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Abstract. The basement of the Early Proterozoic Pechenga paleorift was penetrated
by the Kola Superdeep Borehole over a depth interval of 6842-12,261 m. The principal
types of basement rocks are gneisses of trondhjemite—tonalite composition in association
with amphibolites, gneisses containing aluminous minerals, and banded iron formation
(BIF). It was demonstrated that the paleorift basement and rock associations exposed
at the surface in the northwestern part of the Kola—Norwegian block are of similar
age, composition of their protoliths, and correspond to the main types of sedimentary—
volcanic and plutonic rocks of the Archean granite—greenstone terrane, which was broken
up into separate segments in the Early Proterozoic. Rocks of the Pechenga Archean
basement were affected by Proterozoic magmatism and metasomatism related to the rift
development. The most intense Proterozoic processes in the Pechenga basement and
its nearest surroundings were intrusion of numerous mafic—ultramafic bodies, retrograde
metamorphism to the medium—-low-temperature amphibolite and epidote amphibolite
facies, synmetamorphic migmatization, and emplacement of postkinematic granite dikes.
Most Proterozoic processes were determined to have been related to mantle sources. The
overall amounts of Proterozoic material introduced into the Archean rocks penetrated by
the lowermost part of the borehole plus the remobilized Archean crustal material were
estimated at >30% (>12-15% amphibolites, ~3% granite veins, and ~15% migmatized
rocks).

Introduction

The early history of the Earth is one of the most inter-
esting problems of modern geology. The pivotal point of
this problem is the nature of the primary crust in various
areas, its composition, age, and genesis. An area conve-
nient for studying these problems is the northeastern part of
the Baltic Shield and, within this area, the Pechenga min-
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ing district, which is composed of Proterozoic sedimentary—
volcanic rocks and Archean amphibolite-gneiss complexes.
These were penetrated by the Kola Superdeep Borehole to a
depth of 12,261 m. The geoblock hosts large Cu—Ni sulfide
deposits, is exposed well enough at the surface, and was thor-
oughly examined by a variety of geological and geophysical
techniques.

To a depth of 6842 m, the Kola Superdeep Borehole
(KSDB) intersected the Early Proterozoic Pechenga
sedimentary—volcanic complex and farther, up to the hole
bottom, was drilled in the Archean metamorphic rocks of the
basement of the Pechenga riftogenic structure. The geology,
origin succession, age, and composition of Precambrian rocks
from the KSDB section itself and from its closest surround-
ings were described in numerous papers and monographs
[Archean Complex..., 1991; Kola Superdeep Borehole, 1984,
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1998; Kremenetsky and Owvchinnikov, 1986; Magmatic...,
1986; and others]. The Pechenga Complex was studied
particularly extensively, which made it possible to conduct
a layer-by-layer correlation between rocks from the KSDB
section and their surface analogues. The correlation and
petrology of the Archean rocks are not as obvious because
of their extensive folding, polycyclic metamorphism, and
migmatization. There is still no consensus as to which rocks
are analogues of the Archean complex of KSDB, whether
these are the high-grade gneisses of the Kola Group exposed
north and northeast of the Pechenga structure or the com-
plexes of the Late Archean granite—greenstone terrane east
and northwest of it. Only scanty information was obtained
on the transformation processes of the Archean basement
rocks in the course of the Early Proterozoic rifting, a pro-
cess that was responsible for the intense reheating of the
Archean rocks and their intrusion by vast masses of mantle
material.

We carried out a geological and petrological-geochemical
study of the principal types of Archean rocks from KSDB
and from the framing of the Pechenga structure. The pre-
cise geochemical data obtained allowed us to reconstruct
the composition of the protoliths. Much attention was paid
thereby to the geochemistry of REE and some major, mi-
nor, and trace elements (Al, Mg, Ti, V, Th, Zr, Hf, Ta, Nb,
Y, and others), which are the least mobile during regional
metamorphism and metasomatism. We revealed the impor-
tance of the REE composition of the tonalite-trondhjemite
gneisses for the correlation of Precambrian rock sequences.
Rocks of the KSDB Archean complex were demonstrated to
be similar to rocks of the Archean granite—greenstone ter-
rane, and the Archean basement rocks were determined to
have been significantly affected by processes related to the
origin of the Early Proterozoic Pechenga paleorift.
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Geological Overview

The Kola Superdeep Borehole, which reached a record
depths of 12,261 m, was drilled in the northern portion
of the Pechenga structure in the northwestern part of the
Murmansk district area, which is situated in the Kola sub-
province of the Baltic Shield and includes the Kola Penin-
sula, part of northern Karelia, Finnish Lapland, and the
Finnmark area in northern Norway. The subprovince con-
sists of large crustal blocks (Murmansk, Kola-Norwegian,
Inari, Notozero, Keivy, Belomorian, and Tersk), separated
by Archean and Early Proterozoic mobile belts (Northern
Kola, [Smolkin et al., 2000]; Tersk—Allarechka, Pechenga—
Imandra—Varzuga, and Lapland—Kolvitsa; Figure 1).

The 2.3- to 1.8-Ga Pechenga structure is part of an Early
Proterozoic continental rift zone, which crosses the Kola
Peninsula and consists of two major parts (Imandra—Varzuga
and Pechenga) and a number of smaller local structures (Pol-
mak, Pasvik, Keulik—Kenirim, and Ust’ Ponoi). The origin
and further evolution of the zone were controlled by the ex-
tension of the Archean basement and the development of
its dome-shaped uplift, subsequent folding, subsidence, and
a final folding episode during the orogenic stage [Kola Su-
perdeep Borehole, 1998; Smolkin et al., 1995; Zagorodnyi et
al., 1982]. Tt is believed that, during the development of the
rift zone, its western and eastern flanks were partly juxta-
posed with the Late Archean Tersk—Allarechka greenstone
belt (Olenegorsk belt; [Dobrzhinetskaya et al., 1995]), and,
thus, this structure is “embedded”.

The Poritash fault divides the Pechenga rift structure into
the Northern and the Southern tectono—stratigraphic sub-
zones, which differ in the compositions of their rocks and
the styles of tectonic deformations. The southern margin of

Figure 1. Schematic geological map of northern Norway and the northwestern Kola Peninsula (prepared
with the use of materials compiled from [Dobrzhinetskaya et al., 1995; Juve et al., 1995; Kremenetsky

and Ovchinnikov, 1986]).

(1-6) Early Proterozoic rocks: (1) postkinematic granites and pegmatites (LA = the Litza—Araguba
Complex, BA = Vainospaa Massif), (2) muscovite-microcline granites and migmatized rocks; (3) volcano-
sedimentary rocks of the Pechenga-Imandra—Varzuga belt; (4) mafic rocks; (5) tonalites and granodior-
ites; (6) granulites; (7-18) Late Archean rocks: (7) porphyritic granites (Pi = the Pirivaara Massif, NE
= Neiden Massif), (8) quartz syenites and syenites, (9) monzonites and granodiorites, (10) plagioclase—
microcline granites, (11) volcano-sedimentary rocks of greenstone belts, (12) undifferentiated rocks of the
Tersk—Allarechka greenstone belt and the basement, (13—-16) tonalite—trondhjemite—granodiorite rocks of
different complexes: (13) Kirkenes, (14) Varanger, (15) Svanvik, (16) Garsjg, (17) gneisses with HAM,
(18) enderbites; (19) projections of faults; (20) Kola Superdeep Borehole; (21) state boundaries.

The inset presents a schematic map of he tectonic zoning of the Kola subprovince of the Baltic Shield.
(22) Archean rocks; (23) Late Proterozoic sedimentary rocks; (24) Paleozoic nepheline syenite intru-
sions. Blocks of Archean basement rocks: Mur = Murmansk, Ko-Nor = Kola—Norwegian (segments:
T = Titovsky, SN = Svanvik—Neiden), Ke = Keivy, Ter = Tersk, In = Inari, Not = Notozero, Bel =
Belomorian. Late Archean greenstone belts: NK = northern Kola, Ter—All = Tersk—Allarechka, Bv =
Bjornevatn, Val = Valen. Early Proterozoic foldbelts: Pe-Im-Var = Pechenga—Imandra—Varzuga (pale-
oriftogenic structures: Pe = Pechenga, Im-Var = Imandra—Varzuga), Lap = Lapland granulite.
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the Southern Pechenga subzone nearly everywhere occurs in
contact with the Tersk—Allarechka greenstone belt, and only
its western part is bounded by the granite—greenstone rock
assemblages of the Inari block. The rocks of the Northern
Pechenga subzone, where the Kola Superdeep Borehole was
drilled, were combined into two series: Nikel and underly-
ing Luostari, each of which is further subdivided into two
volcanogenic suites, alternating with initially sedimentary
lithologies. The volcanic evolution is reflected in the system-
atic compositional variations of the rocks from basaltic an-
desites and trachyandesitic basalts (Luostari suite) to tholei-
itic basalts and ferropicrite-basalts (Nikel suite). The in-
trusions are sheet-shaped gabbro-diabase bodies, massifs of
mafic and ultramafic rocks, and hypabyssal intrusions of
andesite porphyry. The metamorphic grades of the rocks
vary from the prehnite—pumpellyite facies to the lower and
middle grades of the amphibolite facies, with the metamor-
phic grade increasing from upper to lower stratigraphic units
[Kola Superdeep Borehole, 1984]. The Northern Pechenga
subzone is hosted by gneiss-amphibolitic complexes of the
Kola—Norwegian block (an Early Proterozoic composite ter-
rane [Balaganskii et al., 1998]), whose northwestern termina-
tion is made up of the Svanvik—Neiden and Titovsky Archean
segments.

The southwestern boundary between the Svanvik—Neiden
terrane and the Inari block is drawn along a system of
faults, which controlled the position of the Early Protero-
zoic Polmak—Pasvik—Pechenga structures. In the east, it is
bounded by a northeast-trending deep fault, which is marked
by granite porphyry intrusions of the Litza—Araguba Com-
plex [Vetrin et al., 1975]. The northern boundary with
the Titovsky segment is also tectonic; it served as the con-
duit for the Kirkenes tonalite-trondhjemite pluton (dated
at 2.8 Ga; [Levchenkov et al., 1995]) and is marked by the
development of a diversity of anatectic granites and migma-
tized rocks, dated at 2.8-2.15 Ga [T's’on’ et al., 1988; Vino-
gradov, 1978]. The predominant supracrustal associations of
this segment are Archean tonalite-trondhjemite complexes
(~80-90%) with scattered relics of greenstone structures, the
largest of which is the Bjgrnevatn greenstone structure, con-
sisting of micaceous gneisses, schists, amphibolites, and BIF
[Stedleska et al., 1985]). The U-Pb zircon age of the tonalite—
trondhjemite gneisses was estimated at 2.8-2.84 Ga, with the
metamorphic age of 2.7 Ga [Levchenkov et al., 1995]. The
gneisses are intruded by granite porphyry and granodiorite
plutons (dated at ~2.5 Ga) and granite and pegmatite dikes
(2.7-2.5 Ga). The metamorphic grades of the rocks do not
exceed the middle part of the amphibolite facies. According
to deep seismic sounding results, rocks in the northwestern
surroundings of the Pechenga structure can be traced be-
neath this structure and account for a significant part in its
basement [A seismological..., 1997]. Analogous rock associ-
ations make up the eastern part of the Inari block [Kesola,
1991]. The Inari block and the Svanvik-Neiden segment of
the Kola—Norwegian block seem to have composed a single
granite-greenstone terrane in Late Archean time and were
separated in the Early Proterozoic during the development of
the Palmak—Pasvik—Pechenga—Imandra—Varzuga structure.

