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Abstract—The lower crust of the Belomorian Mobile Belt consists predominantly of garnet peridotites with
subordinate amounts of pyroxenites and spinel peridotites, which occur as xenoliths in Devonian diatremes and
dikes in the southern part of the Kola Peninsula. When transported to the surface by ultrabasic melts, the xeno-
liths were affected by fluids from the host ultrabasic lamprophyres with the introduction of Ca, Mg, and such
trace elements as Ba, Nb, Sr, and P. The concentrations of trace elements (Sm, Nd, Y, Ti, Zr, Ni, Cr, and others)
and the Sm—-Nd isotopic composition were not significantly modified, which makes it possible to use them to
compare the xenoliths with the near-surface complexes and to reproduce the composition of the protoliths. The
Paleoproterozoic lower crust was produced during the emplacement of mantle magmas into metabasites in the
Neoarchean lower crust, a process that was accompanied by the contamination of the melts and the origin of
rocks showing characteristics of mantle and crust material. The emplacement of significant melt volumes into
the Neoarchean lower crust caused its heating and enabled its viscous—plastic flow. This flow could likely also
affect the material of the upper mantle, as follows from the occurrence of spinel peridotite nodules among the
garnet granulites with an increase in the amount of mantle xenoliths from the roof to bottom of the lower crust.

The overall amount of ultrabasic rocks in the lower crust was evaluated at 8—10%.

DOI: 10.1134/S0869591106040047

INTRODUCTION

There is still relatively little information on the
lower continental crust of the Earth, with the rocks
composing its discrete tectonic provinces differing in
mineralogy, chemistry, metamorphic parameters, age,
and genesis. Most researchers emphasize the differ-
ences between the compositions of the Precambrian
and Phanerozoic lower crust: while the lowermost
Phanerozoic crust contains much originally sedimen-
tary rocks, the Precambrian lower crust is dominated by
granulites whose protoliths were mafic magmatic
derivatives (Downes, 1993; Rudnik and Fountain,
1995; Kempton et al., 1995).

The southern part of the Kola Peninsula is suitable
for examining the lower parts of the Precambrian con-
tinental crust. This territory contains approximately
1000 explosion dikes and >40 explosion pipes, with
some of them bearing xenoliths of deep rocks. Most of
the explosion bodies are made up of 360- to 380-Ma
ultrabasic lamprophyres, whose localization was con-
trolled by the Kandalaksha graben of northwestern
strike. This graben belongs to the Onega—Kandalaksha
paleorift of the Belomorian rift system. The structures
were formed in the Middle and Late Riphean and
underwent reactivation in the Middle Paleozoic, when
swarms of alkaline dikes, diatremes, and ring intrusions
of alkaline—ultrabasic rocks and carbonatites were
emplaced.

The earlier studies of the deep xenoliths in the area
were focused on the compositions of their minerals and
rocks and the crystallization sequences of the mineral
assemblages. It was definitely established that the gar-
net granulites and some of the pyroxenites are frag-
ments of lower crustal rocks (Shurkin and Rumyant-
seva, 1979; Sharkov and Pukhtel, 1987; Vetrin and
Kalinkin, 1992; Neymark et al., 1993; Downes, 1993;
Kempton et al., 1995). Later works within the scope of
the EUROPROBE SVEKALAPKO international
project expanded the area where xenoliths were found
and provided newly obtained analytical data on their
major- and trace-element compositions and on the
U-Pb, Pb—Pb, Sm—Nd, and Ar—Ar isotopic system of
the rocks and minerals. Xenoliths of garnet granulites
were also found in kimberlite pipes in Archangelsk
region (Markwick and Downes, 2000), eastern Finland
(Holtté et al., 2000), and agpaitic syenites of the Niva
intrusion in the southwestern Kola Peninsula (Arza-
mastsev et al., 2000). The principal mineralogical and
chemical features of the lower crustal xenoliths, their
age, and the P-T conditions of their crystallization are
reported in Table 1. Kimberlites in eastern Finland bear,
along with lower crustal xenoliths, also nodules of
spinel and garnet peridotites and diamondiferous eclog-
ites from the upper mantle (Peltonen et al., 2002; Kuk-
konen and Peltonen, 1999).
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Table 1. Modal and chemical composition, age, and P-T conditions of crystallization of lower crustal rocks in the Baltic

