin existed at the site of the structure in
the earliest Proterozoic. In lagoons of this basin, terrig-
enous sediments and the clayey redeposition products
of weathering crusts were accumulated. This time
period was also responsible for the deposition of
chemogenic carbonate—iron formations (the Kursk
Group and the Rogovskaya Formation of the
Oskol'skaya Group). Changes in the steady-state ther-
mal regime brought about the reactivation of the Kursk
block and the onset of a prerift stage, when an extensive

PETROLOGY Vol 9
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uplift started to develop in place of the shallow-water
basin. Its growth was coupled with active volcanism
and conglomerate deposition on the slopes. A still-shal-
low northwest-trending rift trough started to develop
during the early rifting stage in the axial, weakened
zone of the uplift. As the trough evolved, the subsidence
became progressively more intense, and thick masses
of fine-grained and graywacke silty metapelites began
to fill the structure. The sedimentation process was
accompanied by active volcanism, which extended out-
side the Tim—Yastrebovskaya structure. Sedimentation
and volcanism of the late rifting stage were concen-
trated only within the progressively deepening trough.
The closing rifting stages of the structure were marked
by the transition from fine terrigenous and chemogenic
sediments to continental molasses. The closure of the
Tim-Yastrebovskaya rift was induced by collision
between the Kursk and Voronezh—Samara geoblocks,
The onset of compression, which was oriented from
northeast to southwest, caused extensive imbrication
and overthrusting within the structure. The growth of a
folded orogen at the site of the rift trough was accom-
panied by the first episode of regional metamorphism.

The U-Pb age of volcanism that produced the Tim-
skaya Formation of the Oskol’skaya Group is 2254 Ma
(it was determined on zircon from acid volcanics that
rest conformably with the rock of the formation; Arte-
menko ef al, 1992). It can be hypothesized that

P, kbar

aF ——1

| M2 -

3-

2_

‘u
1 i 1 L i 'l i 1
300 400 500 600 T,°C

Fig. 7. P-T metamorphic parameters of metapelites in the
Tim=Yastrehovskaya structure,

(1) Boundaries of metamorphic facies (given after Korik-
ovskii, 1979) and isogrades of the appearance and disap-

pearance of minerals (for example, (St and S8t corre-
spond (o staurolite-in and staurolite-out isogrades, respec-
tively); (2) P-T region of metamorphism of metapelites
from the Tim=Yastrebovskaya structure.
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regional metamorphism of the Tim-Yastrebovskaya
deposits proceeded slightly later than 2250 Ma but ear-
lier than the intrusion of the postmetamorphic grano-
diorites of the Stoilo-Nikolaevskii Complex, which
was dated at 2086 Ma (Artemenko et al., 1992),

The compressional environment predetermined the
appearance of a number of crustal melting zones, which
caused the intrusion of granodiorites of the Stoilo-
Nikolaevskii Complex after the closure of the Tim—
Yastrebovskaya rift. The igneous rocks served as the
sources of heat for younger contact—regional metamor-
phism, which occurred locally and produced the stauro-
lite—andalusite, staurolite—sillimanite, and sillimanite—
muscovite metamorphic zones.

Intrusions of this complex were dated at 2086 + 5 Ma
(Artemenko ef al., 1992). The metamorphic event that
produced the metamorphics, including the metapelites,
should have been coeval with these magmatic pro-
cesses,

Hence, a young platform area appeared in the Tim-
Yastrebovskaya rift structure late in the Early Protero-
zoic.

CONCLUSION

|. The rarity of staurolite in the mineral assemblages
of the Tim-Yastrebovskaya structure is explained by
the wide occurrence of metapelites originally enriched
in Mn. Instead of staurolite, these rocks contain the sta-
ble assemblage of Mn-rich garnet and andalusite.

2. The gamet of the rocks can be subdivided into two
generations: early kinematic with respect to the DI
stage and related to the folding and late kinematic
which occurs near intrusive bodies.

3. The study of the Tim-Yastrebovskaya metapelites
has demonstrated that the metamorphic zoning within
the structure was determined by the heat flow from
intruded magmatic bodies. The following metamorphic
zones were distinguished: gamet—chlorite, staurolite—
andalusite, staurolite-sillimanite, and sillimanite-mus-
covite. The garnet—chlorite zone was related to regional
metamorphism; the staurolite-andalusite, staurolite—
sillimanite, and sillimanite—muscovite zones developed
locally and are spatially restricted to compositionally
variable intrusive bodies.