The Titovsky segment of the Central Kola block near
Pechenga Bay of the Barents Sea is dominated by alumi-
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nous gneisses of the Kola Group, which trend to the north-
west and extend to Norway, where they are referred to as the
Jarfiord Gneiss. It is believed that the aluminous gneisses
rested on a basement of banded enderbites and two-pyroxene
crystalline schists (Hompen Gneiss), dated at 2902+9 Ma
[Levchenkov et al., 1995]. The aluminous gneisses, whose
protoliths consisted of hydromica clays, sands, and clayey
graywackes, were determined to have lateral metamorphic
zoning with the metamorphic grade decreasing from north-
west to southeast from the granulite to amphibolite facies
[Facies..., 1977; Vinogradov and Vinogradova, 1993]. The
age of the early metamorphism of the aluminous gneisses
was constrained by a variety of techniques to the interval of
2.88-2.83 Ga [Avakyan, 1992; Balashov et al., 1992], with the
latest metamorphic episode dated at 2.7 Ga. The gneisses
were determined to bear evidence of seven to eight fold-
ing events in the regime of subhorizontal or tangential mo-
tions [Dobrzhinetskaya, 1978]. The aluminous gneisses are
intruded by rocks of the gabbro—tonalite (2.83 Ga), gran-
odiorite (2.76-2.73 Ga), and monzonite—syenite (2.73 Ga)
composition, which compose, respectively, pre-, syn-, and
postmetamorphic intrusions [Nordgulen et al., 1995; Vetrin
et al., 1995].

It follows that the composition and age of supracrustal
rocks, their metamorphic grades, and the ages of intrusions
are remarkably different in the Titovsky and Svanvik—Neiden
segments. According to Condie [1981], they can be at-
tributed to, respectively, the terranes of high-grade meta-
morphic (granulite gneissic) and granite-greenstone rocks.
The former were produced at a contraction coupled with
granulite metamorphism and emplacement of charnockite—
enderbite intrusions, and the latter developed under crustal
extension, in relation to the ascent of mantle material and
reomorphism of the host rocks during the development of
granite—greenstone terranes.

Geologic Criteria for Correlations Between
Rocks of the KSDB Archean Complex and
Rocks in the Framing of the Pechenga
Structure

Rock Complexes

In the sequence penetrated by the Kola Superdeep Bore-
hole, the Paleoproterozoic sedimentary—volcanic rocks of
the Pechenga structure are underlain (at depths of 6842
12,261 m) by Archean rocks, which can be subdivided into
five cyclic units. Each of them is, in turn, composed of
two members, which are dominated by migmatized biotite—
plagioclase gneisses of tonalite—trondhjemite composition
(~45%) and gneisses with high-Al minerals (gneisses with
HAM, ~20%), which originally correspond to volcanic and
sedimentary rocks, respectively [Archean..., 1991; Kola
Superdeep Borehole, 1984; Kremenetsky and Ovchinnikov,
1986]. About 30% of the sequence falls to amphibolites and
iron quartzites (BIF), and ~5% is accounted for by granitoid
veins. In the lower part of the KSDB section, below a depth
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of 11,708 m, an amphibolite-tonalite-trondhjemite complex
(ATTC, Figure 2) was recognized. The Archean complex of
KSDB was metamorphosed under amphibolite-facies (pre-
Pechenga) conditions and, later, under low-temperature am-
phibolite, epidote amphibolite, and, more rarely, greenschist
facies (Pechenga) conditions [Duk et al., 1989; Kola Su-
perdeep Borehole, 1984]. Some researchers believe that the
Archean rocks of KSDB contain the most ancient granulite-
facies relics [Magmatic..., 1986], but this hypothesis was
not confirmed by later mineralogical [Yakovleva, 1991] and
isotopic geochemical [Chen et al., 1998] studies.

Metamorphism to the amphibolite- and epidote amphibo-
lite facies of the late (Pechenga) episode was associated with
migmatization of rocks of the Archean complex expressed
in development of patchy, conformable, and, mostly, nebu-
lar migmatites. Their amounts are as high as 15-20% in
the gneisses with aluminous minerals and increase upsection
from 20-30% in the biotite-plagioclase gneisses of unit 10 to
50-60% in the gneisses of unit 2.

The age of the protoliths of the gneisses was constrained
by isotopic geochemical techniques to 2950-2850 Ma, and
the ATTC granitoids were dated at 2835—-2832 Ma. Equal
dates were determined for the tonalitic gneisses of units 1,
2, and 8. The gneisses with HAM are some 30-150 m.y.
younger than the underlying tonalites—trondhjemites. The
migmatites developed at approximately 2740 Ma, during the
closing stages of the Late Archean metamorphic event. The
Proterozoic migmatites were dated at 2225-2150 Ma, and
the postkinematic veins of porphyritic and equally grained
granites were intruded at 1766 Ma [Bibikova et al., 1993;
Chen et al., 1998; Timmerman and Daly, 1995; Yakovlev et
al., 2000].

The data cited above come in conflict with the recogni-
tion of Early Archean rocks in the lower part of the succes-
sion penetrated by KSDB [Vinogradova et al., 2000]; nei-
ther was confirmed the correlation between the upper part
of the succession and the rocks of the greenstone tectono-
stratigraphic complex of the Vyrnimskaya and Tal’inskaya
formations in the southern framing of the Pechenga structure
[Vinogradova et al., 2000], because the T **Nd/***Nd(DM)
model ages of the latter formations are no older than 2.3—
2.4 Ga [Pozhilenko et al., 2000].

It is expedient to search for associations analogous to
the rocks of the KSDB Archean complex bearing in mind
that the probable analogues should be coeval, have simi-
lar mineralogical and chemical compositions, be character-
ized by quantitatively similar rock proportions in the rock
complexes, and have protoliths of similar composition. Ob-
viously, none of the aforementioned features taken alone
(for example, similarities in chemistry) cannot be put forth
as a proof of an analogy between the rocks compared. It
is equally inaccurate to compare rock complexes metamor-
phosed to distinct metamorphic facies, because a compar-
ison of such complexes, whose rocks differ mineralogically,
would require evidence of the preservation of their original
chemistry under different P — T conditions. In particular,
this pertains to migmatized and granitized rock complexes
metamorphosed to the amphibolite and granulite facies.

Another aspect that makes it difficult to compare the
rocks exposed at the surface and those in the KSDB Archean
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complex is the transformation of the latter under the effect
of the Early Proterozoic mantle—crust interaction, related to
the development of the Pechenga riftogenic structure. Be-
cause of this, correlation between the KSDB Archean com-
plex and complexes exposed at the surface remain ambigu-
ous. The KSDB Archean complex is commonly paralleled
with the gneisses of the Kola Group, which consists of two
units: lower, composed of biotite—plagioclase gneisses with
subordinate amounts of aluminous gneisses, amphibolites,
magnetite-garnet—pyroxene schists, and iron quartzites; and
upper, dominated by garnet—biotite—plagioclase gneisses
with sillimanite, staurolite, and andalusite [Kola Superdeep
Borehole, 1984; Magmatic..., 1986]. The aluminous gneisses
of the upper unit are restricted mostly to the Titovsky seg-
ment of the Central Kola block, which consists of magmatic
and metamorphic rocks of specific textures and compositions
that have never been reliably identified in the KSDB rocks.
Because of this, it seems to be useless to search for ana-
logues of the KSDB Archean complex among the high-grade
gneisses on the Barents seashore [Guberman et al., 1994;
Kozlov et al., 2001], where there are virtually no tonalite—
trondhjemite gneisses analogous to those dominating in the
Archean complex of the borehole.

According to geological-geophysical data, certain sim-
ilarities with the KSDB Archean complex are displayed
by tonalite-trondhjemite gneisses with layers of aluminous
gneisses and amphibolites that compose the Svanvik—Neiden
segment of the Central Kola block. These rocks occur mostly
in the northwestern, northeastern, and eastern framing of
the Pechenga structure. In earlier schemes, the tonalite—
trondhjemite gneisses and related amphibolites were consid-
ered to be the lower gneiss unit of the Kola Group [Kola
Superdeep Borehole, 1984; Magmatic..., 1986] or the base-
ment complex [Radchenko et al., 1994]. We examined these
rocks in much detail in the northwestern surroundings of the
Pechenga structure, mainly in northern Norway.

In accordance with their geologic setting, textural and
structural features, quantitative rock proportions, and de-
formation styles, the gneisses of the Svanvik—Neiden seg-
ment are subdivided into a series of complexes (Varanger,
Svanvik, Garsjg, and others; [Dobrzhinetskaya et al., 1995;
Siedleska et al., 1985]). The most diverse rock associa-
tions are typical of the Garsjs gneisses in the northwest-
ern part of the area (Figure 1). This complex is domi-
nated by biotite and more rare amphibole—biotite gneisses of
tonalite-trondhjemitic composition (50-60%) with strata of
garnet-biotite and sillimanite-garnet—biotite gneisses (10—
20%) and amphibolites (10-20%) and iron quartzites layers.
The amounts of migmatites and granite or pegmatite veins
are, respectively, 10-20 and 5-10%. The U-Pb metamor-
phic age of the Garsjg gneisses was estimated at ~2.7 Ga,
and two fractions of magmatic zircon were dated at 2840 Ma
[Levchenkov et al., 1995]. The age and the rock assemblage
of the Garsjg gneisses are most close to those of rocks in the
KSDB Archean complex, differing from the latter by less
intense migmatization and smaller volumes of mafic rocks
[Vetrin et al., 1999].

The Svanvik gneisses are exposed at the western contact
with the Pechenga structure and compose an intrusive com-
plex consisting of at least two phases. The predominant
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Figure 2. Archean complex in the basement of the Pechenga structure penetrated by the Kola Superdeep
Borehole (simplified after [Kola Superdeep Borehole, 1998] and appended with authors’ materials).

(1) Obliquely stratified sandstones with conglomerate layers; (2) postkinematic granites and pegmatites
(Proterozoic); (3) metamorphosed weathering crust and conglomerates; (4) biotite—plagioclase gneisses
with high-Al minerals; (5) biotite-(amphibole)-plagioclase gneisses; (6) Fe-quartzites, amphibole-
magnetite—quartz schists; (7) para- and orthoamphibolites; (8) rocks of the amphibolite-tonalite—
trondhjemite complex (ATTC); (9) numbers of borehole strings in chronological succession and their
depths; (10) contacts of layers or bodies; (11) mylonitization, cataclasis, and brecciation; (12) faults and
sutures.
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rock types are banded tonalitic gneisses with layers and lens-
shaped bodies of feldspar amphibolites. The rocks of the sec-
ond phase are equally grained massive or unclearly gneissose
tonalites. The U-Pb age of their magmatic crystallization is
2825434 Ma [Levchenkov et al., 1995].

The Varanger gneisses are separated from the Garsjo
gneisses by a tectonized zone of northeastern trend. The
dominant rocks of this complex are tonalite-trondhjemite
gneisses with massive or fine- to coarse-banded structures.
Their U-Pb isochron age was determined to be 2803-
2813 Ma [Levchenkov et al., 1995]. The tonalites contain en-
claves of feldspathic and garnet-bearing amphibolites with
iron quartzites (jaspilite) lenses, bodies of garnet—biotite,
two-mica, and garnet—biotite—sillimanite gneisses. In places,
the aluminous gneisses and associated amphibolite and iron
quartzites (jaspilite) bodies compose greenstone structures
(Valen, Bjgrnvatn, and others) with conformable tectonized
contacts with respect to the host tonalite-trondhjemite
gneisses.

Correlations

Balashov and Vetrin [1991] suggested that the KSDB
Archean complex is an intensely migmatized and granitized
fragment of an Archean granite—greenstone terrane. Its
principal rock types are gneisses of tonalite-trondhjemitic
composition in association with amphibolites, gneisses with
HAM, and iron quartzites (jaspilites). The latter three
rock types are, along with tonalite-trondhjemite, the pre-
dominant rock associations of Precambrian greenstone belts
[Condie, 1981]. In the lower part of the sequence, the rocks
recognized as the amphibolite-tonalite-trondhjemite com-
plex (ATTC) have blastogranitic textures, are devoid of lay-
ering, and bear no layers of metasediments, that indicate
plutonic precursors of tonalite-trondhjemite gneisses.

