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SCHEME OF MINERAL FACIES OF METAMORPHIC ROCKS AND
ITS APPLICATION TO THE FENNOSCANDIAN SHIELD WITH
REPRESENTATIVE SITES OF OROGENIC GOLD MINERALIZATION

S. A. Bushmin, V. A. Glebovitsky

Institute of Precambrian Geology and Geochronology RAS

Our recent studies of metamorphism within the Fennoscandian (or Baltic) Shield area
with representative sites of orogenic gold mineralization based on the scheme of mineral
facies of metamorphic rocks introduced earlier inspired thorough revision of that scheme.
The proposed scheme retains the commonly adopted nomenclature (prehnite-pumpel-
lyite, greenschist, amphibolite, granulite, blueschist and eclogite facies) and is based on
thermodynamic calculations and published empirical and experimental data on mineral
equilibria in metapelitic and metamafic rocks.

We present two simplified maps of Archean and Proterozoic metamorphism, that offer
good examples of the application of this improved scheme of metamorphic facies. The
maps specify the prevailing metamorphic conditions and their relevant tectonic settings.
Gold mineralization of economic interest is spatially associated with low-temperature low-
pressure metamorphic terrains metamorphosed at the greenschist to low amphibolite fa-
cies of the andalusite-sillimanite facial series.

Keywords: metamorphic facies; metamorphism; mineral reaction; mineral paragene-
sis; P-T conditions; T/P gradient; orogenic gold; shear zone; accretionary orogen.

C. A. BbywmwuH, B. A. Tne6oeBuukuin. CXEMA MWUHEPAJIbHbIX
dALUMA  METAMOPO®UYECKUMX MOPOA W EE NPUMEHEHMUE
K TEPPUTOPUUN PEHHOCKAHOAUHABCKOIO LLIUTA C NPOYBJIEHUAMU
30JI0TOPYAHOW MUHEPAJIN3ALUU OPOrEHHOIO TUMA

B npouecce uccnenoBaHus  0COOEHHOCTe  MeTamopduaMa B panioHax
deHHoCcKaHaMHABCKOro (Mnu bantuiAickoro) wuta ¢ NPosiBEHUSIMI 30/10TOPYAHON MU-
Hepanma3aumm OpOreHHOro Tmuna 4YaCTUYHO M3MEHEHA pPaHee NMpeasioXkeHHas cxema Mu-
HepasbHbIX daumin metamoppun4ecknx Nopoa. Npepnaraemas HoBas Cxema, COXpaHs-
IoLas TpaamMuMOHHbIE Ha3BaHMA Gauni (NPEHNT-NYMNENIUNTOBaY, 3e1IeHOCaHLEeBas,
amdunbonnToBas, rpaHyIMToBas, ronyobIx CNaHLUEB, SKIIOMMTOBAs), OCHOBaHA Ha OPUrn-
HaNIbHbIX TEPMOAVHAMUNYECKUX pacyeTax U onybMKOBaAHHbBIX PACHETHbLIX 1 9KCNEePUMEH-
TasbHbIX JAHHbIX MO MUHEPAJIbHBIM PABHOBECUSIM B MeTanenuTtax n metabasurax n yum-
TbIBAET HOBbIE AaHHbIE N0 METAMOPDU3MY N3YHEHHOWN TEPPUTOPUN.

CrtaTbsi CONPOBOXAAETCH ABYMS YNPOLLEHHbIMU KapTaMmn MeTaMmopduraMa apxemnckoro
M NPOTEPO30MCKOro BO3pacTa B KayecTBe nNpumepa NpuUMeHeHNsa CXxemMbl MeTamopdun-
yeckux daunii npu nccneposaHun P-T ycnosuii metamopdunama n 0ocobeHHOCTEN UX
NPOCTPaHCTBEHHOM fiokann3auum. NokasaHo, YTO BCE NPOMbILLIEHHbIE NPOSIBNEHNS 30-
JIOTON MUHEpPanM3aLmm OPOreHHOro TMna PacnonoXeHbl B 30Hax LT-LP metamopdusma
OT 3e/1IeHOCNaHLEBOW 00 HU3KOTeMMepaTypHor ambudonmutosor daunin And-Sil daum-

asibHOM cepun.
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KniouyeBble cnoBga: meTamopduieckas dauuns; metaMopPdunam; MmHepasnbHas pe-
akuus; MMHepanbHbin napareHe3uc; P-T ycnosus; T/P rpagneHT; OporeHHoe 3050T0;

CLBUIrOBas 30Ha; aKKPELMOHHbI OPOreH.

1. Introduction

Our study of metamorphism was focused on
the Fennoscandian (or Baltic) Shield area with re-
presentative sites of orogenic gold mineralization
(the term is according to [Groves et al., 1998]) and
encompasses parts of the major tectonic units of
the Fennoscandian Shield (Karelian craton, Sve-
cofennian accretionary orogen, Belomorian-Lap-
land collision orogen). In the course of this study
the scheme of mineral facies of metamorphic
rocks introduced earlier by Bushmin and Glebo-
vitsky [2008] was thoroughly revised. The paper is
accompanied by two simplified maps of metamor-
phism of Archean and Proterozoic age as examples
illustrating the application of the improved scheme
of metamorphic facies to investigation of meta-
morphism. The abbreviations of minerals and other
symbols used in this paper are listed in Table 1.

According to Eskola’s facies concept [Eskola,
1920], the mineral composition of metamorphic
rocks is a reflection of the external P-T conditions
of metamorphism and the bulk rock chemistry.
Thus, the variations in the mineral paragenesis
at an unchanging bulk rock composition reflect
changes in the P-T conditions. The term «mineral
paragenesis» denotes sets of coeval equilibrium
minerals. Mineral parageneses provide informa-
tion on the physical-chemical conditions of meta-
morphism. Thus, metamorphic mineral facies/
subfacies (or just metamorphic facies/subfacies)
define the P-T regions in which certain groups of
metamorphic rocks are made up of certain mine-
ral parageneses.

So far, various schemes of metamorphic mi-
neral facies have been developed in P-T space
[e. g. Fyfe, 1962; Dobretsov et al., 1970, 1972,
1974; Glebovitsky, 1973; Winkler, 1976; Glebo-
vitsky, 1977; Korikovsky, 1979; Spear, 1993; Bush-
min, Glebovitsky, 2008]. Mineral facies define mi-
neral parageneses for various rock types and are
based on petrogenetic grids that always pertain to
certain chemical systems, e. g. KFMASH, etc. The
main purpose of the schemes is to specify the rela-
tive position and PT-boundaries of mineral facies
and subfacies. The areas of metamorphic rocks
corresponding to certain mineral facies and subfa-
cies shown in metamorphic maps will demonstrate
the P-T conditions of metamorphism and the spa-
tial distribution of these parameters.

The facies and subfacies are determined first
of all using the compositions of metapelites and

metabasites. Metapelites rich in potassium are
most susceptible to variations in P-T conditions
and are thus the potential source of the most de-
tailed information about the conditions of meta-
morphism. Most researchers [e. g. Dobretsov
et al., 1970; Glebovitsky, 1977; Spear, 1993; Ber-
man et al., 2000; Bucher, Frey, 2002; Bushmin,
Glebovitsky, 2008] consider similar mineral reac-
tions as facies boundaries in metapelitic and me-
tabasic rocks. These are so-called «key mineral
reactions». The reasons for minor differences in
positions of these reactions in P-T space are in-
consistencies in the thermodynamic databases
used in the calculations, variations in the water ac-
tivity in the fluid, and the results of experiments.

The following mineral reactions are most com-
monly recognized as the temperature bound-
aries of metamorphic facies and subfacies
in metapelites:

— kaolinite decomposition (a typical supergene
mineral) with pyrophyllite formation

— first appearance of muscovite and chlorite, and
then biotite and garnet (almandine)

— chloritoid decomposition and staurolite appear-
ance

— staurolite decomposition

— muscovite decomposition with the formation of

K-feldspar in parageneses with aluminum sili-

cates (andalusite, sillimanite, kyanite); and the

simultaneous appearance of migmatites

— biotite decomposition and orthopyroxene ap-
pearance, first in parageneses with K-feldspar
and then with K-feldspar+cordierite

— appearance of the spinel+quartz
sapphirine+quartz parageneses.

The equilibria of Al,SiO, polymorphs (kyanite,
andalusite, and sillimanite) with the triple point at
P = 3.73 kbar and T = 506 °C were calculated on
the basis of the thermodynamic dataset com-
piled by Berman [1991] and Aranovich and Ber-
man [1996]. These values are similar to experi-
mental data: P = 3.76 kbar, T = 501 °C [Holdaway,
1971]. The stability fields of andalusite, sillimanite,
and kyanite are used to define pressure boundar-
ies between both metamorphic facies/subfacies
and the And-Sil (high thermal T/P gradient) and
Ky-Sil (low thermal T/P gradient) metamorphic
facies series. Mineral reactions in metapelites
which cause the appearance or disappearance of,
e. g., garnet+cordierite, orthopyroxene+sillimanite
+quartz parageneses play the same role in defin-
ing the pressure boundaries. Another fact taken

and
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Table 1. Mineral abbreviations and other symbols

Symbol Full name Symbol Full name Symbol Full name
Ab Albite Frs Fersmite Phl Phlogopite
Act Actinolite Fs Ferrosillite Phn Phengite

Adr Andradite Fsp Feldspar Pl Plagioclase
Aeg Aegirine Fu Fuchsite Po Pyrrhotite
Alm Almandine Gd Gedrite Pre Prehnite

Als Aluminium silicate Ghn Gahnite Prl Pyrophyllite
Am Amphibole Gl Glaucophane Prp Pyrope

Ame Amesite Gn Galena Ps Pistacite

An Anorthite Gr Garnet Pum Pumpellyite
And Andalusite Grs Grossular Px Pyroxene
Ank Ankerite Gru Grunerite Py Pyrite

Ann Annite Gt Graphite Qu Quartz

Ant Anthophyllite Hb Hornblende Rbd Rhabdophane
Ap Apatite Hd Hedenbergite Rbk Riebeckite
Apy Arsenopyrite He Hercynite Rht Richterite
Ara Aragonite HI Halite Ro Rhodonite
Arf Arfvedsonite Hm Hematite Rpd Ripidolite

Atg Antigorite Hqg Holmquistite Rsm Rossmanite
Aug Augite Hs Hastingsite Rt Rutile

Bd Baddeleyite Hy Hypersthene Sap Sapphirine
Bo Bornite Im limenite Sch Scheelite

