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INTRODUCTION

The succession of metamorphic facies and subfacies
of metapelites (Korikovsky, 1979; Powell and Holland,
1990; Spear and Cheney; 1989, Xu 

 

et al.

 

, 1994; and
others) and metabasites (Dobretsov 

 

et al.

 

, 1970; Ewans,
1990; Will 

 

et al.

 

, 1998; and others) with increasing 

 

P–
T

 

 parameters is known in fairly much detail. At the
same time, metamorphic zoning was relatively rarely
mapped in other rock types, such as iron-rich, magne-
sian, and potassium-poor gedrite–cordierite and
grunerite–garnet varieties. Their successions of mineral
assemblages are important for understanding the varia-
tions in phase equilibria with changing 

 

P–T

 

 conditions.

Cordierite–orthoamphibole rocks with ages from
Archean to Middle Paleozoic are known on all conti-
nents. The unusual chemistry of orthoamphibole–
cordierite rocks (high MgO, FeO, and Al

 

2

 

O

 

3

 

 concentra-
tions at very low contents of CaO and K

 

2

 

O), which has
no analogues among igneous, sedimentary, and meta-
morphic rocks, stimulated numerous discussions about
their nature. A detailed review of the main hypotheses
of the origin of orthoamphibole–cordierite rocks, both
“premetamorphic” and “synmetamorphic,” was pre-
sented by Robinson 

 

et al.

 

 (1982). The former groups
(“premetamorphic” hypotheses) relies on the isochem-
ical character of the metamorphism and the specific
chemistry of the protoliths, such as ancient weathering

crusts (Tilley and Fleet, 1929; Gable and Sims, 1969;
and others), evaporitic sediments (Schreuer and Abra-
ham, 1976; Kamineni, 1979; Reinhardt, 1987; and oth-
ers), and hydrothermally modified mafic and intermedi-
ate volcanics, which sometimes host sulfide ores
(Easkola, 1914; Chinner and Fox, 1974; Glagolev and
Boronikhin, 1977; Smith 

 

et al.

 

, 1992; and others). The
latter viewpoint is shared by most researchers. Accord-
ing to the other group of hypotheses (“synmetamor-
phic”), orthoamphibole–cordierite rocks result from a
variety of synmetamorphic processes: metasomatic
transformations of metapelites during their metamor-
phism (Schumacher and Robinson, 1987; Arnold and
Sandiford, 1990; and others) or partial melting of these
rocks with the development of cordierite–orthoamphib-
ole restite (Grant, 1968; Hoffer and Grant, 1980).

It should be mentioned that, in spite of its nearly
centenarian history, this issue remains unsettled as of
yet, because even the REE fractionation of orthoam-
phibole–cordierite rocks in various areas shows signif-
icant differences (Smith 

 

et al.

 

, 1992).

In potassium-poor magnesian and moderately alu-
minous metapelites of the Voronezh crystalline massif
(VCM), which commonly contain the assemblage

 

Ged

 

 + 

 

Ath

 

 + 

 

Crd

 

 + 

 

Bt

 

 

 

±

 

 

 

Sil

 

 

 

±

 

 

 

Grt

 

 

 

±

 

 

 

Opx

 

 

 

±

 

 

 

Qtz

 

 (whose
anthophyllite and gedrite coexist as individual equilib-
rium phases), we also found the very rare quartz-free
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Abstract

 

—The central part of the Voronezh crystalline massif was determined to contain the following three
petrochemical types of metapelites: (1) K-poor magnesian and aluminous cordierite–gedrite–anthophyllite
schists, (2) K- and Al-rich muscovite–staurolite schists, and (3) K- and Al-poor Fe-rich grunerite–garnet rocks.
A staurolite–sillimanite and a sillimanite–muscovite zone were mapped in the K-rich metapelites. The K-poor
magnesian and aluminous metapelites are noted for the relations between the Fe mole fractions of their miner-
als: 

 

Crd

 

22–34

 

 < 

 

Op

 

x

 

39.5

 

 < 

 

Ath

 

40–43

 

 < 

 

Ged

 

46–49

 

 < 

 

Grt

 

65–79

 

. The assemblage of orthopyroxene with gedrite and gar-
net crystallized in the high-temperature part of the muscovite–sillimanite zone. The grunerite–garnet assem-
blage is stable in the metapelites of type 3 only within the Fe-rich region and does not overlap with other mineral
equilibria. The rare mineral assemblage 

 

Ol + Ged + Opx + Grt + Mag

 

 of the K-poor moderately aluminous
quartz-free metapelites was formed during regional metamorphism (

 

T

 

 = 639

 

°

 

C, 

 

P

 

 = 4–5 kbar) at a combination
of several factors: a specific bulk-rock chemistry (K-poor, moderately aluminous, and relatively highly magne-
sian quartz-free lithologies), metamorphic parameters (630

 

°

 

C and 4–5 kbar), and redox conditions (an elevated
oxygen fugacity, above the quartz–fayalite–magnetite buffer). The 

 

P

 

–

 

T

 

 trajectory of the prograde metamorphic
stage was controlled by the heating of the rocks from 530

 

°

 

C to approximately 630

 

°

 

C at pressures of 4–5 kbar.
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assemblage 

 

Ol

 

 + 

 

Ged

 

 + 

 

Opx

 

 + 

 

Grt

 

 + 

 

Mag

 

.

 

1

 

 Under the
term 

 

moderately aluminous metapelites

 

, we will under-
stand rocks rich in alumina but bearing no aluminous
minerals, such as alumina silicates and corundum. The
bulk-rock compositions of moderately aluminous
metapelites usually plot below the cordierite–garnet tie
line in a Mg–Fe–Al plot, while highly aluminous
metapelites lie above this line.

Our paper is devoted to phase equilibria in K-poor
metapelites, including those with gedrite and olivine,
and is focused on determining the parameters of their
equilibrium coexistence. We compared the temperature
zones and equilibria of orthoamphibole–cordierite
schists and K-rich metapelites.

GEOLOGY

The Voronezh crystalline massif is a large basement
uplift of the East European Platform with a relatively

 

1

 

Mineral symbols: 

 

Ab 

 

= albite, 

 

An

 

 = anorthite, 

 

And

 

 = andalusite,

 

Ath

 

 = anthrophyllite; 

 

Bt

 

 = biotite, 

 

Chl 

 

= chlorite, 

 

Crd

 

 = cordierite,

 

En

 

 = enstatite, 

 

Ged

 

 = gedrite, 

 

Grt

 

 = garnet, 

 

Gru 

 

= grunerite, 

 

Kfs

 

 =
potassic feldspar, 

 

Mag

 

 = magnetite, 

 

Ms

 

 = muscovite, 

 

Ol

 

 = oliv-
ine, 

 

Opx

 

 = orthopyroxene, 

 

Ort

 

 = orthoclase, 

 

Pl

 

 = plagioclase, 

 

Qtz

 

 =
quartz,

 

 Sil

 

 = sillimanite, 

 

Spl

 

 = spinel, 

 

St 

 

= staurolite, 

 

Tlc

 

 = talc.

 

thin cover, 600 by 700 km in size. The massif is
bounded by systems of graben-shaped aulacogens in
the north and northeast (Pachelmskii, Moskovskii,
Gzhatskii, and Toropets–Vyazemskii), the Dnieper–
Donets depression in the south, the Orshansk depres-
sion in the west, and the Caspian depression in the east
(Fig. 1).

The VCM is composed of structures of three main
types: Early Archean gneiss–migmatite and granulite
blocks, Late Archean granite–greenstone belts, and
Early Proterozoic mobile belts around Early Archean
blocks. In terms of metamorphism, the VCM is subdi-
vided into Archean granulite (Bryansk and Kursk–
Besedinskii) and unzoned migmatite–gneiss complexes
(for example, Rossoshanskii); Late Archean and Early
Proterozoic unzoned medium- and low-temperature
complexes (Losevskaya Group and Voronezh Forma-
tion); and Early Proterozoic zonal complexes (Timskii
and Vorontsovskii).

The Kursk block is an uplift of the Precambrian
basement of the Voronezh crystalline massif between
the Mikhailovskii–Belgorod and Orel–Timskii green-
stone belts.

 

Fig. 1. 

 

Schematic tectonic map of the Voronezh crystalline massif (modified after N.M. Chernyshev, 1997).
Tectono–stratigraphic complexes: (1) platform, Riphean and Phanerozoic; (2–6) pre-Riphean: (2) Bryansk and Kursk megablocks,
Early Archean consolidation, (4) Vorontsovskii foredeep, (5) Livny–Boguchary suture, (6) riftogenic structures of the second order;
(7, 8) geologic boundaries: (7) between megablocks, (8) of the Voronezh crystalline massif; (9) riftogenic structures of the second
order (circled numbers): (

 

1

 

) Belgorod–Mikhailovskaya, (

 

2

 

) Orel–Timskaya, (

 

3

 

) Krupetsko–Krivoi Rog; (10) structures of the first
order (numbers in triangles): (

 

1

 

) Bryansk megablock, (

 

2

 

) Kursk megablock, (

 

3

 

) Voronezh megablock, (

 

4

 

) Livny–Boguchary suture;
(11) Prioskol’skaya area (study area).
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Fig. 2.

 

 Schematic geological map of the Prioskol’skaya area (modified after Shchegolev 

 

et al.

 

, 1988).
(1, 2) Mikhailovskaya Group: (1) gneisses and schists, (2) amphibolites; (3–7) Kursk Group: (3, 4) Stoilensksya Formation (3—
metasandstones, 4—schists), (5–7) Korobkovskaya Formation: (5—metapelites and barren or leanly mineralized Fe-quartzites, 6—
mineralized Fe-quartzites and orthoamphibole–cordierite rocks, 7—overlying schists), (8) staurolite-out isograde; (9) faults;
(10) hole that recovered rocks with the 

 

Ol + Ged + Opx + Grt + Mag

 

 assemblage.
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The Prioskol’skaya structure (approximately 6 by
1 km) is spatially restricted to the southern closing of
the Tim–Yastrebovskii continental rift.

The structure is composed of two lithostratigraphic
complexes: the Late Archean Mikhailovskaya Group
and the Early Proterozoic Kursk Group (Fig. 2). The
Mikhailovskaya Group is represented by the Aleksan-
drovskaya Formation within the complex and consists
of biotite, hornblende–biotite, and biotite–pyroxene–
hornblende gneisses; chlorite–amphibole and plagio-
clase–biotite schists; and amphibolites. The
Mikhailovskaya and Kursk groups are separated by a
stratigraphic unconformity with basal conglomerates
and metamorphosed weathering crusts in the strati-
graphic succession.

The Kursk Group consists of the Stoilenskaya and
Korobkovskaya formations. The rocks of the Stoilen-
skaya Formation are mostly quartz–mica schists, meta-
morphosed sandstones and, in zones of high-tempera-
ture metamorphism, gneisses. The Korobkovskaya For-
mation is dominated by Fe-quartzites. The thickness of
the Kursk Group is 80–110 m. The orthoamphibole–
cordierite rocks described in this paper belong to the
Kursk Group of Early Proterozoic age.