Analogous rock assemblages compose the Svanvik—Neiden
segment of the Kola—Norwegian block. The tonalite—
trondhjemite gneisses that are dominant in the Svanvik
complex comprise a number of phases and in places retain
relict porphyroblastic textures. The Garsjo and Varanger
complexes are characterized by a clearly pronounced rock
banding, defined by intercalating of tonalite-trondhjemitic
gneisses with various proportions of mafic minerals, amphi-
bolites, gneisses with HAM, and iron quartzites (jaspilites).
The aforementioned structural and textural features of these
rocks and their composition testify to the predominantly
sedimentary—volcanogenic genesis of the main rock asso-
ciations of the complexes and their crystallization under
disequilibrium near surface conditions. The Garsjg and
Varanger tonalite—trondhjemite gneisses include numerous
relict bodies of amphibolites, gneisses with HAM, and iron
quartzites (jaspilites). Their rock associations including BIF
and composition are close to those of rocks in the Bjornevatn
greenstone structure, and they seem to be relics of green-
stone structures (possibly, of different ages), which were
intruded by tonalite-trondhjemites.
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Petrography and Geochemistry

Presented below are the results of petrographic and geo-
chemical examinations of the tonalite-trondhjemite gneisses,
gneisses with HAM, and amphibolites, which are the prin-
cipal rock types from the KSDB Archean complex and the
framing of the Pechenga structure.

Samples and Analytical Techniques

Samples of the KSDB core and rocks from the north-
western framing of the Pechenga structure were analyzed
for major and trace elements by ICP-MS, ICP, INAA, XRF,
and mass spectrometry at the Centre for Petrographic and
Geochemical Researches (CRPG-CNRS) in Nancy, France
(32 samples); United Institute of Geology, Geophysics, and
Mineralogy, Siberian Branch, Russian Academy of Sciences,
Novosibirsk, Russia (19 samples); Geological Institute, Kola
Science Center, Russian Academy of Sciences, Apatity, Rus-
sia, and the Institute of the Mineralogy, Geochemistry, and
Crystal Chemistry of Rare Elements, Moscow (accordingly,
4 and 7 samples). The Sm—Nd isotopic analyses of the rocks
were conducted at the Laboratory of Geochronology at the
Geological Institute, Kola Science Center. The results are
summarized in Tables 1-8.

Petrography

Kola Superdeep Borehole. The KSDB Archean com-
plex is dominated by tonalite—trondhjemite gneisses, which
are usually variably migmatized. To reproduce the primary
characteristics of the rocks, we examined the least altered of
their samples, mainly from the lower part of the sequence
penetrated by the borehole (units 8 and 10). The pla-
giogneisses in question were subdivided into two types. One
of them comprises mesocratic and more rare leucocratic va-
rieties with granoblastic and blastogranitic textures. The
mesocratic gneisses (Table 1, Samples 46a, 44895, 45001-3,
36305, 40302-2) consist of plagioclase (50-55%, 31-40% An),
quartz (25-30%), and biotite (10-15%); Sample 45001-3 con-
tains both biotite and hornblende. The leucocratic gneisses
(Samples 39866-6, 39288-6 and Sample 36009 of microclin-
ized gneiss) contain 5-10% biotite and 60-65% plagioclase
(24-27% An). The accessory minerals of all rocks are mag-
netite, ilmenite, apatite, zircon, sphene, and allanite. The
gneisses of the second type (Samples 30085/1a and 34944)
are higher in biotite (up to 20%) or muscovite and epidote,
which replace primary mineral assemblages.

The gneisses with HAM are characterized by the ab-
sence of potassic feldspar and the strong dominance of micas
over aluminous minerals. Our samples represented two-mica
gneisses with sillimanite (Table 2, Samples 22627 and 37926)
and garnet—biotite gneisses (Sample 41426-3).

In accordance with their geologic setting and composition,
the orthoamphibolites were subdivided into rocks of the dike
facies (predominant type; Table 3), metapyroxenite (Sample
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Table 1. Concentrations of major and trace elements (wt % and ppm, respectively) in Kola Super Deep Hole plagiogneisses

Geoch. type A B

Sample, no. | 46a™  44895"* 45001-3 36305 39866-6* 36009 40302-2** 39288-6 | 30085/1A* 34944**
Depth, m 11852 12148 12218 9802 10865 9570 11045 10593 8568 9313
SiO2 67.66 68.81 69.97  69.65 71.47  72.07 66.29 71.94 65.31 70.38
TiO2 0.35 0.5 0.39 0.28 0.43 0.15 0.42 0.19 0.81 0.57
Al O3 15.54 15.66 15.23  16.18 14.72  15.43 18.65 15.65 16.98 15.15
Fe2 03 4.71 3.70 3.26 2.74 2.60 1.18 2.50 2.0 4.75 2.40
MnO 0.05 0.05 - — 0.04 - 0.04 - 0.04 0.01
MgO 1.15 1.15 1.01 0.87 0.75 0.35 1.17 0.5 1.43 0.97
CaO 3.74 3.86 3.95 2.83 2.93 1.63 4.11 3.06 2.06 2.11
Na,O 4.66 3.45 4.01 5.45 4.31 5.04 4.98 5.11 5.5 5.1
K20 1.16 1.35 1.24 1.23 1.19 3.33 1.35 1.0 1.55 1.75
P20s 0.13 — 0.13 0.09 0.08 0.08 0.04 0.09 0.24 0.13
LOI 0.77 0.95 0.62 0.5 0.89 0.65 0.47 0.25 1.05 1.38
Total 99.92 99.48 99.81  99.82 99.41 99.91 100.02 99.79 99.72 99.95
U 0.50 0.43 6.8

Th 3.4 0.9 6.0 0.12 21 12
Rb 71 113 61 81 51 91 110 51 50 80
Ba 415 382 326 1179 133 140 310
Sr 262 247 249 441 433 449 541 300 90 300
La 24.77 13.33 22.8 10.1 35.99 15.9 4.56 5.5 65 44
Ce 42.37 36.09 40.0 18.8 76.56 28.4 9.65 9.1 140 68
Pr 4.0 2.0 2.8 0.9

Nd 12.8 11.91 12.3 7.4 25.71 9.4 4.98 3.3

Sm 1.77 2.12 1.7 14 4.71 1.4 1.28 0.6 5.8 2.9
Eu 0.616 1.87 0.70 0.44 2.00 0.60 0.50 0.51 1.4 0.93
Gd 1.24 1.79 1.0 1.1 1.98 1.0 1.28 0.5

Tb 0.13 0.19 0.12 0.06 0.78 0.3
Dy 0.77 1.326 0.65 0.94 0.920 0.47 1.056 0.26

Ho 0.11 0.18 0.06 0.04

Er 0.364 0.617 0.28 0.46 0.353 0.15 0.546 0.12

Tm 0.04 0.06 0.02 0.01

Yb 0.319 0.486 0.29 0.34 0.292 0.12 0.479 0.10 1.2 0.86
Lu 0.072 0.05 0.05 0.042 0.02 0.068 0.02 0.18 0.13
Zr 132 168 185 116 178 94 86 94 200 100
Hf 4.0 2.8 2.4 2.7

Ta 0.26 0.23 0.21 0.14

Nd 13 <7 4.4 2.9 <7 1.5 7.0 3.9 10 3
Y 7 <6 3.2 5.1 <6 1.8 <6 1.3

Cr 10 4 9 16 4 13 3 6 25 22
Ni 20 12 11 11 6 - 8 — 7 5
Co 5 <10 8 7 8 2 10 3 5 2.2
A% 40 54 36 33 35 13 61 17 48 —
(La/Yb)u 52.16 18.5 524 202 831 904 6.4 36.1 36.5 34.5
Eu/Eu* 1.21 2.86 1.51 1.07 1.71 1.47 1.19 2.95

Note: Here and in tables below, * mark analyses conducted at the UIGGM RAS, Novosibirsk; ** mark analyses conducted at GI KSC
RAS, Apatity and IMGRE, Moscow; other analyses were carried out at CRPG-CNRS, Nancy, France: empty cells — not analyzed,
dashes — not determined.

9608), garnet—clinopyroxene metagabbro (Sample 43745), The most common textures of the rocks are nematoblastic
and cummingtonite—hornblende metagabbro (Table 5, Sam- and granonematoblastic; samples 42167 and 44369-2 show
ple 27023). The dike rocks are feldspathic amphibolites and, relict ophitic, poikilitic, and allotriomorphic-granular tex-
more rarely, garnet—feldspar amphibolites (Sample 42167). tures.
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Table 2. Concentrations of major and trace elements (wt % and ppm, respectively) in gneisses with HAM from KSDB

and the Garsjg Complex

Complex KSDB Garsjo

Sample, no. | 22627 37926 41426-3 70-3 68-5 46/99* 68-1 16/99* 80-1
Depth, m 6905 10210 11418

SiO2 50.99 62.41 74.69 52.31 54.67 59.02 61.54 66.53 70.51
TiO2 0.89 0.67 0.4 1.44 0.77 0.659 0.71 0.431 0.56
Al O3 22.23 17.57 12.13 14.97 17.68 15.69 14.67 15.17 14.33
Fe20O3 7 6.59 3.67 13.09 8.47 8.56 6.89 6.18 4.86
MnO 0.9 0.06 — 0.15 0.12 0.122 0.11 0.088 0.04
MgO 5.23 2.47 1.66 4.5 4.98 3.33 3.12 1.88 2.17
CaO 4.67 2.27 2.63 6.97 7.47 5.5 4.83 1.63 1.63
NagO 4.37 4.4 2.74 3.21 1.96 3.43 2.35 3.75 2.84
K20 3.38 2.75 1.46 2.17 2.01 2.62 3.17 1.57 2.13
P20s 0.11 0.09 0.05 0.23 0.2 0.128 0.19 0.058 0.08
LOI 1.04 0.61 0.34 0.85 1.49 0.96 2.25 2.13 0.71
Total 100 99.89 99.77 99.89 99.82 100 99.83 99.42 99.86
U 3.6 1.4 0.6 0.63 0.67 1.5 1.90 7.5 2.12
Th 13.5 7.5 2.4 6.2 2.6 5.4 8.5 6.3 6.2
Rb 171 119 44 76 134 150 181 184 98
Ba 1056 510 119 480 162 530 239 265 450
Sr 749 334 33 357 157 248 149 275 212
La 46.1 23.9 12.1 39.6 17.1 21 28.7 25 25.7
Ce 89.3 48.4 23.7 85.4 34.7 40 59.3 42 50.9
Pr 10.3 5.4 2.4 10.4 4.4 7.0 5.8
Nd 38.4 19.8 8.2 40.2 17.4 18 26.3 21 20.5
Sm 6.3 3.0 1.5 7.2 4.1 3.5 5.1 3.4 3.8
Eu 1.59 1.10 0.44 1.91 1.27 0.95 1.16 0.72 1.02
Gd 5.1 2.0 1.1 5.9 4.5 2.4 4.2 1.9 3.0
Tb 0.65 0.27 0.17 0.82 0.67 0.47 0.63 0.43 0.40
Dy 3.49 1.30 0.85 4.4 4.0 3.8 2.4
Ho 0.55 0.20 0.16 0.79 0.86 0.75 0.46
Er 1.43 0.55 0.45 1.9 2.5 2.0 1.4
Tm 0.18 0.08 0.06 0.27 0.40 0.32 0.23
Yb 1.11 0.48 0.43 1.7 2.5 1.7 2.1 1.04 1.5
Lu 0.17 0.08 0.07 0.23 0.40 0.27 0.32 0.16 0.22
Zr 173 133 103 186 135 143 156 121 180
Hf 4.7 3.4 2.5 4.4 3.4 3.2 3.9 3.1 4.8
Ta 0.61 0.65 0.32 0.77 0.56 0.5 0.65 1 0.48
Nb 6.5 8.4 3.2 12.2 5.9 3.8 6.2 15.1 5.1
Y 15.0 6.1 4.4 21.4 25.1 17.7 20.7 16 12.9
Cr 354 170 135 86.0 134.2 40 89.5 110 186.7
Ni 184 81 51 76.8 72.9 66.1 32.1
Co 35 24 14 37.3 24.4 20 20.3 21.5 13.4
\% 136 130 75 134 152 125 96
(La/YDb)n 28.1 33.5 18.8 16.0 4.7 8.3 9.4 16.2 114
Eu/Eu” 0.84 1.31 1.00 0.87 0.90 0.95 0.74 0.79 0.90
Complexes Exposed at the Surface. The plagio- ized, muscovitized, and chloritized. The main minerals of the

gneisses generally have granoblastic or, more rarely, por-
phyroblastic and blastogranitic textures. In contrast to the
analogous rocks from KSDB, these plagiogneisses are char-
acterized by relict porphyritic textures with plagioclase and
quartz phenocrysts. The Svanvik gneisses, which occur in
contact with the Pechenga structure, are locally microclin-

plagiogneisses are plagioclase (23-40% An), quartz, and bi-
otite, with hornblende encountered only in the most melano-
cratic varieties (Table 6, Samples 56-1, 65-15, 91-170, and
90-30). The accessories are epidote, allanite, apatite, zircon,
magnetite, ilmenite, and, occasionally, sphene.