Bre Breunnerite Irt limenorutile Scp Scapolite

Brr Barroisite Jd Jadeite Sid Siderite

Brt Barite Ka Kaolinite Sil Sillimanite

Bt Biotite Kfs K-feldspar Slc Silica amorphous
Bz Bronzite Kor Kornerupine Smt Smithsonite
Cal Calcite Krs Kersutite Sp Spinel

Cc Chalcocite Kt Kataphorite Sph Sphalerite
Cch Clinochlore Ky Kyanite Sps Spessartine
Cel Celadonite L Liquid phase Srp Serpentine
Chl Chlorite Le Lepidolite St Staurolite
Chm Chamosite Lex Leucoxene Stp Stilpnomelane
Chr Chromite Lm Limonite Str Strontianite
Cmb Columbite Lw Lawsonite Sym Symplektite
Cob Cobaltite Ma Margarite Tan Tantalite

Coe Coesite Mag Magnesite Tc Talc

Cor Corundum Mb Molybdenite Tht Thorite

Cp Chalcopyrite Mi Microcline Tmt Titanomagnetite
Cpx Clinopyroxene Mnt Montmorillonite To Topaz

Crb Carbonate Mnz Monazite Tr Tremolite
Crd Cordierite Mr Marcasite Ts Tschermakite
Crt Carinthine Mt Magnetite Tt Titanite

Cst Cassiterite Mu Muscovite Tu Tourmaline
Ctd Chloritoid Ne Nepheline Ur Uraninite
Cum Cummingtonite Oam Orthoamphibole Usp Ulvospinel
Czo Clinozoisite Ol Olivine Uvr Uvarovite

Di Diopside Om Omphacite Ver Vermiculite
Dol Dolomite Opq Opaque minerals Vs Vesuvianite




End of Table 1

Symbol Full name Symbol Full name Symbol Full name
Dph Daphnite Opx Orthopyroxene Wn Winchite

Ed Edenite Or Orthoclase Wo Wollastonite
En Enstatite Ort Orthite WR Whole rock
Ep Epidote Osm Osumilite Wt Wolframite
Fa Fayalite Pa Paragonite Xen Xenotime

fl Fluid Pe Pentlandite Ze Zeolite

Flu Fluorite Pg Pargasite Zo Zoisite

Fo Forsterite Pgt Pigeonite Zrn Zircon

into consideration was garnet appearance or dis-
appearance in paragenesis with plagioclase, cum-
mingtonite, hornblende and clinopyroxene in me-
tabasites. Estimation of pressure by this criterion
is less certain but rather convenient because it is
easy to identify the presence or absence of gar-
net in Ca-rich mafic rocks. At a moderate pressure
and temperature parageneses with cummingtonite
and plagioclase gradually disappear, and parage-
neses with garnet and hornblende appear as their
alternative under relatively high pressures. As the
pressure increases, cummingtonite and plagio-
clase are replaced by garnet with progressively
increasing Mg content and by hornblende, which
is progressively enriched in Al. The Cum+PI para-
genesis thus becomes unstable in high-pressure
complexes. Also, orthopyroxene is an important
index mineral in mafic rocks at a high pressure and
temperature. With increasing pressure, Opx+PI be-
comes unstable, and this paragenesis is replaced
by Gr+Cpx+PIl and eventually by Gr+Cpx.

Upon revising our earlier scheme [Bushmin,
Glebovitsky, 2008], we decided not to distinguish
the epidote-amphibolite facies as an independent
one, and this facies is instead included in the low-
temperature part of amphibolite facies in our newly
introduced variant of the scheme. Our reasoning
is that the position of the high-T boundary of the
epidote-amphibolite facies is very uncertain and
depends on many factors. In particular, epidote
and chlorite, typical of the epidote-amphibolite fa-
cies, can also remain stable in mafic rocks meta-
morphosed to the amphibolite facies (chlorite — in
Mg-rich rocks, and epidote — in Ca-rich rocks).
In this case, the characteristic paragenesis of
the epidote-amphibolite facies in metabasites is
Hb+Ep+PI+Chl+Qu+Gr, which can also be stable
in the low-T part of the amphibolite facies. Only in
the rocks of basaltic composition, the absence of
epidote may indicate conditions of the amphibo-
lites facies, when epidote eventually disappears
at increasing temperature, and when the mineral
paragenesis contains more amphibole and calcic
plagioclase. Moreover, epidote contains Fe3" and

chlorite may also contain minor Fe®*", and their sta-
bility is thus very sensitive to the value of oxygen
fugacity (fo,). At increasing fo, the field of epidote
stability widens significantly towards higher tem-
peratures. Also, in magnesium-rich metapelites,
chlorite may remain stable up to the medi-
um-T amphibolite facies. All these considerations
made a ground to omit the epidote-amphibolite fa-
cies as an independent facies due to the significant
uncertainties of its boundaries. Now we regard it as
a low-temperature part of the amphibolite facies.

Analysis of experimental data and thermodynamic
calculations shows that, on a generalized «universal
P-T grid» for various rock types, the boundaries be-
tween mineral facies may be only gradual, due to the
wide variation in the composition of mineral solid so-
lutions, bulk rock chemistry, and water activity.

The proposed scheme of mineral facies de-
monstrates only the principal relationships be-
tween metamorphic facies and subfacies, with
their boundaries often defined not by a single line
but rather by a series of closely spaced lines of
univariant reactions, in the result of which charac-
teristic mineral parageneses appear or disappear.
In a general case, these reactions relate to sys-
tems containing K, Na, Ca, Fe, Mg, Al, and Si. The
position of univariant boundary lines in P-T space
depends on the composition of solid solutions in
the MAS, FAS, FMAS, KFMAS, CFMAS and other
systems. If other elements, e. g., Mn, Zn, Ti, and
Cr, are contained in a system, the stability fields of
minerals that contain these elements expand, and
the lines of the univariant reactions are accordingly
transformed into divariant or multivariant fields.
The boundaries become more diffuse and turn into
linear tracts. Such effects of additional elements
were considered in publications dedicated to this
problem [e. g. Spear, 1993; Mahar et al., 1997;
White et al., 2000; Tinkham et al., 2001; Ashley,
Law, 2015]. Therefore, boundaries between ad-
jacent facies and some subfacies in the scheme
are shown not as thin lines but in the form of broad
P-T transition zones (Fig. 1). It should be empha-
sized that the facies boundaries shown in Fig. 1 do
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1. Stilpnomelane-muscovite-chlorite

1a - low-P (And-Sil type) 15.

1b - high-P (Ky-Sil type)
2. Muscovite-chlorite-biotite
2a - low-P (And-Sil type)
3. Chlorite-chloritoid-almandine

Il Amphibolite facies

4. Andalusite-chlorite-staurolite 17.

4a - low-T zone (Ctd+5t stable)

4 - Ctd out, Stin 18.

5. Kyanite-chlorite-staurolite

5a - low-T zone (Ctd+St stable) 19,

5 - Ctd out, Stin
6. Andalusite-biotite-staurolite
Chl out, Bt+And in

Biotite-sillimanite-orthoclase
Mu out, Kfs+Sil in

14a - low-P (And-Sil type)

14b - high-P (Ky-Sil type)
Biotite-kyanite-orthoclase
Mu out, Kfs+Ky in

IV Granulite facies
2b - high-P (Ky-Sil type) 16.

Biotite-garnet-orthoclase-orthopyroxene
Opx+Kfs in

16a - low-P (And-Sil type)

16b - high-P (Ky-Sil type)
Biotite-garnet-sillimanite-orthoclase
Opx+Kfs in

Quartz-spinel

Opx+Crd+Kfs in, Sp+Qu in
Garnet-cordierite-orthoclase-orthopyroxene
Opx+Crd+Kfs in, Gr+Crd in

19a - low-P (And-Sil type)

19b - high-P (Ky-Sil type)

7. Sillimanite-biotite-staurolite 20. Sillimanite-orthopyroxene
Chl out, Bt+Sil in Opx+Sil in
7a - low-P (And-Sil type) 21. Quartz-sapphirine
7b - high-P (Ky-Sil type) Sap+Qu in

8. Kyanite-biotite-staurolite 22. Kyanite-orthopyroxene
Chl out, Bt+Ky in Opx+Ky in

9. Andalusite-biotit ovite

St out, Bt+And in

9a - low-T zone (Ep, Chl stable)

V Blueschist facies (high to ultrahigh-P)
23.

Lawsonite-glaucophane

9 - Ep, Chl out 24. Zoisite-glaucophane
10. g:r:‘:man.‘te-bmme»muscovffe VI Eclogite facies (ultrahigh-P)
lawe o 25. Paragonite-kyanite-zoisite
P it il 26. Zoisite-kyanite-carinthine

10b - high-P (Ky-Sil type)
11. Kyanite-biotite-muscovite

27.
28.

Garnet-kyanite-omphacite
Plagioclase-kyanite-omphacite

St out
12. Biotite-anda{usitg-onhocfase o The line dividing facies and subfacies of Ky-Sil type

Mu out, Kfs+Andin - - with a low T/P gradient and of And-Sil type with a
13. Biotite-garnet-cordierite-orthoclase =l high T/P gradient (garnet in/out in mafic rocks)

Fig. 1.

Facies — Roman numerals, subfacies — Arabic numerals

Scheme of mineral facies of metamorphic rocks.
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not coincide exactly with the experimentally es-
tablished reaction lines in simplified systems. The
boundaries between facies or subfacies which
deviate from experimentally validated bounda-
ry equilibria at P_,, =P, are consistent with an
appreciable decrease in P,,, with depth. We as-
sume [Glebovitsky, 1977; Korikovsky, 1979] that
P, = 0.5-0.2 P if the total pressure is higher
than 5-6 kbar. These constraints determine the
approximate position of curvilinear facies bound-
aries at variable P_,, under high-temperature and
high-pressure conditions. Vast information on the
stability of mineral assemblages in real metamor-
phic complexes with estimated P-T parameters
was also taken into account. Our newly obtained
and published data [Korikovsky, 1979; Berman,
1991; Powell et al., 1998; Powell, Holland, 2008;
Bushmin, Glebovitsky, 2008 and references there-
in] on particular mineral reactions (experiments,
calculations, natural equilibria) make up the basis
for the proposed scheme.

