ISSN 0016-7029, Geochemistry International, 2007, Vol. 45, No. 10, pp. 983-997. © Pleiades Publishing, Ltd., 2007.
Original Russian Text © Z.M. Voloshina, V.K. Karzhavin, A.V. Bazai, 2007, published in Geokhimiya, 2007, No. 10, pp. 1070-1084.

Metamorphic Evolution of Mineral Assemblages
in the Layered Unit and Its Host Rocks of the Eastern Part
of the Pana Massif, Kola Peninsula
Z. M. Voloshina, V. K. Karzhavin, and A. V. Bazai

Geological Institute, Kola Research Center, Russian Academy of Sciences,
ul. Fersmana 14, Apatity, Murmansk oblast, 184209 Russia
e-mail: voloshina@ geoksc.apatity.ru
Received April 10, 2006

Abstract—The paper presents data on the mineral assemblages and chemical composition of minerals in rocks
from the eastern part of the Pana Massif, Kola Peninsula, and the results obtained by studying the amphiboliza-
tion of rocks of this massif genetically related to metamorphism. The rocks contain four amphibole populations,
which can be used as good indicators for metamorphic facies. The amphiboles show broad compositional vari-
ability. Their evaluated P-T crystallization conditions indicate that the prograde stage of the overprinted meta-
morphic processes occurred at temperatures increasing from 382 to 473°C and pressures from 1.7 to 4.3 kbar.
The retrograde stage (biotitization, chloritization, silification, and carbonatization) took place at temperatures
of about 370°C and pressures of approximately 1 kbar. The fluid regime of the metamorphic transforms was
also controlled by the temperature: the fluids were oxidizing early in the course of the process and gradually

became more reducing with decreasing temperature.
DOI: 10.1134/S0016702907100035

INTRODUCTION

The Pana Tundra Massif is part of the single Fedor-
ovo—Pana layered intrusion in the central part of the
Kola Peninsula, in the junction zone of the Upper
Archean Central Kola block and the Imandra—Varzuga
zone of the Karelides, and belongs to the Lower Prot-
erozoic peridotite—pyroxenite—gabbro—norite associa-
tion [1, 2]. The Pana Massif consists of two discrete
blocks: Western Pana (25 km long) and Eastern Pana
(55 km), which differ in size, geological structure, rock
compositions, and the intensity of metamorphic trans-
forms. Our research was centered mostly on the eastern
termination of the Eastern Pana block at the contact of
the Belye Tundry alkaline granites in the north and
Early Proterozoic volcanic—sedimentary rocks of the
Imandra—Varzuga zone in the south.

The Eastern Pana block is dominated by gabbro and
leucogabbro, which account for 50-60% of this block
by volume and occur mostly in the upper part of the
massif. The rest of its vertical section (close to 35 vol %)
is made up of gabbronorites, which are concentrated
mostly in the lower part of the massif, and various oli-
vine-bearing rocks (approximately 5 vol %) with minor
amounts of pyroxenites, norites, anorthosites, and peg-
matoid gabbroids [3]. In the pinch-out zone of the East-
ern Pana block, the thicknesses of the gabbronorite and
gabbro zones drastically decrease. More strongly lay-

ered gabbro typically alternates with texturally more
monotonous gabbronorite. The relatively thin mineral-
ized unit (MU) contains, along with variably metamor-
phosed gabbronorite and gabbro, also metanorite,
metaanorthosite, and olivine metagabbronorite.

The aim of our research was to characterize the
petrology of the rocks and to analyze the evolution of
metamorphic processes at the Predgornyi and Kuksha
prospects in the pinch-out zone of the Eastern Pana
block. For these purposes, we conducted a detailed
examination of the petrography of the rocks, a micro-
probe analysis of their rock-forming and accessory
minerals, and determined their crystallization sequence
and the P-T parameters of these processes. We revealed
the character and role of metamorphic processes
(including postmagmatic ones) in the formation of the
mineral assemblages of the layered unit and barren
rocks (BR). It was determined that the development of
the metamorphic processes was coupled with system-
atic variations in the mineralogy of the rocks and the
fluid composition in them. The research was conducted
on the following samples selected for it: 1-3 from the
Predgornyi prospect; 4—7 from the MU in the Kuksha
prospect; 9 and 10 from the BR of the massif from their
contact with the Imandra—Varzuga complex. The chem-
ical composition of minerals was determined on a Cam-
eca MS-46 X-ray microprobe, and BSE images were
taken on a LEO-1450 electron microscope.
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Table 1. Microprobe analyses (wt %) of minerals from amphibolized metagabbronorite (sample 1) from the layered unit,

Predgornyi prospect

Compo- Pl Opx Cpx Cum Amp-1 Amp-2 | Amp-3' | Amp-3 b Ms
nent rim
Si0, 47.97 52.24 50.88 56.40 55.58 50.99 42.88 45.49 32.83 4891
TiO, - 0.05 0.13 0.14 0.03 0.43 0.05 0.05 2.29 0.02
AL, Oy 31.60 0.53 2.31 0.60 2.60 3.71 16.25 14.32 14.71 36.05
FeO 0.20 24.60 8.51 16.92 9.96 15.06 13.00 17.85 16.46 0.98
MnO - 0.34 0.16 0.53 0.34 0.22 0.19 0.27 0.05 0.00
MgO - 21.53 13.05 21.68 18.18 13.66 10.44 8.06 11.36 0.69
CaO 16.88 1.02 21.60 0.44 11.70 12.84 13.05 12.66 0.25 0.37
Na,O 2.70 0.10 2.69 0.06 0.29 0.37 1.60 1.18 0.25 0.59
K,O 0.03 0.00 0.02 0.05 0.04 0.28 0.38 0.40 7.98 4.43
Cr - 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00
Ni - 0.13 0.16 0.14 0.09 0.19 0.06 0.08 1.54 0.00
v - 0.00 0.00 0.00 0.00 0.05 0.00 0.00 0.71 0.00
Total 99.39 100.54 100.27 96.96 98.83 97.82 97.89 100.34 86.88 92.04
Cation proportions

