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The Yenisei Ridge is one of the most interesting
regions in the southwestern folded framework of the
Siberian Craton with respect to geodynamics. The
regional structure of the Transangara sector of the
Yenisei Ridge is traditionally displayed as a NW-trend-
ing system of tectonic sheets divided by faults character-
ized by the collision of blocks and thrusting. Therefore,
this region was subject to pressure-variable regional
metamorphism expressed in the juxtaposition of low-
and moderate-pressure metamorphic facies. Collision-
related moderate-pressure metamorphism is locally
superimposed on the low-pressure (presumably,
younger) metamorphic rocks. As a result, andalusite is
replaced with kyanite with the formation of new mineral
assemblages and deformational structures. The prograde
replacement of andalusite with kyanite in the Yenisei
Tange is a rare phenomenon, because the stationary con-
tinental geotherm commonly does not intersect the
andalusite–kyanite equilibrium line. Such replacements
are usually referred to the retrograde stage of metamor-
phism, but this interpretation comes into conflict with the
regional geological situation. Only a few examples are
known in the literature (Northwest Cordillera in the
United States and Canada, Dalradian in Scotland, central
and northwestern Appalachians in the United States, and
the Kola Peninsula and Yenisei Ridge in Russia), where
prograde transformation of andalusite into kyanite is
assigned either to the metastable state of andalusite in the

 

PT

 

 stability field of kyanite or to an increase in pressure
as a result of thrusting or magmatic loading character-
ized by different 

 

PT

 

 trends.

While studying collisional metamorphism in the
Transangara sector of the Yenisei Ridge, we selected

three (Chapa, Mayakon, and Angara) areas composed
of Paleoproterozoic, Middle Riphean, and Upper Riph-
ean rocks (Fig. 1). The Chapa and Mayakon areas are
located in the Central uplift between the Ishimbino and
Tatarka deep faults. The Angara area covers the junc-
tion of the Transangara structural units and the Angara–
Kan block.

The 

 

Angara area

 

 is situated at the interfluve of the
Angara, Belokopytovka, and Malaya Sploshnaya rivers.
The reference sections are exposed in the Tatarka shear
zone along the right bank of the Angara River between
the mouths of the Babkin and Polovinkin creeks. The
area is composed of the Upper Riphean low-pressure
metasedimentary rocks (rhythmic intercalation of
quartzites and phyllites of the Sukhoi Ridge Forma-
tion). In the study area, this sequence is largely made up
of phyllites of the greenschist facies represented by
quartz (Qtz), muscovite (Ms), chlorite (Chl), and
ilmenite (Ilm). These rocks underwent high-pressure
collisional metamorphism with the formation of new
(kyanite-bearing) mineral assemblages. Metamorphism
occurred simultaneously with the development of steep
(80

 

°

 

–85

 

°

 

 NW and SE) near-meridional cleavage. The
increase in the metamorphic grade in the near-latitudi-
nal direction is marked by the successive formation of
chloritoid (apparent thickness 0.5–0.8 km) and kyanite
(~1.5–1.7 km) zones. These minerals correspond to the
conditions of kyanite schist facies. The eastern bound-
ary of these rocks is hidden beneath unmetamorphosed
Paleozoic rocks of the Pogromnino basin. In the Kula-
kovo uplift on the left bank of the Angara River, colli-
sional metamorphism is expressed in the crystallization
of kyanite (Ky), chloritoid (Cld), and ilmenite in
metapelites consisting of staurolite (St), plagioclase
(Pl), Ms, biotite (Bt), Qtz, and garnet (Grt) [2].