4. The Tim-Yastrebovskaya metapelites underwent
prograde metamorphism at T'= 420-500°C, P, = 3.0-
3.1 kbar in the gamet—chlorite zone; T = 500-520°C in
the staurolite—andalusite zone; T = 520-580°C in the
staurolite—sillimanite zone; and T=580-620°C at P, =
34 kbar in the sillimanite-muscovite zone.

5. The Tim-Yastrebovskaya structure was affected
by two metamorphic episodes: early regional metamor-
phism to the gamet—chlorite grade at 2250-2086 Ma
and younger high-temperature contact metamorphism
at 2086 £ 5 Ma. The latter event produced the metamor-
phic zoning observable within the structure.
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Fig. 1. Schematic structural-geological map of the Voronezh crystalline massif (modified after Chernyshov er al.. 1997).

(1-6) Tectono—stratigraphic complexes: (1) Riphean and Phanerozoic platform complexes, (2-6) pre-Riphean complexes (2, 3) of
the Bryansk and Kursk megablocks of the Early Archean consolidation, (4) Yorontsovskii pericraton trough. (5) Livay-Boguchar-
skaya suture, (6) second-order Riphean structures); (7-8) geologic boundaries: (7) between megablocks, (8) of the Voronezh crys-
talline massif; (9) second-order riftogenic structures (circled numbers: 1 —Belgorod-Mikhailovskaya, 2—Orel-Timskaya, 3—Kru-
petsko-Krivoi Rog): (10) first-order structures (numbers in triangles: 1—Bryansk megablock. 2—Kursk megablock, 3—Voronezh
megablock, (4)—Livny-Bogucharskaya suture): (11) the Tim=Yastrebovskaya structure (study area).

The basement on which the Tim—Yastrebovskaya
structure was formed in the Early Proterozoic consisted
of thick masses of high-grade metamorphosed sedi-
mentary and volcano-sedimentary rocks of the Obo-
yanskaya and Mikhailovskaya groups of Archean age.

The Oboyanskaya Group is dominated by granite-
gneisses, migmatites, and biotite—plagioclase, garnet—
biotite—plagioclase,  amphibole-plagioclase, and
quartz—feldspar gneisses. The granite-gneiss fields
include relatively thin bodies of granulites, eulysites,
and amphibolites.

The Mikhailovskaya Group is composed of ortho-
amphibolites and orthoschists of mafic and ultramafic
composition, pyroxenite and peridotite komatiites, rhy-
olites, rhyodacites, dacites, quartz-biotite, quartz—two
mica, and quartz—chlorite schists, and more rare sand-
stones, quartzites and occasional thin bodies of jaspi-
lites. The rocks are often migmatized.

The Tim-Yastrebovskaya structure includes the
Early Proterozoic Kurskaya and Oskol’skaya groups,
which are extensively folded and metamorphosed. All
of the stratified rocks are characterized by a systematic
transitions from terrigenous—sedimentary to terrige-
nous—carbonate and terrigenous—volcanic rocks with

increasing concentrations of carbonaceous matter and
volcanic material.

The rocks of the Kurskaya Group occur in the south-
western flank of the Tim-Yastrebovskaya structure
(Fig. 2) and are dominated by quartz—mica schists and
Jjaspilites,

The Oskol’skaya Group is characterized by cyclical
intercalations of conglomerates, gritstones, and
metasandstones, which upward grade into carbonate—
micaceous schists with beds of amphibolites and meta-
morphosed limestones and dolomites and abundant
rocks with carbonaceous matter and volcanics. The
group consists of two conformable formations: the
lower Rogovskaya terrigenous—carbonate and the
upper Timskaya terrigenous—volcanic formations,

The rocks of the Rogovskaya Formation are
exposed in the southwestern flank and the southern
structural closure of the Tim—Yastrebovskaya structure
(Fig. 2). These are quartz—biotite, quartz—muscovite,
quartz-garnet-biotite, and quartz-biotite—staurolite
schists with thin beds of carbonate rocks, metasand-
stones, and amphibolites.
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Fig. 2. Schematic geological map of the Tim-Yastrebovskaya structure and metamorphie zoning in its metapelites (based on mate-
rials borrowed from Voronezhgeologiyva State Geological Enterprise).