Within the Prioskol’skaya structure, the thickens of
the unmetamorphosed Phanerozoic sedimentary cover,
resting on Precambrian rocks, varies from 60 to 132 m.

PETROGRAPHY

The mineralogical composition of metapelites (Ca-
poor rocks) is determined by their K and Al concentra-
tions. K2O-rich metapelites contain muscovite and,
after its high-temperature decomposition, potassic feld-
spar. K2O-poor rocks have neither muscovite nor potas-
sic feldspar, and their only K-bearing mineral is biotite.
This type of metapelites bears Ca-free amphiboles
(gedrite, anthophyllite, and grunerite), which become
unstable in the presence of excess muscovite and potas-
sic feldspar (Korikovsky, 1979). If the rocks are rela-
tively high in MgO, they also contain sillimanite, stau-
rolite, and cordierite, and their amphiboles are antho-
phyllite and gedrite. K- and Al-poor Fe-rich varieties
contain grunerite and almandine-rich garnet. The insta-
bility of Ca-free amphiboles in K-rich rocks is
explained by the fact that excess K2O causes the pres-
ence of biotite.

The metapelites of the Prioskol’skaya structure are
gray, light gray, and greenish gray fine-, medium-, or
coarse-grained schists and gneisses of variable compo-
sition. They can be subdivided into three petrochemical
types with different mineral assemblages:

(1) K2O-poor, relatively magnesian and moderately
aluminous cordierite–gedrite–anthophyllite schists,
whose typical assemblage is Ged + Ath + Crd + Grt
with more rare Qtz, Bt, Opx, and Sil;

(2) K2O-rich metapelites, whose characteristic
assemblages are Qtz + Pl + St + Bt + Sil + Grt and Qtz +
Bt + Ms + Sil + And + Spl + Kfs (Table 1);

(3) K2O- and Al2O3-poor, relatively Fe-rich gruner-
ite–garnet rocks.

As was demonstrated by Korikovsky (1979), a low
K2O concentrations in metapelites is, at certain temper-
atures and pressures, an important extensive factor of
equilibrium, and no composition dependence of the sta-
bility of any mineral can be determined irrespective of
its assemblage. For instance, the P–T parameters of
hypersthene stability significantly vary depending on
other minerals coexisting with it in assemblages,
whether these are potassic feldspar, cummingtonite,
gedrite, or anthophyllite and whether quartz is present
or not. By way of illustration, the onset of orthopyrox-
ene crystallization in quartz-free metamorphosed ultra-
mafic rocks depends on , and this mineral can
appear at temperatures as low as 500–600°C (Will
et al., 1990).

METAMORPHIC ZONING

The K2O-rich metapelites of the Prioskol’skaya area
were determined to have metamorphic zoning of the
andalusite–sillimanite type, in which the staurolite
decomposition isograde was mapped between the stau-
rolite–sillimanite and sillimanite–muscovite zones
(Fig. 2). No mineral assemblages of the potassic feld-
spar–cordierite zone were reliably identified. Available
petrographic data make it possible to distinguish two
temperature grades of the sillimanite–muscovite zone:
sillimanite–muscovite and higher temperature silliman-
ite–muscovite–potassic feldspar, which can be recog-
nized by the appearance of potassic feldspar in musco-
vite-bearing rocks.

Metapelites of the staurolite–sillimanite zone are
relatively rare and were mapped in the central portion
of the structure. The most widespread rocks of the Pri-
oskol’skya structure are crystalline schists of the silli-
manite–muscovite zone (Fig. 2).

The critical mineral assemblages of these rocks are
St + Sil + Bt + Qtz + Pl + Grt for the staurolite–musco-
vite zone, Qtz + Pl + Ms + Bt + Grt + Sil for the musco-
vite–sillimanite zone, and Sil + And + Ms + Grt + Bt +
Spl + Kfs for the quartz-free rocks (Table 1).

The isograde of staurolite decomposition in the K-
poorer but Fe-richer rocks coincides with the analogous
isograde in K-rich metapelites. The more magnesian
rocks with the Ged44 + Ath46 + Crd34 + Bt assemblage
contain no staurolite, because this mineral in all of our
rocks is more ferrous. The appearance of orthopyrox-
ene in assemblage with gedrite and garnet (Sample
5257/23.2) marks the hypersthene–gedrite–garnet
metamorphic grade, which corresponds to the high-
temperature part of the muscovite–sillimanite zone.
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Table 1.  Mineral assemblages of K2O-rich metapelites of the Prioskol’skaya area

Sample
Qtz Pl Bt St Crd Grt Sil And Ol Ms Kfs Ged Opx Ath Gru Mag Spl

K2O-rich metapelites

Staurolite–sillimanite zone

5264/228 + + + + – + + – – + – – – – – – –

Muscovite–sillimanite zone

low-temperature grade

5257/20 – – + – – + + + – + + – – – – – +

5429/297 + – + – – – + – – + – – – – – + –

5420/6 + + + – – – + + – + – – – – – + –

high-temperature grade

5267/11 + – + – – – – – – + + – – – – + –

5267/13 + + + – – – – – – + + – – – – – –

185-A/15 + – + – – – – – – + + – – – – – –

5259/531 + – + – – – – – – + + – – – – – –

5256/244 + + + – – + – – – – – – – – – + –

5481/12 + – + – – – – – – – + – – – – + –

5481/3 + – + – – – + – – – – – – – – + –

5274/8 + – + – + – + – – – – – – – – + –

K2O-poor metapelites

Staurolite–sillimanite zone

5264/212 + + + + + – – – – – – – – – – + –

Muscovite–sillimanite zone

5257/23.2 – – + – – + – – – – – + + – – + –

5257/23.1 – – – – + – – – – – – + – + – + –

5257/22 + – – – + + + – – – – + – + – + –

5420/2 – – – – + + – – – – – + – + – + –

5267/290 – – – – – + – – + – – + + – – + +

5422/16 + – – – – – – – – – – – – – + + –

5262/100 – + + – – – – – – – – – – – + + –

5422/16 – – + – – + – – – – – – – – + + –

5429/344 – + + – – – – – – – – – – – + + –
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METHODS

All of our metapelite samples are fragments of the
core from holes, which was thoroughly described dur-
ing fieldworks. The samples were examined optically,
and their minerals were analyzed on a Camebax SX-50
microprobe at the Moscow State University at an accel-
erating voltage of 15 kV, beam current of 1–2 nA, and
beam diameter of 1–2 µm. The accuracy of the analyses
was systematically controlled with the use of natural
and synthetic standards. The crystal chemical formulas
of minerals were normalized to the following numbers
of oxygen atoms: 4 for olivine and spinel, 5 for silli-
manite, 6 for orthopyroxene, 8 for feldspars, 11 for
biotite, 12 for garnet, 18 for cordierite, 23 for amphib-
oles, and 46 for staurolite. The P–T parameters of meta-
morphism were calculated by the TPF computer pro-
gram (Fonarev et al., 1991). Back-scattered electron
images of thin sections were taken on a CamScan elec-
tron microscope with a Link ED system at the Moscow
State University.

MINERALOGY

We thoroughly examined, using a microprobe, the
chemistry and zoning of minerals in gedrite–anthophyl-
lite and grunerite–garnet schists (Samples 5264/212,
5257/23.1, 5257/23.2; 5262/100, 5422/16, and
5267/290) and K2O-rich metapelites (Samples 5264/228
and 5257/20).

The mineral assemblages of rocks from the Pri-
oskol’skaya area are listed in Table 1, and analyses of
the minerals are summarized in Tables 2–10.

K2O-Poor Rocks

Depending on their XFe and XAl, the K2O-poor
schists contain the assemblages Gru + Bt + Grt + Mag +
Qtz + Pl (in relatively Fe-rich varieties) and Ath + Ged +
Bt + Crd + Mag ± Grt ± Opx ± Qtz (in more magnesian
and aluminous varieties). Sample 5267/290 was deter-
mined to contain the unusual assemblage Ol + Ged +
Grt + Opx + Mag. This sample represents a quartz-free,
K2O-poor rock (Figs. 3a, 3b). We had no analyses of
rocks with this assemblage, but judging from the
absence of cordierite and the abundance of garnet and
magnetite, the rock is a Fe-richer quartz-free equivalent
of anthophyllite–gedrite–cordierite schists.

Fe–Mg amphiboles of the relatively magnesian and
aluminous metapelites are anthophyllite (Figs. 3c, 3d)
and gedrite. The Prioskol’skaya metapelites widely
contain the assemblage of gedrite and anthophyllite
with cordierite. The gedrite and anthophyllite occur as
prismatic crystals with sharp linear contacts. In accor-
dance with the amphibole nomenclature (Leake et al.,
1997), anthophyllite contains up to 8 wt % Al2O3 and
7.0–8.0 f.u. Si, while gedrite has >8 wt % Al2O3 and
6.0–7.0 f.u. Si. These relations are illustrated in Fig. 4.
As is known, the gedrite–anthophyllite isomorphous

series has a miscibility gap, at least if the temperature is
no higher than 600–610°C (Spear, 1980; Robinson
et al., 1982).

The anthophyllite develops as colorless and brown-
ish gray elongated platy crystals up to 4–6 mm with the
lowest XFe among the amphiboles (40.8–43.5 at. %) and
contain 3–6 wt % Al2O3 (Table 2).

The gedrite forms tabular crystals up to 2–3 mm
with, a clear pleochroism from grayish blue to brown-
ish gray. The mineral is usually associated with antho-
phyllite, except Sample 5257/23.2, in which gedrite
coexists with orthopyroxene but not anthophyllite (Sam-
ple 3d), and Sample 5267/90), in which this mineral is
accompanied by olivine, orthopyroxene, and garnet
(Figs. 3a, 3b).

The XFe of the gedrite is higher than that of the antho-
phyllite and ranges from 46.3 to 48.8 at. % (Table 2). The
XFe of the gedrite in association with orthopyroxene and
olivine (Sample 5267/290) is 40.3–49.1 at. %, which is
higher that the XFe of the coexisting orthopyroxene but
lower than this parameter of the olivine. The composi-
tion of gedrite from anthophyllite–gedrite–cordierite
schist in the Priaskol’skaya area displays broad varia-
tions in terms of Al2O3 concentrations, from 9.3 to
16.2 wt % (Table 2). The gedrite in association with oli-
vine, orthopyroxene, and garnet is higher in alumina
(15.6–17.3 wt % Al2O3), which is close to the limiting
value for this mineral (Table 2). The presence of 0.30–
0.75 f.u. Na makes the gedrite close to the idealized for-
mula Na0.5(Mg, Fe)5.5Al1.5[Si6Al2O22](OH)2 (Robinson
et al., 1971).

The grunerite occurs as large (up to 1 cm) prismatic
crystals, often with polysynthetic twinning in the Fe-
rich rocks, in which it is present in association with
quartz, garnet, biotite, and plagioclase but never in
assemblage with anthophyllite, gedrite, or cordierite.
The XFe of the grunerite equals 63.2–68.8 at. % in
assemblage with garnet (Sample 5422/16) and rises
even higher, 78.9–79.0 at. %, in the plagioclase–
grunerite rocks. The grunerite contains minor amounts
of Al2O3 (0.49–0.74 wt %), MnO (0.14–0.55 at. %), and
CaO (0.43–0.63 at. %) (Table 2).