The 

 

Mayakon area

 

 is located in the Eruda and Chi-
rimba river basins, where the Middle Riphean rocks of
the Korda Formation subjected to low-pressure
regional metamorphism were affected by Neoprotero-
zoic moderate-pressure metamorphism. The low-pres-
sure metapelites are represented by Ms + Chl + Bt +
Cld + andalusite (And) + Qtz + Ilm 

 

±

 

 cordierite (Crd)
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mineral assemblage of the greenschist and epidote–
amphibolite facies. Moderate-pressure metamorphic
rocks, which formed as a result of collisional metamor-
phism of the kyanite schist facies, are characterized by
a Ms + Chl + Bt + Qtz + Ky + St + Grt + Ilm + Pl assem-
blage with relict andalusite and sporadic sillimanite
(Sil). They compose a zone, 5–7 km thick and no less
than 20 km long, bounded by the NW-trending Pan-
imba thrust fault in the east. One can outline three
(outer, middle, and inner) zones of superimposed colli-
sional metamorphism that extend parallel to the thrust
fault suture. They differ in the proportions of relict and
newly formed minerals and the degree of rock deforma-
tion. The geothermobarometric estimates and the calcu-
lated 

 

PT

 

 trends testify to the gradual increase in pres-
sure approaching the Panimba thrust fault: 3.5–4.0 kbar
in metapelites of regional metamorphism, 4.5–5.0 kbar
in the outer zone, 5.5–6.0 kbar in the middle zone, and
up to 6.6–6.7 kbar in the inner zone without appreciable
growth of temperature (from 550 to 580

 

°

 

C) [3].

The 

 

Chapa area

 

 embraces the middle reaches of the
Chapa River between the mouths of the Nizhnyaya
Veduga and Elovaya tributaries (Fig. 1). Paleoprotero-
zoic metamorphic rocks make up the Chapa anticline
with a hinge plunging to the northwest at 15

 

°

 

–30

 

°

 

.
Quartzites and crystalline schists of the Karpinsky
Ridge Formation (hereafter, Karpinsky Formation)
crop out in the anticline core. The limbs consist of
metaterrigenous and metacarbonate rocks (marbles
with a subordinate amount of crystalline schists) of the
Penchenga Formation. The anticline is complicated by
the NW-trending Uvolzh’e fault system related to the
northern segment of the deep Tatar fault. The distal (rel-
ative to the fault) crystalline schists of the Penchenga For-
mation are composed of the Ms + Chl + Bt + Qtz + Pl min-
eral assemblage of the greenschist facies. At 4–5 km
from the thrust fault, metapelites of the Karpinsky For-
mation (Ms + Chi + Bt + Qtz + And + St + Grt + Pl
assemblage) are metamorphosed up to the kyanite
schist facies. When approaching the thrust fault, the
rocks are affected by moderate-pressure collisional

 

Fig. 1. 

 

Geological sketch map of the Precambrian metasedimentary rocks in the upper reaches of the Chapa River. (
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) Subalkali
granite of the Teya Complex; (
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) granite gneiss of the Garevsky Complex; (
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) metasedimentary rocks: (kd) Lower Riphean Korda
Formation; schists of the Paleoproterozoic Penchenga Formation with (pn
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) actinolite, (pn
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) biotite, (pn

 

3

 

) graphite; Paleoprotero-
zoic Karpinsky Formation: (hk

 

1

 

) schists with quartzite and marble interlayers, (hk

 

2

 

) two-mica schists with andalusite, staurolite,
and garnet (locally transformed into blastomylonite); Archean–Paleoproterozoic (undivided) Garevsky Formation: (gr

 

1

 

) meso- and
leucocratic gneisses, (gr

 

2

 

) quartzites and mica schists; (

 

4

 

) faults: (

 

a

 

) major thrust faults (ticks indicate the direction of fault plane
dip), (

 

b

 

) other faults; (

 

5

 

) amphibolite; (

 

6

 

) marble; (

 

7

 

) strike and dip of rocks; (

 

8

 

) sample location; (

 

9

 