Si 2.22 1.95 1.87 8.02 7.73 7.48 6.28 6.60 2.74 3.18
AlY 1.73 0.02 0.10 - 0.27 0.52 1.72 1.40 1.44 2.76
Ti 0.00 0.00 0.00 0.02 0.00 0.05 0.01 0.01 0.14 0.00
AlY 0.00 0.00 0.00 0.10 0.16 0.12 1.09 0.85 0.00 0.00
Fe 0.01 0.77 0.26 2.01 1.16 1.85 1.59 2.17 1.15 0.05
Mn 0.00 0.00 0.01 0.06 0.04 0.03 0.02 0.03 0.00 0.00
Mg 0.00 1.20 0.72 4.60 3.79 2.99 1.28 1.74 1.41 0.07
Ca 0.84 0.04 0.85 0.07 1.75 2.02 2.05 1.97 0.02 0.03
Na 0.24 0.01 0.19 0.02 0.08 0.11 0.05 0.33 0.04 0.08
K 0.00 0.00 0.00 0.01 0.01 0.05 0.10 0.07 0.85 0.43
Xre - 39 27 30 23 38 41 55 45 42
An, % 77 - - - - - - - - -

Note: Here and in the text, the following mineral symbols and abbreviations are used: Ab—albite; Act—actinolite; An—anorthite; Ann—
annite; Br—biotite; Ccp—chalcopyrite; Chl—chlorite; Cpx—clinopyroxene; Czo—clinozoisite; Di—diopside; En—enstatite; Ep—
epidote; Fac—ferroactinolite; Fs—ferrosilite; Hbl—hornblendite; Hd—hedenbergite; Mgt—magnetite; Ms—muscovite; Opx—
orthopyroxene; Phl—phlogopite; Pl—plagioclase; Pn—pentlandite; Po—pyrrhotite; Py—pyrite; Qtz—quartz; Ser—sericite;
Soss—saussurite; Ts—tschermakite; Vi—violarite; Wo—wollastonite [5]. Subscript numerals near plagioclase symbols (for exam-
ple, Pl4,,77) mean the concentration of the anorthite end member, subscript numerals at the symbols of Fe-Mg silicates (for example,

OpXp39) mean their total Fe mole fraction, and numerals near amphiboles (for example, Amp-1, 2, 3!, and 3) mean amphibole pop-
ulations. Dashes correspond to the absence of data. All Fe is recalculated to FeO. The cation proportions of minerals are normalized
to 23 oxygens for amphiboles, 11 for biotite and muscovite, 6 for pyroxenes, and 8 for plagioclase.

MINERAL ASSEMBLAGES
OF THE LAYERED UNIT AND BARREN ROCKS

The rocks of the Predgorny prospect are character-
ized by significant metamorphism, which resulted in
their amphibolization, biotitization, epidotization, and
silification. Some samples contain variably preserved
relics of magmatic and autometamorphic minerals.

(1) Amphibolized gabbronorite (Table 1, sample 1)
has the following mineral composition: Ply,77—Enso—

GEOCHEMISTRY INTERNATIONAL

Ms—Czo—Ep—Qtz—Mgt—Py—Po—Ccp—(Pn—Vi)1. The rock
is coarse grained, massive, panidiomorphic granular,
amphibolized, and weakly silicified. The primary mag-
matic minerals are plagioclase, ortho- and clinopyrox-
ene; the secondary minerals are various amphiboles,
micas, and minerals of the clinozoisite—epidote series.
The ore minerals are magnetite, pyrite, pyrrhotite, chal-
copyrite, pentlandite, and violarite.

! Mineral symbols and other abbreviations are used according to
[4, 5] and listed in the note to Table 1.
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Fig. 1. Fragment of biotite—muscovite (Bf-Ms) rim around a
plagioclase (PI) grain. Sample 1.

Fig. 2. Plagioclase morphology and general replacement
patterns of pyroxene (Opx and Cpx). Sample 1.

Fig. 3. Orthopyroxene (Opx) replacement by cummingto-
nite (Cum). Sample 1.

The plagioclase is bytownite (Table 1), which forms
large, usually rounded unzoned grains. At contacts with
amphibole grains, they are surrounded by rims of ran-
domly oriented biotite (predominant) and muscovite
flakes (Fig. 1). The pyroxenes are enstatite
(Wo,EngyFssg) and diopside (Wo,;EnyoF's,3), which are pre-
served as small relics in amphibole masses (Fig. 2), with
orthopyroxene replaced by cummingtonite (Opx <—
Cum; Fig. 3) and clinopyroxene replaced by actinolite
and hornblende (Cpx <— Amp-1 <~— Amp-2 <—
Amp-3' <— Amp-3; Fig. 4). Orthopyroxene is replaced
by cummingtonite along cracks and in the peripheries
of its grains, up to the development of complete

GEOCHEMISTRY INTERNATIONAL  Vol. 45  No. 10

Fig. 4. Relict clinopyroxene grain surrounded by a rim of
amphiboles (Amp-1, 2, and 3h). Sample 1.

pseudomorphs. The cummingtonite aggregates abound
in small interstitial inclusions of ore minerals. The cli-
nopyroxene is also replaced along cracks and in the out-
ermost zones of its grains: first by pale actinolite Amp-
1 and pale green magnesian hornblende Amp-2 and then
by bluish green hornblende Amp-3!, which develops in
the form of outermost zones in these crystals. Some cli-
nopyroxene grains are replaced by pseudomorphic act-
inolite Amp-1 with rims of green hornblende Amp-3
(Fig. 5).

Amphiboles are the most sensitive indicators of
mineral-forming and metamorphic conditions in the
rocks. According to their chemistry, optical characteris-
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Fig. 5. Zonal amphibole grain: core of early amphibole
(Amp-1) is surrounded by a rim of younger amphibole
(Amp-3). Sample 1.

tics, and relations with accompanying minerals, the fol-
lowing four successive amphibole populations were
recognized: Amp-1-Amp-2-Amp-3'-Amp-3. According
to the systematics proposed by IMA [5], all of the
amphiboles belong to calcic amphiboles: 1—actinolite;
2 and 3—magnesian hornblende; and 3'—tschermak-
ite. Recall that all of the aforementioned amphiboles
replaced pyroxenes.