Shield and the northern part of the East European Platform (based on the results of studying deep xenoliths)

Locality and host Predominant rocks Chemistry of |Age (Ga) and dat- P_T
P . : —T parameters| Reference
rocks and their mineralogy xenoliths ing method
Ultrabasic lampro- Garnet granulites Tholeiitic basalts, | 2.7-2.8; 2.4—2.5; | P = 1215 kbar,| Sharkov and
phyres in the (Grt+ Cpx + Pl £ Opx = | picrobasalts, and |1.7-1.8 (U-Pb), | T =750-930°C | Puchtel, 1987;
northwestern part Qtz £ Kfs + Phl = Hbl £ gabbro-an- 2.0-2.8, maxi- Vetrin and
of Kandalaksha Bay, |Dol + Cal), pyroxenites orthosites mum at 2.4-2.6 Kalinkin, 1992;
Kola Peninsula (Grt + Cpx £ Opx = Hbl (Tna(DM)) Vetrin and
Qtz £ Dol + Cal), garnet— Nemchin,
phlogopite—amphibole 1998; Kempton
rocks (Grt + Phl = Hbl etal., 1995,
Opx £ Rt) 2001; Koreshk-
ova et al., 2001
Agpaitic syenites, Garnet granulites Metasomatized |2.7 (U-Pb) P=13.1-13.9 | Arzamastsev
Niva intrusion, (Grt + Cpx + Pl = Hbl + Br) | tholeiitic basalts kbar, et al., 2000
Kola Peninsula T=750%50°C
Kimberlites of the Pa- | Garnet granulites Subalkaline ba- | 1.7-1.9 P=13.5-15.5 |Markwick and
chugskoe field, 60 km |(Grt £ Pl+ Cpx+ Scp * salts (Tya(DM)) kbar, Downes, 2000
north of Archangelsk | Hbl+ Rt + Ap) T=670-730°C
Kimberlites, eastern Clinopyroxene—garnet— Tholeiitic basalts | 1.7-2.6 (U-Pb), |P =7.5-12.5 Holtti et al.,
Finland amphibole granulites 1.5-2.9 kbar, 2000
(Cpx+ Hbl + Pl Grt (Tng(DM)) T=800-900°C
Opx * BY)

Note: Mineral symbols (Kretz, 1983): Grt—garnet, Cpx—clinopyroxene, Pl—plagioclase, Opx—orthopyroxene, Qtz—quartz, Kfs—potassic
feldspar, Phl—phlogopite, Bt—biotite, Hbl—hornblende, Dol—dolomite, Cal—calcite, Rt—rutile, Ap—apatite, Scp—scapolite.

The lower crustal xenoliths are thought to be deriv-
atives of high-Mg boninite-like melts metamorphosed
to the granulite facies. They form a Paleoproterozoic
province of 2.4- to 2.5-Ga magmatic rocks in the north-
ern part of the Baltic Shield (Sharkov et al., 1999;
Kempton et al., 2001). At the same time, the composi-
tion of the most thoroughly examined xenoliths from
the Kandalaksha shore of the Kola Peninsula provides
evidence that the sources of the protoliths of these
xenoliths could have been more diverse, and these
rocks can be similar not only to the coronites (drusites)
and layered peridotite—pyroxenite—gabbronorite intru-
sions in this province but also to the basalts of Archean
greenstone belts and gabbro-anorthosites (Vetrin and
Kalinkin, 1992; Koreshkova et al., 2001).