2. Scheme of mineral facies of metamorphic
rocks

It is difficult to determine the boundary between
diagenesis and metamorphism by petrographic
criteria. Nevertheless, such a boundary could be
established in the rocks according to the first ap-
pearance of zones or clusters with newly formed
minerals being in physical-chemical equilibrium.
Establishing equilibrium requires full recrystalliza-
tion of the protolith minerals, for example, of clastic
and clay fragments, the ordering of the structures
of the mica-minerals and an equilibrium distribution
of chemical components between the minerals.

Mineral parageneses are defined for various rock
types (metapelites, metabasites, etc). We also use
the terms «Ca-poor» and «Ca-rich» rocks, which
have no genetic sense. The group of «Ca-poor» rocks
comprises rock types in which Cais contained mostly
in plagioclase and, sometimes, in minor carbonates,
and epidote (Al-metapelites, K-metapelites, K-poor
metapelites, Mg-metapelites, K-metasandstones,
metasandstones, metagranites, etc). The «Ca-rich»
rocks group includes various rocks in which Ca is ac-
commodated in rock-forming minerals (metamafic
rocks or metabasites, for example, metabasalts,
metaandesites, basic tuffs, basic metasandstones,
some metagreywackes, metadiorites, metagabbros,
etc). The mineral parageneses of calc-silicate rocks
are described separately.

2.1. Prehnite-pumpellyite (or zeolite) facies

In this lowermost temperature facies of rela-
tively low pressure (Fig.1) the metamorphic

recrystallization of whole rock is often feeble and
mineral equilibria are often not reached on the
whole-rock scale. In fact, this mineral assemblage
consists of relic and newly formed metamorphic
minerals. Rocks of this facies typically exhibit lo-
cal alterations with equilibria often reached along
fractures in the primary magmatic or sedimentary
rocks. The facies is characterized by the presence
of prehnite and pumpellyite in various paragene-
ses with chlorite, zeolites (analcime, laumontite,
stilbite, and wairakite), actinolite (at higher pres-
sure and temperature), and albite in volcanic rocks
and by the presence of kaolinite, hydromuscovite,
montmorillonite, and vermiculite in metapelites.

2.2. Greenschist facies

In this low-temperature metamorphic facies
(Fig. 1) muscovite, biotite and garnet first appear.
Parageneses with chlorite and chloritoid become
abundant in Ca-poor rocks. In Ca-rich rocks, as-
semblages of actinolite with epidote (or zois-
ite), albite and chlorite are stable. In calc-silicate
rocks, the calcite+dolomite+quartz paragenesis is
stable. Other minerals such as clinozoisite, chlo-
rite, ankerite and scapolite may also be stable.
At the low-temperature boundary of the green-
schist facies, hydromicas, montmorillonite, and
vermiculite disappear completely in metapelites,
and chlorite+muscovite paragenesis appears. Ka-
olinite decomposes in Al-rich rocks and produces
pyrophyllite. In metabasites the breakdown of
prehnite and pumpellyite produces parageneses
with actinolite, epidote, chlorite, albite, paragonite
and carbonate. In this facies, the stilpnomelane-
muscovite-chlorite (the first chlorite+muscovite),
muscovite-chlorite-biotite (the first biotite) and
chlorite-chloritoid-almandine (the first garnet)
subfacies can be distinguished.

Stilpnomelane-muscovite-chlorite  subfacies
(1) (here and below, Arabic numerals of subfacies
correspond to those in Fig. 1). In Ca-poor rocks
quartz, chlorite, muscovite, albite, stilpnomelane,
pyrophyllite, carbonates (ankerite and calcite),
kaolinite, talc, paragonite, and occasional micro-
cline are stable, whereas chloritoid, garnet, and
biotite are unstable. In Ca-rich rocks quartz, albite,
carbonates, chlorite, epidote, zoisite, actinolite
are stable.

Muscovite-chlorite-biotite subfacies (2). Bio-
tite is stable and widespread in K-metasand-
stones. Stilpnomelane gradually disappears in
metapelites, and the first paragenesis with low-Al
biotite appears: Stp+Chl+Mu = Bt+Mu. The first
high-Fe chloritoid as a product of the reaction
Chl_+Prl = Ctd_+Qu can appear at approximate-
ly the same temperature in high-Al metapelites.
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The first aluminum silicates (andalusite, kyanite)
appear in high-Al metapelites as products of py-
rophyllite dehydration. In Ca-poor rocks biotite,
muscovite, phengite, chlorite, chloritoid, stilp-
nomelane, microcline, carbonates (ankerite and
calcite), talc, albite and cummingtonite (in K-poor
rocks) are stable. The assemblage of biotite with
chloritoid is however unstable. In Ca-rich rocks
quartz, albite, carbonates, epidote, clinozoisite,
and chlorite are stable. Pale-colored hornblende
may appear together with colorless actinolite, and
pumpellyite disappears completely.

Chlorite-chloritoid-almandine subfacies (3)
is typical of kyanite-type greenschist complexes.
In andalusite-type complexes, this subfacies oc-
curs only in a small high-temperature part of the
greenschist facies. Under the conditions of this
subfacies, the first Fe-rich garnet (almandine) ap-
pears as a product of Fe-chlorite breakdown in
the reaction Qu+Chl_ = Gr__. With increasing tem-
perature, the Mg-content of garnet and chlorite
increases. As pressure increases, the reaction of
chlorite decomposition shifts toward low temper-
atures (Fig. 1). Thus, at a higher pressure (more
than ~5 kbar), the first garnet (almandine) gradu-
ally appears together with the first biotite. The pa-
ragenesis of almandine, chlorite and chloritoid is
critical for this subfacies. Thus, chloritoid, kyanite
(andalusite), chlorite, muscovite, almandine, al-
bite, biotite, stilpnomelane, and cummingtonite (in
K-poor rocks) are stable in Ca-poor rocks. At the
same time, assemblages biotite+andalusite (or
kyanite) and biotite+chloritoid are unstable. In
Ca-rich rocks colorless actinolite sometimes with
pale-colored hornblende is stable, as well as chlo-
rite, epidote, carbonates, albite, and garnet.

2.3. Amphibolite facies

The low-T boundary of amphibolite facies
(Fig. 1) in metapelites at a pressure higher than
2 kbar is defined by the appearance of staurolite
due to the gradual breakdown of chloritoid (tran-
sition to subfacies 4 and 5). Iron-richest chlori-
toid is the first to disappear. In the KFMAS sys-
tem, the boundary is not a single line but a series
of closely spaced lines of mineral reactions within
a narrow T interval. As temperature increases in
the field of andalusite stability, the reactions are:
Ctd+Chl+And = St+Qu, Ctd+And+Qu = St+Gr,
Ctd+Chl+Qu = St+Gr, and Ctd+Qu = St+Chl+Gr.
In the field of kyanite stability the reactions are:
Ctd+Chl+Ky = St+Qu, Ctd+Chl+Mu = St+Bt+Qu,

Ctd+Ky+Qu = St+Gr, Ctd+Mu+Qu = St+Bt+Gr,
and Ctd+Qu = St+Gr+Ky. In a very narrow
temperature interval (within the Ky field) the

biotite+chloritoid paragenesis can be stable:

Gr+Chl+Mu = Bt+Ctd+Qu. In Mg-metapelites,
mainly in the field of andalusite stability, the first
cordierite may appear as a product of the reac-
tion Phl+Als = CrdMg+Mu. At pressures lower than
2 kbar, where staurolite is completely unstable,
the low-T boundary with the greenschist facies
is defined by a series of closely spaced reaction
lines in the narrow temperature transition zone
9a: Ctd+Qu = Gr+Crd+Chl, Ctd+Qu=Chl+Gr+And,
And+Chl+Qu = Gr+Crd, and Chl+Mu+Qu = Bt+Crd.
As a consequence, chloritoid disappears, chlorite
disappears gradually, and parageneses of cor-
dierite with garnet and biotite with andalusite ap-
pear in subfacies 9: Chl+Mu+Qu = Gr+Crd+Bt and
Gr+Chl+Mu = Bt+And+Qu.

In metabasites, actinolite disappears, and the
parageneses of bluish green hornblende with epi-
dote, plagioclase (oligoclase), chlorite and garnet
are stable. Garnet is however less typical, and even
completely absent at a low pressure if the rocks are
not rich in Fe. Increasing pressure widens the field
of epidote (clinozoisite, zoisite)+plagioclase stabi-
lity towards high temperatures (subfacies 5).

The wide temperature range of this facies (from
~450 to ~750 °C) enables the subdivision of the
amphibolite facies into low-, medium- and high-
T parts. The abundance of various metapelitic as-
semblages sensitive to variation in P-T conditions
makes it possible to distinguish a series of temper-
ature subfacies at different pressures.

The low-T part of the amphibolite facies
(subfacies 5, 4) is the stability field of stau-
rolite-bearing mineral assemblages together
with chlorite in metapelites. The parageneses
chlorite+staurolitexgarnet and chlorite+cordierite
are widespread. At a very low pressure (zone 9a
of subfacies 9), the paragenesis garnet+cordierite
without staurolite appears for the first time among
chlorite assemblages. Parageneses of bluish
green and green hornblende with epidote, chlorite,
plagioclase (albite-oligoclase), and garnet (Fe-
rich rocks) are stable in metabasites. These rocks
are characterized by an abundance of equilibrium
chlorite. In calc-silicate rocks the dolomite+quartz
paragenesis may be preserved or alternative
tremolite+calcite paragenesis appears. Other mi-
nerals such as hornblende, chlorite, clinozoisite,
zoisite, ankerite, scapolite, and garnet (grossular-
andradite) may also be stable.

Subfacies 4 and 5 correspond to different pres-
sure conditions. The andalusite-chlorite-staurolite
subfacies (4) is characterized by the stability of
muscovite, biotite, andalusite, staurolite, cordi-
erite, garnet, anthophyllite (in K-poor rocks), and
chlorite. The kyanite-chlorite-staurolite subfacies
(5) is characterized by the stability of muscovite,
staurolite, biotite, kyanite, garnet, chlorite, and

9



cordierite (only at moderate P near the andalusite
field). Cummingtonite is stable in K-poor rocks
in both subfacies. There is a narrow tempera-
ture zone (~450-480 °C) in subfacies 4 and 5 in
which the parageneses chloritoid+staurolite and
chloritoid+biotite are stable in high-Al metapelites
up to the complete decomposition of chloritoid
(transition zones 4a and 5a). The assemblage
cordierite+staurolite is unstable within the entire
temperature interval of subfacies 4 and 5.