The data presented above for the mineral assem-
blages and compositional variations in certain mineral
phases during the growth of their crystals led us to con-
clude that actinolite Amp-1 is the oldest. Magnesian

VOLOSHINA et al.

hornblende Amp-2 replaced actinolite, and in the course
of their growth, its crystals enriched in alumina up to
the development of tschermakite rims (Amp-3'). Mag-
nesian hornblende Amp-3 is the youngest and replaced
all older calcic amphiboles.

As was mentioned above, biotite and muscovite
form rims around plagioclase grains in masses of calcic
amphiboles. Moreover, minor biotite amounts may
occur among rock-forming minerals as randomly ori-
ented brown flakes. The composition of the mineral
corresponds to phlogopite with slightly elevated alu-
mina concentrations.

Minerals of the clinozoisite—epidote series replaced
plagioclase in the form of equant and short-columnar
grains in saussuritized masses. Quartz composes anhe-
dral grains with weakly undulatory or even extinction
in interstices between other minerals.

The ore minerals occur in the interstitial space
between grains of rock-forming silicates (Fig. 6) and
are mostly associated with early amphiboles and biotite
(Fig. 7).

(2) Amphibolized metagabbro have the following
mineral composition: Ply,74~Amp-1-Amp-2—
Amp-3'—Amp-3 5-Bt-Cz0—-Qtz—Mgt—Py—Po—Ccp—Pn
(Table 2, sample 2); Pl-1,, ¢s—PI-24, 60—Pl-3 4043~

Amp-1 ﬂ7—Amp—2ﬂg—Amp}43 ~Amp-35,~Bi—Cz0-Qtz~
Mgt—Py—Po—Ccp—Pn (Table 2, sample 3). The met-
agabbro is amphibolized without preservation of any
magmatic textures, structures, or minerals and is weakly
sheared. The major minerals of the rocks are plagioclase,
amphiboles, and clinozoisite; the minor minerals are
biotite and quartz; and the ore minerals are magnetite,
pyrite, pyrrhotite, chalcopyrite, and violarite.

Fig. 6. Morphologies of sulfide grains. Sample 1.

GEOCHEMISTRY INTERNATIONAL

Fig. 7. Zonal amphibole grain (Amp-1, -2, -3). Sample 2.
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Table 2. Microprobe analyses (Wt %) of minerals from amphibolized metagabbronorite (sample 2) and metagabbro (sample 3)

from the layered unit, Predgornyi prospect”

Compo- Sample 2 Sample 3

nent Pl Amp-1 | Amp-3' | Amp-3 | PI-1 PI-2 PI-3 | Amp-1 | Amp-2 | Amp-3' | Amp-3
SiO, 49.32 56.37 4421 44.04 50.78 54.63 58.24 56.16 50.06 42.00 44.48
TiO, 0.00 0.03 0.05 0.23 0.00 0.00 0.00 0.07 0.91 0.24 0.19
AL, Oy 30.55 2.26 15.40 13.18 29.28 27.38 25.10 1.82 5.04 16.87 11.04
FeO 0.14 7.74 11.88 17.84 0.04 0.09 0.05 7.24 6.77 12.61 16.95
MnO 0.00 0.23 0.26 0.29 0.00 0.00 0.00 0.42 0.33 0.42 0.30
MgO 0.00 18.57 11.16 7.79 0.00 0.00 0.00 19.71 16.04 9.42 8.85
CaO 16.62 14.34 13.46 12.64 14.62 12.46 9.16 12.86 16.27 12.50 11.86
Na,O 3.15 0.25 1.58 1.22 3.73 4.62 6.68 0.21 0.46 1.31 0.96
K,0 0.00 0.01 0.08 0.43 0.02 0.02 0.02 0.02 0.02 0.26 0.25
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.04 0.03 0.08
Ni 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.06 0.04 0.04 0.00
A\ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.04 0.04 0.07
Total 99.78 99.83 98.11 97.68 98.47 99.20 99.25 98.60 96.02 95.74 95.03

Cation proportions

Si 2.27 7.77 6.41 6.60 2.35 2.49 2.63 7.80 7.28 6.27 6.80
AV 1.66 0.23 1.59 1.40 1.60 1.47 1.34 0.20 0.72 1.73 1.20
Ti 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.10 0.03 0.02
AlY 0.00 0.14 1.04 0.93 0.00 0.00 0.00 0.10 0.14 1.24 0.79
Fe 0.01 0.89 1.44 2.24 0.00 0.00 0.00 0.84 0.02 1.57 2.17
Mn 0.00 0.03 0.03 0.04 0.00 0.00 0.00 0.05 0.04 0.05 0.04
Mg 0.00 3.82 2.41 2.74 0.00 0.00 0.00 4.08 3.47 2.10 2.02
Ca 0.82 2.12 2.09 2.03 0.73 0.61 0.45 1.92 2.53 2.00 1.94
Na 0.28 0.07 0.45 0.36 0.34 0.41 0.59 0.06 0.13 0.38 0.28
K 0.00 0.00 0.01 0.08 0.00 0.00 0.00 0.00 0.00 0.05 0.05
Xre - 19 37 56 - - - 17 19 43 52
An, % 75 - - - 68 60 43 - - - -

The plagioclase of these mineral assemblages
occurs as variably shaped grains, some of which are
zonal: the anorthite cores are surrounded by rims (a few
hundredths of a millimeter thick) of more sodic plagio-
clase with uneven outlines. We examined a plagioclase
grain (Fig. 8, sample 3) consisting of three zones with
a gradual decrease in the concentration of the anorthite
end member from the core toward margins. The zones
were likely formed during the metamorphic recrystalli-
zation of the rock: the inner zone consists of bytownite
(An 68%), the intermediate zone consists of labradorite
(An 60%), and the outer zone is made up of andesine
(An 43%). The secondary alterations of the plagioclase
involve the formation of minor amounts of sericite, sau-
ssurite, and more abundant clinozoisite. Amphiboles
were formed in the course of rock alterations (Figs. 2,

GEOCHEMISTRY INTERNATIONAL  Vol. 45  No. 10

4, 8) in the same sequence as in sample 1: Amp-1—- Amp-2—
Amp-3'-Amp-3.