These data highlight the urgency of identifying the
composition of the protoliths of the lower crustal xeno-
liths with the use of geochemical and isotopic
geochemical techniques. The results of our research
indicate that the regional lower crust was formed in at
least two major stages: Neoarchean and Paleoprotero-
zoic. Our data on the velocities of seismic waves in the
xenoliths demonstrate that these velocities are much
lower than the V,, and V; determined by seismic studies
of the lower crust beneath the Baltic Shield (Grad and
Luosto, 1987; Tripol’skii and Sharov, 2004). These dis-
crepancies between the seismic wave velocities testify
that the regional lower crust is heterogeneous, and the
granulites include beds and lenses of denser and higher
velocity rocks of ultrabasic composition, whose
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amount increases from the upper levels of the lower
crust toward its bottom.

GEOLOGY

Xenoliths of garnet granulites and pyroxenite were
sampled in lamprophyre dikes and an explosion pipe
exposed in islands of the Kandalaksha Archipelago,
where they intrude tonalitic gneisses, granites, and
amphibolites of the northeastern part of the Belomorian
Mobile Belt. Belomorian rocks from our study area
were dated at 2.67-2.73 Ga, and their Proterozoic
metamorphism occurred at 1.9—-1.7 Ga (Claesson et al.,
2000). The lamprophyre dikes have northerly strikes
(from 0°—40° to 330°), thicknesses of 0.5—1 m, and can
be traced for up to 1 km. Their contacts with the host
rocks are sharp, often with chill selvages in the inner
contact zones. A monticellite kimberlite dike northeast
of the town of Kandalaksha contains, along with garnet
granulites and pyroxenites, nodules (1-3 cm across) of
spinel peridotites (Vetrin and Kalinkin, 1992). Xeno-
liths are the most abundant and compositionally diverse
in the explosion pipe exposed in Elovy Island. The pipe
is oval in cross section (18 x 10.5 m) and was emplaced
along the contact between granite-gneisses and garnet
amphibolites (Fig. 1). The pipe is filled with volcanic
breccia of angular fragments of the host granites and
amphibolites (20-30%), rounded nodules of garnet
granulites (40-50%), pyroxenites, hornblendites (5—
10%), and a cementing mass corresponding to ultraba-
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Fig. 1. Schematic geological maps of the diatreme in Elovy Island (modified after Shurkin and Rumyantseva, 1979) and the north-

eastern part of the Baltic Shield (inset).

(1) Quaternary deposits; (2) carbonatite; (3) ultrabasic lamprophyre; (4—7) breccia of the diatreme: (4) with rimmed xenoliths,
(5) fine-grained, (6) medium-grained, (7) coarse-grained; (8) gneiss-granite; (9) granite-gneiss; (10) garnet amphibolite; (11) dips
of contacts. Inset: (12) layered peridotite—pyroxenite—gabbronorite and gabbro—anorthosite intrusions; (13) Early Karelian belts and
structures: (a) Lapland Granulite Belt, (b) paleorifts (circled numerals): (1) Sal’nye Tundry, (2) Kolvitsa, (3) Imandra—Varzuga,
(4) Pechenga; (14) Late Archean structures: (a) greenstone belts (circled numerals): (5) Northern Kola, (6, 7) Terskii—Notozero
(structures: 6—Terskii, Olenegorsk, Ingozero; 7—Kaskamskaya), (8) Korva Tundra structure; (9) Tikshozero belt; (b) Keivy parag-
neiss structure; (15) Belomorian Mobile Belt; (16) undifferentiated rocks of the Kola—Belomorian Complex and the basement com-

plex; (17) study area.

thicker than the nodules themselves. The K—Ar ages of
the lamprophyres from the diatreme at Elovy Island and
the dike at Srednii Sal’ny Island were estimated at 368
* 15 and 360 £ 16 Ma, respectively, and the kimberlite
dike was dated at 365 = 16 Ma (Beard et al., 1998),

sic lamprophyre in composition (10-20%). The garnet
granulite nodules are 3—10, occasionally up to 40—60
cm across. The xenoliths of garnet granulites and
pyroxenites are often rimmed with a fine-grained rock.
If the nodules are small, the surrounding rims may be
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Table 2. Modal composition (%) of xenoliths
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Miner.| 37-30 %?g; ]%%?5 ]%9(% 16/89 | 37-40 |37-3()| 37-60 | 67-12 | 37-52 | 372 [37:9)| 41-5 | 252 [25-1(2)
4 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Grt 12 35 25 20 44 22 20 30 38 30 42 8 10