The medium-T part of the amphibolite facies
(Fig. 1) in metapelites encompasses the stability
field of staurolite-bearing assemblages (subfacies
6, 7, 8), after chlorite disappearence in the rocks
with a medium Mg content, and the stability field
of two-mica with alumina silicates assemblages
(subfacies 9, 10, 11) after complete disappear-
ance of staurolite and the «last» chlorite (in Mg-
rich rocks). In subfacies 6, 7, 8 the assemblage of
staurolite with cordierite and without chlorite de-
velops for the first time, but it is abundant only in
low-P metapelites of andalusite-sillimanite com-
plexes (subfacies 6, 7a). For the first time, the pa-
rageneses of biotite+aluminum silicates (kyanite
or andalusite or sillimanite) appear at moderate to
high pressures in staurolite-bearing rocks and at
low pressures (less than 2 kbar) in staurolite-free
biotite-garnet schists. In Ca-rich rocks epidote
and chlorite disappear from the hornblende as-
semblages, except for the situations discussed
above. In calc-silicate rocks clinopyroxene (di-
opside) first appears after the breakdown of
dolomite+quartz and tremolite+calcite+quartz
assemblages. As a result, diopside or alterna-
tive tremolite+calcite+quartz paragenesis may be
stable. At higher temperature in quartz-free rocks
clinopyroxene together with calcite and tremolite
are stable. Other minerals such as hornblende,
clinozoisite, zoisite, scapolite, and garnet (grossu-
lar-andradite) may also be stable. Also, it is note-
worthy that at low pressures (subfacies 9, 6) the
medium-T part of the amphibolite facies begins
at a temperature around 480-500 °C, whereas at
high pressures (subfacies 8) it begins at ~550 °C.

The transition to the medium-T part of the am-
phibolite facies (to subfacies 6, 7, 8 and 9, 10, 11)
in metapelites is defined by the disappearance
of chlorite-bearing assemblages in the stauro-
lite stability field and by the first appearance of
biotite in parageneses with aluminum silicates
(andalusite, sillimanite, and kyanite). This tran-
sition is via a series of closely spaced lines of
mineral reactions. In the field of kyanite stabili-
ty these reactions are: St+Chl+Mu = Bt+Ky+Qu,
Gr+Chl+Mu = Bt+Ky+Qu, St+Chl+Qu = Gr+Crd
(narrow P-T space), Ky+Chl+Qu = St+Crd,
Chl+Mu+Qu = Bt+Crd, Chl+Mu+Qu = Bt+Crd+Ky (at

moderate pressure), and Chl+Mu = Bt+Ky+Qu. In
the field of andalusite stability these reactions are:
St+Chl+Mu = Bt+And+Qu, St+Chl+Qu = Gr+Crd,
And+Chl+Qu = St+Crd, Chl+Mu+Qu = Bt+Crd, and
Chl+Mu+Qu = Bt+Crd+And. Outside the staurolite
stability field at pressures less than 2 kbar, after
chlorite disappearance in the transition zone 9a,
the paragenesis of biotite and andalusite appears
also in subfacies 9: Gr+Chl+Mu = Bt+And+Qu. But
in Mg-metapelites, Mg-chlorite with muscovite,
biotite and andalusite can still be stable.

Depending on pressure, the staurolite stabili-
ty field without chlorite can be subdivided into the
andalusite-biotite-staurolite (6), sillimanite-bio-
tite-staurolite (7), and kyanite-biotite-staurolite
(8) subfacies. These staurolite-bearing subfacies
in metapelites are characterized by the stability
of staurolite, muscovite, biotite, kyanite (sillima-
nite, andalusite), garnet, cummingtonite (K-poor
rocks), gedrite (K-poor rocks in kyanite field),
anthophyllite (K-poor rocks in andalusite field),
and cordierite. At the same time, the assemblage
biotite+garnet+kyanite (sillimanite, andalusite) is
unstable in all these subfacies. Cordierite is abun-
dant mainly in the field of andalusite and sillimanite
stability (subfacies 6 and 7). Cordierite together
with garnet is unstable in kyanite field (subfa-
cies 8). However, this assemblage is stable under
a lower pressure together with sillimanite (subfa-
cies 7) or andalusite (subfacies 6). Bluish green
hornblende, plagioclase, garnet, clinopyroxene,
cummingtonite, and in certain situations also epi-
dote, zoisite, chlorite (subfacies 6), and carbona-
tes are stable in Ca-rich rocks.

Depending on pressure, two-mica with alu-
mina silicates parageneses can be subdivided
into the andalusite-biotite-muscovite (9), silli-
manite-biotite-muscovite (10), and kyanite-bio-
tite-muscovite (11) subfacies. The boundary
between subfacies 6, 7, 8 and subfacies 9, 10,
11 is identified by the disappearance of stauro-
lite and Mg-chlorite: St+Mu+Qu = Bt+Gr+Ky (Sil,
And), St+Qu = Gr+Gd+Ky, St+Qu = Gr+Crd+Sil,
St+Qu = Gr+Crd+And, and ChIMg+Mu = Phl+Als.
Around this boundary, the univariant
Bt+Als+Gr+St+Mu+Qu paragenesis can exist and
is commonly found in metapelites. In K-metapelites
(muscovite-bearing schists) staurolite disap-
pears at a temperature (maximum ~600-620 °C)
lower than that in K-poor metapelites (maximum
~650 °C), in which, for example, an alternative pa-
ragenesis of gedrite, kyanite and garnet is formed
at a high pressure. Subfacies 9, 10, 11 in Ca-poor
rocks are characterized by the stability of andalu-
site (sillimanite, kyanite), biotite, muscovite, gar-
net, cordierite, cummingtonite (K-poor rocks), pla-
gioclase, and gedrite (K-poor rocks in the field of
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andalusite and sillimanite). Cordierite is stable and
abundant mainly in the field of andalusite and sil-
limanite (subfacies 9 and 10), whereas in the field
of kyanite (subfacies 11) this mineral can be stable
in Al-, Mg-metapelites. Cordierite together with
garnet are not stable in the field of kyanite (subfa-
cies 11), and at a lower pressure, they are stable
with sillimanite (subfacies 10) and andalusite (sub-
facies 9). In the low-temperature part of the low-
pressure andalusite-biotite-muscovite subfacies
(9), chlorite can be preserved in Mg-metapelites.
In K-poor rocks containing gedrite and cumming-
tonite, Fe-orthopyroxene appears for the first time
as a product of the reactions Cum+Gr = Gd+Opx,
Gr+Gd = Opx+Qu, and Cum+Mt = Opx+Qui.

The medium-T subfacies of the amphibolite fa-
cies in metabasites are defined by the disappear-
ance of epidote and chlorite from hornblende-pla-
gioclase (oligoclase-andesine) assemblages and
appearance of the Hb+=Cpx+Gr+P| paragenesis of
the high-P amphibolite facies in the kyanite-sylli-
manite type of metamorphism (subfacies 7b, 10b,
14b, 8, 11, 15), and the Hb+*Cpx+Cum+PI parage-
nesis of low-P amphibolite facies in the andalusite-
sillimanite type of metamorphism (subfacies 7a,
10a, 14a, 6, 9, 12). As pressure decreases, gar-
net and aluminous hornblende disappear gradu-
ally from the assemblages of these subfacies. At
first, parageneses with low-Al hornblende, cum-
mingtonite, garnet and plagioclase appear. Then
low-P parageneses without garnet begin to form.
Occasionally, in the medium-T part of the amphi-
bolite facies, Mg-chlorite remains in parageneses
with hornblende. The disappearance or existence
of epidote containing Fe** depends on fo,.

The high-temperature part of the amphibolite
facies, in which anataxis and migmatization of
rocks start to develop, is the P-T stability field of
orthoclase-bearing assemblages with biotite and
aluminum silicates as products of muscovite break-
down before the appearance of orthopyroxene
in metapelites (subfacies 12, 13, 14, 15). Zones
with rocks bearing the sillimanite+orthoclase
paragenesis are sometimes called second silli-
manite zones. In metabasites, hornblende para-
geneses with plagioclase and clinopyroxene are
widespread. Depending on pressure and Fe con-
tent, cummingtonite and garnet appear in or dis-
appear from these parageneses. In calc-silicate
rocks the assemblage Cal+Tr disappears and
parageneses with clinopyroxene become abun-
dant. Hornblende, plagioclase and calcite are
stable. At higher temperature forsterite becomes
stable. Other minerals such as scapolite, gar-
net (grossular-andradite), and dolomite may also
be stable.

Depending on pressure, this part of the am-
phibolite facies is subdivided into the biotite-an-
dalusite-orthoclase (12), biotite-garnet-cordie-
rite-orthoclase (13), biotite-sillimanite-orthoclase
(14), and biotite-kyanite-orthoclase (15) subfa-
cies. The boundary between «muscovite» (9, 10,
11) and «orthoclase» (12, 13, 14, 15) subfacies
is identified by the complete disappearance of
muscovite. In Ca-rich rocks epidote, zoisite, and
chlorite disappear completely; and brown-green
hornblende, plagioclase, garnet, clinopyroxene
and cummingtonite are stable. In K-poor rocks,
cummingtonite, anthophylite (commonly in the
field of andalusite) and gedrite (in the field of sil-
limanite and kyanite) as well as Fe-orthopyroxene
can occur. The biotite-andalusite-orthoclase sub-
facies (12) occupies a small field, in which the
biotite+andalusite+orthoclase paragenesis may
contain cordierite and garnet. However, garnet,
cordierite and orthoclase are unstable if occur-
ring together. The biotite-sillimanite-orthoclase
subfacies (14) occupies an extensive field, in
which the biotite-sillimanite-orthoclase parage-
nesis may also contain cordierite and garnet, but
the Gr+Crd+Kfs assemblage is unstable here simi-
lar to subfacies 12. The boundary of the biotite-
garnet-cordierite-orthoclase subfacies (13) with
subfacies 12 and 14 is determined by the disap-
pearance of the Bt+Sil (And)+Qu paragenesis. Un-
der the conditions of subfacies 13, biotite, garnet,
cordierite, sillimanite (andalusite) and orthoclase
are stable in various combinations, except only for
Bt+Als+Qu. Around this boundary the univariant
Bt+Sil+Gr+Crd+Kfs paragenesis can exist. Biotite,
kyanite, garnet and orthoclase are stable under
the conditions of the biotite-kyanite-orthoclase
subfacies 15. In this subfacies cordierite is of li-
mited abundance in Mg-rich metapelites and the
garnet+cordierite assemblage is unstable.