(3) The amphibolized leucocratic metagabbro from
the Kuksha prospect contain the following mineral
assemblages: Pl-1,4,7~P1-2 4,3,—Amp-15—Amp-3 51—
Czop~(Chl)-Qtz—Mgt—Py—Po—Ccp—Pn (Table 3, sam-
ple 4); Pl-14,60~Pl-25,5-Amp-1p5—Amp—2ps—Amp3,—
Cz0-Bt—(Chl)-Qtz—Mgt—Py—Po—Ccp—Pn (Table 3, sam-
ple 5); Pl-14,60-Pl-2p,00-Amp-1p~Amp3 ng—Bi—Czof  —
(Chl-Qtz)-Mgt—Py—Po—Ccp—Pn (Table 4, sample 6);
PI-1,,65~Pl-2,30-Amp-15,—~Amp-2p—Czo—(Q1z)-Mgt—
Py— Po—Ccp—Pn (Table 4, sample 7). All metagabbro
consist of similar mineral assemblages and have close pet-
rographic characteristics, which suggests that these rocks
were produced under similar conditions (Tables 3, 4).

The metagabbroids are medium- to coarse-grained
rocks, which are strongly amphibolized and silicified
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Fig. 8. Zonal plagioclase grain (PIl-1—bytownite,
Pl-2—-]abradorite, PI-3—andesine). Sample 3.

Fig. 9. Early prismatic amphibole-1 cuts across sulfide
aggregates. Sample 4.

Fig. 10. Zonal amphibole blade-shaped crystals. Sample 5.

(sample 5). The rocks are generally characterized by
gabbro and hypidiomorphic-granular textures and
massive or, sometimes, weakly schistose structures
(sample 7). The altered leucocratic metagabbro typi-
cally contain no magmatic minerals, and their predom-
inant mineral phases are plagioclase and calcic amphib-
oles of three populations (Amp-3'is absent), along with
clinozoisite, quartz, biotite, and chlorite.

As in the rocks described above, plagioclase in this
rock group includes grains with normal zoning, i.e.,
with cores of labradorite-bytownite and peripheral
parts of andesine and, more rarely, oligoclase (sample
5). Some plagioclase phenocrysts are strongly saussuri-
tized and contain much clinozoisite.

GEOCHEMISTRY INTERNATIONAL  Vol. 45

Fig. 11. Platy amphibole blade-shaped crystals. Sample 5.

Similarly to the amphiboles described above, all
amphiboles in the metaleucogabbro (Tables 3, 4) are
calcic amphiboles. They occur as grains of various
shape: prismatic (Fig. 9) or blade-shaped (Fig. 10),
with even (Fig. 11) or uneven (Fig. 12) outlines.
Amphibole grains are usually zonal and often bear
abundant inclusions of ore minerals (Figs. 10-12).

The composition of the amphiboles and their textural
relations with neighboring minerals allowed us to distin-
guish three amphibole populations: Amp-1, 2, and 3. As
was mentioned above, actinolite Amp-1 is the oldest
and, as aggregates of randomly oriented prismatic crys-
tals that do not show simultaneous extinction, replaces
clinopyroxene with the preservation of the original

No. 10 2007
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Table 3. Microprobe analyses (Wt %) of minerals from amphibolized metagabbronorite (samples 4 and 5) from the layered

unit, Kuksha prospect

Compo- Sample 4 Sample 5

nent Pl-1 P2 | Amp-1 | Amp-3 Czo Pl-1 P2 | Amp-1 | Amp-2 | Amp-3
SiO, 50.51 61.34 56.45 47.11 38.61 52.95 59.50 53.97 52.07 43.67
TiO, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.17 0.20 0.53
Al,O4 30.55 23.87 2.25 13.12 27.82 27.87 24.08 3.07 5.23 12.16
FeO 0.21 0.06 6.30 11.34 4.30 0.21 0.06 9.54 10.29 13.41
MnO 0.00 0.00 0.18 0.30 0.08 0.00 0.00 0.27 0.27 0.31
MgO 0.00 0.00 19.55 12.37 0.05 0.00 0.00 16.39 15.13 9.53
CaO 15.41 6.39 14.23 13.45 24.98 13.52 8.06 14.26 14.04 13.57
Na,O 3.25 7.75 0.21 1.40 0.00 4.84 7.64 0.25 0.52 1.43
K,0 0.01 0.00 0.01 0.05 0.00 0.07 0.10 0.06 0.16 0.67
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00
Ni 0.00 0.00 0.10 0.15 0.00 0.00 0.00 0.03 0.05 0.03
A% 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.02 0.02
Total 99.94 99.41 99.27 99.29 95.84 99.46 99.44 98.07 97.97 95.33

Cation proportions

Si 2.31 2.74 7.78 6.71 3.08 243 2.68 7.66 7.45 6.62
AlY 1.65 1.26 0.37 1.29 2.61 1.51 1.28 0.34 0.55 1.38
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.02 0.06
AlY - - - 0.91 0.00 0.00 0.00 0.17 0.33 0.79
Fe 0.01 0.00 0.73 1.35 0.29 0.01 0.00 1.14 1.23 1.70
Mn 0.00 0.00 0.02 0.04 0.01 0.00 0.00 0.03 0.03 0.04
Mg 0.00 0.00 4.02 2.63 0.01 0.00 0.00 3.47 3.23 2.15
Ca 0.76 0.31 2.10 2.05 2.13 0.66 0.39 2.17 2.15 221
Na 0.29 0.67 0.06 0.39 0.00 0.43 0.67 0.07 0.15 0.42
K 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.03 0.13
Xre - - 15 34 10 - - 25 28 44
An, % 72 32 - - - 61 36 - - -

crystal shapes of this mineral. Smaller elongated grains
of Amp-1 occur in association with clinozoisite, abound
in dust of ore minerals, and are spatially restricted to
sulfide segregations. Magnesian hornblende Amp-2
replaced actinolite (Figs. 11, 12, 13), and still younger
Amp-3 composes the outermost zones of crystals of ear-
lier populations. The analysis of amphibole composi-
tions indicates that the successive crystallization in the
succession Amp-1-Amp-2-Amp-3 was associated with
an increase in the Fe# and, what is the most important,
Al# of the amphiboles, with the latter feature likely

GEOCHEMISTRY INTERNATIONAL  Vol. 45  No. 10

indicating a systematic temperature increase during the
growth of the crystals [6].