Cordierite is present in our samples in association
with orthoamphiboles (Samples 5257/23.1 and
5257/22). This minerals occurs as rounded or irregu-
larly shaped grains or short-prismatic crystals up to
1.25 mm (Fig. 3c). The XFe of this mineral is 22–23% in
Samples 5257/23.1 and 29.3–34.0 in Sample 5257/22
(Table 3). The cordierite is relatively high in Na2O,
from 0.07 to 0.75 wt %.

Cordierite rims around staurolite crystals in the
staurolite–sillimanite zone were encountered only in
Sample 5264/212 (Fig. 3e). This mineral is moderately
magnesian (XFe = 36.2–37.8) and contains an admixture
of Na2O (0.29–0.45 wt %) (Table 3).

Staurolite was detected only in the form of small
crystals armored by cordierite rims (Sample 5264/212;
Fig. 3e), whose cores have XFe = 85.0–86.4 and rims
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Table 2.  Representative analyses (wt %) of amphiboles from metapelites of the Prioskol’skaya area

Component

5257/23.1 5257/22

Ged-10 Ath-11 Ath-18 Ath-16 Ath-1 Ath-2 Ath-3 Ath-4 Ath-5 Ath-6 Ged-11 Ath-12

core core margin core margin core margin core margin core margin

SiO2 44.50 57.23 52.90 51.30 53.80 53.57 54.92 52.92 51.46 53.28 48.12 52.35

TiO2 0.17 0.05 0.08 0.82 0.06 0.05 0.07 0.05 0.07 0.03 0.12 0.06

Al2O3 14.73 5.49 4.54 5.67 3.03 2.99 3.07 3.88 6.06 3.17 9.33 3.65

Cr2O3 0.44 0.32 0.23 0.40 – 0.10 0.05 – – – 0.29 0.01

FeO 20.84 18.84 21.80 21.24 23.30 23.12 22.41 22.34 22.84 22.90 23.45 22.73

MnO 0.16 0.21 0.21 0.14 0.14 0.19 0.17 0.19 0.17 0.17 0.27 0.22

MgO 13.57 17.11 17.80 16.73 17.70 17.13 17.11 17.68 17.42 16.71 14.67 17.52

CaO 0.46 0.38 0.34 0.33 0.20 0.18 0.21 0.14 0.27 0.21 0.26 0.21

ClO 0.01 – – – 0.15 0.04 0.27 0.11 – – 0.05 –

ZnO 0.16 – – 0.15 0.02 0.04 0.03 0.02 0.07 0.13 0.70 0.15

Na2O 1.45 0.45 0.39 0.47 0.22 0.25 0.21 0.29 0.49 0.31 1.57 0.39

K2O – 0.03 0.01 – 0.01 0.01 0.01 0.01 0.03 0.05 0.07 0.02

Total 96.49 96.59 98.30 97.25 98.90 97.70 98.55 97.63 98.24 97.62 98.90 97.32

23O

Si 6.71 7.61 7.61 7.52 7.73 7.77 7.87 7.68 7.46 7.76 7.06 7.66

Ti 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 – 0.01 0.01

Al(VI) 1.46 0.06 0.39 0.51 0.24 0.20 0.11 0.32 0.62 0.19 1.00 0.36

Al(IV) 1.09 0.84 0.38 0.47 0.28 0.31 0.41 0.35 0.40 0.35 0.60 0.27

Cr 0.05 0.03 0.03 0.05 – 0.01 0.01 – – – 0.03 –

Fe3+ 0.44 0.27 0.06 0.01 0.01 0.05 0.19 0.03 0.21 0.07 0.50 0.11

Fe2+ 2.11 1.91 2.56 2.58 2.80 2.77 2.49 2.68 2.52 2.73 2.35 2.66

Mn 0.02 0.03 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.03 0.03

Mg 2.92 3.60 3.81 3.66 3.80 3.73 3.66 3.82 3.61 3.78 3.21 3.82

Ca 0.07 0.06 0.05 0.05 0.03 0.03 0.03 0.02 0.04 0.03 0.04 0.03

Zn 0.02 – – 0.02 0.02 – 0.03 0.01 – – 0.01 –

Cl – – – – 0.01 0.01 0.01 0.01 0.02 0.03 0.17 0.04

Na 0.32 0.12 0.11 0.14 0.06 0.07 0.06 0.08 0.14 0.09 0.45 0.11

K – – – – – – – – 0.01 0.01 0.01 –

XFe 0.46 0.41 0.41 0.42 0.42 0.43 0.42 0.41 0.44 0.42 0.47 0.42



256

PE
T

R
O

L
O

G
Y

      V
ol. 10      N

o. 3      2002

SA
V

K
O

, K
A

L
’M

U
T

SK
A

Y
A

Table 2.  (Contd.)

Component

5257/23.2 5422/16 5262/100 5267/290

Ged-45 Ged-46 Gru-21 Gru-22 Gru-24 Gru-54 Gru-55 Ged-45 Ged-3 Ged-7

margin,
near Grt core margin,

near Grt core matrix core margin

SiO2 44.83 43.70 51.37 51.14 50.73 49.62 49.64 43.86 43.77 49.13
TiO2 0.16 0.15 0.03 – – 0.03 0.03 0.03 – 0.02
Al2O3 15.44 16.20 0.49 0.49 0.54 0.74 0.55 17.26 15.59 5.39
Gr2O3 0.21 0.09 – 0.08 0.24 – 0.05 0.04 – 0.02
FeO 22.38 22.21 34.09 35.42 35.44 42.11 42.67 19.32 20.67 26.25
MnO 0.29 0.31 0.49 0.55 0.36 0.30 0.14 0.25 0.22 0.36
MgO 14.35 14.27 11.13 9.02 9.01 6.30 6.35 16.07 16.69 18.52
CaO 0.65 0.66 0.44 0.43 0.44 0.63 0.44 0.44 0.31 0.17
ClO 0.01 – 0.02 0.19 – 0.04 – 0.09 – 0.02
ZnO 0.07 0.02 0.05 0.01 0.03 – 0.02 – – 0.08
Na2O 1.61 1.64 0.06 0.06 0.09 0.15 0.09 2.55 2.75 0.04
K2O 0.01 – 0.01 0.02 0.02 – 0.02 0.01 0.01 –

Total 100.00 99.24 98.18 97.41 96.90 100.00 100.00 99.93 100.00 100.00

23O
Si 6.44 6.33 7.98 7.98 7.96 7.80 7.81 6.24 6.28 7.16
Ti 0.02 0.02 – – – – – – – –
Al(VI) 1.63 1.73 0.02 0.02 0.04 0.16 0.14 1.04 0.78 0.79
Al(IV) 0.96 1.00 0.08 0.07 0.06 – – 1.83 1.81 0.14
Cr 0.03 0.01 – – – – 0.01 –
Fe3+ 0.58 0.56 0.00 0.02 0.02 0.00 0.00 0.53 0.68 0.24
Fe2+ 2.08 2.11 4.18 4.60 4.62 5.56 5.65 1.73 1.76 2.98
Mn 0.04 0.04 0.06 0.07 0.05 0.04 0.02 0.03 0.03 0.04
Mg 3.07 3.08 2.55 2.10 2.11 1.48 1.49 3.41 3.57 4.02
Ca 0.10 0.10 0.07 0.07 0.07 0.11 0.07 0.07 0.05 0.03
Zn 0.01 – – 0.02 – – – – – –
Cl – – – – – 0.01 – 0.02 – –
Na 0.45 0.46 0.02 0.02 – 0.04 0.03 0.70 0.75 0.01
K – – – 0.01 – – – – – –
XFe 0.47 0.47 0.63 0.69 0.70 0.79 0.79 0.40 0.49 0.44

Note: Here and in Tables 3–10, dashes mean concentrations below the analytical determination threshold.
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Fig. 3. BSE images of reaction textures in rocks of the Prioskol’skaya area.
(a) Garnet + olivine + orthopyroxene + gedrite assemblage (Sample 5267/290). (b) “Emulsion” magnetite inclusions in silicates (Sample 5267/290). (c) Orthoamphibole + cordi-
erite assemblage (Sample 5257/20). (d) Gedrite + orthopyroxene assemblage (Sample 5257/23.2). (e) Cordierite rims around staurolite (Sample 5264/212). (f) Spinel inclusions
in andalusite and andalusite replacement by sillimanite (Sample 5257/20). 
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have XFe = 84.1–84.2 (Table 10). It is worth noting the
low ZnO concentration (0.08–0.38 wt %) in staurolite
from Sample 5264/212, although the high-temperature
staurolite (in assemblage with sillimanite) may contain
as much as 2 wt % ZnO.

Olivine was detected in Sample 5267/290 in associ-
ation with orthopyroxene, gedrite, and garnet, in which
it occurs in the groundmass as irregularly-shaped elon-
gated grains up to 1 mm long (Figs. 3a, 3b). The olivine
occurs in physical contact with all minerals of this rock
and compositionally corresponds to hyalosiderite. The
groundmass olivine has XFe of 51.6–54.2, and its grains
in contact with garnet are a little bit more ferrous, 55.2–
55.6 at. % (Table 4). The admixtures are MnO (0.18–
0.30 wt %) and Na2O (0.03–0.16 wt %).

Orthopyroxene was found only in Samples 5257/23.2
and 5267/290, in which it is contained in the form of
small grains in association with gedrite and garnet
(Sample 5257/23.2, Fig. 3d) or with olivine, gedrite,
garnet, and magnetite (Sample 5267/290, Figs. 3a, 3b).
The orthopyroxene is low in Fe (XFe = 33.6–44.3) and
contains 2 wt % Al2O3 (Table 5). The orthopyroxene
from Sample 5267/290 forms crystals of variable sizes,
from 0.5 to 2.0 mm (Figs. 3a, 3b) and inclusions in gar-
net and contains 0.54–2.72 wt % Al2O3, with the least
aluminous orthopyroxene occurring as inclusions in
garnet (0.79–0.87 wt % Al2O3) and small crystals (up to
0.54 wt % Al2O3). The orthopyroxene of both assem-
blages (Qtz + Bt + Grt + Opx and Ol + Opx + Grt + Ged +
Mag) has very close compositions.