) And–Ky isograd. Inset dem-
onstrates areas with the manifestation of collisional metamorphism
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kyanite–sillimanite metamorphism. The spatial transi-
tion from low-pressure regional metamorphism to
higher-pressure metamorphism is recorded in the
simultaneous appearance of kyanite and sillimanite.
The Ms + Chl + Bt +Qtz + Ky + St + Grt + Pl + Sil
assemblage with relict andalusite was formed under
conditions of the kyanite–staurolite subfacies of the
kyanite schist facies. They make up a zone 4 km thick
bounded by the NW-trending thrust fault in the east.
Collisional metamorphism was accompanied by dislo-
cations and deformations of rocks and minerals. This is
evident from the development of shear- and kinkbands
in minerals; pressure shadows of recrystallized quartz;
S-shaped garnet grains with helicitic (snowball-type)
textures; and ruptures of mineral grains with displace-
ment, cataclasis, boudinage, and flattening. Blastomy-
lonites zones developed near the thrust fault indicate
crystal growth under pressure. This is also suggested by
the lenticular–knotted fabric of rocks and granulated
quartz veins. Based on the bulk chemical composition,
the studied rocks are classified as metapelites enriched
in Fe (

 

X

 

Fe

 

 = FeO/(FeO + MgO + MnO) = 0.6–0.7

 

 mole
fractions) and Al (

 

X

 

Al

 

 = Al

 

2

 

O

 

3

 

–3K

 

2

 

O/(Al

 

2

 

O

 

3

 

–3K

 

2

 

O +
FeO + MgO + MnO

 

) = 0.39–0.44 mole fractions) in
comparison with typical metapelites (

 

X

 

Fe

 

 = 0.52 and

 

X

 

Al

 

 = 0.13).

The 

 

PT

 

 conditions of metamorphism and 

 

PT

 

 trends
of metapelite evolution are based on the composition of

rock-forming minerals (end member contents are pre-
sented in Table 1) and their zoning. The known mineral
geothermobarometers, the respective mixing models,
the matched thermodynamic data set, and the
THERMOCALC [4] and PTPATH [5] software pack-
ages were used for this purpose. For metamorphic rocks
of the Penchenga Formation, the temperature was esti-
mated with Pl–Ms [6] and Bt–Ms [7] geothermometers.
Pressure estimates were obtained with two modifica-
tions of the Bt–Ms–Chl geobarometer [8, 9]. For the
garnet-bearing rocks of the Karpinsky Formation, the
temperature was determined with the geothermometers
mentioned above and two experimental calibrations of
the Grt–Bt geothermometer [10, 11] with the respective
mixing models. The pressure was estimated with two
modifications of the Grt–Bt–Ms–Pl geobarometer [12,
13] with the application of composition–activity mod-
els for nonideal solid solutions of coexisting phases.
The 

 

PT

 

 parameters of metamorphism were calculated
based on all the geothermobarometers. The geother-
mobarometric results (Table 2) testify to the gradual
increase in pressure of collisional metamorphism. Pres-
sure increases approaching the thrust fault from the ini-
tial 4–5 kbar in the Penchenga metapelite zone to 5.0–
5.5 kbar in the Karpinsky andalusite–sillimanite
metapelite zone and finally to 8.1–8.4 kbar in the inner
zone (kyanite blastomylonites of the kyanite–silliman-
ite type). The insignificant increase in temperature
(from 620 to 710

 

°

 

C) toward the thrust fault indicates

 

Table 1. 

 

 End member contents and iron mole fractions in minerals from metapelites in the Chapa area (based on microprobe
data)

Sample
no.