Biotite is contained in variable amounts in the rocks.
This mineral is the most abundant in the metaleucogab-
bro from the vicinity of the southern contact of the mas-
sif with the host rocks. In this sections, biotite is brown
and shows strong pleochroism in yellow-brown shades.
The mineral occurs as aggregates in the groundmass of
the rocks and can replace amphiboles, a fact suggesting
a metamorphic genesis of this mineral.
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Table 4. Microprobe analyses (wt %) of minerals from amphibolized metagabbro (samples 6 and 7) from the layered unit,

Kuksha prospect
Compo- Sample 6 Sample 7
nent 1 ppg Pl2 | PI3 | Amphl | Amph3 | Czo Pl-1 P2 | Amph 1 | Amph2 | Czo
Si0, 53.17 60.15 63.47 53.95 46.88 38.83 53.43 59.34 55.28 51.11 38.03
TiO, 0.00 0.00 0.00 0.00 0.27 0.18 0.00 0.00 0.02 0.02 0.02
Al,O4 29.03 25.03 22.64 2.59 12.18 28.33 28.61 24.09 2.16 7.78 29.15
FeO 0.09 0.16 0.00 10.93 13.61 5.03 0.04 0.08 8.73 9.80 427
MnO 0.00 0.00 0.00 0.27 0.28 0.12 0.00 0.00 0.02 0.04 0.11
MgO 0.00 0.00 0.00 17.34 11.72 0.03 0.00 0.00 18.20 14.50 0.08
CaO 13.51 7.83 5.01 14.14 13.39 26.07 12.82 8.00 13.12 12.36 23.80
Na,O 4.78 8.33 9.42 0.56 1.03 0.10 4.45 6.99 0.33 0.94 0.11
K,0 0.17 0.11 0.10 0.19 0.42 0.03 0.02 0.04 0.00 0.05 0.01
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.21 0.01 0.00
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.16 0.06 0.00
v 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.02 0.00
Total 100.74 | 101.61 | 100.64 99.97 99.77 98.72 99.36 98.54 | 98.25 97.12 95.57
Cation proportions
Si 2.40 2.66 2.80 7.59 6.72 3.03 2.44 2.69 7.72 7.42 3.03
AlY 1.55 1.30 1.18 0.41 1.28 2.60 1.54 1.29 0.28 0.58 2.74
Ti 0.00 0.00 0.00 0.00 0.03 0.01 0.00 0.00 0.00 0.02 0.00
AlY 0.00 0.00 0.00 0.02 0.78 0.00 0.00 0.00 0.08 0.73 0.00
Fe 0.00 0.01 0.00 1.29 1.63 0.33 0.00 0.00 1.02 1.17 0.28
Mn 0.00 0.00 0.00 0.03 0.03 0.01 0.00 0.00 0.03 0.04 0.01
Mg 0.00 0.00 0.00 3.64 2.50 0.00 0.00 0.00 3.82 3.10 0.01
Ca 0.65 0.37 0.24 2.13 2.06 2.18 0.63 0.39 1.98 1.90 2.03
Na 0.42 0.71 0.81 0.15 0.29 0.02 0.39 0.61 0.09 0.27 0.02
0.01 0.01 0.01 0.03 0.08 0.00 0.00 0.00 0.00 0.01 0.00
XFe - - - 26 39 99 - - 21 27 10
An, % 60 34 23 - - - 62 39 - - -

Along with biotite, the rocks also contain chlorite,
which preferably developed near contacts with the host
rocks (as the biotite did) and rapidly disappears from
the rocks away from the contact. Chlorite usually
replaces biotite, but sometimes its single flakes occur in
the fine-grained actinolite mass. In thin sections, the
chlorite is pale green and shows weak pleochroism and
low birefringence. As usual, chlorite was produced by
the latest retrograde alterations of the rocks (Fig. 12).

GEOCHEMISTRY INTERNATIONAL

Quartz occurs as aggregates of equant grains that fill
interstices between larger grains of plagioclase and
magnesian hornblende and composes younger monom-
ineralic veinlets.

Sulfides (chalcopyrite, pyrrhotite, pyrite, pentland-
ite, and violarite) occur as anhedral grains in the inter-
stitial space of rock-forming minerals and as dust dis-
seminated in cleavage planes of amphiboles and clino-
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Fig. 12. Jagged margins of zonal amphibole grains. The
cores of the amphibole grains contain oriented chains of
sulfide grains. Sample 7.

zoisite (Figs. 13, 14). The leucogabbro contain minor
amounts of euhedral apatite prisms.

Mineral Assemblages of Contact Rocks

Within 2 m from their contact with alkaline granites,
the medium-grained gabbronorites of the Fedorovo-
Pana Massif are cataclased and transformed into trem-
olite, actinolite, or hornblende schists; are brecciated;
and abound in quartz—feldspathic veinlets and veins.
Away from the contact, the alkaline granites themselves
are pale pinkish gray inequigranular massive porphy-
ritic rocks with locally and weakly pronounced linea-
tion [7].

Mesocratic amphibolized and silicified gabbro-
amphibolites with minor amounts of carbonates
(Table 5, samples 8, 9) occur near the contact with the
metavolcanic rocks of the Imandra—Varzuga zone. The
medium-grained gabbro-amphibolite (sample 8) has the
following mineralogical composition: Ply,3—Amp-1p,—
Amp-35,-Czo—-Ep-Bt—Qz. The coarse-grained sheared gab-
bro-amphibolite (sample 9) consists of Ply,~Amp-155—
Amp-35—Czo-Ep-Bt—Cal-Qtz. The plagioclase occurs
as anhedral unzoned grains partly replaced by clinozo-
isite and saussurite. The newly formed hornblende
forms large elongated and tabular subhedral grains. The
latter often show patchy coloration in thin sections, as
is typical of amphiboles in metavolcanic rocks of the
Imandra—Varzuga zone. The pale patches have a com-
position corresponding to Amp-1, and the dark green
parts correspond to magnesian hornblende Amp-3.
Some of the crystals abound in minute inclusions of
minerals of the plagioclase—clinozoisite groundmass.
Biotite is unevenly distributed in the rock: its highest
concentrations are contained in rocks closer to the con-
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Fig. 13. Morphology of sulfide aggregates. Sample 6.

tact with the volcanics. The mineral forms aggregates in
the groundmass of the rock, replaces amphibole, and
usually occurs in close association with chlorite. In thin
sections, biotite is brown, with strong pleochroism in
yellow-brown tints.