The gneisses with HAM have granoblastic, porphyrogra-
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Table 3. Concentrations of major and trace elements (wt % and ppm, respectively) in amphibolites of types I (1-4) and
IT (5-6) from the KSDB Archean complex and in the Pechenga metabasalts recovered by KSDB (7-10)

1 2 3 4 5 6 7 8 9 10
31375 36582 44369-2 42167 24744/2** 33687/1*" 3173 13082 18761 21846
8803 9901 12020 11662 7645-51 9051-64 1047.4 34227 5116.5 6663
49.15 49.28 48.34 51.17 48.82 49.1 46.88 43.57 49.85 53.97
2.11 1.86 1.94 1.91 0.85 0.76 1.23 1.98 1.89 0.8
13.46 13.42 13.58 13.91 14.49 13.52 14.29 15.46 16.6 14.04
17.55 16.49 17.48 17.99 13.58 13.86 13.69 17.45 16.35 10.2
0.25 0.24 0.23 0.32 0.18 0.23 0.2 0.21 0.22 0.15
4.36 5.18 4.76 5.24 7.9 6.75 7.56 6.56 2.62 6.32
9.38 10.39 9.86 8.99 9.76 11.61 10.63 9.03 3.31 7.62
1.94 1.92 2.43 0.65 2.1 2 2.05 1.73 6.55 3.3
1.71 1.05 0.8 0.2 1.25 0.6 0.54 0.13 1.41 1.43
0.24 0.23 0.23 0.22 0.09 0.07 0.15 0.21 0.16 0.15
0.28 0.39 0.21 —0.36 1.38 1.67 2.66 3.54 0.87 1.89
100.43 100.45 99.86 100.24 100.4 100.17 99.88 99.87 99.83 99.87
0.85 0.79 0.58 0.94 <2 <2 0.18 0.44 83 7.46
3.5 3.1 3.6 3.3 <1.6 0.39 1.74 2.51 28.1
48.2 42.6 11.3 2.6 40.0 12.4 2.82 44 621
306 148 182 24 40 156 78.8 230 3892
174 198 253 58 100 100 393 326 118 2264
24.4 22.6 28.0 21.7 3.6 3.7 3.75 14.8 13.5 154
53.8 52.6 60.8 50.7 7.75 7.8 9.97 35.6 32.4 322
6.8 6.6 7.3 6.6 1.49 4.72 4.47 39.4
27.1 27.7 29.1 27.7 7.99 21.2 19.6 157
5.9 5.8 5.8 6.0 1.9 1.7 2.63 5.09 4.49 31.8
1.72 1.76 1.37 1.84 0.9 0.76 1.06 1.73 1.47 9.63
6.0 5.9 5.8 6.0 3.56 5.51 4.62 32.4
0.91 0.88 0.89 0.91 0.63 0.45 0.556 0.852 0.713 4.99
5.71 5.26 5.17 5.61 3.58 5.69 4.44 30.6
1.13 1.01 1.00 1.13 0.759 1.15 0.85 5.86
2.97 2.88 2.59 3.08 2.23 3.15 2.39 15.4
0.45 0.41 0.41 0.44 0.32 0.505 0.383 2.53
2.92 2.67 2.75 3.16 2.2 2.5 2.14 3.39 2.46 16
0.48 0.39 0.42 0.49 0.41 0.39 0.312 0.55 0.364 2.52
153 164 173 169 40 20 69 132 143 951
3.9 3.7 4.2 3.9 1.5 1.84 3.52 3.77 25.2
1.45 1.21 1.37 1.40 0.27 0.93 0.89 3.39
18.7 16.6 18.3 19.8 1.5 3 3.46 12.2 11.6 42.1
30.8 29.3 30.1 32.7 <20 40 22.1 34 25.5 167
45 69 16 60 120 60 260 181 164 2353
37 66 49 48 100 54 131 80.9 74.9 752
49 54 58 49 50 34 54.9 53.1 42.8 394
425 414 329 409 336 554 227 2111
4.90 4.96 3.79 2.31 10 13 1.2 2.75 3.58 25.1
5.6 5.7 6.9 4.6 1.1 1.2 2.9 3.7 6.5

noblastic, and nematoblastic textures and typically exhibit
broad variations in the contents of rock-forming minerals,
which determines transitions from melanocratic amphibole—
biotite gneisses with muscovite and sillimanite (Table 2,
Samples 70-3, 68-5) to biotite and two-mica gneisses with sil-
limanite (Samples 46/99 and 68/1), garnet (Sample 16/99),
and sillimanite plus garnet plus biotite (Sample 80-1).

The feldspathic amphibolites generally have a less vari-
able composition than that of rocks from the KSDB Archean
complex and consist of plagioclase (40-50%), amphibole,
and, locally, biotite (>10%). The accessory minerals are
sphene, magnetite, apatite, and occasional allanite. The
textures of the rocks are nematoblastic and granonemati-
blastic. The amphibolites hosted by the Svanvik gneisses
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(Samples 109-2 and 107/99) are biotitized, epidotized, and
carbonatized.

Geochemistry

Kola Superdeep Borehole

Plagiogneisses. The KSDB biotite plagiogneisses corre-
spond to tonalite and, more rarely, trondhjemite in ma-
jor element and normative composition (Table 1). Most
of the rocks contain >15% AlxO3 at 70% SiO2, have low
K20/Na»O ratios, and high CaO concentrations, which are
typical of Archean tonalite-trondhjemite—granodiorite se-
ries (TTG) [Barker, 1979]. According to their mineralog-
ical, major-, and trace-element composition, the rocks can
be classed into two types. The predominant gneisses of
type A correspond to high-Al TTG. They are characterized
by a strongly fractionated REE patterns, (La/Yb), = 18-
83, with a moderate enrichment in LREE, La, = 33-116,
and a depletion in HREE, Yb, = 1.4-2.3, with unclear Eu
anomalies (or without them, Figure 3a), which is typical of
Archean TTG [Martin, 1994]. A microlcinized gneiss (Sam-
ple 36009) has REE and Zr, Hf, Ta, Nb, Y (i.e., HFSE —
high field strength element) concentrations similar to those
in the gneisses but differs from them by elevated contents of
Ba. There are two noteworthy exceptions. Sample 39288-6 is
low in LREE and shows a weakly fractionated REE pattern
with a pronounced Eu maximum (Figure 3b). Its high SiO»
concentration is associated with depletion in mafic compo-
nents and HFSE, which was due to the low concentrations of
mafic and accessory minerals. These compositional features
seem to have been resulted from the fractional crystallization
of the parental melt. The other exception, Sample 40302-2,
represents more melanocratic rocks with a higher plagioclase
content and low concentrations of accessory minerals. These
compositional features can, perhaps, be interpreted as re-
flecting of the origin of the protolith as a plagioclase-enriched
migmatite leucosome.

Gneisses of the other type (type B) were encountered in
unit 2, which was thoroughly sampled by A. A. Kremenetsky,
who provided us with the analyses of these gneisses cited
in this paper. Gneisses of type A dominate in this unit
[Kremenetsky and Ovchinnikov, 1986]. Compared with the
gneisses of type A, which have the same SiO2 concentrations,
these rocks are enriched in Ti, Fe, Mg, REE (La, = 142-
210, Yb, = 4.1-5.7), and HFSE (Figures 3c, 4c), which are
concentrated in mafic and accessory minerals. The rocks
are characterized by a weakly fractionated REE patterns, a
feature generally uncommon for the gneisses of type A and
typical Archean high-Al TTG. The multi-element patterns
of these gneisses normalized to the primitive mantle have
gentler slopes for the gneisses of type B. The rocks have
pronounced Sr minima, which are also atypical of Archean
grey gneisses (Figure 4c¢).

Gneisses with High-Al Minerals. The gneisses with HAM
are characterized by broad variations in silica contents (Ta-
ble 2, 51-75%), a component negatively correlated with most
other elements. The rocks show fractionated REE patterns
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Figure 3. Chondrite-normalized [Boynton, 1984] REE

patterns of tonalite-trondhjemite gneisses penetrated by
KSDB.

A — geochemical type A; B — Samples 40302-2 and 39288-6
(see text); C — geochemical type B.

and a decrease in their concentrations with increasing SiO2
contents. Another distinctive feature of the gneisses is their
enrichment in LREE and HFSE, as well as relatively high
concentrations of Cr, Ni, Co, and V. These data are gener-
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Figure 4. Trace-element concentrations normalized to the primitive mantle [Sun and McDonough, 1989]
in the KSDB tonalite-trondhjemite gneisses. A — geochemical type A; C — geochemical type B.

ally consistent with the sedimentary nature of the protoliths
of these rocks, which could consist of rocks of argillite—
aleurolite composition. Compared to typical Archean shales
[Taylor and McLennan, 1985], the gneisses with HAM are
depleted in HREE and are characterized by higher (La/Yb),
= 19-33 ratios (Figure 5), which is most probably explained
by the significant contribution of grey gneiss source to the
origin of these sedimentary rocks.

Amphibolites In terms of normative composition, the
amphibolites of the dike facies correspond to olivine tholei-
ite (four samples) or quartz tholeiite (two samples; Table 3).
According to A. A. Kremenetsky, rocks of this type account
for 70-80% of amphibolites in the KSDB Archean complex,

belong to Fe-amphibolites, and form a part of the Late
Archean volcano—plutonic tholeiite association. Some dike
rocks of analogous composition were suggested to generated
synchronously with the Pechenga volcanism [Kremenetsky
and Ovchinnikov, 1986). The occurrence of Proterozoic am-
phibolites among gneisses of the KSDB Archean complex is
confirmed by zircon age (1836+161 Ma) of an amphibolite
from a depth of 11,795 m [Bibikova et al., 1993].

As follows from Table 3, the dike amphibolites are classed
into two distinct types based on their compositional features.
The amphibolites of the first type are characterized by a
moderately fractionated REE patterns at elevated concen-
trations of LREE ((La/Yb), = 4.6-6.9, La, = 70-90; Fig-
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Figure 5. Chondrite-normalized REE patterns of gneisses with HAM penetrated by KSDB. AS — average

Archean schist [Taylor and McLennan, 1985].

ure 6). The amphibolites of the second type are depleted in
LREE (La, = 12-29), have flat REE patterns ((La/Yb)n, =
1.0-1.1; Figure 7a), and are poorer in Fe, Ti, Th, Nb, and
Zr and richer in Mg, Ni, and Pb than the first-type amphi-
bolites.

Compared to Archean amphibolites from the surround-
ings of the borehole, the first-type amphibolites are enriched
in REE and HFSE, exhibit more fractionated REE patterns
(Figures 6, 8). They differ from REE-enriched TH2 basalts
of Archean greenstone belts [Condie, 1981] by even higher
concentrations of REE, FexO3, TiO2, and V but lower con-
centrations of MgO and Cr, which could be explained by the
derivation of basalt protoliths by the fractionation of a more
primitive, Mg-rich melt. Among the Pechenga metavol-
canics, rocks most closely approaching the amphibolites in
terms of concentrations of REE and other trace elements,
particularly HREE and HFSE, are the melanocratic basalts
of the Zapolyarnyi Formation and the trachybasalts of the
Pirttijarvi Formation (Figure 6, Table 3). At the same time,
the latter have elevated concentrations of AlaO3 and NaxO,
relatively low contents of CaO and MgO at SiO2 similar to
those of the amphibolites, a feature incompatible with the
concept that the amphibolites and Pirttijarvi basalts were
produced by the differentiation of the same melt. A compo-
sition most similar to that of the KSDB amphibolites was
identified in the basalts of the Zapolyarny Formation, which
were derived from a relatively shallow source with an age of
approximately 2.1 Ga [Kola Superdeep Borehole, 1998].

The revealed compositional similarities between the meta-
volcanic rocks of the Early Proterozoic Pechenga structure
and amphibolites from the KSDB Archean complex are con-
firmed by the results obtained on the Sm-Nd systematics.