2.4. Granulite facies

In general, this is a P-T stability field for the or-
thopyroxene-orthoclase paragenesis in Ca-poor
rocks and orthopyroxene-clinopyroxene-plagio-
clase paragenesis with garnet (at higher pressure)
or without garnet (at lower pressure) in Ca-rich
rocks (Fig.1). The low-T boundary of granulite
facies in Ca-poor rocks is defined by the gradual
appearance of the orthopyroxene+orthoclase pa-
ragenesis as a breakdown product of low-Al and
low-Mg biotite by the reaction Bt+Qu = Kfs+Opx
and/or by dehydration melting. The further tran-
sition at increasing temperature to orthoclase-
cordierite-orthopyroxene granulite is related to
the gradual decomposition of high-Al and rela-
tively low-Mg biotite: Bt+Gr+Qu = Kfs+Crd+Opx.
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In Mg-rich rocks, however, biotite is preserved.
Ca-free amphibole disappears completely. Under
the same T-conditions, hornblende and cumming-
tonite disappear from mineral assemblages in Ca-
rich rocks. At higher pressure, the CpxxOpx+Gr+PI
paragenesis of high-P granulite facies (subfacies
16b, 17, 19b, 20, 21, 22) appears due to intensive
growth of garnet at increasing pressure. But at
lower pressure, the garnet-free CpxxOpx+PI pa-
ragenesis of moderate- and low-P granulite fa-
cies (subfacies 16a, 19a, 18) is stable. Hornblende
breakdown depends on water activity, quartz con-
tent in the rock and on its Mg content. That is why
hornblende often occurs in granulites. In calc-sili-
cate rocks clinopyroxene, calcite, forsterite, pla-
gioclase, hornblende, garnet (grossular-andra-
dite), and wollastonite may be stable. Wollastonite
can appear in these rocks as a result of the reac-
tion Cal+Qu = Wo.

The granulite facies is subdivided into the
biotite-garnet-orthoclase-orthopyroxene (16),
biotite-garnet-sillimanite-orthoclase (17), quartz-
spinel  (18),  garnet-cordierite-orthoclase-or-
thopyroxene  (19), sillimanite-orthopyroxene
(20), quartz-sapphirine (21), and kyanite-ortho-
pyroxene (22) subfacies.

The biotite-garnet-orthoclase-orthopyroxene
(16) and biotite-garnet-sillimanite-orthoclase (17)
subfacies are the transitional low-T part of the
granulite facies at low and moderate pressures,
where the breakdown of biotite in Ca-poor rocks
initiates the formation of the stable assemblage
of orthopyroxene and orthoclase, but still without
cordierite, which will appear in this paragenesis
at a higher temperature. Orthopyroxene, high-Al
and high-Ti biotite, sillimanite, garnet, cordierite,
and orthoclase are stable under the conditions of
these subfacies. However, Opx+Sil, Opx+Crd+Kfs,
and Gr+Crd+Kfs assemblages are unstable in sub-
facies 17, and the Opx+Sil and Opx+Crd+Kfs as-
semblages are unstable in subfacies 16. Around
the boundary between subfacies 16 and 17 the uni-
variant Bt+Sil+Gr+Crd+Kfs paragenesis is possible
for several reasons, including the expansion of the
garnet stability field due to variation in the Ca and
Mn contents and the expansion of the biotite stabi-
lity field due to variation in Fe, Al and Ti. In Ca-rich
rocks, garnet in paragenesis with pyroxenes and
brown hornblende is common only in subfacies
17 and 16b, whereas in subfacies 16a garnet dis-
appears completely at pressures decreasing from
moderate to low.

The quartz—spinel (18) and garnet-cordierite-
orthoclase-orthopyroxene (19) subfacies occupy
the high-temperature part of the granulite facies at
low and moderate pressures. These high-T granu-
lites are characterized by the disappearance of

sillimanite and garnet assemblages with low-Mg
high-Al biotite and the appearance of the ortho-
pyroxene+orthoclase+cordierite paragenesis.
Orthopyroxene, garnet, cordierite, sillimanite,
orthoclase, and spinel (with quartz only in subfa-
cies 18) are stable under the conditions of subfa-
cies 18 and 19, but the Opx+Sil+Qu assemblage
is unstable, and the Gr+Crd+Sil assemblage is
stable only in subfacies 19. It should be noted that
Zn-bearing spinel, which is not rare in granulites,
can also be stable with quartz at much higher pres-
sures and lower temperatures than in subfacies
18. Mg-rich biotite may occur in K-metapelites
together with orthoclase and orthopyroxene up to
~850-900 °C and then it disappears gradually by
the reactions Bt +Qu = Bt,, +Opx+Crd+Kfs and
Bt,,tQu = Opx,, +Crd,, +Kfs. In Ca-rich rocks, gar-
net in association with pyroxenes and brown horn-
blende is typical only of the high-P part (subfacies
19b) of the garnet-cordierite-orthoclase-ortho-
pyroxene subfacies (19). When pressure drops,
garnet disappears from the parageneses with
pyroxenes and hornblende (subfacies 19a) and
is as a rule absent in Ca-rich parageneses of the
quartz-spinel subfacies (18).

The sillimanite-orthopyroxene (20), quartz-
sapphirine (21) and kyanite-orthopyroxene (22)
subfacies occupy the high-T and high-P (more
than ~9 kbar) part of the granulite facies. The
low-P boundary of the sillimanite-orthopyroxene
subfacies (20) is defined by the disappearance
of the Gr+Crd assemblage and the appearance
of the alternative Opx+Sil+Qu paragenesis. The
high-P boundary of the sillimanite-orthopyroxene
subfacies (20) with kyanite-orthopyroxene sub-
faces (22) is defined by the appearance of the
Ky+Opx paragenesis at the phase transition of
sillimanite into kyanite and, as a result, the break-
down of the most magnesian «last» cordierite:
Crd,,, = Opx,, . *Ky+Qu.

In the low-T part of the sillimanite-ortho-
pyroxene (20) and kyanite-orthopyroxene (22)
subfacies near the boundary with the amphibo-
lite facies, the stable mineral assemblage con-
sists of orthopyroxene, sillimanite (kyanite),
quartz and garnet, but without orthoclase. Or-
thoclase appears in this paragenesis at increas-
ing temperature as a product of the reaction
Bt+Gr+Qu = Opx+Als+Kfs. Under the conditions
of subfacies 20 and 22, biotite, orthopyroxene,
garnet, sillimanite (kyanite), cordierite (only in
subfacies 20), sapphirine, orthoclase, and spi-
nel are stable in Ca-poor rocks, but the assem-
blages sapphirine+quartz, spinel+quartz, and
cordierite+garnet are unstable. As in the low-pres-
sure granulite subfacies, the preservation of biotite
depends on the contents of Mg, Al, Ti, and water
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activity, so that the Bt+Opx+Sil+Kfs+Qu paragene-
sis is preserved in, for example, Mg-metapelites.
In Ca-rich rocks, the stable mineral assemblage
consists of pyroxenes, brown hornblende (only in
the low-T region), garnet, and plagioclase.

The Qu+Sap paragenesis is the main criterion
for recognition of the quartz-sapphirine subfa-
cies (21). lts boundary with the sillimanite-ortho-
pyroxene subfacies (20) is determined by the reac-
tion Opx+Sil+Crd = Sap+Qu; the boundary with the
garnet-cordierite-orthoclase-orthopyroxene sub-
facies (19) by the reaction Crd+Gr+Sil = Sap+Qu;
and the boundary with the quartz-spinel subfacies
( 18) by the reaction Sp+Crd+Sil = Sap+Qu. Under
the conditions of the quartz-sapphirine subfacies
(21), the following minerals are stable in various
combinations: sapphirine, biotite, orthopyroxene
and sillimanite (sillimanite together with orthopyro-
xene only in the restricted high-pressure part of
this subfacies), garnet and cordierite (only in the
low-temperature part near the boundary with sub-
facies 19), orthoclase and spinel (spinel together
with quartz only in the restricted part of relatively
low pressure).

2.5. Blueschist (or glaucophane-schist) facies

The blueschist facies (Fig. 1) is a temperature
analogue of the prehnite-pumpellyite and green-
schist facies at high- and ultrahigh-P. The para-
geneses of glaucophane, lawsonite, muscovite,
phengite and pumpellyite with such typical green-
schist minerals as actinolite, zoisite, pyrophylite,
chlorite, garnet, paragonite, stilpnomelane, albite,
epidote, calcite, and quartz are stable in Ca-rich
rocks. At pressures higher than ~8-11 kbar, almost
pure jadeite may appear in paragenesis with quartz.
The lawsonite-glaucophane subfacies (23) corre-
sponds to the lowest temperature conditions such
as in prehnite-pumlellyite and the low greenschist
facies, but at high-P (up to 12-13 kbar). The zoisite-
glaucophane subfacies (24) at temperatures of the
prehnite-pumlellyite and greenschist facies corre-
sponds to even higher pressures, up to 13-15 kbar.

The boundary of the lawsonite—glaucophane
subfacies (23) with the prehnite-pumpellyite facies
and partly with the greenschist facies is determined
by the reactions Pr+Prl = Lw+Qu, Pr+Cal = Lw+Zo
and Chl+Ab = GI, Act+Chl+Ab+Qu = Lw+Gl. As
a result, the parageneses of lawsonite and glau-
cophane with chlorite and albite, with calcite and
albite, or with calcite and chlorite, which are typical
of this subfacies, appear.

The boundary of the zoisite—glaucophane sub-
facies (24) with the greenschist facies is deter-
mined by the reactions Act+Chl+Ab = Gl+Zo+Qu
and Act+Chl+Pa+Ab = Zo+Gl. Consequently,

parageneses of zoisite or epidote and glaucophane
with actinolite and albite, with chlorite and albite,
and with chlorite and actinolite become common.