Cpx 32 30 30 25 8 27 33 20 40 25 28 14 88 11 20
Opx 12 + 25 1 74 13

PI 40 25 25 50 37 44 15 40 20 35 20 1 +

(054 5 5 5 3 3 3 2 3 5

Kfs 3 5 2

Hbl + + + + + +

ol 73 74
Spl 3 4
Phl + + + + + + + + +
Rt + + + + 2 + +

Mag 2 + + + + 2

Cal 2 5 5 3 4 4 2 5 2 2 2 6 2 2
Scp + 10 3 +

Ap + +

Note: Spl—spinel, Ol—olivine, Mag—magnetite, other mineral symbols as in Table 1. Samples: (1-11) garnet granulites, (12, 13) pyrox-
enites, (14, 15) spinel peridotites. Empty cells correspond to the absence of the mineral.

which corresponds to the age of the Kola Paleozoic
alkaline province (360-380 Ma; Kramm et al., 1993).

MINERALOGY, P-T CONDITIONS
OF CRYSTALLIZATION,
AND AGE OF XENOLITHS

Mineralogy. The garnet granulites are medium-
grained rocks, which consist mostly of garnet (20-
50%), clinopyroxene (10—40%), plagioclase (15-50%),
and orthopyroxene (0-25%), with all transitional types
from mafic (eclogitic) to felsic varieties (Table 2). The
contents of quartz, orthoclase, scapolite, and carbon-
ates in the xenoliths usually do not exceed 3-5% for
each of these minerals, and the rocks contain minor
amounts of apatite, amphibole, zircon, monazite, rutile,
aegirine, and magnetite. Single grains of carbonates
and their aggregates fill interstices between mineral
grains and cracks in them in the garnet granulites and
occur as veinlets in xenoliths. Aluminous minerals
(such as kyanite and sillimanite), which are typical of
metasedimentary rocks, are completely absent from
these rocks. These rocks usually have granoblastic, por-
phyroblastic, hypidioblastic, and, in places, cumulus
and hypidiomorphic granular textures. The granulites
often show taxitic, sometimes banded structures
(Fig. 2), which are accentuated by discontinuous lam-
ina of melanocratic (Grt + Cpx = Opx £ PI) and more
leucocratic (Pl + Qtz) composition and are in places
migmatized. The processes of migmatization are petro-
No. 4
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graphically expressed as the development of newly
formed grains of plagioclase, orthoclase (Or4,Ab44Any),
and quartz and the simultaneous decomposition and
replacement of mafic rock-forming minerals of the gar-
net granulites. The rocks contain scarce xenoliths of
phlogopite—garnet—orthopyroxene and amphibole—
rutile—phlogopite—garnet rocks, which are thought to
have been produced by the metasomatic recycling of
the garnet granulites under the effect of fluids of mantle
provenance (Bindeman etal., 1990; Vetrin and
Kalinkin, 1992). These rocks are not considered in this
publication.

The pyroxenites are two-pyroxene, amphibole—cli-
nopyroxene, and garnet—clinopyroxene rocks. A xeno-
lith of phlogopitized granulite is cut by veinlets of
amphibole—clinopyroxene pyroxenite of massive struc-
ture, a fact suggesting that the origin of the regional
lower crust was accompanied by a number of magmatic
pulses.

The spinel peridotites consist of olivine (50-95%),
clinopyroxene (0-15%), orthopyroxene (5-20%), and
spinel (1-5%). The accessory minerals are amphibole,
phlogopite, apatite, and picroilmenite, whose origin
was related to the processes of modal mantle metasom-
atism. The rock shows traces of the percolation of man-
tle melts, which took place before the fragmentation of
the spinel peridotites and the entrainment of xenoliths
to the surface (Downes et al., 2000).