Grt Bt Ms Pl Chl

 

X

 

Alm

 

 

 

X

 

Prp

 

X

 

Grs

 

 

 

X

 

Sps

 

X

 

Ann

 

X

 

Phl

 

X

 

Ms

 

X

 

An

 

X

 

Fe

 

M e t a p e l i t e s  o f  t h e  P e n c h e n g a  F o r m a t i o n

4 0.42 0.38 0.79 0.26 0.62

14 0.42 0.37 0.73 0.27 0.61

M e t a p e l i t e s  o f  t h e  K a r p i n s k y  F o r m a t i o n

15 0.73 0.09 0.03 0.14 0.51 0.33 0.78 0.16

18 0.73 0.09 0.03 0.14 0.52 0.33 0.78 0.15

21 0.74 0.10 0.05 0.11 0.51 0.33 0.82 0.22

22c 0.60 0.10 0.07 0.23 0.41 0.40 0.48

22 0.65 0.12 0.09 0.14 0.43 0.40 0.80 0.37

23c 0.70 0.10 0.07 0.13 0.48

23 0.72 0.12 0.09 0.06 0.43 0.36 0.81 0.37

24 0.71 0.12 0.07 0.10 0.44 0.35 0.80 0.32

25 0.71 0.12 0.10 0.06 0.44 0.35 0.78 0.42

35 0.71 0.13 0.10 0.06 0.43 0.36 0.77 0.37

 

Note: Mole fractions of components: 

 

X

 

Alm

 

 = Fe/(Fe + Mg + Ca + Mn), 

 

X

 

Prp

 

 = Mg/(Fe + Mg + Ca + Mn), 

 

X

 

Grs

 

 = Ca/(Fe + Mg + Ca + Mn),

 

X

 

Sps

 

 = Mn/(Fe + Mg + Ca + Mn), 

 

X

 

ann

 

 = Fe/(Fe + Mg + Mn + Ti + Al

 

VI

 

), 

 

X

 

Phl

 

 = Mg /(Fe + Mg + Mn + Ti + Al

 

VI

 

), 

 

X

 

An

 

 = Ca/(Ca +

+ Na + K), 

 

X

 

Fe

 

 = Fe/(Fe + Mg), 

 

X

 

Ms

 

 = (Xk) · ( )2; (22c, 23c) cores of zonal minerals; other compositions characterize marginal

zones of grains.

XAl
VI
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that a low geothermal gradient existed in the course of
collision (<10°C/km). To estimate the reliability of the
geothermobarometric results, the calculated values
were compared with estimates of PT conditions based

on the THERMOCALC program [4]. All results are in
good agreement within the error limits of the geother-
mobarometers. The parameters of the initial stage of
garnet growth obtained for cores of zonal grains were
used for substantiation of PT trends of kyanite–silli-
manite metamorphism. The prograde zoning of garnet
with depletion in the spessartine component and the
gradual enrichment in the grossular component from
the grain core to its margin indicate the gradual increase
in pressure at the late stage of garnet growth. The cal-
culated PT trends confirm the gradual increase in pres-
sure for metapelites of the Karpinsky Formation during
transition from the southwest to the northeast (up to
3 kbar near the thrust fault), but the temperature growth
is insignificant (Fig. 2). This specific feature of colli-
sional metamorphism during the overthrusting of con-
tinental blocks (independent of subduction) may testify
to the plunging of rocks under the load of a cold over-
thrust plate [14]. The results obtained are in agreement
with PT evolution of metamorphic rocks from other
collisional orogens, where the prograde transformation
of andalusite into kyanite was assigned to tectonic
thickening of the crust as a result of thrusting (Fig. 2).

Thus, the Precambrian crystalline rocks of the Ish-
imbino and Tatarka deep fault zones (Transangara
region of the Yenisei Ridge) represent polymetamor-
phic complexes that include both the rocks of low-pres-
sure regional metamorphism (andalusite–sillimanite
type) and the locally developed moderate-pressure
metapelites (kyanite–sillimanite type). The metapelites
are indicators of elevated pressure in the axial zone of
the region. In the succession of collisional rocks, the
highest pressure metapelites (P = 5.5–8.4 kbar at 620–
710°C) are confined to the Paleoproterozoic Karpinsky
Formation in the northern sector of the study region
(Chapa area). In the south, the collisional rocks occur in

Table 2.  Estimates of PT conditions of regional and collisional metamorphism in the Chapa River area

Sample
no.