Table 3.  Representative analyses (wt %) of cordierite from metapelites of the Prioskol’skaya area

Component

5257/23.1 5257/22 5264/212

Crd-13 Crd-7 Crd-8 Crd-9 Crd-10 Crd-25 Crd-26 Crd-28 Crd-35

margin core margin core margin Crd rims around St

SiO2 50.22 47.07 47.41 49.34 49.30 47.06 47.28 46.98 48.04

TiO2 – – 0.01 – 0.02 0.02 – – –

Al2O3 34.18 29.04 30.32 30.48 31.12 33.44 32.74 36.52 33.77

Cr2O3 – – 0.05 – – 0.01 0.04 0.05 0.14

FeO 5.09 9.93 8.72 7.64 6.75 8.39 8.36 10.60 8.11

MnO 0.08 0.05 – 0.03 0.06 0.02 0.13 0.15 0.09

MgO 9.85 10.80 10.46 9.08 9.14 7.73 7.86 5.37 7.99

CaO 0.10 1.52 1.45 1.74 1.09 0.02 0.05 0.53 0.03

ClO – 0.10 0.08 0.12 0.53 0.08 0.03 0.11 0.04

ZnO – – 0.15 – – 0.04 0.01 – –

Na2O 0.24 0.07 0.11 0.16 0.75 0.45 0.37 0.29 0.44

K2O 0.08 0.93 1.10 1.14 1.02 0.02 0.02 0.31 0.01

Total 99.84 99.50 99.82 99.72 99.88 97.29 96.91 100.00 98.67

18O

Si 5.01 4.90 4.91 5.05 5.04 4.91 4.95 4.83 4.94

Ti – – – – – – – – –

Al 4.02 3.62 3.71 3.71 3.78 4.12 4.04 4.32 4.09

Cr – – – – – – – – 0.01

Fe2+ 0.43 0.86 0.76 0.65 0.58 0.73 0.73 0.91 0.70

Mn 0.01 – – – 0.01 – 0.01 0.01 0.01

Mg 1.47 1.68 1.61 1.39 1.39 1.20 1.23 0.82 1.23

Ca 0.01 0.17 0.16 0.19 0.12 – 0.01 0.06 –

Zn – – 0.01 – – 0.01 – – –

Cl – 0.02 0.01 0.02 0.09 0.01 – 0.02 0.01

Na 0.05 0.01 0.02 0.03 0.15 0.09 0.08 0.06 0.09

K 0.01 0.12 0.12 0.15 0.14 – – 0.04 –

XFe 0.23 0.34 0.32 0.32 0.29 0.38 0.37 0.54 0.36
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Garnet is present in approximately every third sam-
ple as large subhedral crystals of dodecahedral habit,
from 1 to 6 mm across. When in assemblage with ortho-
amphibole, cordierite, and orthopyroxene, the garnet is
fairly magnesian: XFe = 65.0–72.3 (Sample 5257/23.2),
77.1–79.5 (Sample 5257/22), and 69.3–74.1 (Sample
5267/290 (Table 6). Garnet crystals are composition-
ally zoned, with XMg decreasing and, correspondingly,
XFe increasing from the cores to margins, irrespective of
other minerals occurring in contact with the garnet
grains. In a large garnet grain from Sample 5257/23.2,
the XCa weakly increases toward the margins, while the
increase in the XMn is more significant (Fig. 5a). Con-
versely, the garnet from Sample 5257/22 is character-
ized by a marginward increase in XCa but no changes in
XMn.

The garnet of Sample 5267/290 composes 2-mm
subhedral crystals, which are either homogeneous or
abound in irregularly shaped and vermicular inclusions
(“emulsion,” Figs. 3a, 3b). This garnet is relatively
magnesian, XMg = 25.9–30.7 at. % (Table 6), with 0.25–
0.29 pyrope and 0.66–0.70 almandine end members.
The concentrations of the grossular and spessartine

components are insignificant, and their sums do not
exceed 0.05. The garnet shows no pronounced zoning.

The composition of garnet in the Ol–Ged–Grt–
Opx–Mag assemblage is generally close to the compo-
sition of this mineral in gedrite–anthophyllite–cordier-
ite schists, which are widespread within the Pri-
oskol’skaya area.

In the relatively Fe-rich rocks, garnet is in associa-
tion with grunerite and occurs as dodecahedral crystals,

Table 4.  Representative analyses (wt %) of olivine from metapelites of the Prioskol’skaya area

Component

5267/290

Ol-48 Ol-9 Ol-4 Ol-11
in contact with Grt

Ol-12 Ol-9

SiO2 35.49 34.20 33.42 33.20 33.31 33.31

TiO2 0.02 – 0.02 – 0.03 –

Al2O3 0.01 0.01 – 0.02 – –

FeO 42.70 44.08 44.48 44.94 45.56 45.87

MnO 0.30 0.18 0.23 0.35 0.30 0.25

MgO 21.15 21.48 21.60 21.27 20.77 20.58

CaO 0.01 – 0.06 0.09 0.03 –

Na2O 0.14 0.03 0.16 0.12 – –

K2O 0.05 – 0.04 0.02 0.01 –

Total 100.00 100.00 100.00 100.00 100.00 100.00

4O

Si 1.02 1.00 0.98 0.98 0.98 0.98

Ti – – – – – –

Al – – – – – –

Fe 1.03 1.07 1.09 1.10 1.12 1.13

Mn 0.01 0.01 0.01 0.01 0.01 0.01

Mg 0.91 0.93 0.94 0.93 0.91 0.90

Ca – – – – – –

Na 0.01 – 0.01 0.01 – –

K – – – – – –

XFe 0.53 0.54 0.54 0.54 0.55 0.56

Mg-anthophyllite Mg-gedrite

Anthophyllite

Fe-anthophyllite

Al-anthophyllite

Fe-gedrite

Gedrite

8
1.0

7 6

0.9

0.1

0

Si

Mg
Mg + Fe

Fig. 4. Mg/(Mg + Fe) vs. Si (f.u.) diagram for anthophyllite
and gedrite in metapelite of the Prioskol’skaya area.



260

PETROLOGY      Vol. 10      No. 3      2002

SAVKO, KAL’MUTSKAYA

up to 3 mm across, with numerous quartz inclusions.
The cores of garnet grains abound in inclusions, while
their peripheral parts are homogeneous. The garnet
composition corresponds to almandine (XFe = 92.3–
95.2). The zoning differs from that in garnet from the
magnesian metapelites: the Mg and Ca concentrations
increase from cores to margins that are in contact with
biotite and grunerite, whereas the Mn concentrations
simultaneously decrease. The Fe distribution reveals no
zoning (Fig. 5b).

Biotite is contained in both the magnesian and fer-
rous varieties of K2O-poor metapelites. The mineral is
present in the rock matrices and as inclusions in garnet
(Sample 5257/23.2). The biotite in association with

grunerite (Sample 5422/16) is quite high in Fe (XFe =
68.3–70.7 at. %) and, conversely, fairly magnesian
(XFe = 34.0–35.8 at. %) in association with gedrite
(Sample 5257/23.2; Table 7). In both rock types, biotite
is low in titania (1.02–1.24 wt % TiO2).

Plagioclase is a rare mineral in the gedrite–antho-
phyllite rocks. It was found in association with gruner-
ite in Sample 5262/100. Chemically, it is almost homo-
geneous (unzoned) oligoclase (Ab85.9−86.0An14.0–14.1) or
slightly more sodic (Ab93.2–95.5An4.5–6.8) in Sample
5264/212 (Table 8).

Magnetite is present in practically all samples of
the K2O-poor rocks. Magnetite in Sample 5267/290
develops as anhedral crystals up to 2–2.5 mm across in

Table 5.  Representative analyses (wt %) of orthopyroxene from metapelites of the Prioskol’skaya area

Component
5267/290 5257/23.2

Opx-2 Opx-3 Opx-51 Opx-14 Opx-47

SiO2 55.51 53.46 52.16 51.89 54.19

TiO2 0.07 0.04 – 0.02 0.04

Al2O3 1.44 1.19 1.05 0.79 2.01

Cr2O3 – 0.06 0.13 – 0.06

FeO 20.80 24.68 25.01 25.86 23.01

MnO 0.17 0.15 0.11 0.22 0.35

MgO 21.56 21.14 21.12 21.17 19.93

CaO 0.16 0.07 0.14 0.04 0.33

ClO – 0.01 – – 0.05

ZnO – – – – 0.01

Na2O 0.29 0.01 0.05 – 0.17

K2O – – 0.02 – 0.01

Total 100.00 100.80 99.79 100.00 100.14

6O

Si 2.03 1.99 1.97 1.96 2.02

Ti 0.00 – – – –

Al 0.06 0.05 0.05 0.04 0.09

Cr – – – – –

Fe 0.64 0.77 0.79 0.82 0.71

Mn 0.01 0.01 – 0.01 0.01

Mg 1.18 1.17 1.189 1.19 1.09

Ca 0.01 – 0.01 – 0.01

Zn – – – – –

Cl – – – – –

Na 0.02 – 0.04 – 0.01

K – – – – –

XFe 0.35 0.40 0.40 0.41 0.39

Fs 0.35 0.40 0.40 0.41 0.39

En 0.65 0.60 0.60 0.59 0.60

Wo – – – – 0.01
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Table 6.  Representative analyses (wt %) of garnet from metapelites of the Prioskol’skaya area

Compo-
nent

5422/16 5257/20 5264/228 5257/22 5257/23.2 5267/290

Grt-9 Grt-15 Grt-17 Grt-18 Grt-19 Grt-1 Grt-2 Grt-5 Grt-8 Grt-31 Grt-12 Grt-38

Grt-32 Grt-50 Grt-2 Grt-11margin core margin core margin core margin margin core margin core

Bt Gru Bt Bt Ath Bt Bt

SiO2 35.94 35.32 35.42 37.50 37.40 36.25 36.78 37.13 36.89 37.69 37.06 37.15 38.76 38.86 37.96 37.27

TiO2 – 0.02 – 0.04 – – – – 0.02 0.02 0.03 0.01 – 0.07 – –

Al2O3 21.41 21.24 21.53 22.09 22.53 21.89 21.65 22.55 22.20 22.16 22.97 22.18 21.59 22.52 21.50 21.51

Cr2O3 – – – – – – – – – – – – – 0.08 0.07 –

FeO 35.52 36.57 35.64 32.17 30.28 37.32 38.07 31.48 32.61 29.64 30.70 30.65 30.78 29.60 31.97 32.08

MnO 2.35 3.67 2.51 1.86 2.37 0.45 0.36 0.98 0.98 0.92 1.48 1.69 0.83 0.84 0.73 0.99

MgO 1.39 0.89 1.42 4.99 5.15 3.78 3.39 5.25 4.71 6.61 5.07 5.30 7.66 6.72 6.28 6.77

CaO 3.80 2.05 3.77 1.88 2.63 0.29 0.21 2.02 1.95 2.42 2.68 2.62 1.21 1.26 1.44 1.19

Total 100.4 99.76 100.3 100.5 100.4 99.98 99.95 99.42 99.36 99.47 100.0 99.59 100.88 100.00 100.00 100.00

12O

Si 2.92 2.92 2.89 2.97 2.93 2.98 2.99 2.95 2.95 2.96 2.92 2.95 3.00 3.02 2.99 2.95

Ti – – – – – – – – – – – – – – – –

Al 2.05 2.07 2.08 2.05 2.08 2.08 2.08 2.11 2.09 2.05 2.14 2.07 1.97 2.06 2.00 2.01

Cr – – – – – – – – – – – – – 0.01 0.01 –

Fe 2.42 2.52 2.42 2.12 1.99 2.44 2.46 2.09 2.18 1.95 2.03 2.03 1.99 1.92 2.11 2.12

Mn 0.16 0.26 0.17 0.12 0.16 0.03 0.02 0.07 0.07 0.06 0.10 0.11 0.05 0.05 0.05 0.07

Mg 0.17 0.11 0.18 0.59 0.65 0.42 0.40 0.62 0.56 0.77 0.60 0.63 0.88 0.78 0.74 0.80

Ca 0.33 0.18 0.34 0.16 0.22 0.02 0.02 0.17 0.17 0.20 0.23 0.22 0.10 0.10 0.12 0.11

Alm 0.79 0.82 0.78 0.71 0.66 0.84 0.85 0.71 0.73 0.65 0.69 0.68 0.66 0.67 0.70 0.69

Sps 0.05 0.08 0.06 0.04 0.05 0.01 0.01 0.02 0.02 0.02 0.03 0.04 0.02 0.02 0.02 0.02

Prp 0.06 0.04 0.06 0.20 0.21 0.15 0.14 0.21 0.19 0.26 0.20 0.21 0.29 0.27 0.25 0.26

Grs 0.11 0.06 0.11 0.05 0.07 0.01 – 0.06 0.06 0.07 0.78 0.07 0.03 0.03 0.04 0.03

XFe 0.93 0.95 0.93 0.74 0.76 0.85 0.86 0.77 0.79 0.71 0.77 0.76 0.69 0.71 0.74 0.73
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amounts of 5–7 modal % and also occurs as vermicular
“emulsion” in garnet (Fig. 3b). Its composition corre-
sponds to virtually pure magnetite with minor amounts
of TiO2, Al2O3, MnO, MgO, and Cr2O3 (Table 9). The
mineral contains small spinel inclusions.