P-T conditions. The crystallization temperatures of
the mineral assemblages of the garnet granulites were
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Fig. 2. Garnet granulites of (a) banded and (b) taxitic structure.

evaluated by the garnet—clinopyroxene geothermome-
ter (Powell, 1985), and the pressures were estimated by
the garnet—clinopyroxene—plagioclase—quartz geoba-
rometer (Newton and Perkins, 1982; Powell and Hol-
land, 1988). The values thus obtained (T = 750-930°C,
P =12-15 kbar; Kempton et al., 1995) demonstrate that
the rocks affiliate with high-pressure granulites and
were formed at depths of 3045 km.

Age of the mineral associations. The U-Pb zircon
dating of the granulites demonstrates that the same
samples may sometimes contain zircons of Archean
and Proterozoic age. Most zircon grains from sample
16/89 have an age of 1729 £ 29 Ma, but some grains
have ages of 2.75 Ga (Vetrin, 1998). The ion-micro-
probe dating of single zircon grains from the garnet
granulites (Downes et al., 2002) revealed that they
included crystals of Paleoproterozoic age (2.47-2.41

and 1.77-1.61 Ga) and single grains of Archean age
(2.84 Ga). Archean zircons were also identified in
lower crustal xenoliths in the southwestern part of the
Kola Peninsula (2711 £ 7 Ma; Arzamastsev et al.,
2000) and eastern Finland (2.67-2.64 Ga; Holtt4 et al.,
2000), a fact suggesting that the Paleoproterozoic melts
were contaminated with Archean crustal material. The
results obtained on the U-Pb, Sm—Nd, and Ar—Ar iso-
topic system of the xenoliths point to the following
stages of the origin and transformations of the lower
crustal rocks in the Paleoproterozoic—Paleozoic:

2.5-2.4 Ga—emplacement of basic melts at the
lower levels of the Late Archean crust and the crystalli-
zation of these melts under granulite-facies conditions
(Neymark et al., 1993; Kempton et al., 2001; Downes

et al., 2002);
PETROLOGY Vol. 14

No. 4 2006
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Fig. 3. Primitive mantle-normalized (Sun and McDonough, 1989) trace-element patterns for ultrabasic lamprophyres. (1-7) Num-
bers of analyses, same as in Table 2; (8) average composition of ultrabasic lamprophyres (Rock, 1991).

2.1-2.0 Ga—origin of the phlogopite (Kempton
et al., 2001), emplacement of amphibole—clinopyrox-
ene pyroxenite veins (Vetrin and Kalinkin, 1992;
Kempton et al., 1995);

1.8-1.7 Ga—migmatization of the rocks (Vetrin and
Nemchin, 1998), their partial melting, and the develop-
ment of migmatites (Kempton et al., 1995);

0.43-0.39 Ga—alkaline metasomatism and the
amphibolization of the lower crustal rocks before the
emplacement of ultrabasic lamprophyre diatremes and
dikes (Beard et al., 1996; Arzamastsev and Belyatskii,
1999; Vetrin and Travin, 2003).

Chemical Composition of Lamprophyres
and Lower Crustal Xenoliths

The rocks from the diatreme at Elovy Island and
dikes hosting the xenoliths are undersaturated in silica
(32.6-42.9 wt % Si0O,), rich in MgO, FeO, Fe,0;,
Na,0O, and K,O, have elevated mg# (0.63-0.73), and
are thus similar to ultrabasic lamprophyres, according
to the classification (Rock, 1991; Table 3). The ultraba-
sic lamprophyres from the diatreme contain, along with
lower crustal xenoliths, also numerous nodules of the
host granites and garnet amphibolites. When the melts
were contaminated with granites, the composition of
the ultrabasic lamprophyres changed, and these rocks
became enriched in SiO,, Al,O;, and Na,O and
depleted in Fe, 05, FeO, MgO, CaO, and such trace ele-
ments as Ni, Cr, and V. The xenoliths are often sur-
rounded by fine-grained rims [sample E/96-1(2)],
whose composition is more melanocratic than that of
lamprophyres from the pipe and close to the composi-
tion of the weakly contaminated ultrabasic lampro-
phyres from the dikes but differs from the latter in hav-
ing higher concentrations of alkalis. The high concen-
trations of Cr, Ni (562 and 408 ppm on average,
respectively), chemically bound H,0, CO,, and P,05
suggest that the ultrabasic lamprophyres were produced
by weakly fractionated mantle magma, which was sat-
urated with fluids of H,0-CO,—phosphate composi-
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tion. The lamprophyres are enriched in all incompatible
elements with respect to the primitive mantle and have
somewhat lower concentrations of P, Zr, Ti, and Y than
those in the average ultrabasic lamprophyre (Rock,
1991) (Fig. 3). The depletion of these elements could be
caused by both the higher degrees of mantle partial
melting (than that of the average lamprophyre) during
the derivation of the lamprophyres of the Kandalaksha
shore and by the various degrees of differentiation of
the melts, as well as by differences in the compositions
of their sources and other factors. The clearly pro-
nounced K minima in the multielemental patterns can,
perhaps, be explained by the occurrence of a K-bearing
phase (possibly, phlogopite) in the mantle residue.