(1) Oboyanskaya Group; (2) Mikhailovskaya Group. Geologic boundaries: (3—4) Kursk Group, (3) Stoilenskaya Formation and
(4) Korobkovskaya Formation); (5-7) Oskol Group (5) Rogovskaya Formation, (6) Timskaya Formation, lower subformation, (7) Ti-
mskaya Formation, upgcr subformation); (B-11) intrusive complexes (8) Stoilo-Nikolaevskii, (9) Zolotukhinskii, (10) Oskoletskii,
{11} Atamanskii; { 12-15) metamorphic zones (12) gamet—chlorite, (13) staurolite-andalusite, ( 14) staurolite—sillimanite, (a) observed, (b)
inferred, (15) sillimanite-muscovite); (16-19) sampling sites for rocks with index minerals { 16) garnet, (17) gamet + andalusite, staurolite,
(18) staurolite + sillimanite, (19) muscovite + sillimanite), Numbers of holes are given for analyzed samples.
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The composition of the Timskaya Formation, which
makes up the central part of the structure, is determined
by widespread carbonaceous sulfidized schists with
subordinate amounts of beds and strata of metasand-
stones, quartzites, calc-silicate rocks, marbles, and vol-
canic rocks.

The rocks of the Oskol'skaya Group were dated by
U-Pb techniques on zircon from acid volcanics and
syngenetic metapelites (Artemenko ef al, 1992), The
Timskaya metadacites were dated in the northern por-
tion of the structure (Hole 4067, depth interval 479.0—
493.5 m). Dikes of quartz metaporhyries and two-mica
granite porphyries were studied in the drill core from
the eastern part of the Tim-Yastrebovskaya structure
(Hole 4310, depth interval 457.4-462.0 m, and
Hole 4043, depth interval 337.0-352.0 m, respec-
tively). The U-Ph isochron plots with concordia date
the volcanic event at 2167 £ 288 Ma for the metadacite
and 2254 Ma for the quartz metaporphyries. The rela-
tively high errors of the former isochron date is
explained by the small spread of the U-Pb isotopic
ratios for distinet zircon fractions from this sample.
Hence, the isotopic age of the sedimentary—volcanic
rocks of the Oskol’skaya Group is 2250 Ma.

The igneous rocks of the structure belong to the
premetamorphic Atamanskii Complex of moderately
alkaline granites (plagioclase-microcline biotite gran-
ites) and the Oskoletskii Complex of migmatitic pla-
giogranites (plagiogranite, granodiorite, adamellite,
and granite) and to the postmetamorphic Stoilo—
Nikolaevskii dike complex of the gabbro—diorite—gran-
odiorite association (granodiorite, gabbro, diorite,
guartz diorite) and the Zolotukhinskii peridotite—gab-
bronorite complex (gabbronorite, gabbro, diorite, peri-
dotite, and serpentinite) (Fig. 2).

The intrusive rocks of the Stoilo—Nikolaevskii Com-
plex were isotopically dated on biotite-hornblende
mesodiorite (Hole 4071, depth interval 480.5-488.3 m)
and granodiorite (Hole 4074, depth interval 261.0-
262.9 m) (Artiemenko et al., 1992). Because the U-Pb
isotopic ratios of zircon from these samples were char-
actenized by very insignificant distinctions, a single
concordia plot was calculated for both of them, which
determined an isotopic age of 2086 + 5 Ma.

PETROGRAPHY

Metapelites are widespread in the Tim—Yastre-
bovskaya structure. These are light or dark gray to
black fine- and medium-grained quartz-biotite, quartz—
muscovite, garnet—quartz—biotite, staurolite—quartz—
biotite, andalusite, cordierite, and carbonaceous
schists. In accordance with their chemistry, they can be
classed into high- and low-Mn groups. Some varieties
of the carbonaceous and micaceous—carbonaceous
schists contain up to 9 wt % MnO (Table 1).

A detailed petrographic study of the metapelites let
us recognize the following four metamorphic zone: gar-
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net—chlorite, staurolite—andalusite, staurolite-silliman-
ite, and sillimanite—muscovite. The zones are separated
with isogrades, which reflect prograde metamorphic
reactions that describe changes in the critical mineral
assemblages. The gamet—chlorite zone covers the larg-
est area within the structure, and the staurolite—
andalusite, staurolite—sillimanite, and sillimanite—mus-
covite zones occur locally and are restricted to contact
aureoles around intrusions (Fig. 2). The boundaries
between metamorphic zones are drawn based on rocks
recovered by holes and containing index minerals. The
possibility of mapping metamorphic zones in narrow
contact aureoles on the basis of core materials alone is
limited, and, thus, some boundaries in our map are
shown schematically.