Secondary talc was encountered in Sample 5267/290
in association with olivine, orthopyroxene, gedrite, and
garnet. The diaphthoritic talc develops as aggregates of
small platy or flaky crystals replacing olivine. The talc
exhibits broad variations in its XFe, from 18.4 to 46.7%
(Table 9).

Spinel was detected in the K2O-poor metapelites
only in Sample 5267/290, in which it occurs in assem-
blage with magnetite. The spinel of the olivine-bearing
metapelites was identified only as inclusions in magne-

tite crystals. These are small anhedral grains of brown
color, with XFe = 68.9–92.1%, compositionally corre-
sponding to hercynite (Table 9). The mineral is an exso-
lution product of the magnetite solid solution.

K2O-Rich Metapelites

Staurolite occurs as small (no larger than 0.5 mm)
anhedral or elongated grains. The XFe of staurolite in
association with garnet and sillimanite ranges over the
narrow interval of 83.4–84.6 without any systematic
variations over individual grains (Table 10).

Garnet is contained in the metapelites of the stauro-
lite–sillimanite zone (Sample 5264/228) in the form of
equant, inclusion-free dodecahedral grains up to 2 mm
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Table 7.  Representative analyses (wt %) of biotite and chlorite from metapelites of the Prioskol’skaya area

Component

5422/16 5257/20 5264/228 5420/6

Bt-19 Bt-20 Bt-23 Bt-25 Bt-26 Bt-2 Bt-4 Bt-9 Bt-49 Bt-50 Bt-53

margin core matrix margin core margin margin core

Grt Grt Grt

SiO2 34.69 34.60 34.16 37.94 37.22 34.91 35.69 35.38 38.51 38.78 38.69
TiO2 1.21 1.18 1.02 1.27 1.83 1.60 1.64 1.63 0.37 0.64 0.78
Al2O3 16.40 15.70 15.94 17.92 17.68 18.37 18.19 19.25 21.77 21.70 21.27
Cr2O3 0.07 0.27 0.86 0.15 0.57 0.69 0.09 0.25 – – –
FeO 26.07 27.00 26.11 13.77 15.80 18.65 18.07 17.72 15.83 15.12 15.25
MnO 0.13 0.07 0.59 0.02 0.02 0.07 0.03 0.04 0.14 0.07 0.25
MgO 6.78 6.46 6.19 14.53 14.66 10.94 11.23 10.82 13.40 13.57 13.31
CaO 0.01 0.08 0.33 0.06 0.11 0.27 0.03 0.06 – 0.01 0.02
ZnO – 0.22 0.03 0.07 0.14 0.06 0.07 0.14 – – –
ClO 0.48 0.53 0.61 – – 0.49 – 0.11 0.08 0.12 0.06
Na2O 0.13 0.11 0.27 0.56 0.43 0.81 0.47 0.44 0.29 0.42 0.59
K2O 8.79 8.53 8.16 8.00 6.5 7.52 7.97 8.18 9.61 9.59 9.78

Total 94.76 94.75 94.27 94.45 94.96 94.38 94.19 94.47 100.00 100.00 100.00

11O
Si 2.76 2.77 2.75 2.81 2.73 2.70 2.71 2.72 2.72 2.73 2.73
Ti 0.07 0.07 0.06 0.07 0.07 0.09 0.09 0.09 0.02 0.03 0.04
Al(VI) 1.24 1.23 1.25 17.19 1.27 1.30 1.29 1.29 1.28 1.27 1.27
Al(IV) 0.30 0.26 0.26 0.37 0.26 0.39 0.39 0.43 0.53 0.53 0.50
Cr – 0.02 0.07 0.01 0.03 0.01 0.01 0.02 – – –
Fe2+ 1.72 1.81 1.80 0.85 0.98 1.09 1.09 1.12 0.93 0.89 0.90
Mn 0.01 0.01 0.01 – – – – – 0.01 – 0.02
Mg 0.81 0.77 0.74 1.60 1.60 1.27 1.27 1.22 1.41 1.42 1.40
Ca – 0.01 0.03 0.01 0.01 – – – – – –
Na 0.02 0.02 0.04 0.08 0.06 0.68 0.68 0.07 0.04 0.06 0.08
K 0.89 0.87 0.84 0.76 0.61 0.77 0.77 0.79 0.87 0.86 0.88
Zn – 0.01 – 0.01 – – – 0.01 – – –
Cl – – – 0.01 – – – 0.02 0.01 – 0.01
XFe 0.68 0.70 0.71 0.35 0.38 0.47 0.47 0.48 0.40 0.39 0.39
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Table 7.  (Contd.)

Component

5264/212 5262/100 5257/23.2

Bt-20 Bt-33 Bt-37 Chl-21 Chl-57 Bt-58 Bt-38 Bt-39 Bt-40 Bt-43 Bt-44

core margin matrix core margin margin core margin core margin

Crd Cru Crt inclusion in Grt

SiO2 35.27 43.75 35.03 37.39 25.33 30.34 36.96 39.04 37.89 38.42 37.21
TiO2 1.18 1.14 1.29 0.45 0.24 0.63 1.23 1.21 1.19 1.24 1.05
Al2O3 19.95 17.82 19.23 34.61 18.82 15.19 17.97 18.62 18.18 18.42 18.73
Cr2O3 0.16 0.42 0.08 0.11 0.19 1.98 0.27 0.24 0.45 0.21 0.31
FeO 20.36 17.24 19.92 6.27 39.83 35.46 15.01 14.53 14.32 15.03 14.43
MnO – 0.02 – 0.01 0.04 0.12 0.02 – 0.05 0.12 –
MgO 10.72 9.12 10.57 6.86 5.43 4.49 15.36 15.89 15.07 15.15 15.24
CaO 0.08 0.05 0.01 0.26 0.06 0.17 0.14 0.04 0.11 0.03 –
ZnO 0.13 0.37 – – – – 0.09 0.05 0.02 – 0.05
ClO 0.05 0.09 0.09 0.02 0.14 0.29 0.16 0.11 0.08 0.04 0.07
Na2O 0.46 0.45 0.42 1.91 0.19 0.21 0.75 0.48 0.45 0.43 0.05
K2O 8.26 7.12 8.33 0.03 1.44 5.50 7.69 7.73 7.71 7.96 8.14

Total 96.62 97.59 95.03 88.96 91.72 94.37 95.60 97.94 95.54 97.10 95.76

11O 14O 11O
Si 2.64 3.11 2.66 3.39 2.79 2.44 2.70 2.77 2.76 2.76 2.72
Ti 0.07 0.06 0.07 0.03 0.02 0.04 0.07 0.06 0.07 0.07 0.06
Al(IV) 1.36 0.89 1.34 0.61 1.21 1.44 1.30 1.24 1.24 1.24 1.28
Al(VI) 0.39 0.61 0.39 3.09 1.23 – 0.25 0.32 0.33 0.32 0.33
Cr 0.01 0.02 0.01 0.01 0.02 0.13 0.02 0.01 0.03 0.01 0.02
Fe3+ – – – – 0.45 – – – – – –
Fe2+ 1.19 1.03 1.19 1.07 6.82 1.44 0.75 0.72 0.79 0.79 0.78
Mn – – – – – 0.01 – – – 0.01 –
Mg 1.19 0.97 1.20 0.93 0.89 0.54 1.68 1.68 1.64 1.62 1.66
Ca 0.01 – – 0.02 0.01 0.01 0.01 – 0.01 – –
Zn 0.01 0.02 – – – – 0.01 – – – –
Cl – 0.01 – – 0.02 – – – – – –
Na 0.07 0.06 0.07 0.34 0.04 0.03 0.11 0.07 0.06 0.06 0.08
K 0.79 0.65 0.81 – 0.20 0.56 0.72 0.70 0.72 0.73 0.76
XFe 0.52 0.52 0.51 0.34 0.81 0.82 0.35 0.34 0.35 0.36 0.35
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Table 8.  Composition (wt %) of feldspars from metapelites of the Prioskol’skaya area

Component

5264/212 5262/100 5264/228 5257/20 5420/6

Pl-22 Pl-29 Pl-30 Pl-31 Pl-52 Pl-53 Pl-56 Pl-3 Pl-5 Pl-6 Kfs-27 Pl-48 Pl-51 Pl-52

core margin core margin core margin core margin core margin

SiO2 66.50 67.96 67.34 67.51 62.75 64.18 65.09 68.78 68.72 68.00 46.52 61.04 61.74 61.35

Al2O3 21.64 21.63 21.31 21.85 21.76 23.16 22.76 20.07 20.93 20.64 38.79 24.40 24.24 23.76

FeO 0.09 0.03 0.03 0.12 4.17 0.08 0.09 0.13 0.05 0.13 0.42 0.19 0.12 0.03

CaO 1.49 0.77 1.27 1.28 2.56 2.92 2.76 0.68 0.32 0.36 0.40 6.16 5.70 5.22

ClO 0.01 – 0.07 0.01 0.05 0.02 0.03 0.05 0.04 0.02 0.04 0.02 – –

Na2O 10.19 10.18 10.02 9.93 8.54 9.43 9.41 10.07 10.41 10.32 0.18 8.09 8.11 7.46

K2O 0.02 0.01 0.02 0.06 0.06 0.03 0.06 0.04 0.02 0.03 10.41 0.04 0.08 2.03

Total 99.93 100.59 99.99 100.8 99.90 99.84 100.21 99.90 100.49 99.81 97.19 99.99 99.99 99.99

8O

Si 2.91 2.94 2.94 2.92 2.81 2.85 2.85 2.99 2.98 2.98 2.19 2.71 2.737 2.741

Al 1.12 1.10 1.09 1.12 1.13 1.18 1.17 1.04 1.07 1.05 2.15 1.28 1.27 1.25

Fe – – – 0.04 0.15 – – 0.01 – 0.01 0.02 0.01 – –

Ca 0.07 0.04 0.06 0.06 0.12 0.14 0.13 0.03 – 0.02 0.02 0.29 0.27 0.250

Cl – – 0.01 – – – – – – – – – –

Na 0.86 0.85 0.85 0.83 0.73 0.79 0.80 0.85 0.88 0.87 0.02 0.70 0.70 0.65

K – – – – – – – – – – 0.63 – 0.01 0.12

Ab 0.92 0.96 0.93 0.93 0.86 0.85 0.86 0.96 1.00 0.98 0.03 0.70 0.72 0.64

An 0.08 0.04 0.07 0.7 0.14 0.15 0.14 0.04 – 0.02 0.03 0.30 0.28 0.25

Ort – – – – – – – – – – 0.98 – 0.01 0.11
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in diameter. Its XFe varies from 84.6 to 86.0 (Table 6).
The MnO and CaO concentrations are insignificant, no
higher than 0.5 wt %. No clear-cut chemical zoning was
detected.