During the crystallization of the host ultrabasic lam-
prophyres, the rocks of the xenoliths suffered active
chemical alterations in the form of uneven carbonatiza-
tion. Carbonate grains contained in these rocks in
amounts of 2-6% consist of calcite and dolomite. The
dolomite is an earlier mineral and occurs as individual
grains (Table 4, sample 1) or relics of grains (sample 2)
in the peripheral portions of calcite crystals (sample 3).
The amount of carbonates (mostly calcite, sample 4) in
the host rocks reaches 20-25%. Calcite occurs in these
rocks as single anhedral grains or fills round globules
up to 5 mm in diameter, which are located among min-
erals of the groundmass. The occurrence of carbonate
veinlets that cut the xenoliths and continue into their
host rocks testifies to the introduction of Ca, Mg, Sr,
and P from the lamprophyres during the late magmatic
stage of their crystallization. Assuming that the propor-
tion of calcite and dolomite grains in the xenoliths are
approximately equal to 1 to 2-3 and that all Ca, Mg,
and Sr contained in the calcite and dolomite and their
CO, were borrowed from the ultrabasic lamprophyres,
the amount of CaO introduced into these xenoliths can
be estimated at no less than 1-2 wt %, and the analogous
estimates for MgO and SrO are 0.2-1 wt % and 10-
40 ppm, respectively.

The garnet granulites of the xenoliths have SiO,
concentrations varying from those corresponding to
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Table 3. Concentrations of major (wt %) and trace (ppm) elements in ultrabasic lamprophyres

50-4 38-1 19-7 67-4 52-1 37-1 E/96-1(1) | E/96-1(2) UBL
Component
1 2 3 4 5 6 7 8 9

Si0, 32.58 34.09 35.35 36.27 37.95 37.30 42.95 32.56 323
TiO, 1.86 1.63 1.21 1.62 1.21 2.19 1.12 1.33 3.1
Al,O4 6.46 7.09 9.07 5.72 7.03 7.78 9.46 7.64 6.7
Fe,0; 5.86 6.40 6.34 6.60 7.03 3.25 2.69 5.36
FeO 4.74 5.36 5.55 4.93 4.87 4.62 4.90 6.89 13.6
MnO 0.21 0.21 0.15 0.19 0.22 0.13 0.14 0.22 0.22
MgO 15.23 16.59 10.53 15.23 16.35 8.41 8.62 11.98 15.0
CaO 17.75 16.53 13.53 14.81 14.76 13.25 10.83 12.78 14.0
Na,O 0.84 1.95 3.25 0.95 0.56 3.57 3.95 1.96 1.0
K,O 1.65 1.52 1.72 0.98 0.75 1.67 1.42 2.63 1.9
H,0~ 0.31 0.26 0.78 1.03 0.48 0.58 0.91 0.74
H,0* 4.00 3.86 4.45 441 6.05 1.63 5.32 4.55 10.27
CO, 7.18 3.96 7.18 6.27 1.88 14.77 7.15 10.24
F 0.34 0.30 0.32 0.14 0.18 0.30
P,05 0.62 0.54 0.72 0.47 0.29 0.45 0.46 0.56 1.0
Total 99.49 99.99 99.70 99.32 99.52 99.60 100.02 99.74
mg # 0.73 0.73 0.63 0.71 0.72 0.67 0.68 0.64 0.77
Rb 54 56 61 35 21 82 34 65
Ba 1550 1250 1040 790 3360 800 840 1110
Nb 261 150 82 137 66 210 74 120
Sr 859 1990 1237 805 473 1870 1010 950
Zr 244 152 40 205 106 20 242 311
Y 21 16 17 18 16 12 18 26
Ni 390 540 310 550 660 30 380 430
Co 60 70 50 80 80 320 80
Cr 490 480 420 1100 1000 170 280 480
\Y% 200 190 160 180 180 15 140 250