The most ubiguitous mineral assemblages are Oz +
Pl + Bt + Grt + Chl + Gr for the garnet—chlorite zone,
Otz + Pl + Br + Ms + And + Grt + Chi £ 5t for the stau-
rolite—andalusite zone, Otz + Pl + Bt + 5t + Sil + Grt +
And for the staurolite—sillimanite zone, and Qrz + Pl +
Sil + Ms + Bt for the sillimanite-muscovite zone.

The characteristic mineral assemblages of each of
the zones are listed in Table 2.

The accessory minerals are apatite, sphene, tourma-
line, pyrite, pyrrhotite, chalcopyrite, and magnetite.

METHODS

All of our samples are fragments of the core, which
was thoroughly described during the fieldworks. The
samples were examined under an optical microscope,
and the minerals of assemblages with the least number
of freedom degrees were then analyzed on a laser
microprobe. Spot analyses of minerals were conducted
on a Camebax SX-50 microprobe at the Moscow State
University at an accelerating potential of 15 kV, beam
current of 1-2 nA, and beam diameter of 1-2 pm. The
accuracy of the analyses was systematically controlled
by analyzing natural and synthetic standards. The cat-
ion proportions were normalized to the following num-
bers of oxygen atoms: 12 for garnet, 46 for staurolite,
I'l for muscovite and biotite, 8 for plagioclase, and 14
for chlorite. The P~T metamorphic conditions were calcu-
luted by the PTF (Fonarev er al., 1991) and GEOPATH
{Gerya and Perchuk, 1992) computer programs.

Back-scattered electron images of thin sections
were obtained on a CamScan electron microscope
equipped with a Link EDS device at Moscow State
University.

MINERAL CHEMISTRY

The gamet-bearing metapelites from the Tim-Yas-
trebovskaya structure contain quartz, plagioclase,
biotite, muscovite, chlorite, staurolite, sillimanite,
andalusite, and cordierite.

 Quariz and plagioclase account for 20-30 modal %
in most of our samples. The plagioclase is relatively
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Table 1. Chemical composition (wt %) of metapelites of the Tim—Yastrebovskaya structure

C?u'::ﬁ& I 2 3 4 5 6 7 8 9 10 I 12

Si0, | 53.18 | 57.22 | 54.80 | 56.18 | 39.68 | 41.58 | 57.17 | 57.80 | 49.26 | 55.46 | 50.20 | 41.88
TiO, 092 | 097 | 074 | 082 | 450 | 043 | 075 | 083 | 130 | - 020 | 0.1
ALO, | 1588 | 1580 | 1850 | 2041 | 792 | 308 | 1556 | 7.60 | 1364 | 1272 | 1438 | 394
Fe,0, | 133 | 103 | 156 | 1.00 076 | 105 | 175 | 120 239 | 620 | 7.9
FeO 822 | 616 | 767 | 674 | 1405 | 1731 | 123 | 633 | 753 | 738 | 750 | 862
MnO 013 | 01s | 007 | o004 | 017 | 044 | 886 | 180 | 024 | 008 | 043 | 007
MgO | 423 | 409 | 410 | 199 | 773 | 331 | 248 | 600 | 692 | 1011 | 343 | 2499
Ca0 417 | 326 | 260 | 074 | 957 | 771 | 155 | 221 | 9an | 455 | 089 | 056
Na,0 168 | 155 | 364 | 025 | o010 | o3| 013 | 024 | 100| 160 | 028 | 024
K,0 205 | 316 | 332 | 798| 190 | 108 | 210 | 163 | 420 202 | 136 | 085
P,0s 025 | 029 | o019 | o012 | 1o1 | 295 | 024 | 022 | 027 | 003 | 003 | 001
SO, 2 - N 5 314 | 951 | 093] 340 | 137 | 083 | 534 | 583
o, 2 2 ’ i = 1200 ss0| e20| - . - «

Total | 9990 | 99.86 | 99.19 | 9927 | 9894 [100.26 | 99.47 | 99.49 [100.30 | 99.17 | 99.24 | 99.01