Garnet in the metapelites of the muscovite–silliman-
ite zone (Sample 5257/20) composes large (up to
0.8 mm) porphyroblasts. Numerous graphite and
biotite inclusions in the garnet of this sample compose
so-called S-shaped textures. In contact with large gar-
net crystals, smaller grains occur (no larger than 0.2
mm), which are analogous to those in the rock ground-
mass. They contain no inclusions, their faces cut across
the schistosity, and these grains have no pressure shad-
ows nearby. The large garnet has XFe = 78.3% in the
core and 75.5% in the margin. No pronounced chemical
zoning was detected in small grains (Fig. 5c), whose
XFe is close to that in the peripheral portions of the large

garnet crystal, 76.4–76.2% in the core and 77.0–76.5%
in the margin.

Biotite is the dominant Fe–Mg silicate of all
metapelites in the Prioskol’skaya structure. Its amounts
vary from 5–10 to 40%, and its sizes are from 0.2–0.5
to 3–4 mm. Biotite sometimes occurs as inclusions in
garnet. The biotite of the staurolite–sillimanite zone has
XFe = 46.1–51.6% (Table 7). A somewhat more magne-
sian composition was detected in the biotite from the
muscovite–sillimanite zone (Samples 5257/20 and
5420/6), XFe = 34.7–39.8%, perhaps, because of the dif-
ferences between the bulk-rock compositions. The
biotite from the staurolite–sillimanite zone contains
1.11–1.64 wt % TiO2, and this mineral from the musco-
vite–sillimanite zone has 1.02–1.83 wt % TiO2.

Spinel develops as small (no more than 1 mm) green
crystals, which occur in the metapelites (Sample 5257/20)

Table 9.  Composition (wt %) of spinel, magnetite, and talc from metapelites of the Prioskol’skaya area

Component

5257/20 5267/290

Spl-1 Spl-2 Spl-7 Spl-10 Spl-52 Mag-54 Tlc-4 Tlc-11

in aggregates
with And and Sil in aggregates with Mag replaces Ol

SiO2 – – 0.01 – 0.02 0.03 44.10 49.30

TiO2 – – 0.01 – 0.02 0.20 0.03 –

Al2O3 57.34 58.40 59.03 59.35 60.43 0.55 0.04 0.02

Cr2O3 0.02 0.02 – – 0.05 0.04 0.14 0.04

FeO 31.80 28.90 32.67 32.32 31.16 99.00 27.24 12.19

MnO 0.22 0.33 0.01 0.11 0.09 0.08 0.14 0.07

MgO 6.57 7.66 8.24 8.19 8.13 0.05 17.41 30.24

CaO – – – 0.01 0.03 0.01 0.20 0.05

ClO – – – – 0.02 0.01 0.03 –

ZnO 3.96 3.67 – – – – – –

V2O5 0.15 0.16 – – – – – –

Total 100.01 99.14 100.00 100.02 99.96 100.00 89.34 91.93

4 O 10 O

Si – – – – – – 3.53 3.52

Ti – – – – – 0.01 – –

Al 1.94 1.92 1.91 1.92 1.95 0.02 – –

Cr – – – – – – 0.01 –

Fe3+ 0.10 0.07 0.66 0.66 0.05 1.00 – –

Fe2+ 0.65 0.60 0.09 0.08 0.66 1.96 1.82 0.73

Mn 0.01 0.01 – – – – 0.01 –

Mg 0.27 0.32 0.34 0.34 0.33 – 2.08 3.22

Ca – – – – – – 0.02 –

Cl – – – – – – – –

Zn 0.08 0.08 – – – – – –

V – – – – – – – –

XFe 0.80 0.79 0.69 0.69 0.92 1.00 0.47 0.18
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in association with garnet and andalusite and is a
decomposition product of staurolite in the absence of
quartz. Spinel inclusions are contained in large
andalusite crystals (Fig. 3f), in which it corresponds to
hercynite with a high ZnO concentration, 3.67–3.96 wt %
(Table 9).

Plagioclase is present in most of the samples as small
untwined crystals. The plagioclase of the staurolite-bear-
ing schists is albite with a minute anorthite admixture. In
Sample 5264/228, this is nearly pure unzoned albite
(Ab96.5–97.7An2.3–3.5; Table 8). The plagioclase of Sample
5420/6 occurs as larger twinned crystals of oligoclase–
andesine composition (Ab63.9–71.7An24.7–29.5).

Potassium feldspar occurs in the metapelites of the
Prioskol’skaya area in the high-temperature part of the

muscovite–sillimanite zone. This mineral is present in
Sample 5257/20 in assemblage with garnet, biotite, and
spinel is orthoclase with minor albite and anorthite con-
centrations (Ort94.5An3.1Ab2.5; Table 8).

Andalusite is contained in the metapelites more
rarely than sillimanite within the staurolite–sillimanite
and the low-temperature part of the muscovite–silli-
manite zone. In the quartz-free rocks, andalusite com-
poses large (up to 4 mm) crystals (Fig. 3f) in associa-
tion with garnet and spinel. Some zones of andalusite
crystals are often replaced by sillimanite-fibrolite.
Andalusite sometimes composes large porphyroblasts
with numerous inclusions of quartz and biotite with the
development of skeletal shapes (Sample 5420/6). Large

Table 10.  Representative analyses (wt %) of staurolite from metapelites of the Prioskol’skaya area

Component

5264/228 5264/212

St-1 St-7 St-8 St-4 St-23 St-24 St-27 St-34 St-36

core margin margin margin core margin core core core

Grt Sil small grains in a Crd rim

SiO2 27.88 26.32 27.12 26.70 26.06 26.52 26.39 26.46 26.32

TiO2 0.36 0.45 0.48 0.45 0.15 0.14 0.07 0.23 0.13

Al2O3 55.46 56.98 56.77 55.99 55.13 53.49 54.96 53.58 55.39

Cr2O3 0.09 0.15 0.17 – 0.04 0.14 0.09 0.21 0.08

FeO 14.57 14.54 14.93 14.82 15.93 15.64 15.81 16.25 15.83

MnO 0.01 – 0.01 0.03 0.06 0.17 0.03 0.12 0.05

MgO 1.62 1.48 1.51 1.56 1.59 1.37 1.67 1.73 1.50

CaO – 0.01 – 0.01 – 0.03 – 0.04 0.02

ClO – – – – 0.02 0.04 0.02 0.04 0.03

ZnO 0.14 – 0.08 – 0.08 0.29 0.38 0.35 0.14

Na2O – 0.03 – – 0.05 0.12 0.02 0.03 0.04

K2O – – 0.01 – 0.01 0.04 – 0.02 0.03

Total 99.13 99.94 99.97 99.56 99.11 97.99 99.45 99.08 99.58

46 O

Si 7.58 7.37 7.1 7.13 7.35 7.46 7.49 7.57 7.46

Ti 0.07 0.09 0.10 0.09 0.03 0.03 0.02 0.05 0.03

Al 17.77 18.11 18.29 18.09 17.96 17.72 17.72 17.40 17.81

Cr 0.02 0.03 0.04 – 0.01 0.03 0.02 0.05 0.02

Fe 3.31 3.28 3.41 3.40 3.62 3.68 3.62 3.47 3.61

Mn – – – 0.01 0.01 0.04 0.01 0.03 0.01

Mg 0.66 0.59 0.62 0.64 0.64 0.58 0.68 0.71 0.61

Ca – – – 0.03 – 0.01 – 0.01 0.01

Zn 0.03 – 0.01 – 0.02 0.06 0.08 0.07 0.03

Cl – – – – 0.01 0.02 0.01 0.02 0.01

Na – 0.16 – – 0.03 0.06 0.01 0.02 0.02

K – – – – 0.01 0.01 – 0.01 0.01

XFe 0.83 0.85 0.85 0.84 0.85 0.86 0.84 0.83 0.86
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andalusite porphyroblasts are often replaced in the mar-
gins by sillimanite prisms.

Sillimanite is spread quite widely in the rocks and
replaces andalusite or muscovite. Andalusite rhombs
are often replaced by sillimanite (Fig. 3f). In associa-
tion with staurolite, sillimanite occurs as small pris-
matic crystals (no larger than 0.5 mm) and smaller
amounts of fibrolite.

Muscovite is present in the rocks fairly often, usually
in the form of flakes, platelets, and laths, whose sizes
increase from the staurolite–sillimanite to the musco-
vite–sillimanite zone. Secondary fine-flaky muscovite is
diaphthoretic phase, replacing mostly feldspars.

INTERPRETATION OF MINERAL EQUILIBRIA

The K2O-rich metapelites of the area contain tex-
tural evidence of a series of prograde reactions, which

make it possible to distinguish the following three sub-
facies: staurolite–sillimanite, muscovite–sillimanite,
and muscovite–sillimanite–potassic feldspar.

Staurolite–Sillimanite Zone

The low-temperature boundary of the staurolite–sil-
limanite zone is the first appearance of sillimanite and
the simultaneous breakdown of the last chlorite, which
may remain stable in assemblage with manganous gar-
net up to the staurolite–sillimanite zone,

St + Ms + Chl  Bt + Sil + Qtz + H2O. (1)

This reaction results in the origin of the biotite–silli-
manite assemblage (Fig. 6a). As soon as the last chlorite
disappears (it decomposes in rocks rich in iron long
before the appearance of sillimanite), the stability field
of staurolite within the staurolite zone starts progres-
sively diminishing, and the XMg of the garnet increases
due to the reactions

St + Ms + Qtz  Bt + Sil + Grt + H2O (2)

and
GrtFe + Ms  GrtMg–Fe + Bt + Sil, (3)

so that the Bt + Sil + Grt assemblage shifts to the left in
the diagram of Fig. 6a with increasing temperature.