Thermodynamics and P— T Metamorphic Conditions

The rocks composing the eastern termination of the
Pana Massif are characterized by strong metamorphic
transforms, first of all, amphibolization. Some samples
(for example, sample 1 from the Predgornyi prospect)
contain relics of primary magmatic and postmagmatic
minerals. Orthopyroxene replacement by cummingto-

Fig. 14. Morphology of sulfide aggregates. Sample 7.
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Table 5. Microprobe analyses (wt %) of minerals from am-
phibolized gabbroamphibolite (samples 8 and 9) from the
barren unit, southern contact zone with the host rocks

Compo- Sample 8 Sample 9

"N b L Amp-t [ Amp3 | PU | Amp-1 | Amp-3
Si0O, 59.90| 54.16 | 44.80 | 61.33 | 52.05 | 42.68
TiO, 0.00f 0.03 | 020 | 0.00 | 0.02 | 0.28
AlL,O; | 2521 1.71 | 11.88 | 23.38 | 2.70 | 13.71
FeO 0.05] 13.24 | 16.84 | 0.08 | 13.35 | 17.22
MnO 0.00f 023 | 0.26 | 000 | 032 | 0.30
MgO 0.00| 15.11 | 874 | 0.00 | 13.69 | 7.58
CaO 6.57| 1339 | 1236 | 5.04 | 12.74 | 11.35
Na,O 449| 0.15 | 125 | 855 | 028 | 1.37
K,0 001} 006 | 033 | 002 | 0.03 | 024
Cr 0.00f 0.07 | 0.00 | 0.00 | 0.18 | 0.05
Ni 0.00f 0.00 | 0.00 | 0.00 | 0.00 | 0.00
\Y% 0.00f 0.00 | 0.00 | 0.00 | 0.10 | 0.07
Total | 89.78 | 98.15 | 96.66 | 98.40 | 95.46 | 94.86

Cation proportions

Si 268 780 | 6.74 | 276 | 772 | 6.56
AV 1.331 020 | 1.26 | 124 | 028 | 144
Ti 0.00| 0.00 | 0.02 | 0.00 | 0.00 | 0.03
AV 0.00f 0.09 | 085 | 0.00 | 0.19 | 1.04
Fe 000 159 | 212 | 0.00 | 1.66 | 221
Mn 0.00| 0.03 | 0.03 | 0.00 | 0.04 | 0.04
Mg 0.00] 324 | 196 | 0.00 | 3.03 1.74
Ca 032 2.07 | 199 | 024 | 2.03 | 1.87
Na 0.65| 0.04 | 037 | 075 | 0.08 | 0.41
K 0.00f 0.01 | 0.06 | 0.00 | 0.01 | 0.05
Xre - |33 52 - 35 56
An, % | 33 - - 24 - _
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nite was related to the processes of autometamorphic
replacement of high-temperature minerals by lower
temperature phases in the cooling rocks under the effect
of decreasing temperature and pressure. The processes
of autometamorphic transforms themselves are regar-
ded as the evolution of the magmatic rock [8].

The later metamorphic history of the rocks is
recorded in a number of amphibole populations: actin-
olite, tschermakite, and magnesian hornblende.

According to the results obtained by the plagio-
clase—amphibole geothermometer [9], the amphiboles
of the actinolite—hornblende series crystallized at 450—
500°C for amphiboles 1 and 2 and at 600—650°C for
amphibole 3. These temperatures seem to be slight
overestimates, and hence, during the following stage of
our research, we utilized the TWQ method [10] with an
internally consistent database appended with thermo-
dynamic values for some amphiboles from [11]. The
calculations were conducted with the compositions of
minerals from the rocks regardless of the presence of
their solid solutions: all clinopyroxenes were assumed
to be diopside, all hornblendes were regarded as the
magnesian end member of the series, etc.

The intersections of the equilibrium lines for respec-
tive chemical reactions in the P-T diagram (Fig. 15)
cover broad ranges of conditions, from early autometa-
morphic transforms of the rocks with pyroxene—cum-
mingtonite assemblages (Opx—Cum, T = 624°C, P =
6.2 kbar) to the metamorphic transforms of rocks with
the early plagioclase—actinolite (Pl=Act, T =382°C, P =
1.7 kbar and Pl-Act-Ts T = 398°C, P = 2.6 kbar) and
later plagioclase—hornblende assemblages (PI-Hbl, T =
473°C, P = 4.3 kbar) and further to diaphthoritic rocks
(Pl-Act-Chl, T = 370°C, P = 1 kbar). The chemical
reactions and equilibrium constants are as follows:

Pl-Cum assemblage:
1.9An + 3Cum + 3Di + 2Mgt = 12En + 3Fs + 6Czo + 30,

2. 6Cum + 2Mgt = 3Fs + 21En + 30, + 6H,O
3. Cum + 2Czo = 3An + 3En + Di + 2H,0
4. 18An + 6Di + 2Mgt + 6H,0 =3En + 3Fs + 12Czo0 + O,

5. Cum + 14Czo + 6Qtz = 21An + 7Di + 8H,0
Pl-Act assemblage
1. Fac + 20tz + 6Czo = 5Hd + 9An + 4H,0

2.4An + 16Di + 10Mgt + 36Qtz + 10H,O = 6 Fac
+ 4Hbl + 50,

3.12Cz0 + 72Di + 18601z + 50Mgt + 42H,0 =30Fac +
18Hb! + 250,

4.30Cz0 + 12Di + 870tz + 20Mgt = 12Fac + 42An +
3Hbl + 100,

5.24Cz0+ 10Mag + 48Qtz =36An + 6Fac + 50, + 6H,0
6. 10Mag + 48Qtz + 24Cz0 =36An + 6 Fac + 50, + 6H,O
Pl-Act-Ts assemblage
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P, kbar P, kbar

1 2 3 4 12 34 5
68 F (a) (b)
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6.4
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340 380 420 460 440 460 480 T,°C
©) 12 3 4 5

365 370 375 3807, °C

Fig. 15. Evaluation of the P-T parameters of equilibrium silicate systems: (a) PI-Cum assemblage; (b) PI-Act assemblage;
(c) PI-Act-Ts assemblage; (d) PI-Hbl assemblage; (e) PI-Act—Chl assemblage.