MNote: (1) Biotite—quartz schist (Hole 363(N285.6): (2) sericite-guariz schist {Hole 3I629/259.2) (3) cordierte—quartz-biotite schist
(Hole 3129/333.0); (4) muscovite schist (Hole 361 1/251.1); (5) quartz-plagioclase-biotite schist (Hole 3123/235.8); (6) carbon-
accous quartz schist (Hole 3063/61R.0); (7) carbonaceous quariz schist (Hole 3063/250.0); (8) carbonaceous schist
{Hole 3053/216.0); (9) quanz—biotite schist (Hole 3654/391.0): (10) quartz-biotite schist (Hole 992/176.0); (11) carbonaceous
quartz-mica schist (Hole 993/162.0); (12) quartz-biotite schist (Hole 999/164.0). Analyses were conducted at the chemical labora-
tory of the Voronezhgeologia State Geological Enterprise.

Table 2. Mineral assemblages of metapelites of the Tim=Yastrehovskaya structure

Sample Rock Metamorphic zone Mineral assemblage
3063/1a Carbonaceous schist Garnet—chlorite Qrz+ Ply,. + Kfs + Br+ Ms + Grt + Cal + Spn + Gr
361571 Quartz—muscovite schist 4 Otz + Pl + Ms + Grt + Gr
22159 Garnel schist a Otz + Pl + Grt + Cl + Gr
2207/2a Quartz-biotite schist " Otz + Pl + Br + Grt + Chi + Gr
36TRI256.0 | Quarz-muscovite schist b Oz + Pl+ Br+ Ms + Gri + Gr
3129/317.3 | Cordierite schist Staurolite-andalusite Otz + Pl+ Crd + Gr
312913 Andalusite schist " Qtz+ Pl + Br+ And + Gr
AT06/331.0 | Quartz—biotite schist " iz + Pl + Br+ Chi + Grt + 51 + Ms
367041 Quartz-biotite schist " Otz + Pl+ Br+ Ms + Gt + St
370249 Quartz-biotite schist " Quz+ Pl+Br+Gnt
4317/397.0 | Quarnz=biotite schist Staurolite—sillimanite Oz + Pl+ Grr+ Crd
4317/370.1 | Quariz=bintite schist i Gz + Pl + Br + Grt
4317/604.5 | Quartz—hiotite schist ¥ Oz + Br+ Ms + And
3716/ b Quartz=biolite schist " Oz + PL+ Br+ M+ Gre + St + And + Sil
3704417 Quartz-muscovite schist Sillimanite—muscovite | Qiz + Pl + Br + Ms + 5il + Gr
704720 Quartz-biotite schist " At + Gre +(86)

1634/8 Crystalline schist i Oz + PL+ Ms + B+ Sil

rarely twinned. The quartz—biotite schists of the gar-
net—chlorite zone bear plagioclase from Angg s; 1o Ang,
{Table 3). The carbonaceous schists of the garnet—chlo-
rite zone contain albite-oligoclase with an insignificant

admixture of anorthite, An,, (Table 3).

The biotite is light to dark brown or has a brownish
or greenish color and volumetrically dominates over
other micas in the rocks of any metamorphic zone. It
occurs as very small flakes in the garnet—chlorite zone

and as larger laths (1-2 mm) in the higher temperature
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zones. The iron mole fraction of the mineral, X =
Fe*!/(Fe** + Mg) at. %, varies within broad limits, from
33 to 64% (Table 4), due to variations in the chemical
composition of the rocks. The TiO, concentration in the
mineral systematically increases with increasing tem-
perature from 1.02-1.15 wt % in the garnet—chlorite
zone to 1.62-2.34 wt % in the staurolite-sillimanite
zone (Table 4).

The mica of the carbonaceous sulfide-bearing
schists (Sample 3063/1a) approaches phlogopile in
composition (Xg, = 3-15%) (Table 4).

Muscovite occurs in the metapelites of the garnet—
chlorite zone as small flakes. As the metamorphic grade
increases, the size of the Aakes also increases, so that
the rocks of the staurolite-sillimanite zone contain rel-
atively large (up to 1 mm) platelets. We detected no
clearly pronounced tendencies in the variations in the
paragonite and phengite concentrations (Table 5).