Very important reaction textures of the metapelites
are those of the prograde staurolite decomposition into
andalusite, sillimanite, and spinel in quartz-free rocks
(Sample 5257/20; Fig. 7) near the high-temperature
boundary of the staurolite–sillimanite facies in accor-
dance with the reaction

St  Sil (And) + Spl + Grt + H2O. (4)

In K2O-poor, relatively Fe-rich metapelites, this
reaction is associated with the development of monom-
ineralic cordierite rims around staurolite, which are

Al Sil

St

Crd

Grt

+Qtz, Ms, Pl

Mg FeBt

(a)

Mg

+Qtz, Ms, Pl

SilAl

(b)

Grt

Bt Fe

Fig. 6. Mineral equilibria in K2O-rich metapelites of the
Prioskol’skaya area.
(a) Staurolite–sillimanite zone; (b) sillimanite–muscovite
zone.

Al

Sil(And)St

Grt

Spl

(Fe, Mg) Si

Fig. 7. Staurolite decomposition into spinel, sillimanite, and
garnet.
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widespread in Sample 5264/212 (Fig. 3e). Their devel-
opment reflects the prograde reaction

StMg–Fe + Qtz  StFe + Crd + Sil + H2O. (5)

The disappearance of staurolite by the reaction St +
Ms + Qtz  Bt + Sil + Grt + H2O is accompanied by
andalusite replacement by fibrolite (Fig. 6a). The
metapelites of the Prioskol’skii zonal complex contain
sillimanite of two types: (1) replacing andalusite by
means of the normal polymorphic transformation and
(2) replacing muscovite by the reaction

St + Chl + Ms  Bt + Sil + Qtz + H2O,

which explains the development of characteristic inter-
laced aggregates of biotite and sillimanite.

The K2O-poor, moderately aluminous rocks with
the Ged49 + Ath41 + Crd34 + Bt51 ± Sil ± Grt65 ± Qtz con-
tain no staurolite because of the magnesian bulk-rock
chemistry, while the staurolite of the complex is high in
Fe (XFe > 83%, Table 10). The rocks never simulta-
neously contain gedrite and anthophyllite together with
cummingtonite. It can be proposed that the Ged + Ath +
Crd assemblage is produced during the prograde
decomposition of medium-Fe chlorite

Chl  Ath + Ged + Crd + Sil + H2O. (6)

Muscovite–Sillimanite Zone

The muscovite–sillimanite zone in the K2O-rich
metapelites can be distinguished by the complete disap-
pearance of staurolite and the broad stability of the Qtz +
Bt + Ms + Sil ± Grt assemblage (Fig. 6b).

In K2O-poor rocks, a temperature increase is associ-
ated with the replacement of the early assemblage of
Ged + Sil by the higher temperature assemblage Grt +
Crd (Fig. 8) by the reaction

Ged + Sil + Qtz  Grt + Crd + H2O. (7)

This reaction proceeds in the Prioskol’skii Complex
within the muscovite–sillimanite zone, closer to the
potassium feldspar isograde. Our rocks bear both stable
assemblages, but the Grt-Crd association is more com-
mon, which suggests that the equilibrium was shifted to
the right-hand side (Fig. 8). Conceivably, the coexist-
ence of certain assemblages within a rock is facilitated
by additional components, such as Na in gedrite and Ca
and Mn in garnet.

The sillimanite-free gedrite–anthophyllite–cordier-
ite–garnet rocks contain newly formed orthopyroxene.
The relations between the XFe of the minerals of this
rock are as follows: Crd22–34 < Opx39.5 < Ath40–43 <
Ged46–49 < Grt65–79. The close XFe values of the antho-
phyllite and orthopyroxene suggest that the latter min-
eral was produced by the partial prograde decomposi-
tion of anthophyllite

Ath  Opx + Qtz + H2O. (8)

According to our observations, orthopyroxene
appears in the muscovite–sillimanite zone, in which the

rare Ol–Ged–Opx–Grt–Mag assemblage was also
encountered.

A further temperature increase leads to the appear-
ance of potassic feldspar in K2O-rich metapelites due to
the partial decomposition of muscovite

MsK-Na + Qtz  MsK + Kfs + Sil, (9)

with muscovite simultaneously fully disappearing from
the mineral assemblages.

OLIVINE–GEDRITE–ORTHOPYROXENE–
GARNET–MAGNETITE ASSEMBLAGE

Olivine is a very rare mineral in K2O- and CaO-poor
rocks. Forsterite was occasionally found with sapphir-
ine in high-Al magnesian rocks (Grew et al., 1994) and
with cordierite in metamorphosed peridotites in contact
aureoles (Arai, 1975). The fayalite plus cordierite
assemblage was documented in Fe-rich hornfels (Abra-
ham and Schreyer, 1973; Sawaki, 1990; Anan’ev and
Reverdatto, 1997). The P–T stability parameters were
calculated by Seifert (1974), Herzberg (1983), and
Anan’ev et al. (1997) for olivine with cordierite and by
Grew et al. (1994) for cordierite with sapphirine.

The Ol–Ged–Opx–Grt–Mag assemblage was found
in quartz-free K2O-poor magnesian metapelites (Sam-
ple 5267/290), which were metamorphosed to the
amphibolite facies in the muscovite–sillimanite zone.
We are aware of only one description of the olivine plus
gedrite assemblage: in metamorphosed olivine dolerite
(Otten, 1984), in which gedrite occurs in interlaced
aggregates with hornblende in the second layer of the
reaction corona (its first layer consists of orthopyroxene
and magnetite), between plagioclase and olivine. The
olivine is fully replaced by a cummingtonite–magnetite
aggregate.

The P–T parameters of the stability field of olivine
with gedrite cannot be accurately calculated because of

+Qtz, Pl, Bt
SilAl

Grt

Opx FeMg

Crd

Gru

Ath

Ged

65
34

Fig. 8. Mineral equilibria in K2O-poor metapelites of the
Prioskol’skaya area.
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the uncertainty in the thermodynamic properties of
gedrite, particularly considering the facts that natural
gedrites commonly contain Na2O (in amounts up to
1 f.u.) and the instability of the end members, Mg- and
Fe-gedrite (Fischer et al., 1999).

Sample 5267/290 contains an unusual quartz-free
assemblage of ferrous olivine (XFe = 51–56%) with
pyrope–almandine garnet, gedrite, orthopyroxene, and
magnetite (with inclusions of Fe-hercynite). The
assemblage seems to be generally equilibrated
(Figs. 3a, 3b), although the garnet is more euhedral
than the olivine and, perhaps, it grew simultaneously
with the partial resorption of the olivine. The proposed
reaction (Fig. 9) is largely consistent with prograde
reactions in the K2O-rich metapelites

Ged + Ol  Opx + Grt + H2O. (10)

Vermicular magnetite inclusions in the garnet, gedrite,
and orthopyroxene (Fig. 3b) seem to indicate that the
magnetite amounts in the rock increased in the course
of the prograde metamorphism because of an increase
in the oxygen fugacity and the decomposition of some
silicates (with an increase in their XMg) by the reaction

(11)

PHASE EQUILIBRIA OF COEXISTING 
ORTHOAMPHIBOLES

Anthophyllite and gedrite coexist in our cordierite–
orthoamphibole schists as two individual phases. The
existence of a miscibility gap of orthoamphiboles
between low-Al anthophyllite and high-Al gedrite was
discussed by several researchers (Robinson et al., 1969;
Robinson and Jaffe, 1971; Spear, 1980; Stoddard and
Miller, 1990; and others). It is generally thought that

Fe–Mg silicate O2+

Mg–Fe silicate Mag Spl.±+

the gap exists at temperatures below 630°C and disap-
pears at higher temperatures, but, in spite of this con-
clusion, the equilibrium coexistence of anthophyllite
and gedrite remains uncertain.

Isomorphism in the orthoamphiboles can be
described by the following three mechanisms: Fe 
Mg (Fe–Mg exchange), Al(VI)Al(IV)  MgSi
(Tschermak’s replacement), and NaAl(IV)  Si
(edenitic replacement). Other replacement mecha-
nisms, including such elements as Mn, Ti, Fe3+, or Ca
are less important and are not considered here.

The main difference of gedrite from anthophyllite
lies in the intensity of the second- and third-type
replacements: the miscibility gap between the minerals
is caused by the different distribution of these isomor-
phic components.

The anthophyllite–gedrite immiscibility in the Pri-
oskol’skaya rocks is clearly illustrated in Fig. 10 and is
expressed in the different concentrations of alumina
and alkalis in these minerals. The Al(VI) concentration
is 0.60–0.10 f.u. in the anthophyllite and 1.4 ± 0.2 in the
gedrite; and their Al(IV) contents are, respectively,
0.12–0.59 and 0.97–1.42 f.u.

Figure 10 demonstrates correlations between Al(VI)
with Mg (Fig. 10a) and Fe (Fig. 10b) in the coexisting
anthophyllite and gedrite. The anthophyllite is charac-
terized by somewhat elevated concentrations of MgO
compared with those in the gedrite. The miscibility gap
in terms of XFe of the coexisting orthorhombic amphib-
oles is narrow, with this parameter equal to 44 at. % for
the anthophyllite and 46 at. % for the gedrite. The
gedrite in association with olivine (Sample 5267/290)
has a relatively low XFe, 40 at. %.

Figure 10c demonstrates the correlation between the
concentrations of alkalis and XFe [XFe = Fe/(Fe + Mg),
at. %] in the subalkaline anthophyllite and gedrite: the
anthophyllite is low in K and Na (contains no more than
0.15 f.u.), whereas the gedrite contains them in
amounts of 0.30–0.45 f.u.

Fe-richer lithologies contain grunerite (in place of
both anthophyllite and gedrite) in association with
almandine (XFe = 0.93 at. %). The gedrite and antho-
phyllite coexisting with relatively magnesian garnet
(XFe = 0.79 at. %) have 550°ë = 0.46–0.47 and 0.40–
0.43 at. %, respectively. More magnesian orthoamphib-
oles can coexist with cordierite (Samples 5267/290,
5257/23.1, and 5257/22). The most aluminous antho-
phyllite are in association with gedrite, and the most
aluminous gedrite coexists with cordierite.

The higher temperature rocks usually contain ortho-
pyroxene in association with gedrite, while the lower
temperature varieties bear cordierite commonly with
anthophyllite.

Based on garnet–biotite and garnet–orthopyroxene
temperature estimates for the magnesian metapelites
with coexisting orthoamphiboles (Tables 11, 13), it can
be concluded that the miscibility gap between antho-

Al

Mg Opx Ol

Ged Grt

Fe

Mag

Fig. 9. Mineral equilibria in olivine-bearing metapelite of
the Prioskol’skaya area. Solid tie-line illustrates the reaction
Ol + Ged  Opx + Grt + H2O.
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phyllite and gedrite is between 550 and 630°ë, which
is consistent with the conclusions made by Spear
(1980) and Robinson et al. (1982).