The maximum model age of the amphibolites calculated un-
der the assumption of the depleted composition of the re-
gional mantle, Tna(DM), is 2.16-2.33 Ga (Table 4), that
determines the lower age limit for the origin of the protoliths.
Given the compositional similarities between the amphibo-
lites and the Zapolyarnyi metavolcanics in the Pechenga
structure, which were dated at 2114+52 Ma [Smolkin et al.,
1995], we assumed the same age for the amphibolites an-
alyzed. For this age, the eng value of the amphibolites is
0.77-2.69, i.e., close or lower than the eng ~ 3.5 for the
depleted mantle with an age of 2.1 Ga [DePaolo, 1981] (Fig-
ure 9). Lower eng values are usually interpreted based on
the assumption of either the enriched nature of the source or
the contamination of the melts with upper crustal material
[Faure, 1986]. The latter interpretation is in conflict with
relatively low concentrations of Rb, Ba, and Pb in the Za-
polyarnyi basalts. Hence, the enq values calculated for the
first-group amphibolites most probably reflect the derivation
of the parental melts from a moderately depleted mantle
source, insignificantly enriched in incompatible elements.

For the Pirttijarvi trachybasalts, which were dated at
2214454 Ma [Smolkin et al., 1995], the model age Tna(DM)
= 2460 Ma and enq = 0.93, which lies within the range of
ena values determined for the amphibolites from the KSDB
Archean complex.

In contrast to the first-type amphibolites, the second-
type amphibolites have major- and trace-element compo-
sitions obviously similar to those of amphibolites from the
surroundings of the borehole and the TH1 primitive tholei-
ites of Archean greenstone belts [Condie, 1981]. These simi-
larities are further supported by the near flat REE patterns,
relatively low concentrations of Ti, P, LREE (La, = 11.6-
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Figure 6. Concentrations of trace elements and REE in
amphibolites of the dike facies (type I) from KSDB, nor-
malized to (a) chondrite and (b) primitive mantle. TH2 —
tholeiites of Archean greenstone belts [Condie, 1981]; am-
phibolite AR2 — average composition of amphibolites from
the surroundings of KSDB. Samples 3173, 18761, 13082, and
21816 are basalts of the Matert, Zapolyarny, Kuetsjarvi, and
Majarvi units of the Pechenga structure, respectively.

11.9), Zr, and Nb at elevated concentrations of Mg, Cr, and
Ni. The amphibolites differ from the basalts of the Majarvi
Formation of the Pechenga structure (which have a simi-
lar major-element composition) by lower concentrations of
LREE, Ti, Ba, Sr, Zr, Cr, and Ni (Table 3, Figure 7a).

All amphibolites representing intrusive rocks in the KSDB
Archean complex have REE concentrations and patterns no-
tably different from those of the Archean amphibolites in the
surroundings of KSDB (Tables 5, 8). Among these rocks,
the highest LREE concentrations and the most fractionated
REE patterns, with (La/Yb), = 12.2, are typical of metapy-
roxenites. As follows from Figure 7b, there is practically full
coincidence between the REE patterns of these rocks and
the pyroxenites of the Nyasyukka Complex [Smolkin et al.,
1995] in the northern framing of the Pechenga structure. The
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Figure 7. Chondrite-normalized REE patterns of (a) dike-
facies amphibolites from KSDB (type II) and (b) KSDB
metabasites. TH1 — tholeiites of Archean greenstone belts
[Condie, 1981]. Data on the composition of rocks of the
Nyasyukka Complex and paleoboninites are compiled from,
respectively [Smolkin et al., 1995] and [Sharkov et al., 1997].

complex was dated at 195620 Ma by the Sm—-Nd isochron
technique [Huhma et al., 1996]. The maximum estimates
of the model age, Tna(DM), of the studied metapyroxenite
sample is 2200 Ma, which is consistent with its assignment
to the Early Proterozoic.

The metagabbro (Samples 43745 and 27023) have major-
and most trace-element concentrations analogous to those of
the metadolerites and gabbronorites from dikes in the north-
ern framing of the Pechenga structure (Table 5), which be-
long, according to Zh. A. Fedotov [Smolkin et al., 1995],
to picritodolerite and gabbronorite complexes dated at, re-
spectively, 2200 and 2555 Ma. This correlation is confirmed
by the Proterozoic model age of Sample 43745 (2222 Ma).
It is also worth noting the elevated MgO contents of rocks
in the samples examined (6.4-8.0% MgO) at SiO2 con-
tents of 53-51% and U-shaped REE patterns with a min-
imum at MREE and maxima over both LREE and HREE.
These compositional features are inherent to the rocks of the
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Figure 8. Concentrations of trace elements in amphibolites from the KSDB surroundings normalized
to (a) chondrite and (b) primitive mantle. TH1 — tholeiites of Archean greenstone belts [Condie, 1981],
TAT — tholeiitic basalts of the South Sandwich Islands [Pearce et al., 1995].
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Figure 9. Diagram eng vs. time for mafic rocks and tonalite-trondhjemite gneisses from KSDB and its

surroundings.

(1) Trachybasalt; (2) mafic rocks of the dike facies; (3) mafic rocks of the intrusive facies (Sample 9608—
metapyroxenite, Sample 43745—garnet—clinopyroxene gabbro); (4, 5) tonalite-trondhjemite gneisses from
(4) the surroundings of KSDB and (5) KSDB; (6) amphibolite from KSDB surroundings. The Sm and
Nd isotopic studies were carried out on a Finnigan MAT-262 mass spectrometer with the simultaneous
registration of ion currents by all collectors. The **7Sm/***Nd ratios were measured accurate to +0.3%
(20), concentrations of elements were measured accurate to £0.5% (20). DM and CHUR are the evo-
lutionary lines of the '**Nd/'**Nd ratio for the depleted mantle (DM) and chondritic uniform reservoir

(CHUR).

marianite-boninite association typical of young island arcs
[Ewart et al., 1977]. In the Baltic Shield, ancient boninites
are restricted mostly to the Sumian and Sariolian age lev-
els [Sharkov et al., 1997] but were also encountered among
younger rocks of the Pechenga—Varzuga belt and its sur-
roundings. Figure 7b presents the REE patterns of the stud-
ied metagabbro and paleoboninite samples from the Baltic
Shield [Sharkov et al., 1997], which show mostly similar con-
figurations.

Complexes Exposed at the Surface

Biotite Plagiogneisses. The chemistry of the Garsjg
gneisses corresponds to that of tonalite and trondhjemite,
and they range from quantitatively dominant aluminous
(<15% AlO3 at SiO2 = 70%) to less abundant low-Al
(<15% Al>Og3) varieties with variable concentrations of
REE. Based on REE pattrens, at least three types of these
rocks can be recognized (Figure 10):

type A comprises rocks with strongly fractionated REE
patterns, (La/Yb), = 12-88, extremely depleted in HREE
(Ybn, = 1-3) and less strongly depleted in LREE (La, =
28-76);

type B is characterized by a moderate REE fractionation,
(La/Yb)n = 20-32, with a deletion in HREE (Yb, = 3-5)
and elevated concentrations of LREE (La, = 90-126);

type C has weakly fractionated REE patterns, (La/Yb)
= 7-28, is enriched in LREE (La, = 98-203) and HREE
(Yb, = 7-13).
The first type includes meso- and leucocratic rock varieties
with AloO3 and CaO concentrations decreasing with increas-
ing SiO2 and without correlations of the Fe, Mg, and Ti
with SiOz. The irregular variations in the contents of Fe,
Mg, Ti, HFSE, and HREE are controlled by variations in
the amounts of mafic and accessory minerals, most proba-
bly, because of the primary heterogeneity in the textures and
structures of the protolith. The rocks are characterized by
varying concentrations of both LREE and HREE at clearly
pronounced Eu maxima. Their distinctive features are high
Sr concentrations and very low contents of HREE and Y,
which are only comparable with or lower than those of typ-
ical Archean TTG. The elementary patterns of these rocks
have steep slopes with an enrichment in LILE and LREE
relative to HFSE at well pronounced negative anomalies of
Nb, Ti, and P (Figures 10a, 11a), i.e., features typical of
Archean grey gneisses [Martin, 1994].

Having similar SiO2 contents, the plagiogneisses of type
B are higher in Ti, Fe, HFSE, and HREE than the type-A
gneisses (Figures 10b, 11b), that were resulted from higher
concentrations of mafic and accessory minerals. The compo-
sitional differences between the gneiss types could not be due
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Figure 10. Chondrite-normalized REE patterns of
tonalite-trondhjemite gneisses of the Garsjg Complex. A,
B, and C are the geochemical types of gneisses.

to the fractional crystallization of a single parental magma
or distinct partial melting degrees of the source, because, at
similar SiO2, Al2Os, and CaO concentrations, the gneisses
differ in the concentrations of REE and HFSE. This led us to
suggest that the rocks were generated under different P — T
conditions and/or were derived from distinct sources.

The low-Al gneisses of type C contain 66-70% SiO2 and
elevated concentrations of TiOsz, Fe2Os, REE, and HFSE
but relatively low concentrations of Sr. The multi-element
patterns of the type-C gneisses are characterized by gentler
slopes than those of the gneisses of types A and B (Fig-
ures 10c, 11c). These compositional features of the rocks
are generally atypical of Archean grey gneisses, which usu-
ally correspond to types A and B. At the same time, rocks
of tonalite-trondhjemitic composition with weakly fraction-
ated REE were identified among the TTG of the Supe-
rior Province in Canada [Feng and Kerrich, 1992], Amitsoq
gneisses in Greenland [Shimizu et al., 1998], in the Ancient
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Table 5. Concentrations of major and trace elements (wt %
and ppm, respectively) in metagabbro (Samples 43745 and
27023) and metapyroxenite (Sample 9608) from KSDB in
comparison with the composition of intrusive rocks exposed
at the surface (Samples L315 and L415)

Sample no. 43745  L315 27023 L415 9608
Depth, m 11389 7958 9608
SiO, 53.03 5209 5113 4956  46.56
TiO, 068 078 034 022 1.93
Al, O3 14.68  14.65 1874 18.12 7.56
Fe,03 1069 1085 876 81 1553
MnO 017 019 015 0.16 0.22
MgO 638  6.86 7.97 806 1381
CaO 1034 981 952  9.06 9.9
NayO 244 245 23 26 0.55
K>0 065 071 032 038 2.49
P,0s 012 006 0.11 0.6 0.3
LOI 0.65  1.92 05  3.54 1.15
Total 99.83  100.37 99.84 99.86  100.00
U 0.48 0.13 0.59
Th 2.0 1.0 2.2
Rb 14 22 10 11 107
Ba 177 75 368
Sr 232 335 35
La 12.2 7.1 21.0
Ce 26.6 14.8 48.1
Pr 3.4 1.7 6.3
Nd 138 6.4 27.0
Sm 2.9 1.3 5.6
Eu 0.87 0.45 1.85
Gd 2.8 1.2 5.0
Th 0.43 0.18 0.66
Dy 2.77 1.26 3.42
Ho 0.53 0.31 0.58
Er 1.48 0.97 1.47
Tm 0.23 0.19 0.18
Yb 1.58 1.42 1.16
Lu 0.28 0.25 0.16
Zr 81 100 46 38 160
Hf 2.0 1.1 4.1
Ta 0.21 0.12 1.44
Nb 2.8 9.0 18 5.0 20.2
Y 158  16.0 95 8.0 15.9
Cr 17 78 95 160 1047
Ni 116 150 204 270 645
Co 47 37 49 56 88
\% 212 200 98 97 257
Pb 5.54 6.11 3.39
(La/Yb)n 5.2 3.4 12.2

Note: Analyses of Samples 1315 and 1415 are compiled from
[Smolkin et al., 1995].

Gneissic Complex of Swaziland [Hunter et al., 1984], and in
other shields.