The boundary between subfacies 23 and
24 is established by the appearance of zoisite
(epidote)+glaucophane paragenesis and gradual
disappearance of lawsonite: Lw+Act+Ab = Zo+Gl
and Lw+Act+Jd = Zo+Gl (these reactions are as-
sumed as a boundary), Lw+Qu = Zo+Prl. At in-
creasing temperature, the paragenesis of glau-
cophane and paragonite appears by the reaction
Chl +Ab = Gl+Pa. Also, transitional parageneses of
zoisite and glaucophane with chlorite and parga-
site, pargasite and omphacite, or omphacite and
albite can appear near the high-temperature boun-
dary with the eclogite facies (subfacies 25). It is
worth noting however that the boundary of lawso-
nite disappearance at increasing T and P depends
considerably on H,O activity. In a scenario with
a high value of this parameter (P, ,,~ P, ..), lawso-
nite remains stable together with glaucophane till
the high-T boundary with plagioclase-free zoisite-
kyanite-quartz eclogites (subfacies 25), in which
it breaks down via the reaction Lw = Zo+Ky+Qu. In
this case the fields of the lawsonite—glaucophane
subfacies (23) and zoisite—glaucophane subfa-
cies (24) overlap and the paragenesis of zoisite,
kyanite and quartz may appear in the field of glau-
cophane stability. The appearance of omphacite in
blueschists in the transitional zone to plagioclase-
free eclogites (subfacies 25) is explained in the
same way.

2.6. Eclogite facies

The eclogite facies (Fig. 1) is a temperature
analogue of the amphibolite and granulite facies
at ultrahigh pressures. The widespread paragene-
sis of omphacite with garnet (typically pyrope and
grossular-rich) is characteristic of this facies. The
paragenesis of almost pure jadeite with quartz is
formed at pressures higher than ~12 kbar. Other
minerals such as amphibole (pargasite), epidote,
zoisite, kyanite, paragonite, albite, and Na-Ca-pla-
gioclase may also be stable in the eclogite facies.
Often rutile occurs there. Parageneses and vari-
ous mineral reactions in eclogites after different
protolith in the transition zone from amphibolite
and granulite facies are well documented in many
publications [e. g. Korikovsky et al., 1997, 1998a,
b, 2004; Korikovsky, 2005, 2009, 2012; Kozlovskii
etal., 2015].

Eclogite rocks of the paragonite—kyanite—zoi-
site (25), zoisite—kyanite—carinthine (26) and gar-
net-kyanite—omphacite (27) subfacies with the
zoizitet+kyanite+quartz paragenesis are sometimes
called plagioclase-free eclogites and the rocks of
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Fig. 2. Major tectonic units of the Fennoscandian Shield.
LGB - Lapland Granulite belt, T — Tana belt

Svecofennian zone

ir 60°4C

Archean enclaves of the Karelian craton (Archean crust) occurring as relicts within the Sveco-Karelian tectonic zone of the
Svecofennian orogen: WTB — West Troms Basement Complex, RJ — Rastojaure complex, JG — Jergul complex

the plagioclase-kyanite-omphacite subfacies (28)
are called plagioclase eclogites.

The low-temperature boundary of the eclogite
facies with the blueschist facies is rather uncer-
tain, because the eclogite mineral assemblage
can occur in the high-temperature part of the
blueschist facies with glaucophane-bearing as-
semblages. Glaucophane gradually disappears as
a result of mineral transformations, e. g. by the re-
actions Zo+GIl+Ab = Om+Pa, Zo+Gl+Jd = Om+Pa,
Gl+Zo = Pg+Pa, and Gl+Pg+Qu = Om+Gr.

The paragonite—kyanite—zoisite (25) and zoi-
site—kyanite—carinthine (26) eclogite subfacies
correspond to the temperature conditions of the
low- to medium-T amphibolite facies. In sub-
facies 25 parageneses with paragonite, zoisite,
kyanite, quartz, omphacite, pargasite, chlorite,
and garnet are widespread, but the assembla-
ges pargasitetkyanite, omphacite+kyanite, and
omphacite+kyanite+garnet are unstable. The low-
pressure boundary with the low amphibolite facies
is determined in Ca-rich rocks by the appearance
of zoisite in paragenesis with kyanite, quartz, and
paragonite as products of margarite and pla-
gioclase decomposition: Ma+Qu = Zo+Ky and
Pl..n. = Z0+Ky+Qu+Pa.

In the  zoisite-kyanite—carinthine  sub-
facies (26) at increasing temperature parago-
nite becomes unstable as a result of the reaction

Pa+Qu = Ab+Ky, and the carinthine+kyanite para-
genesis becomes stable as a result of the reac-
tion Gr+Chl+Zo+Qu = Crt+Ky. Parageneses with
carinthine (brown pargasite with high Mg, Ca, Al,
Ti contents, typical of eclogites), kyanite, zoisite,
omphacite, quartz, albite, and garnet are typical
of this subfacies. The low-P boundary, as in sub-
facies 25, is determined by the reaction of pla-
gioclase breakdown: Pl .= Zo+Ky+Qu+Ab. The
boundary between the zoizite—kyanite—carinthine
subfacies (26) and subfacies 25 is determined by
the decomposition of chlorite—zoisite schists with
the formation of the parageneses with carinthine
and kyanite: Gr+Chl+Zo+Qu = Crt+Ky. Talc in pa-
ragenesis with kyanite and muscovitetparagonite
(so-called whiteschists) can appear in subfacies
25 and 26 at the boundary with the amphibolite
facies in Mg-metapelites as a product of the re-
actions ChIMg+PhI = Tc+Mu, ChlMg = Tc+Ky, and
Ab+Ky = Pa+Qu.

The garnet—kyanite—omphacite eclogite sub-
facies (27) corresponds to the temperature condi-
tions of medium-T amphibolite facies. Subfacies
27 includes parageneses of omphacite and garnet
with kyanite, zoisite, and quartz, which are pro-
ducts of the breakdown of carinthine in assem-
blage with zoisite at the boundary with the zoisite-
kyanite-carinthine subfacies (26) via the reaction
Crt+Zo = Om+Gr+Ky+Qu.
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The plagioclase-kyanite-omphacite eclogite
subfacies (28) corresponds to the temperature
conditions of the high-amphibolite and granulite
facies. The low-T boundary of subfacies 28 with
subfacies 27 is defined by the disappearance of
the zoisite+kyanite+quartz assemblage and ap-
pearance of plagioclase in eclogite as a product of
the reaction Zo+Ky+Qu+Ab =PI__ .

The low-P boundary of the plagioclase-
kyanite-omphacite subfacies (28) with am-
phibolite and granulite facies is well speci-
fied in Ca-rich rocks by the appearance of the
omphacite+kyanite+garnet  paragenesis  due
to the reaction of plagioclase with hornblende
or orthopyroxene: Hb+PlI = Om+Gr+Ky+Qu and
Opx+Pl = Gr+Om+Ky+Qu. Eclogite-like clino-
pyroxene—plagioclase—garnet rocks are also wide-
spread in this transitional zone. In metapelites
at the low-P boundary, the kyanite+orthoclase
paragenesis of the amphibolite and granulite fa-
cies remains stable under eclogite facies condi-
tions, but the granulite orthopyroxene+kyanite
paragenesis disappears: Opog+Ky = Gng+Ou.
In K-poor Mg-metapelites, talc can appear in the
paragenesis with kyanite as a product of the reac-
tions CrdMg = Ta+Ky+Qu (subfacies 27 and 28 at
the boundary with the amphibolite facies) and
Opog+Qu = Ta+Ky (subfacies 28 at the boundary
with the granulite facies).

3. Conditions, setting, and evolution
of metamorphism

Typical parageneses of metamorphic facies/
subfacies (Fig. 1) formed after various protolith and
characterized above are listed in Table 2. The at-
tention is focused on metamorphic facies belong-
ing to the andalusite—sillimanite and kyanite-silli-
manite facies series which predominate in the Fen-
noscandian Shield. The metamorphic conditions
are presented with regard to their spatial relations
with the major tectonic units of the Fennoscandian
Shield (Fig. 2). The maps (Fig. 3, 4) show the pre-
vailing P-T conditions of regional metamorphism
of Archean and Proterozoic age. The small scale of
Figures 3 and 4 allows us to display only groups of
undivided subfacies. Because of this, the maps do
not show small relicts of older metamorphism. The
color code is used for metamorphic facies series
of andalusite-sillimanite and kyanite-sillimanite
types as reflecting high and low thermal T/P gra-
dients [Miyashiro, 1961; Hietanen, 1967; Glebo-
vitsky, 1971, 1973; Brown, 2007, 2014]. Intrusive
rocks that are either weakly metamorphosed or
not metamorphosed at all, and preserve their pri-
mary magmatic textures and mineral composition
are left colorless. The maps do not show younger

overprinting metamorphism related to shear zones
of Svecofennian age, because it is not possible
to portray it on this scale. Nevertheless, the map
of Proterozoic metamorphism (Fig. 4) does show
certain areas in Finland and Russia with overprint-
ing metamorphism as zones with colored stripes
superimposed on a background color (or unco-
lored) areas corresponding to regional metamor-
phism. These high-P and low- to medium-T (rarely
high-T) shear zones are widespread over the terri-
tory of the Karelian craton and were locally found in
the Svecofennian orogen. These shear zones are
characterized by high-P metamorphism of the Ky-
Sil type (parageneses with kyanite in metapelites
and with garnet in metabasites). Also, the maps do
not show late retrograde metamorphism related
to the exhumation of the metamorphic complexes
(assemblages with late andalusite, sillimanite-fi-
brolite, etc.) and various metasomatic processes
in shear zones.