METAMORPHIC P–T CONDITIONS

The P–T parameters of metamorphism of the Pri-
oskol’skaya metapelites were refined using two groups
of techniques. One of them involved the comparison of
the mineral assemblages of these rocks with known
petrogenetic grids (Korikovsky, 1979; Powell and Hol-
land, 1990; Spear and Cheney, 1989; Xu et al., 1994;
and others) and experimental data on the stability of
various minerals and mineral assemblages (for exam-
ple, aluminum silicates, staurolite with quartz, musco-
vite with quartz, etc.). These techniques make it possi-
ble to determine the general position of the assem-

blages in question in P–T diagrams and to identify the
type of the metamorphic facies series. It can be partic-
ularly successfully applied to medium-temperature
metapelites, in which a relatively narrow temperature
interval comprises a succession of appearing and
decomposing minerals (such as chlorite, staurolite, and
muscovite) with systematic variations in their composi-
tion.

The utilization of mineralogical thermobarometry
based on microprobe analyses of minerals and their
chemical zoning enables one to more precisely pinpoint
the P–T parameters of individual samples, particularly
when they contain zoned mineral grains, and reproduce
the P–T trajectories of the rocks.

The presence of the staurolite plus sillimanite
assemblage in the metapelites definitely points to inter-
mediate pressures (3–5 kbar). Because the metapelites
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Fig. 10. Correlations between major components (f.u.) in coexisting anthophyllite and gedrite of the Prioskol’skaya area.
(a) Correlation between Mg and Al(VI); (b) correlation between Fe and Al(VI); (c) correlation between (Na + K) and XFe.
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of the staurolite–sillimanite zone were penetrated by
only one hole, we failed to constrain the low-tempera-
ture P–T boundary of this zone. Garnet–biotite ther-
mometry on the rocks yielded 531–554°ë (Table 11).

The pressure was evaluated for Sample 5264/228,
which contained the assemblage Bt + Qtz + Grt + Pl +
St + Sil and, hence, offered the possibility of using the
garnet–plagioclase–quartz–sillimanite geobarometer

Table 11.  Estimated metamorphic temperatures of metapelites from the Prioskol’skaya area, biotite–garnet thermometer,
pressure equals 4 kbar

Sample Grt-Bt pair
Grt-Bt thermometer

Taver, °C
T HL LP P

Staurolite–sillimanite zone

5264/228 Grt(1)-Bt(2) 553 544 568 551 554 ± 14 

Grt(2)-Bt(4) 529 518 544 533 531 ± 13

Muscovite–sillimanite zone

5257/20 Grt(18)-Bt(26) 542 534 550 538 541 ± 19

Grt(19)-Bt(25) 564 554 563 550 558 ± 8
Grt(20)-Bt(25) 568 557 573 558 564 ± 13

Grt(21)-Bt(26) 561 551 560 547 555 ± 8
Grt(22)-Bt(25) 571 560 573 559 567 ± 8
Grt(23)-Bt(26) 567 557 572 558 563 ± 6

5422/16 Grt(9)-Bt(19) 547 539 533 541 540 ± 7
Grt(15)-Bt(20) 578 566 576 561 570 ± 9
Grt(17)-Bt(23) 570 559 574 560 567 ± 8

5257/23.2 Grt(14)-Bt(39) 616 599 611 593 605 ± 12

Grt(12)-Bt(38) 565 554 569 555 561 ± 8
Grt(22)-Bt(44) 617 600 614 596 607 ± 11

Grt(13)-Bt(40) 627 609 620 601 614 ± 11

Grt(30)-Bt(43) 646 626 637 617 632 ± 15

Note: Geothermometers: T (Thompson, 1976), HL (Holdaway and Lee, 1977), LP (Lavrent’eva and Perchuk, 1981), P (Perchuk et al., 1984).

Table 12.  Estimated metamorphic temperatures and pressures of metapelites from the Prioskol’skaya area, Grt–Pl–Al2SiO5–Qtz
and Grt–Opx thermobarometry

Sample Assemblage and analysis
nos. in Tables 1, 3, 5, 8 Taver, °C

Barometers

GASP Grt-Opx

AP(1) AP(2) AK H

Staurolite–sillimanite zone

5264/228 Grt(1)-Pl(5)-Qtz-(Sil) 550 6.2 5.2 – –

Grt(2)-Pl(6)-Qtz-(Sil) 550 4.3 3.3

Muscovite–sillimanite zone

5257/23.2 Grt(12)-Opx 600 4.5 3.3

Grt(38)-Opx 600 5.1 4.1

Thermobarometers Grt-Opx

AK AP(2)

T P T P

5257/23.2 Grt(12)-Opx(47) 554 5.0 548 4.0

Note: Thermometers and barometers: Grt-Pl-Al2SiO5-Qtz (GASP) and Grt–Opx barometers: AP(1) (Aranovich and Podlesskii, 1980), AK
(Aranovich and Kosyakova, 1987), AP(2) (Aranovich and Podlesskii, 1989), H (Harley, 1984).
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(Aranovich and Podlesskii, 1980). The retrieved values
lie within the range of 4–6 kbar (Table 12) and are in
good agreement with the results of the chemographic
paragenetic analysis. Sample 5257/20 was determined
to contain the assemblage of spinel with andalusite, sil-
limanite, and garnet, which was produced by staurolite
decomposition in quartz-free rocks and is related to the
low-temperature part of the muscovite–sillimanite
zone. The presence of andalusite together with silli-
manite and spinel in reaction textures developing after
staurolite (with sillimanite replacing andalusite) sug-
gests that the P–T metamorphic trajectory passed close
to the And  Sil transition line near the staurolite
decomposition isograde.

The P–T metamorphic conditions of the metapelites
of the sillimanite–muscovite zone can be estimated by
the mineralogical garnet–cordierite, orthopyroxene–
garnet, and garnet–biotite thermometry with the use of
Samples 5257/23.2 and 5257/22, which contain garnet,
biotite, cordierite, and orthopyroxene. The garnet–
biotite thermometer yielded temperatures of 541–
623°ë, the garnet–orthopyroxene estimates are 552–
560°ë, and the garnet–cordierite temperatures are 642–
683°ë (Tables 11, 13), The pressures were estimated by
the Grt–Opx barometer (Aranovich and Kosyakova,
1987; Harley, 1984) at 4.5–5.1 kbar (Table 12). The
higher values of the garnet–cordierite temperatures
seem to be caused by the not fully equilibrated charac-
ter of garnet and cordierite in the metapelites and,
hence, cannot be considered fully precise. The P–T
metamorphic conditions of the K2O-poor metapelites
with the assemblage Ol + Opx + Ged + Grt + Mag

(Sample 5267/290) were refined by the Grt-Opx ther-
mometer, which yielded an interval of 544–639°ë at a
pressure of 4 kbar (Table 13). This rules out the possi-
bility of the origin of this unusual mineral assemblage
by a local heating, for example, near the contact with an
intrusion.

Hence, the temperatures of the metamorphic zones
were defined as follows: 530–554°ë for the staurolite–
sillimanite zone and 554–630°C for the muscovite–sil-
limanite zone at pressures of 4–5 kbar. It is hypothe-
sized that the pressure decreased by 1–1.5 kbar at tem-
peratures of 550–570°ë, perhaps, because of the brief
extension of the Prioskol’skaya structure during
regional metamorphism.

CONCLUSION

The succession of mineral assemblages of K2O-poor
high-Al metapelites was described by several research-
ers (Korikovsky, 1979; Robinson et al., 1982; Harley,
1985; and others). The medium-temperature region is
dominated by assemblage with quartz, anthophyllite,
gedrite, aluminum silicates, staurolite, and cordierite. A
temperature increase results in the disappearance of
staurolite from the assemblages according to the reac-
tion St + Qtz  Grt + Ged + Al2SiO5. Under the P–T
conditions of the muscovite–sillimanite facies, the
Ath + Ged + Crd (often with garnet and/or sillimanite)
assemblage becomes widespread. A further tempera-
ture increase up to the boundaries of the amphibolite
and granulite facies is associated with the appearance
of orthopyroxene in the mineral assemblages. Accord-

Table 13.  Estimated metamorphic temperatures of metapelites from the Prioskol’skaya area, garnet–cordierite and garnet–
orthopyroxene thermometers, pressure equals 4 kbar

Sample Assemblage and analysis 
nos. in Tables 1, 2, 4–8

Thermometer

Grt-Opx Grt-Crd

AK LP B LG T HL LP P

5257/23.2 Grt(12)-Opx(47) 552 509 553 561 – – –

Grt(38)-Opx(47) 613 573 563 578 – – –

5257/22 Grt(1)-Crd(7) 714 684 676 723

Grt(2)-Crd(8) 687 666 656 701

Grt(5)-Crd(9) – – 659 642 635 653

Grt(8)-Crd(10) – – 683 663 655 699

5267/290 Grt(50)-Opx(14) 641 606 641 670

Grt(32)-Opx(51) 593 568 591 597

Grt(2)-Opx(3) 610 588 607 621

Grt(11)-Opx(2) 528 550 549 550

Note: Thermometers: P (Perchuk, 1989), AK (Aranovich and Kosyakova, 1987), T (Thompson, 1976), HL (Holdaway and Lee, 1977),
LP (Lavrent’eva and Perchuk, 1981), P (Perchuk et al., 1984), B (Bhattacharya et al., 1991), LG (Lee and Ganguly, 1988).
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ing to Korikovsky (1979), orthopyroxene first appears
in association with gedrite and then with sillimanite and
cordierite. The decomposition of gedrite and origin of
the orthopyroxene and cordierite assemblage by the
reaction Ged  Opx + Crd + Qtz + H2O roughly cor-
responds to the low-temperature boundary of the gran-
ulite facies (Korikovsky, 1979; Schreuers and Westra,
1985). In quartz-free rocks, gedrite can occur in associ-
ation with sapphirine (Seifert, 1974; Lal et al., 1978;
and others).

Olivine appears in association with aluminous
phases, such as cordierite (Herzberg, 1983; Anan’ev
et al., 1997; and others) and sapphirine (Grew et al.,
1994), owing to the reaction between enstatite and
spinel. However, compared to the En + Spl assemblage,
the assemblages Ol + Crd and Ol + Sap have narrower
stability fields (Frost, 1975; Grew et al., 1994).

Mineralogically, the sample bearing the Ol + Ged +
Grt + Opx + Mag assemblage closely resembles alumi-
nous low-Ca metaperidotites, whose phase equilibria
are fairly well known and were reviewed by Tracy and
Frost (1991). Metamorphism of these rocks results in
the assemblage of olivine, orthopyroxene, spinel, and,
sometimes, anthophyllite and hornblende, with the first
mineral to crystallize being olivine (due to the decom-
position of serpentine at temperatures as low as roughly
480°ë, i.e., already within the staurolite zone).

Hence, in spite of their similar mineralogy, the
quartz-free magnesian metapelites and metamorphosed
ultramafics differ by both their mineral assemblages
and the crystallization succession of minerals. This was
likely caused by a combination of several factors: the
bulk composition of the rocks (poor in K2O, with mod-
erate Al2O3 concentrations, and fairly magnesian
quartz-free metapelite), metamorphic conditions
(approximately 630°ë and 5 kbar), and redox condi-
tions (oxygen fugacity above the quartz–fayalite–mag-
netite buffer).
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