The plagiogneisses of the Varanger Complex exhibit no
clearly pronounced correlations between SiO» (68.1-71.4%)
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Table 6. Concentrations of major and trace elements (wt % and ppm, respectively) in plagiogneisses of the Garsjo

Complex

Geoch. type A B C

Sample no. 67-4 67-6"* 42/99* 53/99* 70-2** 40/99* 56-1 35/99*  65-1 | 65-15"* 91-170* 90-30" 1/98"
Si09 68.31 68.84 69.01 70.17 70.59 70.67 | 68.14 69.4 73.85 68.52  65.76  67.4 69.83
TiO2 0.18 0.41 0.177 0.392 047 0.316 0.41 0502 0.44 0.77 0.68 0.62 0.42
Al O3 17.49 15.85 15.87 14.96 15.11 14.67 | 15.68 13.94 12.74 14.44 15.42 14.18 15.15
Fe2 O3 2.18 3.31 2.61 3.23 3.11 2.75 3.93 4.29 4.14 5.37 5.27 4.89 3.61
MnO - 0.07 0.03 0.043 0.05 0.038 0.04 0.047 - 0.07 0.11  0.09 0.04
MgO 0.88 1.26 1.74 0.9 0.91 1.72 1.24 1.66 0.58 1.54 1.17 1.1 1.24
CaO 3.85 3.28 3.57 3.36  2.98 3.02 4.14 3.17 248 3.25 3.96 4.39 246
Na2O 5.1 4.14 4.9 5.12  4.48 4.89 3.99 4.61 3.83 3.24 4.64 3.93 4.55
K20 1.48 1.39 1.15 1.25 1.2 1.37 1.43 1.68 1.30 1.88 1.43 0.99 1.68
P20s 0.1 0.11 0.03 0.104 0.07 0.033 0.13 0.081 0.08 0.13 0.18 0.12 0.08
LOI 0.28 1.11 0.6 0.57 0.57 0.14 0.7 0.7 0.39 0.89 0.44 0.41 0.69
Total 99.85 99.77 99.69 100.1 99.54 99.62 | 99.83 100.08 99.83 100.1 99.06 98.12 99.75
U 0.26 0.4 0.5 0.5 0.65 2.9 0.69 1.2
Th 2.3 3.0 6.6 3.4 4.7 3.6 7.34 5.1
Rb 41 106 32 79.5 69 52 57 94.9 74.52 96 79 36

Ba 519 350 270 920 432 550 415.54 332 227 100
Sr 547 344 435 328 345 388 153.51 275 269 263

La 17.21 10.13 23.5 19.5 8.83 20 | 27.86 32 38.92 30.33 47.4 50 63
Ce 33.22 21.08 44 31 18.38 36 | 47.34 59 80.33 64.44 85.7 775 110
Pr 3.46 5.26 9.43

Nd 12.07 9.21 17.0 12 7.24 13 | 17.30 25 33.41 28.13 52.4 34.7 38
Sm 1.63  1.86 2.0 2.05 1.36 1.75 2.80 4.3 547 5.331 9.3 5.9 6.2
Eu 0.62 1.79 0.75 0.62 1.56 0.73 0.78 0.75  1.39 3.487 2.2 14 1
Gd 1.10 1.71 1.20 205 1.19 1.5 2.06 2.6 3.90 5.02 6.7 4.6 3.4
Tb 0.14 0.17 0.23 0.21 0.29 0.39 0.51 0.54
Dy 0.61 1.42 1.02 1.45 2.32 4.563

Ho 0.08 0.25 0.39

Er 0.23 0.72 0.45 0.62 1.06 2.808 3.6 2

Tm 0.03 0.036 0.05 0.09 0.15

Yb 0.16 0.58 0.18 0.38 0.38 0.25 0.60 1.06 0.95 2.785 3.8 1.6 1.5
Lu 0.02  0.08 0.03 0.06 0.05 0.04 0.08 0.165 0.16 0.438 0.21
Zr 85 132 225 191 154 293 454.00 275 350 348

Hf 2.4 3.1 4.4 5.5 3.68 6 10.68 3.8
Ta 0.20 0.17 0.27 0.2 0.48 0.55  0.16 0.5
Nb 3.2 9 3.5 <7 5.0 7.9 5.22 10 22 7

Y 2.3 6 6 <6 7.4 11.8 10.74 22 36 22

Cr 6.2 7.7 65 15.5 7 8.5 16 47 — 28 2 17 9
Ni 7.9 22 14 13 6.19 43 2 9

Co 4.7 <10 5.5 8.5 7 5.9 10 13.5  5.03 13 5 7 7.9
Vv 17 50 43 50 15.30 75 45 34
(La/Yb)n 72.1 11.7 88.0 346 15.8 53.9 31.5 20.4 27.50 7.3 8.4 21.1 283
Eu/Eu* 1.34  3.02 1.37 0.92 3.67 1.35 0.95 0.64 0.87 2.03 0.81 0.79 0.61

and other major components but have a clear positive corre-
lation between the LREE and Th concentrations (because of
the simultaneous occurrence of these elements in accessory
minerals). The gneisses are characterized by a fractionated
REE patterns with (La/Yb), = 11.6-40.1 at low concentra-
tions of HREE (Yb, = 1.5-1.9, Figure 12a). The progressive
depletion of the gneisses in LREE and MREE is coupled with
an increase in the Eu maximum that relates with decrease in
REE-bearing mineral contents, such as allanite, epidote, and

apatite. It could reflect the fractionation of these minerals
during the parental melt evolution. The most conspicuous
features of these rocks are their high LREE, Rb, and Ba con-
centrations at low concentrations of HREE and pronounced
Ta, P, and Ti minima (Figure 13), i.e., typical features of
Archean grey gneisses.

The biotite gneisses of the main phase of the Svanvik
Complex are characterized by all distinctive features of the
high-Al trondhjemites: a strongly fractionated REE pat-
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Table 7. Concentrations of major and trace elements (wt % and ppm, respectively) in plagiogneisses of the Varanger and
Svanvik Complexes

Complex Varanger Svanvik

Geoch. type A A ‘ B

no. 76-1  70/99*  59/99*  69/99* | 109/99* 112/99* 115/99* 111-1 113/99* 108-2 106/99*
SiO2 71.39 68.07 68.79 70.48 67.92 69.48 68.83  69.57 70.41 72.78 73.23
TiO2 0.25 0.345 0.354 0.29 0.353 0.312 0.354  0.26 0.225 0.21 0.117
Al2O3 15.33 15.99 16.38 15.84 16.74 16.56 16.69 16.26 15.99 14.81 15.14
Fe2 O3 2.46 2.78 3.07 2.9 3.53 2.63 3.2 2.45 2.28 2 1.17
MnO - 0.044 0.05 0.033 0.063 0.057 0.047 - 0.031 - 0.03
MgO 0.65 1.78 1.7 1.83 1.33 1.19 1.33 0.8 0.97 0.46 0.6
CaO 2.75 3.34 3.39 3.78 3.84 3.28 3.56  3.37 2.79 2.5 1.67
Na,O 4.5 6.15 4.36 4.01 3.51 4.74 3.73 4.87 4.14 4.47 6
K20 1.99 1.38 1.35 0.54 1.14 1.26 1.55 1.38 1.58 2.01 0.92
P20s 0.12 0.03 0.065 0.05 0.104 0.092 0.099 0.12 0.065 0.08 0.041
LOI 0.37 0.22 0.22 0.02 0.74 0.55 0.7 0.74 0.7 0.51 0.64
Total 99.81 100.13 99.73 99.77 99.27 100.15 100.09 99.82 99.18 99.83 99.56
U 0.49 0.7 0.6 0.7 0.5 0.9 1.8 0.77 0.6 0.6 1.7
Th 5.7 1.3 0.5 0.8 1.5 3.6 2.5 3.9 1.9 3.5 3.3
Rb 85 63 67 10 67.5 75.7 52 61.5 65.6 67.4
Ba 497 300 305 400 465 365 400 344 540 468 530
Sr 262 807 766 605 641 241 394
La 21.5 15.0 7.0 5.7 12 22 27.5 25.3 14.5 13.9 8.8
Ce 41.3 30.0 14.0 13.0 21 38 48 48.8 27 24.7 15
Pr 4.4 5.4 2.6

Nd 15.3 11.0 6.0 5.0 12 16 19 18.5 11 8.9 5.7
Sm 2.3 1.5 1.2 0.7 3 2.7 3.1 2.4 1.8 1.6 0.83
Eu 0.69 0.71 0.61 0.65 0.83 0.62 0.75  0.75 0.61 0.48 0.28
Gd 1.81 1.2 1.3 0.8 2.5 1.7 1.9 1.60 1.2 1.17 0.6
Th 0.22 0.17 0.19 0.14 0.49 0.18 0.19 0.21 0.15 0.16 0.072
Dy 1.15 0.94 0.74

Ho 0.17 0.15 0.11

Er 0.47 0.38 0.28

Tm 0.05 0.06 0.06 0.06 0.06 0.04

Yb 0.36 0.32 0.40 0.33 1.13 0.7 0.45 0.35 0.32 0.25 0.145
Lu 0.06 0.05 0.05 0.05 0.15 0.10 0.053  0.05 0.045 0.037 0.016
Zr 141 98.4 149 131 114 144 84
Hf 3.60 4.3 5.0 4.3 4.3 3.3 4 2.98 3.5 3.59 2.3
Ta 0.30 0.30 0.05 0.13 0.2 0.35 0.34 0.17 0.32 0.29
Nb 4.3 2.7 2.75 3.3 3 3.4 2.3
Y 5.1 12.9 4.3 4.3 4.1 3.4 2.1
Cr 9 15 25 30.0 15.8 19.0 20.0 7 10.0 6.0 1.4
Ni 6 6 —

Co 5 7 7 6.2 9.5 6.2 8.5 5 6.2 4 4.2
A% 24 25 17

(La/YDb)n 40.1 31.6 11.8 11.6 7.2 21.2 41.2 48.7 30.5 36.9 40.9
Eu/Eu* 1.00 1.57 1.49 2.65 0.90 0.83 0.88 1.10 1.20 1.04 1.16

terns and high Sr contents up to 800 ppm (Table 6, Fig- and allanite during crystallization of the parental melt.

ure 12b). The second-phase trondhjemites are more leuco-

cratic (70.4-73.2% SiO2) and are depleted in Al, Ca, Fe, Ti, Gneisses with High-Al Minerals. The SiOy concentra-
Mg, LREE, and Sr compared with the first-phase gneisses tions of biotite and amphibole-biotite gneisses with mus-
(Figure 12c). These features confirm genetic relations be- covite, sillimanite, and garnet range from 52.3 to 70.5% (Ta-
tween the rocks of the two phases of this complex and can be ble 2) and are negatively correlated with CaO, Fe2Os3, TiO2,
accounted for by the fractionation of amphibole, plagioclase, and MgO at the absence of pronounced correlation with al-
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Figure 11. Concentrations of trace elements in tonalite-trondhjemite gneisses of the Garsjg Complex
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Gd Tb Dv Ho Er Tm Yb Lu

tonalite-trondhjemite gneisses of (a) the Varanger

Complex and (b and ¢) the first and second phases of the Svanvik Complex.

kalis, Rb, Ba, Sr, and REE. The gneisses have moderately
fractionated REE patterns (La/Yb), = 4.7-16.2, Figure 14,
which is similar to this parameter of Archean shales; [Taylor
and McLennan, 1985]. The distinctive compositional fea-
tures of the gneisses with HAM, such as regular variations
in the least mobile major elements coupled with an uneven

distribution of trace elements in rocks of variable silicity, sug-
gest that the protoliths of the rocks could consist of weakly
differentiated sediments ranged from argillite to sandstone.
The various degrees of HREE depletion may be indicative
of variable contributions of mafic rocks and TTG to these
sediments.
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Figure 13. Concentrations of trace elements in tonalite—trondhjemite gneisses of the Varanger and
Svanvik complexes normalized to the primitive mantle.

Amphibolites. In terms of normative composition, the
amphibolites correspond mostly to olivine tholeiite and, less
often, to alkaline basalt (Samples 65-16 and 32/99) or quartz
tholeiite (Table 8, Sample 107/99). The amphibolites are
characterized by relatively low concentrations of LREE and
gently sloping REE patterns (La/Yb), = 0.7-2.0. Except
for most mobile elements (such as Rb, Ba, and Pb), the
multi-element patterns of the rocks are quite flat, with small
negative Ti anomalies (Figure 8). These features make
the rocks sharply different from the Proterozoic amphibo-
lites in the KSDB Archean complex but similar to THI,
the most widespread basalts of Archean greenstone belts
[Condie, 1981], and to the modern subduction-related tholei-
ites [Pearce et al., 1995]. Exceptions are amphibolites of
Samples 107/99 and 105-2/99 from the Svanvik Complex,

which are enriched in REE, Rb, Ba, Pb, and Sr, perhaps,
because of their extensive migmatization (3.2-5.4% K2O and
up to 51.3% SiO2). In terms of Sm—Nd isotopic composition
the mantle source of amphibolites from the Garsjs Complex
was a depleted or strongly depleted (eng = 2.15-3.3 for an
age of 2.84 Ga (Table 4).