In constructing the maps we made use of data
presented in the Map of mineral facies of meta-
morphic rocks in the Eastern Baltic Shield [Belyaev
etal., 1991], Map of metamorphism and transpres-
sion tectonics of the Precambrian of Karelia [Vo-
lodichev, 2002], and in the Geological map of the
Fennoscandian Shield [Koistinen et al., 2001]. For
the territory of Norway we also used data pub-
lished in [Gaal et al., 1978; Barbey et al., 1980;
Bernard-Griffiths et al., 1984; Krill, 1985; Mark-
er, 1988, 1991; Marker et al., 1990; Bergh et al.,
2010]. For Sweden data were taken from [Idman,
1988; Sawyer, Korneliussen, 1989; Bergman et al.,
2001; Kapyaho et al., 2007; Bushmin et al., 2013].
Data on Finland were compiled from [Eskola, 1952;
Korsman et al., 1984, 1999; Perttunen et al., 1996;
Pajunen, Poutiainen, 1999; Holtta et al., 2000,
2007, 2012; Holtta, Paavola, 2000; Laajoki, 2000;
Evins, Laajoki, 2001; Rasdnen, Vaasjoki, 2001;
Manttari, Holtta, 2002; Tuisku et al., 2006; Tuisku,
Huhma, 2006; Kapyaho et al., 2007; Kontinen
et al., 2007; Kivisaari, 2008; Bushmin et al., 2013].
For the territory of Russia data were published in
[Shemyakina, 1983; Baikova et al., 1984; Cheku-
laev, Baikova, 1984; Lobach-Zhuchenko et al.,
1986, 1993, 2000; Belyaev et al., 1990, 1991; Vo-
lodichev, 1990, 1994, 1997, 2002; Daly, Bogdano-
va, 1991; Bibikova et al., 1993, 1995, 1999, 2001a,
2001b, 2004; Frisch et al., 1995; Miller et al., 1995;
Astafiev, 1996; Glebovitsky, 1996, 1997, 2005; Gle-
bovitsky et al., 1996, 2000; Sedova et al., 1996;
Gerya, 1999; Perchuk et al., 1999, 2000; Miller,
2002; Volodichev et al., 2002, 2004, 2011; Balag-
ansky et al., 2005; Balagansky, Glebovitsky, 2005;
Bushmin et al., 2007, 2009, 2013; Mints et al.,
2007; Kuleshevich, Lavrov, 2011; Skublov et al.,
2011; Lebedeva et al., 2012; Myskova et al., 2012].
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Table 2. Typical mineral parageneses of subfacies in various types of metamorphic rocks

Rock type

Paragenesis

| Comment

Greenschist facies

Stilpnomelane-muscovite-chlorite subfacies (1)

(subfacies - 1a in And-Sil complexes and subfacies - 1b in Ky-Sil complexes)

Al-metapelites Qu+Prl+Mu+Chl
K-metapelites Qu+Chl+MuzAb
K-poor metapelites Qu+Prl+Chl FeMg-Tc

Qu+Stp+Chl£Tc
K-metasandstones Qu+Ab+Chl+MuzStp+Kfs
Metasandstones Qu+Ab+Chl+MuzEp=*(Ank, Cal)
Metabasites Qu+Ab+Chl+Ep+Act£(Ank, Cal)

Muscovite-chlorite-biotite subfacies (2)
(subfacies 2a in And-Sil complexes and subfacies 2b in Ky-Sil complexes)

Al-metapelites Qu+Ctd+Ky(And)+Mu+ChlxPrl Fe-Ctd
K-metapelites Qu+Chl+MuxAb+Bt Chl

0-100

K-poor metapelites

Qu+Ctd+Chl £Ky(And)

Fe-Cum FeMg-Tc

Qu+Stp+Chl=Cum=Tc
K-metasandstones Qu+Ab+Bt+Chl+MuxKfs
Metasandstones Qu+Ab+Chl+Mu+Bt£(Ank,Cal)£xEp Chly_s00
Metabasites Qu+Ab+Act+Chl+Epx(Ank,Cal)
Calc-silicates Cal+Dol+Qu+Ank+Chl+Czo+Scp

Chlorite-chloritoid-almandine subfacies (3)

Al-metapelites Qu+Ctd+ Ky(And)+Chl+Mu Chlyg 100

Qu+Gr+Ctd+Chl+Mu Mo-10
K-metapelites Qu+Gr+Chl+MuAb(PIl)+Bt Chlyg 100 Go10
K-poor metapelites Qu+Ctd+Chl=Gr=Ky

Qu+Cum+ChlxGrStp

K-metasandstones

Qu+Bt+Mu+Mi+Ab(Pl)

Metasandstones

Qu+Bt+Gr+Chl+MuzEp+Ab(PI)

Gr

0-10, Ch|25-100

Metabasites

Qu+Ab(Pl)+Act+Chl+Ep=Gr £(Ank,Cal)

Al-Act, Chl

25-100

Calc-silicates

Cal+Dol+Qu*Ank+ChlxCzo+Scp

Amphibolite facies

Chlorite-chloritoid-staurolite zones 4a and 5a in low-T part of subfacies (4) and (5)

Al-metapelites

Qu+St+Ctd+Chl+Ky(And)+Mu

Qu+Ctd+Gr+Chl+ Bt+Mu Gry 45 Chlyy 100
K-metapelites Qu+Gr+Bt+Chl+Muz=PI Gro.1s: Chlyg 100
Mg-metapelites Qu+Bt+Crd+Chl+Mu (And-Sil complexes) Mg-Bt, Mg-Crd
K-poor metapelites Qu+St+Ctd+=Gr+Ky(And)

Qu+Cum+Chl£Gr
K-metasandstones Qu+PI+Bt+MuxKfs=Gr
Metasandstones Qu+PI+Bt+Gr+Chl+MuEp Gry 45 Chlyy 100
Metabasites Qu+PI+Hb+Chl+Ep+Ank,Cal+Gr Hb blue-green, Chl,, ..
Calc-silicates Cal+Dol+Qu+Hb+Ank+Chl+Cz0(Z0)+Scp+(Grs-Adr) Hb colorless

Andalusite-chlorite-staurolite (4) and kyanite-chlorite-staurolite (5) subfacies

Al-metapelites

Qu+St+Chl+Ky(And)+Gr+Mu

Chl

50-100

K-metapelites Qu+Bt+Gr+St+Chl+Mu Gry s Chlgg 100
Mg-metapelites Qu+Bt+Crd+Chl+Mu (And-Sil complexes) Mg-Bty Mg-Crd
K-poor metapelites Qu+St+Gr+Ky(And)=Chl

Qu+Cum=ChlxAnt+Gr
K-metasandstones Qu+PI+Bt+MuxKfs=Gr
Metasandstones Qu+PI+Bt+Gr+Chl+Mu=Ep Gry 0 Chlgg 100
Metabasites Qu+PI+Hb+Gr £Czo(Zo) (Ky-Sil complexes) Hb blue-green,

Qu+PI+Hb=Cum+Chl+Ep+Ank,Cal (And-Sil complexes) Chlgg 100, Glo.20
Calc-silicates Dol+Qu (or Tr+Cal) £Hb=Chl+Cz0o(Z0)+Scp=(Grs-Adr) Hb colorless
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Table 2 continued

Rock type Paragenesis | Comment
Andalusite-biotite-staurolite (6) and kyanite-biotite-staurolite (8) subfacies

Al-, K-metapelites Qu+St+Ky(And)+Bt+Mu
Qu+St+Gr+Bt+Mu Gry o5

Mg-metapelites Qu+Bt+Ky+Mu=Crd (Ky-Sil complexes) Crdes_mo’ *Chl,g 100
Qu+Bt+Crd+And+Mu (And-Sil complexes) Crd,g 1000 Chlyo 100

K-poor metapelites Qu+Gd+Ky+St (Ky-Sil complexes)
Qu+St+Crd+Gr+And (And-Sil complexes)
Qu+Cum+Gr+Gd

K-metasandstones Qu+PI+Bt+MuxKfs=Gr

Metasandstones Qu+PI+Bt+MutGr£Ep Gry o

Metabasites Qu+PI+Hb+Gr+Zo (Ky-Sil complexes, subfacies 8) Hb blue-green
Qu+Pl+Hb+Gr Gry.s,
Qu+PI+Hb+Cum (And-Sil complexes) *Mg-Chl, +Ep
Qu+PI+Cum

Calc-silicates

Tr+Cal+Qu (or Cpx) = Hb*=Czo(Zo)*xScp*(Adr-Grs)

Hb colorless, £Chl,
first Cpx (Di)

Sillimanite-biotite-staurolite subfacies (7)

Al-, K-metapelites Qu+St+Sil+Gr+Bt+Mu=PI Gry.z0
Mg-metapelites Qu+Bt+Sil+Mu=Crd (Ky-Sil complexes) *Crdgy 100
Qu+Bt+Crd+Sil+Mu (And-Sil complexes) Crd

65-100

Metabasites

Qu+PI+Hb+Gr (Ky-Sil complexes, subfacies 7b)

Qu+PI+HbxCum (And-Sil complexes, subfacies 7a)
Qu+PI+Cum

In other rock types, the parageneses are similar to subfacies 6 and 8

Chlorite-andalusite-garnet-cordierite zone 9a in low-T part of subfacies 9 up to chlorite disappearance

Al-, K-metapelites

Qu+And+Mu=Chl=Crd=Gr, Qu+Mu+Chl+Bt+Gr

Mg-metapelites

Qu+And+Crd+Chl+Mu

K-poor metapelites Qu+Crd=GrxChl+Gd
Qu+Cum+Chl+Gd(Ant)*Crd
K-metasandstones Qu+PI+Bt+Mu=Kfs

Metasandstones

Qu+PI+ Bt+Chl+Mu=Ep

Metabasites

Qu+Pl+Hb =Cum+Chl+Ep

Hb blue-green

Andalusite-biotite-muscovite (9), sillimanite-biotite-muscovite (10),

kyanite-biotite-muscovite (11) subfacies

Al-, K-metapelites

Qu+Ky+Bt+Mu+Gr
Qu+And(Sil)+Bt+Mu+Crd+Gr

Mg-metapelites

Qu+Sil(Ky,And)+Bt+Mu+Crd

K-poor metapelites

Qu+Gd+Sil+Gr+Crd (Ky-Sil complexes, subfacies10b)
Qu+Gd+Ky+Gr

Qu+Crd+Sil+Gr (And-Sil complexes, subfacies 10a)

Qu+Ant+And+Crd, Qu+Opx+Cum=*Ant+Gr First Fe-Opx
K-metasandstones Qu+PI+Bt+MuxGr=Kfs
Metasandstones Qu+PI+Bt+Gr+Mu=Ep
Metabasites Qu+PI+Hb+Gr+Zo (Ky-Sil complexes, subfacies 11) Hb blue-green

Qu+PI+Hb+Gr (Ky-Sil complexes, subfacies 10b, 11)
Qu+PI+Hb=Cum (And-Sil complexes, subfacies 9, 10a)
Qu+PI+Cum (And-Sil complexes, subfacies 9, 10a)

Calc-silicates

Tr+Cal+Qu (or Cpx+Cal+Tr) £tHb+Cz0(Z0)+Scp+(Adr-Grs)

Hb colorless or pale green

Biotite-sillimanite-orthoclase subfacies (14)

(subfacies 14a in And-Sil complexes and subfacies 14b in Ky-Sil complexes)

Al-, K-metapelites

Qu+Bt+Sil+Kfs

Qu+Bt+Sil+GrKfs FeMg-Gr
Qu+Bt+Sil+Crd=Kfs or Gr

Mg-metapelites Qu+Bt+Sil+Crd+Kfs

K-poor metapelites Qu+Gr+Sil+Gd=Crd (Ky-Sil complexes, subfacies 14b)
Qu+Opx+GrtGd+Cum+Crd Fe-Opx