T, °C P, kbar

[10] [11] [6] [7] [4] [13] [12] [8] [9] [4] 

M e t a p e l i t e s  o f  t h e  P e n c h e n g a  F o r m a t i o n

4 585–594 584–592 4.0–4.3 3.9–4.4

14 588–603 588–602 4.25–4.6 4.5–4.9

M e t a p e l i t e s  o f  t h e  K a r p i n s k y  F o r m a t i o n

15 617 618 612 621 623 ± 14 5.48 5.51 5.6 ± 1.1

18 625 627 630 630 635 ± 16 5.74 5.66 5.9 ± 1.1

21 661 635 654 638 636 ± 15 6.93 6.71 6.1 ± 0.80

22 664 621 664 640 635 ± 16 7.01 6.78 6.8 ± 0.65

23 665 622 667 648 638 ± 16 7.36 7.01 7.0 ± 0.66

24 682 637 676 652 681 ± 24 7.37 6.96 7.2 ± 0.85

25 695 641 687 660 652 ± 20 7.76 7.68 7.4 ± 0.71

35 710 645 699 670 675 ± 21 8.42 8.10 8.1 ± 0.97

Note: Numerals in brackets correspond to the numbers of geothermobarometers in the list of references.
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Fig. 2. PT conditions and metamorphic trends of metapelites in
the Chapa River area in comparison with PT evolution of
collisional metamorphism in other regions with thrust tec-
tonics. For each sample, average PT parameters (crosses)
and their range based on different geothermobarometers
(Table 2) are shown without the consideration of uncertain-
ties. Numerals at crosses are number of samples (see Table 2).
Directions of PT trends based on zonal metamorphic miner-
als are shown as solid arrows directed from core to margins
of garnet grains. Coordinates of the triple point and lines of
monovariant equilibria of Al2SiO5 polymorphs are given
after [4]. Regions: (I) Ballow Falls, Appalachians, United
States; (II) Muskoma–Orfordville, Appalachians, United
States; (III) Nason, Cordillera, Canada; (IV) Eruda–Chirimba
interfluve, Yenisei Ridge; (V) Chapa area, Yenisei Ridge.
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the Middle Riphean Korda Formation (Mayakon area)
as graphite-bearing metapelites formed at P = 4.5–
6.7 kbar and T = 540–600°C. Farther to the south, prod-
ucts of collisional metamorphism are known in the
Upper Riphean rocks as a fragment of prograde meta-
morphic zoning of kyanite–sillimanite type (Angara
area) superimposed on low-temperature metapelites of
the Angara–Tissa greenschist complex. Despite spatial
separation of these areas, they show the following com-
mon attributes of collisional metamorphism in the
Transangara sector of the Yenisei Ridge: (a) develop-
ment of blastomylonites with kyanite, sillimanite, gar-
net, and staurolite, which replace andalusite-bearing
mineral assemblages of regional metamorphism of the
andalusite–sillimanite type; (b) insignificant apparent
thickness (from 2.5 to 6–8 km) of the zonal collisional
metamorphism near thrust faults; (c) low geothermal gra-
dient during metamorphism (no higher than 10°C/km);
and (d) gradual increase in pressure from the southwest
to the northeast toward the thrust faults (from 1–2 kbar
in the Mayakon area to 3 kbar in the Chapa area).

Thus, we can make the following conclusions. The
Transangara sector of the Yenisei Ridge can be divided
into three areas of collisional metamorphism, where
andalusite is gradually replaced by kyanite with an
increase in pressure. Metamorphism is related to the
thrusting of older blocks over younger rocks. On a
regional scale, metamorphism is probably related to the
thrusting of the Siberian Craton over the Yenisei Ridge.
This conclusion is supported by geophysical data [15].
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