Reconstruction of the Protolith
Composition

Reconstruction of the genesis and composition of the pro-
toliths provides valuable information for correlation between
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Figure 14. Chondrite-normalized REE patterns of gneisses with HAM from the Garsjo Complex. AS
is the average Archean schist [Taylor and McLennan, 1985].
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Figure 15. Cr/Ti vs. (La/YDb), diagram for the compo-
sition of the source of gneisses with HAM. Compositions
of TH1, TH2, and TTG are compiled from [Condie, 1981;
Martin, 1994]. Vertical successions on the mixing lines cor-
respond to 10, 30, 50, 70, 90, and 100% contribution of
basalts of variable Mg#.

deep-seated rocks and their analogues exposed at the surface.
The composition of the protoliths was identified based on the
assumption of the isochemical character of metamorphism
with respect to the least mobile elements: REE, HFSE, and
some major elements (Al, Mg, and Ti).

Gneisses with High-Al Minerals

The gneisses with HAM are pervasively enriched in Fe,
Mg, Ti along with LREE and HFSE, perhaps, because of
the concentration of these elements in the detrital and clay
material of the initial sedimentary rocks. The negative cor-
relation between LREE and SiO; suggest that the protoliths
were produced at the active participation of weathering and
sedimentary differentiation processes. The most informative
elements of the gneisses with HAM are REE, HFSE and
Th. The Garsjo HAM-bearing gneisses have narrow range of
these elements and consequently correspond to moderately
differentiated sediments (AloO3/Si0O2 = 0.2-0.32), which are
similar in this parameter to gneisses from the KSDB se-
quence (Al,03/Si02 = 0.16-0.44). REE are least likely to be
redistributed during sedimentary and subsequent diagenetic
processes [McLennan, 1989], so we used these elements to
interpret origin of the gneisses within the framework of the
model for mixing of material from different sources (tholeiitic
basalts and gneisses of tonalite-trondhjemitic composition)
[Taylor and McLennan, 1985]. Our estimates point to a sig-
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Table 8. Concentrations of major and trace elements (wt
% and ppm, respectively) in amphibolites from KSDB sur-
rounding complexes

Complex Garsjg Svanvik

no. 55-8 32/99* 65-16 65-9 | 105-2/99 107/99*
SiO2 47.53 47.74 48.19 49.66 47.88 51.28
TiO9 0.81 1.126 0.75 0.87 0.89 0.928
Al>O3 15.25 13.67 14.84 13.7 14.03 14.93
FexO3 13.32 14.76 12.94 14.79 12.16 10.44
MnO 0.21 0.219 0.22 0.23 0.23 0.21
MgO 8.13 6.28 7.29 6.14 6.17 5.94
CaO 10.1  9.97 10.72 10.48 7.97 9.78
NasO 2.29 3.91 2.86 2.33 0.17 0.3
K20 1.04 1.11 1.14 0.94 5.38 3.25
P20s 0.09 0.09 0.1 0.1 0.11 0.083
LOI 1.09 0.68 0.79 0.58 4.86 2.1
Total 99.86 99.56 99.84 99.82 99.85 99.24
U 0.13 0.2 0.36 0.77 0.60 0.6
Th 0.11 0.3 0.31 047 0.41 0.3
Rb 39 13 23 17 625

Ba 134 124 101 214 330
Sr 138 99 130 105 228

La 1.9 4 2.5 2.9 3.9 6
Ce 5.5 12 6.8 7.4 10.5 14
Pr 0.9 1.0 1.1 1.6

Nd 4.6 86 5.5 6.1 8.2 8
Sm 1.7 2.8 1.8 2.1 2.7 2.4
Eu 0.70 0.92 0.69 0.79 0.88 0.92
Gd 2.35 2.2 2.7 3.27

Tb 0.39 0.62 040 0.45 0.54 0.52
Dy 2.59 2.6 3.2 3.52

Ho 0.57 0.58 0.73 0.83

Er 1.59 1.5 2.2 2.19

Tm 0.28 0.25 0.34 0.34

Yb 1.74 2.8 1.6 2.3 2.26 2
Lu 0.27 043 0.27 0.36 0.35 0.24
Zr 41 50.6 43 52 56 —
Hf 1.13 1.8 1.2 1.5 1.51 1.6
Ta 0.16 0.1 0.18 0.22 0.39 0.16
Nb 1.7 3.45 2.1 2.2 5.4

Y 18.0 23.7 16.6 21.8 23.0

Cr 221 133 212.2  52.7 166 130
Ni 163 122.3 65.9 102

Co 56 57 52.5 56.0 47 55
Vv 279 242 292 270

Pb 2.66 3.98 2.96 12.41
(La/Yb)a| 0.7 096 1.1 0.9 1.2 2.0

nificant involvement of the TTG source at a smaller input of
the material of high-Mg mafic rocks in the protoliths of the
gneisses with HAM from the KSDB sequence as compared
with their analogues exposed at the surface (Figure 15).
This conclusion implies the significant contribution of local
erosion sources to the composition of sediments in ancient
granite—greenstone terranes. These areas contained rocks of
various compositions in different quantitative proportions.
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If this is actually the case, the use of metasediments for the
purposes of correlation seems to be hardly justified.

Amphibolites

In order to identify the distinctive features of the source
of the Proterozoic dike amphibolites and metavolcanic rocks
of the Pechenga structure, one can use the approach pro-
posed by Kerrich and Wymen [1997]. In multi-element plots
normalized to the primitive mantle (Figure 6b), a line pass-
ing through the points of the most conservative elements
(HREE, Ti, Hf, and Nb) has a negative slope. It indi-
cates the enriched mantle source of the amphibolites and
metabasalts of the Pirttijarvi and Zapolyarnyi formations of
the Pechenga structure. Sm-Nd isotopic data shown that
most of the KSDB amphibolites were derived from a source
of composition intermediate between those of the depleted
mantle and CHUR, supports this conclusion. The appli-
cation of this prosedure [Kerrich and Wymen, 1997] to the
Archean amphibolites (Figures 7a, 8) led us to conclude that
the Archean mantle was more depleted, that, in turn, is con-
sistent with analogous conclusions made on the basis of the
Sm—Nd systematics. Of course, the Proterozoic age of the
bulk of the amphibolites precludes reliable correlation be-
tween mafic rocks in the lower part of the KSDB succession
with Archean amphibolites in the surroundings of the bore-
hole.

Tonalite—Trondhjemite Gneisses

Gneisses of tonalite-trondhjemitic composition dominated
among the suites of deep-seated rocks and analogous rocks
exposed at the surface differ in textures, structures, and
composition. The magmatic genesis of the gneisses follow
from the similarities between their compositions with those
of modern volcanic rocks (adakites) and are generally con-
sistent with experimental data on the origin of the parental
melts from mafic sources. The textural and structural fea-
tures of the tonalite—trondhjemite gneisses allow for their
subdivision into volcanic and coeval (or younger) plutonic
facies. The gneisses are characterized by broad variations in
the concentrations of trace elements, which depended on the
crystallization and melting conditions. In HREE contents,
the rocks vary from strongly depleted to enriched types. The
KSDB plagiogneisses can be subdivided into two geochemi-
cally contrasting types. One of them (type A) is strongly de-
pleted in HREE and dominates in the succession penetrated
by the borehole, while the rocks of the other type (type B)
are enriched in these elements and were encountered only in
the upper portion of the succession. The Garsjg tonalite—
trondhjemite gneisses exposed at the surface were classified
into three geochemical types, which mostly include depleted
and moderately enriched varieties. The low-Al gneisses with
elevated HREE concentrations are less abundant. The pres-
ence of distinct geochemical rock types among the tonalite—
trondhjemite gneisses of KSDB and its surroundings makes
them suitable for reconstructions of the protolith composi-
tion and for correlation purposes.
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The origin conditions of the parental melts for gneisses
belonging to discrete geochemical types may be constrained
based on their Sm and Nd isotopic compositions. In an enqg
vs. T diagram, the points of the gneisses define two dis-
crete fields with different enq values for the gneisses of types
A and B (Figure 9, Table 4). The lower field comprises
the points of gneisses with relatively low eng (0.69-1.05 at
an average of 0.80) with relatively high model ages (2911—
2930 at an average of 2917 Ma), most of which fall into type
A. The upper field includes composition points with exg =
1.32-2.68 (average 2.02) and model ages of 2778-2877 (aver-
age 2825) Ma, most of which belong to type B. The Sm—-Nd
systematics of the rocks suggest the origin of the type-A
gneisses by the melting of more ancient and less depleted
source than those of the type-B gneisses, which had a rel-
atively shot crustal residenbe age. The concept of different
protoliths of the type-A and B gneisses is also confirmed by
the distinct Sm/Nd ratios of the rocks (0.172 and 0.161, re-
spectively), whose values are though to be preserved in gran-
itoids produced by the melting of the same source material
[Faure, 1986]. The **Nd/'**Nd ratios of the amphibolites
(0.512920-0.512922) exceed this value of CHUR, (0.512636)
and provide evidence of the essentially restitic nature of the
mantle source of these rocks.

The concentrations of trace elements in a melt are known
to be controlled by the respective concentrations in the
source, its melting degree, and the bulk partition coefficients
of these trace elements between the melt and residue, whose
values depend, first and foremost, on the mineralogical com-
position of the residue. Hence, it can be suggested that
the differences in the REE compositions of the type-A and
B gneisses were resulted from both the compositional dif-
ferences between their sources and a lower melting degree of
the source of the type-B gneisses. A less probable scenario is
the enrichment of the protolith of the type-A gneisses in in-
compatible elements immediately before its melting, because
in this case the melts derived became enriched in REE but
retained isotopic signatures of the depleted source.

According to experimental studies [Beard and Logfren,
1991; Rapp and Watson, 1995; Rapp et al., 1991; and oth-
ers], the melts of tonalite-trondhjemitic composition most
probable form by the partial melting of metabasic sources.
An increase in the garnet and clinopyroxene in the residues
in equilibrium with the partial melts and a decrease in the
hornblende and plagioclase with increasing temperature and
pressure result in progressive depletion of the melts in HREE
and enrichment in Sr. To evaluate the P — T conditions un-
der which the melts were generated and the composition of
the most probable residues, it is expedient to use an Yb—
Eu diagram [Turkina, 2000], which shows variations in the
boundary concentrations of REE in the model geochemi-
cal types of melts (Figure 16). As follows from this dia-
gram, most points of the tonalite—trondhjemite rocks plot
near the fields of initial or evolved melts, which are shifted
toward lower Yb and Eu concentrations in response to frac-
tionation of amphibole and plagioclase during a melt crys-
tallization. The KSDB tonalite-trondhjemite gneisses are
localized within the fields of the two recognized geochemical
types of the rocks. The protoliths of the gneisses depleted
in HREE are close to the composition of melts generated
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Figure 16. Yb vs. Eu diagram for tonalite-trondhjemite
gneisses and model melts [Turkina, 2000]. (1) Model melts;
(2, 3) tonalite-trondhjemite gneisses of types A and B
from the succession penetrated by KSDB; (4-9) tonalite—
trondhjemite gneisses of the Svanvik—Neiden segment:
(4-6) gneisses of geochemical types A, B, and C of the
Garsjo Complex, (7) gneisses of the Varanger Complex,
(8) gneisses of the first and second phases of the Svanvik
Complex.  Triangles mark the compositional fields of
melt derived by the dehydration melting of the sources of
TH1, TH2, and NMORB in equilibrium with five types
of residues (numbers in rectangles): (1) pyroxene—
plagioclase, (2) plagioclase—amphiboletpyroxene,
(3) garnet—plagioclase-pyroxene—amphibole (<20% garnet),
(4) garnet—plagioclase-pyroxene—amphibole (>20% garnet),
and (5) garnet—pyroxene.

in equilibrium with garnet-enriched amphibolite or eclogite
residues at P > 15— 16 kbar. Conversely, the protoliths
of the gneisses enriched in HREE may have been derived
under lower P — 7', with the separation of garnet amphibo-
lite residue. Similar melting conditions were also typical of
the protoliths of the Garsjg tonalite—trondhjemite gneisses of
types A and B. For type C most strongly enriched in HREE
the partial melts could be derived only in equilibrium with
garnet-free amphibolite residues corresponded to pressures
of no more than 8 kbar. The tonalite-trondhjemite gneisses
of the Varanger and Svanvik complexes are moderately de-
pleted in HREE and generally belong to geochemical type A,
whose protoliths were most probably formed in equilibrium
with a garnet amphibolite residue, as also were the protoliths
of ATTC in the lower part of the KSDB sequence. Hence,
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the analogy between the tonalite-trondhjemite gneisses pen-
etrated by the borehole and those exposed at the surface is
based not only on similarities in their compositions but also
on the identity of their residual associations and the compo-
sitions of the metabasite sources.