1.4An+2Phl +2Mgt + 4Qtz+ 2H,0 =2Ts + 2Ann+ O,  4.24Czo + 10Mgt + 48Q1tz = 36An + 6Fac + 50, + 6H,0

2. 12Czo + 9Phl + 420tz + 14Mgt + 6H,0 = 3Fac +  5.5Ts+Ann+12Czo + 14Qtz = 3Fac + 28An + SPhl +
9Ts+ 9Ann + 70, 8H,0O

3.12Cz0 + 24Qtz + SMgt = 18An + 3Fac + 40, + 3H,0 6. 6Fac + 84An + 24Phl + 14Mag + 30H,0 = 24Ts +

GEOCHEMISTRY INTERNATIONAL  Vol. 45 No. 10 2007
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24Czo0 + 24Ann + 70,
PI-Hbl assemblage
1.2An +8Di + 6Qtz + 2Mgt + 2H,0 =2Hbl + 6Hd + O,

2. Czo + 4201tz + 24Phl + 14Mag + 6Fac + 6H,0 =
24Ann + 18HbL + 70,

3.6Cz0 + 12Di + 4Mag + 150tz = 6An + 3Hbl + 12Hd +
20,

4. 14Mgt + 84An + 30 Fac + 30H,0 = 64Ann + 48Hd +
24Cz0 + 70,

5. 6Czo + Hbl + 30tz = 10An + 4Di + 4H,0

6.22An + 16Di +2Mgt+ 10H,0 =4Hbl + 16Hd +
12CZO + 02

Pl-Act—Chl assemblage

1. 2An + 10Di + 10Mg + 30Qtz + 14H,0 = 6Fac +
2Chi+ 50,

2.24Czo + 180Di + 58801z + 190Mg + 246H,0 =
114Fac + 36Chl + 950,

3.84Cz0 + 15Di + 21301z + 50Mgt = 123An + 30Fac +
3Chl + 250,

4.24Czo + 10Mgt + 48Q1z = 36An + 6 Fac + 50, + 6H,0
5. 12Czo0 + Chl + 90tz = 19An + 5Di + 10H,O

6. 196An + 80Di + 30Mgt + 142H,0 = 18Fac + 120Cz0 +
150,.

The P-T estimates presented above for the amphiboles
with regard for petrographic data on their crystalliza-
tion sequence led us to conclude that the P-T parame-
ters of the metamorphic transforms define a prograde
path from 382 to 473°C and from 1.7 to 4.3 kbar.

Hence, the eastern termination of the Pana Massif
was affected by regional metamorphism of the epidote-
amphibolite facies, which was overprinted on earlier
autometamorphic (at the Predgornyi prospect) and low-
temperature greenschist-facies (Predgornyi and Kuk-
sha prospects) transformations of the rocks. Rocks in
tectonic zones, at tectonic contacts of the massif with
rocks of the Imandra—Varzuga structure, and in the
pinch-out zone of the massif show traces of retrograde
rock transforms (chloritization and silification) that
occurred at lower temperatures and pressures (7 =
370°C and P = 1 kbar, chlorite—actinolite subfacies of
the greenschist facies).

The regional metamorphism of the supracrustal
rocks of the Imandra—Varzuga Complex south of the
massif corresponds to the biotite—actinolite subfacies of
the greenschist facies. The metamorphic grade north-
east of the massif reaches the epidote-amphibolite and
amphibolite facies [12]. The data presented above tes-
tify to the isofacies character of the mineral assem-
blages of the rocks composing the massif and those of
the host sedimentary—volcanic complex, which led us to

GEOCHEMISTRY INTERNATIONAL
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the conclusion about the overprinting of Svecofennian
regional metamorphism on the rocks of the massif [7].

Physicochemical Simulations

The calculation of the equilibrium composition of
phases in a heterogeneous multisystem imitating the
process of metamorphism was conducted by a program
complex making use of free energy minimization [13].
The physicochemical simulation of multisystems
makes it possible to assay the behavior and composi-
tion of the fluid phase in equilibrium with silicate and
sulfide phases and involves the recalculation of chemi-
cal analyses into mole concentrations of elements in
1 kg of the rock. The initial model multisystem for our
rock samples from the Eastern Pana block of the massif
contained 18 independent components (elements): Al—
C—Ca—Cu-Fe-K-Mg-Na-Ni-Pd-Pt-S-Se-Si-Te-Ti—
H-0O. The calculation matrix of the multisystem was
composed of 34 dependent components of silicate—sul-
fide phases and a fluid phase consisting of ten gaseous
components: H,O, H,, O,, CO, CO,, H,S, SO,, S,, CH,,
and C,Hy. The identification of major persistent rela-
tions in the distributions of fluid components can pro-
vide valuable information for solving petrogenetic
problems related to the genesis of ore mineralization.
These simulations enable the researcher to reproduce
the physicochemical situation for the multisystems and
to estimate the behavior of components during various
stages of the natural process with the evaluation of the
composition of the volatile components and the fluid
regime as a whole. During this phase, it is possible to
evaluate the conditions under which certain mineral
assemblages were produced, the compositions of the
solid phase, fluid, and correspondingly, the behavior of
sulfur and oxygen. The numerical simulation of the
model multisystems was carried out by the TWQ tech-
niques for the calculated P-T parameters. Table 6 lists
the calculated compositions of the solid phases and
fluid.