K-metasandstones Qu+PI+Bt+Kfs=Gr

@



End of Table 2

Rock type Paragenesis Comment
Metasandstones Qu+PI+BtxGr
Metabasites Qu+PI+Hb+Gr (Ky-Sil complexes, subfacies 14b) Hb green, brown-green

Qu+PI+HbxCum (And-Sil complexes, subfacies 14a)
Qu+PI+Cum

+Cpx, Opx

Calc-silicates

Cpx+CalxPlxHbxDoltFoxScp+(Grs-Adr)

Biotite-andalusite-orthoclase subfacies (12)

Al-, K-metapelites Qu+Bt+And+Kfs
Qu+Bt+And+Crd=Kfs or Gr

Mg-metapelites Qu+Bt+Kfs+And+Crd

K-poor metapelites Qu+Ant+And+Crd=Gr

Metabasites

Qu+PI+Hb=Cum, Qu+PI+Cum

In other rock types, the parageneses are similar to subfacies 14

Biotite-kyanite-orthoclase subfacies (15)

Al-, K-metapelites

Qu+Bt+Ky+GrxKfs

Mg-metapelites

Qu+Bt+Ky+Crd+Kfs

K-poor metapelites

Qu+Gd+Ky+Gr

Metabasites

Qu+Pl+Hb+Gr+Zo, Qu+Pl+Hb+Gr

+ Cpx, Opx

In other rock types, the parageneses are similar to subfacies 14

Granulite facies

Biotite-garnet-orthoclase-orthopyroxene subfacies (16)

(subfacies 16a in And-Sil complexes and subfacies 16b in Ky-Sil complexes)

Al-, K-, Mg-metapelites | Qu+Bt+Opx+KfstGr FeMg-Opx
Qu+Bt+Kfs=Gr+Crd FeMgAI-Bt
Qu+Sil+Kfs+Gr+Crd

K-poor metapelites Qu+Opx+Gr*Crd

Metabasites Qu+PIxHb+Opx+Gr (Ky-Sil complexes, subfacies 16b) Hb brown-green
Qu+PIxHb+Cpx+GrxOpx FeMg-Opx
Qu+PIxHb+Cpx+0px (And-Sil complexes, subfacies 16a)

Calc-silicates Cpx*Cal+PlxHbxFo+*Wo+Grs-Adr

Biotite-garnet-sillimanite-orthoclase subfacies (17)

Al-, K-, Mg-metapelites | Qu+Bt+Sil+GrtKfs or Crd FeMgAI-Bt
Qu+Bt+Sil+Kfs FeMg-Opx
Qu+Bt+Opx+Kfs=Gr

K-poor metapelites Qu+Opx+Gr=Crd

Metabasites Qu+PIxHb+Cpx+Gr+Opx Hb brown-green
Qu+PIxHb+Opx+Gr FeMg-Opx

Calc-silicates

CpxtCalxPlxHbxFotWo+Grs-Adr

Garnet-cordierite-orthoclase-orthopyroxene subfacies (19)

(subfacies 19a in And-Sil complexes and subfacies 19b in Ky-Sil complexes)

Al-, K-, Mg-metapelites | QuxBt+Opx+Kfs+Crd+Gr Mg-Opx
Qu+Bt+Kfs+Crd+Gr MgAI-Bt
Qu+Sil+Kfs*Crd+Gr

K-poor metapelites Qu+Opx+Gr+Crd Mg-Opx

Metabasites Qu+PI+Cpx+Gr=0px (Ky-Sil complexes, subfacies 19b) FeMg-Opx

Qu+PI+Opx+Gr

Qu+PI+Cpx*+0px (And-Sil complexes, subfacies 19a)

Calc-silicates

CpxxCalxPlxHbxFotWo+Grs-Adr

Sillimanite-orthopyroxene subfacies (20)

Al-, K-, Mg-metapelites

Qu+Bt+Kfs+Sil+Opx+Gr or Crd

MgAI-Bt, Mg-Opx, Mg-Gr,
Mg-Crd

K-poor metapelites

Qu+Opx+Gr+Crd

Mg-Crd

Metabasites

Qu+PI+Cpx+Gr+Opx, Qu+PI+Opx+Gr

FeMg-Opx, =Hb brown

Calc-silicates

Cpx=CalxPlxHb+Fo+Wo*Grs-Adr

Note. Subscript indexes at mineral abbreviations are Mg / (Mg+Fe) mol. %
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Sites of orogenic gold mineralization are shown ac-
cording to [Raw Mineral Base of the Republic of
Karelia, 2006; Eilu, 2012].

Archean metamorphism of the Karelian craton
and its relict enclaves within the Svecofennian oro-
gen (Fig. 2, 3) corresponds mostly to high T/P gra-
dient conditions of the And-Sil facies series, sug-
gesting high heat flow through the earth’s crust at
that time. The metamorphic grade of the Archean
greenstone belts increases rapidly from their cen-
tral parts (greenschist facies) toward the mar-
gins (low-T to medium-T amphibolite facies). The
greenstone belts themselves are metamorphosed
at a lower grade than their host TTG gneisses and
migmatites, which were metamorphosed to the
high-T amphibolite facies and, locally, even to the
granulite facies. The Archean greenstone belts can
be subdivided into two groups according to their
metamorphic grade: (a) belts with predominant
metamorphism up to medium-T amphibolite facies
and (b) belts with predominant metamorphism to
the greenschist facies. The first group is located
mostly in the western part of the Karelian craton
and seems to be spatially related to areas with
granulite facies rocks. The second group is found
at a considerable distance from granulites mostly
in the east. The metamorphic regime of the Belo-
morian-Lapland orogen (Fig. 2, 3) was fundamen-
tally different in the Archean and corresponded to
the low T/P gradient conditions of the Ky-Sil facies
series [Glebovitsky, 1973; Volodichev, 1990]. Evi-
dence of this type of metamorphism is presented
by remnants of high-P granulites of the West-Be-
lomorian granulite belt [Glebovitsky, 1997] that are
found in Proterozoic amphibolite facies rocks.

The pressure conditions of Paleoproterozoic
metamorphism differ dramatically between dis-
crete tectonic zones (Fig. 2, 4). During that time
two paired metamorphic belts [Brown, 2010] were
developed: (1) the Belomorian-Lapland collision
orogen with low T/P gradient metamorphism of the
Ky-Sil facies series [Glebovitsky, 1973, 1993; Volo-
dichev, 1990; Glebovitsky et al., 1996; Volodichev
et al., 2002] and (2) the Svecofennian accretion-
ary orogen with high T/P gradient metamorphism
of the And-Sil facies series [Sudovikov et al., 1970;
Korsman et al., 1984; Glebovitsky, 1996, 1997;
Korsman et al., 1999]. Also, Svecofennian low- to
medium-T (occasionally high-T) high-P metamor-
phism of the Ky-Sil facies series locally overprint-
ed Archean and Paleoproterozoic metamorphism
along shear zones in the Karelian craton and, to
a lesser extent, Paleoproterozoic metamorphism
at the margin of the Svecofennian orogen.

The Belomorian-Lapland orogen, including
the Lapland Granulite belt, is characterized by in-
verted metamorphic zoning, which is typical of

collisional orogens. In the Svecofennian orogen,
metamorphic zoning is closely connected with
granitoid magmatism as is typical of accretionary
orogens. Similar to the Archean greenstone belts,
some of the Paleoproterozoic rift-related belts in
the Karelian craton and Svecofennian orogen ex-
hibit an increase in the metamorphic grade toward
the margins.

The metamorphic area in question encompass-
es a part of the Sveco-Karelian zone (Fig. 2), which
belongs to the Svecofennian accretionary orogen
and hosts numerous sites with orogenic gold mi-
neralization (Fig. 5). This zone is a reworked Arche-
an continental margin recycled by Svecofennian
accretionary processes in the Paleoproterozoic.
The Paleoproterozoic high T/P gradient metamor-
phism of the And-Sil type and synmetamorphic
or subsequent LT-LP hydrothermal-metasoma-
tic processes that produced Au mineralization
in shear zones, as is typical of the Svecofennian
orogen, suggest fundamental controls by deep-
seated accretionary processes along the Archean
continental margin. This type of relationships re-
sults in a spatial and genetic connection between
orogenic gold mineralization and areas of high
T/P metamorphism of the And-Sil type. These
facts and considerations suggest certain specifics
of the mantle plume evolution, the derivation and
emplacement of magmatic melts at various crustal
depths, and deep circulation of gold-bearing flu-
ids, as is typical of continental margins of accretion
type [e. g. Hronsky et al., 2012]. Relations between
orogenic gold mineralization (Fig.5) and LT-LP
metamorphism and metasomatism in shear zones
were controlled by transport properties of fluids
and by P-T conditions favourable for mechanisms
of gold precipitation from fluids. Consequently, the
most promising exploration targets for orogenic
gold deposits are areas of low-P And-type green-
schist and low amphibolite facies [Bushmin, 1989,
1996; Bushmin et al., 2013]. Such areas are pres-
ent in the Perdpohja belt, Kuusamo belt, and in
the Kittila area in Finland, in the Norrbotten area in
Sweden, in the Kautokeino, Repparfjord, and Alta
areas in Norway, in the Kuolajarvi area in Russia.

In contrast to the Sveco-Karelian zone of the
Svecofennian orogen, the Karelian craton hosts
not many sites with Archean and Proterozoic
orogenic gold mineralization in Archean green-
stone belts and Paleoproterozoic rift-related belts
(Fig. 5). Among them there are only few sites with
Archean orogenic gold in Finland (no Archean oro-
genic gold has yet been found in the Russian part)
due to the following reasons. The grade of Archean
metamorphism at most of the preserved Archean
greenstone belts with shear zones is higher than
the parameters of the greenschist facies. This
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means that the productive upper LT-LP parts of
Archean shear zones were eroded and are not ex-
posed any more at the surface. We suppose that
this could be the reason for the scarce sites of eco-
nomic Au mineralization in Archean shear zones of
the Karelian craton.

Furthermore, Svecofennian high-P metamor-
phic-metasomatic processes superimposed on
Archean and Paleoproterozoic metamorphic rocks
along shear zones in greenstone and rift-related
belts could play the role of an additional negative
factor for gold mineralization. Yet, fluid-permeable
shear zones accompanied by LT-LP metasoma-
tism with gold mineralization were formed again at
late-Svecofennian time [Glebovitsky et al., 2014].
The North Onega region in the Russian part of the
Karelian craton is an example of a promising area
for orogenic gold deposits [e. g. Borozdin et al.,
2014] of late-Svecofennian age.
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