Staurolite. In spite of the fact that the P-T condi-
tions of metapelites near intrusions correspond to the
staurolite—andalusite and staurolite—sillimanite subfa-
cies, staurolite itself is very rare in these rocks. This is
caused, first of all, by the chemistry of the rocks. As
was mentioned above, the Tim—Yastrebovskaya struc-
ture contains rocks whose protoliths were Mn-enriched
sediments (Table 1). These low-Fe and high-Mn
metapelites only very rarely contain staurolite or do not
bear it at all, because Fe—Mn garnet is an alternative sta-
ble mineral in assemblages with andalusite and biotite
(Korikovskii, 1979),

Relatively Fe- and Al-rich rocks with “normal” Mn
concentration contain oval or anhedral unzoned stauro-
lite grains. Staurolite of the staurolite-andalusite zone
has an average Xp. = 88% and contains minor amounts
of Zn0 (0.09-0.36 wt %), whose concentration
decreases rimward. The iron mole fraction of staurolite
in the staurolite—sillimanite zone decreases 10 82-84%,
and its Zn0 concentration notably increases (to 1.55-
1.85 wt %) (Table 6). This composition is typical of
staurolite in the high-temperature part of the staurolite—
sillimanite zone. The high Zn0 concentration is caused
by a decrease in the staurolite content toward the high-
temperature part of the facies, with Fe-rich staurolite
being the first to decompose, Zn-enriched varieties sur-
viving to higher temperatures, and the last remaining
crystals becoming strongly enriching in Zn. It is the Zn
presence in staurolite in the form of a phase-forming
component that causes the stability of this mineral near
the boundary of the staurolite facies (Korikovskii,
1979, In the sillimanite—muscovite zone, staurolite is
preserved only in the form of relict armored inclusions
in other minerals (Savko, 1994). One of such grains
included in garmet (Sample 3704/20) had X, = 88-89%
and contained 0.66-0.67 wt % ZnO (Table 6).

The primary chlorite of the Tim-Yastrebovskaya
metapelites occurs before the staurolite-sillimanite
zone. This mineral in assemblage with garnet in the gar-
nei—chlorite zone has Xg, = 50-52% (Table 5).
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Table 3. Microprobe analyses of plagioclase from metapeli-
tes of the Tim=Yastrebovskaya structure

Garnet—chlorite zone
Component
3063/1 3678/256.0
Si0, 66.53 5349 56.44 56.09
Al O,y 21.28 30.25 28.19 2598
FeO - - - 1.96
MgO - = = 1.96
CaD 203 11.85 Q.94 7.21
Na,O 0.82 4.08 5.18 5.29
K,0 0.1 0.09 0.04 1.21
Total 99.7 99.7 99.8 99.7
80

Si 291 241 2.53 2.54
Al 1.10 1.61 1.49 1.39
Fett - - - 0.07
Mg - - - 0.13
Ca 0.10 0.57 (.48 0.35
MNa 0.83 0.36 0.45 (.46
K 0.01 0.01 - 0n.07
Ab 0.89 0.38 0.48 0.53
An 011 .62 0.52 (.40
r - - - 0.07

Andalusite occurs in the staurolite-andalusite and
staurolite—sillimanite zones as anhedral or oval grains,
often with pronounced cleavage and abundant quartz
inclusions. The staurolite—sillimanite zone contains
both alumina silicates as equilibrium minerals.

Sillimanite develops in the form of fibrolite, which
often growths through biotite crystals,

Cardierite was encountered in hornfels close to the
contact with intrusive rocks and typically had sectorial
trillings and sixlings.

COMPOSITION AND ZONING OF GARNET

Our detailed studies of thin sections of metapelites
from the zonal complex let us confidently distinguish
two generations of minerals, which corresponded to
two episodes of the metamorphic evolution: early and
late kinematic.

Garnet. The gamnet of the early-kinematic genera-
tion occurs in metapelites of the Tim—Yastrebovskaya
structure only within the garnet—chlorite zone. It com-
poses porphyroblasts of equant or irregular shapes with
clear pressure shadows (Fig. 3a) and contains abundant
oriented inclusions of quartz, plagioclase, and carbon-
aceous matter, which compose trails and characteristic
“petal” patterns (Figs. 3d, 3g). Garnet from the carbon-
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Table 6. Microprobe analyses of staurolite from metapelites of the Tim=Yastrebovskaya structure