Processes of Proterozoic Magmatism and
Metasomatism in the Basement Rocks of
the Pechenga Structure

The most intense Proterozoic processes that affected the
basement rocks of the Pechenga structure were the intru-
sion of numerous mafic—ultramafic bodies, retrograde meta-
morphism to medium- and low-temperature amphibolite and
epidote amphibolite facies, intensive migmatization, and in-
trusions of 1.76-Ga postkinematic granites.

Rocks of Mafic—Ultramafic Composition

As was demonstrated above, the inspected amphibolites
from the lower part of the KSDB succession include rocks
of Archean and Proterozoic ages, with the obvious predom-
inance of the latter rocks (no less than 80% of the total
amphibolite amount). The metabasalts of the dike facies
seem to have served as magma conduits for the Pechenga
volcanic rocks, while the amphibolites developing after the
intrusive rocks are similar to the Proterozoic pyroxenites and
paleoboninites from the framing of this structure. The mafic
intrusive rocks in the Pechenga basement can be correlated
with Proterozoic complexes of gabbroids, picrodolerites, Ti-
and Fe-rich metadolerites, and metapicrites, which compose
dike swarms in the framing rocks and have ages of, respec-
tively, ~2555, 2200, and 1950 Ma. As follows from studies
of paleorifts, the development of dike swarms of different
ages is a characteristic feature of magmatism in these struc-
tures during different stages of their evolution [Balagansky
et al., 2001; Bridgewater et al., 1995; Kaz’min and Byakowv,
1997]. Similarly to the Pechenga metabasalts, it was pro-
posed (based on Sm-Nd isotopic data) that the Proterozoic
amphibolites were derived from a depleted mantle source,
which was variably enriched in incompatible elements.

Metamorphism and Migmatization

The Early Proterozoic retrograde metamorphism pro-
ceeded under low-temperature amphibolite, epidote amphi-
bolite, and, seldom, greenschist facies conditions. G. G. Duk
identified metamorphic zoning of the andalusite—sillimanite
type produced during two metamorphic episodes: its high-
temperature stages (of the amphibolite and epidote am-
phibolite facies) are coeval with the Luostari unit of the
Pechenga Complex, and the higher temperature rocks cor-
respond in age to the Nikel unit [Duk et al., 1989]. The
metamorphic processes of the amphibolite and epidote am-
phibolite facies were accompanied by migmatization of the
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Figure 17. Average concentrations of major and trace elements in (1) tonalite-trondhjemite gneisses,
(2) migmatized rocks of units 10 of KSDB, (3) metasomatic rocks in the northeastern framing of the
Pechenga structure; (4) trachybasalts, basaltic andesites, trachybasaltic andesites, and andesites from
the Kuetsjarvi unit of the Pechenga structure [Kola Superdeep Borehole, 1984, pp. 106-107], normalized
to the concentrations of these elements in the continental crust [Taylor and McLennan, 1985]. The inset
shows the REE concentrations of the migmatized rocks of (1) KSDB unit 10 and (2) metasomatic rocks
from the northeastern framing of the Pechenga structure, normalized to tonalite—trondhjemite gneisses

from KSDB.

rocks of the KSDB Archean complex. This process gave rise
to a diversity of morphological types of migmatites. At the
surface, analogous migmatites and granitic rocks compose a
zone more than 20 km long and 2-6 km wide in the east-
ern framing of the Pechenga structure, which trends farther
northwestward to the territory of Norway (Figure 1). The
U-Pb zircon age of migmatized rocks in the lower part of the
KSDB succession is 2225 Ma. The migmatization occurred
locally, only beneath the Pechenga structure and its near-
est surroundings, and was an apparently unequilibrated and
allochemical process with respect to the host metamorphic
rocks. It led to the depletion of the rocks in AloOs, CaO,
and Na2O and their enrichment in SiO2, TiO2, FeO, K20,
and some trace elements (Rb, Ba, Nb, Zr, REE, Pb, Cu, Cr,
Ni, Co V (Figure 17), F, P, and CO2, which are typical of
alkali-enriched rocks. In studying the isotopic composition
of common Pb, it is commonly assumed that migmatization
is triggered and maintained by fluids that segregated from
a chamber of melts parental for the subalkaline volcanics of
the Kuetsjarvi unit of the Pechenga Complex [Vetrin et al.,
2002a]. Fluid flows, directed from the crystallizing magma
to the chamber roof, brought about migmatization of the
upper crustal rocks through the precipitation of some ma-
jor and trace elements from the fluids due to a decrease in
solubilities of these elements in the fluids in response to a de-
crease in T and P. The same factors seem to have diminished

the trace element concentrations in the rocks at the upper
crustal levels as compared with he migmatized rocks in the
lower parts of the succession and in the volcanics of the
Kuetsjarvi unit, while the principal tendencies in the distri-
bution of lithophile and siderophile elements remain similar
(Figure 17). Data on the age of the KSDB migmatized rocks
and “red granites” from the northeastern margin of the area
led us to estimate the duration of the migmatization process
at 50-70 m.y. [Vetrin et al., 2000, 2002a].

Postkinematic Granites

At depths of 9100-11,200 m, the Archean succession pen-
etrated by KSDB was determined to contain numerous
dikes of fine-grained, sometimes weakly porphyritic gran-
ites, which are analogous to the phase-4 granites of the
Litza—Araguba Complex (LAC). The complex is exposed
in the form of a chain of massifs in the eastern framing of
the Pechenga structure. The concordant U-Pb zircon age of
granite from depths of 9100-9700 m is 1765+2 Ma [Kola Su-
perdeep Borehole, 1998]. A quite similar crystallization age
value, 176249 Ma, was yielded by zircon from the LAC vein
granite exposed at the surface [ Vetrin et al., 2000]. The ini-
tial 4He/BHe ratio of He entrapped by the crystallizing gran-
ite was estimated at approximately (3-5)-10° (Figure 18).
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Figure 18. *He/*He vs. (U 4 0.2Th)/*He diagram show-
ing the proportions of parental and daughter isotopes in
LAC rocks and minerals. The slope of the evolutionary line
(dashed line) for an age of 1.76 Ga was calculated with al-
lowance for the contribution of radiogenic He generated at
given (U + 0.2Th) concentrations. The solid line is a re-
gression whose intersection with the ordinate determines an
initial ratio “He/?*He = 480,000. The inset shows a diagram
(in linear coordinates) with data from the rectangle in the
left-hand side of the diagram.

The genetic interpretation of the initial 4He/:"He ratio was
carried out within the framework of the mixing model of He
from the continental crust and mantle. Based on studies
of mantle xenoliths, the mantle source was assumed to be
the enriched mantle of the area. Taking the values of the
“He/*He ratio in the enriched mantle and continental crust
to be equal to, respectively, 6.7-10* and 1-108, we concluded
that the values of “He/3*He = (3-5)-10° of the granite could
have been resulted from mixing of the mantle and crustal
components in the proportion of approximately 1 to 4-7.
These values indicate the essentially crustal nature of the
entrapped fluid, which contained as little as ~13-22% man-
tle constituent [Vetrin et al., 2002b]. The mantle—crustal
model for the fluid genesis in granitoids is well compati-
ble with the petrologic model for the genesis of these rocks
mostly by the anatectic melting of the crust under the effect
of mantle melts [Vetrin et al., 1975].

Conclusions

The basement of the Pechenga riftogenic structure, which
was penetrated by the Kola Superdeep Borehole over a
depth interval of 6842-12,261 m, is dominated by tonalite—
trondhjemite gneisses, amphibolites, iron quartzites
(jaspilites), and gneisses with aluminous minerals. Anal-
ogous rock associations are exposed at the surface as the
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Svanvik—Neiden segment in the northwestern part of the
Kola—Norwegian block. The rocks of both the KSDB
Archean complex and the Svanvik—Neiden segment have
identical age and correspond to volcano-sedimentary and
plutonic rocks typical of granite—greenstone terranes.

The geochemical features of the gneisses with HAM, such
as high concentrations of LREE, HFSE, and mafic elements
concentrated in the detritus and clay material along with
the REE decreasing with increasing SiOg, testify that the
genesis of the protoliths involved the processes of weather-
ing and sedimentary differentiation. The gneisses with HAM
recovered by KSDB and sampled at the surface have similar,
but not the same, sources. It was determined that local ero-
sion sources contributed to the composition of the gneisses,
and much material from high-Mg mafic rocks was involved
in the gneisses with HAM from KSDB as compared with the
analogous rocks exposed at the surface.

The great majority (>80%) of amphibolites in the KSDB
Archean complex are Early Proterozoic rocks of the dike
facies, which seem to have formed magma feeders for the
Pechenga volcanics. They were derived from a variably de-
pleted mantle source with an insignificant input of mate-
rial from an enriched mantle reservoir. The mafic intrusive
rocks in the basement of the Pechenga structure can be cor-
related with the Proterozoic gabbronorite, picrodolerite, and
Ti- and Fe-rich metadolerite and metapicrite complexes com-
posing dike swarms in the framing of the structure and hav-
ing ages of, respectively, ~2555, 2200, and 1950 Ma. The
Late Archean amphibolites penetrated by KSDB and ex-
posed at the surface have concentrations of major and trace
elements close to those in TH1 basalts of Archean green-
stone belts, fundamentally differ from Proterozoic amphibo-
lites, and were derived from a depleted or strongly depleted
mantle source.

Tonalite—trondhjemite gneisses dominate among the deep-
and shallow-seated rocks of the granite-greenstone terrane
and can be subdivided into plutonic and stratified volcanic
facies, which include various genetic types. The variable
composition of tonalite-trondhjemite gneisses make them
convenient for correlating of rocks at different depths. The
data obtained on the Sm-Nd isotopic systematics indicate
that the protoliths of the REE-enriched gneisses (type B)
have been derived from the depleted mantle-related metab-
asites (exa = 1.05-2.68), whereas the source of the REE-
depleted gneisses (type A) seem to have been less depleted in
incompatible elements and radiogenic Nd (exa = 0.58-1.73).
The gneisses depleted in HREE were formed in equilibrium
with residues of garnet-rich amphibolitic or eclogitic compo-
sition at least 15-16 kbar. The differences between the trace-
element compositions of the gneisses belong to geochemical
types A and B could be resulted from different source com-
positions and a lower melting degree of the type-B source.
Conversely, the gneisses enriched in HREE may have been
generated under lower pressures, with residues of garnet-free
amphibolites.

Contrary to the associations exposed at the surface, the
rocks of the KSDB Archean complex were extensively al-
tered by Proterozoic magmatic and metasomatic processes
related to the development of the Pechenga structure. The
most active Proterozoic processes that affected the base-
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ment of the structure were the intrusion of numerous mafic—
ultramafic dikes, retrograde metamorphism to the medium-
temperature amphibolite and epidote amphibolite facies,
migmatization, and the emplacement of postkinematic gran-
ite intrusions at 1.76 Ga. Most Proterozoic processes show
evidence of their relations with mantle sources. In gen-
eral, the amounts of Proterozoic material introduced into
the Archean rocks in the lower part of the borehole section
plus the remobilized material of the Archean crust were eval-
uated at >30% (>12-15% amphibolites, ~3% vein granites,
and ~15% migmatized rocks).
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