The calculated data presented in the table indicate
that the physicochemical conditions varied in the pro-
cess of metamorphism at the active participation of flu-
ids, which affected the solid phase, including the com-
position of the mineral assemblages. The variations of
the P-T parameters during the crystallization of miner-
als were associated with variations in the composition
and concentration of the fluid. The predominant fluid
component was water. Its highest activity was deter-
mined to occur during autometamorphism and at the
epidote-amphibolite facies. The concentrations of other
fluid components varied according to variations in the
thermodynamic parameters of the natural process and
the oxygen partial pressure, which controlled the fluid
regime and speciation of C, H, S, and other elements in
the natural system. The behavior of H,O in the natural
process was correlated with the activities and concen-
trations of CO,, H,, and CH,. During the autometamor-
phic processes at the epidote-amphibolite facies and the
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Table 6. Calculated component composition (wt %) of solid phases and fluid in various facies zones
t=624°C t=382°C t=398°C t=473°C t=370°C
Minerals and fluid P =6.2 kbar P =1.7 kbar P =2.6 kbar P =473 kbar P =1.0 kbar
components
Pl-Cum Pl-Act Pl-Act-Ts PI-Hbl Pl-Act—Chl
Ab 11.64 11.53 11.49 11.47 19.60
An 39.83 39.44 24.24 18.57 27.50
En 10.85 - - - -
Di 8.67 6.90 - - -
Cum 21.60 - - - -
Act - 31.00 34.27 3.99 32.16
Ts - - 22.10 - -
Hbl - - - 55.77 -
Ann 2.37 0.24 2.35 2.64 -
Phl - 1.73 - - -
Chl - - - - 6.23
01z 1.78 0.85 - 0.31 3.25
Mag tr 6.68 0.44 tr 5.80
Py 0.24 0.22 0.06 0.34 4.16
Po - tr - - -
Cep tr 0.78 0.77 - -
Gas: partial pressure P, /fugacity f;
H, 8.8 x 10! 5.6 x 10! 1.5x 1072 9.2x 1073 6.6 x 1072
3.1x10° 9.3 x 10! 33x1072 52x1072 5.1x1072
H,0 6.1x10° 1.6 x 10° 2.6x 103 6.9 x 103 1.0x 103
4.1 x 103 2.9 x 10? 5.0 x 10? 3.2x10? 5.2 % 10?
H,S 1.8 x 10! 2.1x 107! 6.4 % 107! 9.3x 107! 1.1x10°
1.2 x 10? 22x 107! 1.0 x 10° 1.1 x 10! 9.4 x 107!
0, 2.6x 10718 12x103 1.7x107% 1.1x 1072 9.5%x 10728
1.5x 107" 2.1x 1073 42 %1072 1.2x 10720 1.3x 10727
SO, 2.1x1072 1.5x 1071 6.7x 107 1.4 x 107! 1.4 %107
2.5x 107! 1.5x 1070 1.2x107 3.6 x 10° 1.0 x 107
CcO 32x1073 2.6x1078 23x107 3.6x 107 20x 10
3.0x 1072 54x1078 7.6 x 107 7.4 %107 3.1x 107
Co, 1.2x 10! 1.8x 107° 6.5 x 10° 1.9 x 10! 2.8x 10°
9.5x 10! 24x107° 1.4 x 10! 3.0x 102 2.9x10°
CH, 1.7 x 107 3.6 x 10° 3.1x10°8 9.3x 10710 32x10°
1.8x 107 7.4 % 10° 1.1x 107 2.1x10°% 4.6x107°
C,Hg 24x1071 6.1 x 1077 2.1x 107" 8.8 x 10722 3.1x 1071
6.8 x 10713 1.2x10° 29x%x 1071 7.3 %1070 3.9x 10710
S, 1.9x 1073 32x 1070 8.5x 1077 1.7x 107 4.1x108
9.0 1072 471071 1.7x 107 1.3x1073 5.0x 107
=V, cm’ 356.76 356.71 350.19 344.45 410.22
V g CM3 25.17 25.08 19.90 1591 74.66

gas»

Predominant fluid

H20 > H2 > st = C02

H,O > H,> CH,

H,O > H, > H,S$

H,O > H, > H,S

H20 > H2 = st
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Fig. 16. Behavior of fluid components during metamorphism. (1-5) Mineral assemblages: (1) PI—-Cum; (2) Pl-Act; (3) Pl-Act-Ts;

(4) PI-HDI; (5) PI-Act—Chl.

chlorite—actinolite subfacies, the concentrations of
these components in the fluid phase were relatively
high.

The transition from the early to late metamorphic
stages was associated with certain systematic variations
in the concentrations of volatile components related to
the evolution from oxidizing to reducing conditions.
Note that S-bearing components and S in the fluid are
mutually dependent at their relatively high activities.
The calculation results indicate that, depending on the

GEOCHEMISTRY INTERNATIONAL

P-T parameters, sulfur speciation in the system system-
atically varies and is correlated with variations in the
oxygen partial pressure. These variations control the
behavior of S-bearing components of the fluid and
PGE. The concentration of elemental modes of PGE
drastically increase at the greenschist facies (Fig. 16).
The two-stage transformations of S-bearing com-
pounds likely involved an inversion in the S valence in
S-bearing components with variations in the redox con-
ditions within a certain range of metamorphic tempera-
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tures. This phenomenon is consistent with the stable
forms and transformations of the solid sulfides [14].
The behavior of fluid components suggests that green-
schist-facies conditions serve as a redox barrier for the
redistribution of components in the C-H-S-O system.
This barrier is likely responsible for the transition from
oxidizing (autometamorphism) to reducing conditions
with subsequent changes in the temperature and pres-
sure.

CONCLUSIONS

(1) The results of our research indicate that the rocks
composing the eastern termination of the Pana intrusion
were variably affected by metasomatic transforms,
including early autometamorphism, overprinted meta-
morphism, which was related to the regional metamor-
phism of the host rocks, retrograde alterations (chloriti-
zation, sericitization, and silification), which occurred
at lower temperatures and locally, within tectonized
zones, and at contacts with the host volcanic—sedimen-
tary complex in the pinch-out zone of the intrusion.

(2) The mineral assemblages contain several popu-
lations of amphiboles, which are sensitive indicators of
metamorphic facies and can be utilized to obtain ther-
mobarometric estimates. The mineral assemblages cor-
respond to the specifics conditions of metamorphism.

(3) The metamorphic processes were determined to
have been associated with variations in the concentra-
tions of some gaseous components (H,, CO,, CH,, H,S,
and others). The fluid regime thereby varied from oxi-
dizing during the high-temperature metamorphism
(Po, =107'% to reducing during low-temperature
regional metamorphism (Po, =107 to 107%) and at the
ovezroprinting of later metamorphic stages (Po, = 10722 to
107%9).
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