Staurolite-andalusite zong Staurolite—sillimanite zone Sillimanile—muscovite zone
367041 371671 3704020
Component = -

core margin core core margin core incl. in Grr

51-15 5r-16 5e-17 Sr-1 51-2 St-3 5r-4 Sr-40 5r-48 Sr-49
80, 27.97 26.94 28.42 2743 27.74 2797 28.10 27.89 27.76 27.93
AlLO, 55.55 55.82 55.24 55.38 55.61 55.56 55.65 52.56 5247 54.56
TiO, 0.53 0.67 0.62 0.45 0.45 0.43 0.44 043 - 0.47
Fe) 13.89 13.72 13.91 13.50 13.29 13.10 13.11 14.10 14.76 *| 13.90
MnO 0.16 0.16 014 0.24 0.17 18 0.18 0.03 0.09 0.04
MO 1.15 1.17 1.17 0.92 0.85 0.87 0.89 1.66 1.69 1.81
CaD - - 0.01 0.02 - - - 0.07 0.07 0.04
Na,O 0.01 .03 0.01 .05 0.05 0.05 0.0s5 = 0.07 0.10
K0 0.01 - .01 = - .01 - - 0.02 0.0
Zn0 0.16 0.36 0.09 1.85 1.82 1.76 1.55 0L.66 0.66 0.67
Total 99,60 98.87 99.62 99,84 9998 9993 99.97 97.40 98.12 99,53

460

Si T.51 7.30 7.61 7.44 7.55 7.67 7.66 7.67 1.76 1.62
Al 17.90 18.14 17.75 18.01 17.96 17.81 17.84 18.02 17.29 17.49
Ti 0.12 0.14 0.13 0.09 0.09 0.04 0.0 0.9 0.10 0.10
Cr 0.02 0.01 0.03 0.03 0.02 0.01 0.01 - = 0.02
Fe*? 334 333 3.4 3.06 299 2.98 2.97 i1g 3.45 339
Mn 0.04 0.04 (L.03 0.06 0.04 0.04 0.05 0.01 0,02 0.01
Mg 0.46 0.47 0.47 0.37 (.36 0.39 .39 .63 (.70 0.73
Ca - - - 0.0 = - - 0.02 0,02 (.01
Na 0.01 0.02 0.01 0.03 0.04 0.03 0.04 - 0.04 0.05
K - - 0.0 - - - - - 0.m -
Zn 0.03 0.07 0.02 0.37 0.36 0.35 0.31 - 0.14 0.14
FetiiFe*l 4+ Mpg)| 0.8K (.85 0.88 .84 0.83 0.82 0.89 (.89 0.88 (.88

aceous schists compose euhedral crystals with sharp
boundaries (Fig. 3j).

The late-kinematic garnet generation comprises
subhedral grains of this mineral without pressure shad-
ows (Fig. 4a). Garnet grains of this generation can be
readily identified by the presence of randomly oriented
inclusions, with some of these porphyroblasts contain-
ing no inclusions and noted for their low Mn concentra-
tions. Their outlines clearly cut across the schistosity.
Postkinematic garnet occurs in the metapelites within
the staurolite—andalusite, staurolite—sillimanite, and
sillimanite—muscovite metamorphic zones.

The sheet silicates of the metapelitic rocks are mus-
covite, biotite, and chlorite. The early-kinematic gener-
ation of these minerals defines the schistosity of the
rock matrix and pressure shadows around gamel grains
in the garnet—chlorite zone (Fig. 3a). The biotite and
muscovite of the late-kinematic generation occur as

elongated subhedral laths, which cut the schistosity and
fragmentary replace the rims of garnet grains in the
staurolite-andalusite, staurolite—sillimanite, and silli-
manite—muscovite metamorphic zones (Fig. 4a).

When studying the Tim-Yastrebovskaya structure
metapelites, we get conducted more than 400 micro-
probe spot analyses of garnet, the most representative
and typical of which are listed in Table 7.

In accordance with its composition (Mn concentra-
tion), the garnet of the garet—chlorite zone can be sub-
divided into the following types (Fig. 5):

(a) relatively Fe-rich garnet (Figs. 3a, 3d);

(b) relatively Mn-rich garnet (Figs. 3g).

The gamet of the former type (Samples 3615/1,
2215/9) is characterized by X, = 89-94% and contains
13-34% spessartine, 4-9% pyrope, and 5-18% grossu-
lar (Table 7). These garnet grains display clear prograde
growth zoning in terms of Ca, Mg, Fe, and Mn concen-
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