Note: (1-8) Ultrabasic lamprophyres: (1-5) from dikes, (6—8) from diatremes (6—fine-grained selvage around a xenolith), (9) average
composition of ultrabasic lamprophyres (Rock, 1991). Major components were analyzed by the weight method, trace elements were
determined by spectral analysis at the Geological Institute, Kola Science Center, Russian Academy of Sciences. Elements in empty

cells were not determined.

picrobasalts to basaltic andesites with the predomi-
nance of rocks of basaltic composition (Table 5). The
concentrations of Al,O; in the granulites are usually
11-15 wt % and increase to 16-18 wt % in rocks
enriched in plagioclase and containing the highest con-
centrations of alkalis (up to 6.7 wt % Na,O + K,0). The
agpaitic coefficient [Na/(Al — K)] varies from 0.21 to
0.55 and determines the relatively low alkalinity of
these rocks, with Na significantly dominating over K
[Na/(Na + K) = 0.71-0.90]. The mg# values [Mg/(Mg +
Fe*), where Fe* is total Fe] of the garnet granulites
range from 0.46 to 0.63 and amount to 0.66—0.68 in the
pyroxenites. According to their normative composition
(Table 6), most of the xenoliths correspond to quartz

tholeiites, with olivine tholeiites accounting for approx-
imately one-third of the samples. Normative alsilite
was detected only in two analyses of the garnet granu-
lites, in which its concentrations did not exceed 4—7%.
The two-pyroxene pyroxenites correspond to quartz
tholeiites [sample 37-9(4)], and the garnet—clinopyrox-
ene pyroxenites are analogues of alkaline basalts (sam-
ple 41-5).

Compared to the primitive mantle (Sun and McDon-
ough, 1989), the xenoliths are enriched in incompatible
elements but depleted in Ni and Cr (Table 5). Some
xenoliths are characterized by high concentrations of
Ba (up to 0.12-0.17 wt %), Nb (up to 25 ppm), Sr (up
to 0.13 wt %), and P,0O5 (up to 0.59 wt %). The host
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lamprophyres bear Ba, Sr, and P,0O5 concentrations
comparable with those in the xenoliths but have higher
contents of Nb. These data and the positive correlation
of CO, with Ba, Nb, Sr, and P,Os in the rocks (Fig. 4)
suggest that these elements were introduced into the
rocks owing to the contact effect of the ultrabasic melt
on the xenoliths. Most trace elements (Sm, Nd, Y, Ti,
Zr, Ni, Cr, Co, V, and Rb) are typically inert during car-
bonatization, or their concentrations slightly decrease
with increasing CO, concentration and the associated
carbonatization of the xenoliths (Fig. 4). The sums of
the concentrations of REE in the garnet granulites are
equal to 64—125 ppm, and the La concentrations are
3688 times higher than the chondritic values, with the
(La/Yb), ratios varying from 4.4 to 16.9. When com-
pared with the standard types of Archean and modern
basalts (Condie, 1981), the REE composition of the
garnet granulites is closer to that of the TH2 basalts of
greenstone belts and differs from modern calc—alkaline
basalts in having elevated concentrations of LREE and
lower HREE (Fig. 5). A mineralogical control on the
REE distribution in the granulites is weak and can pos-
sibly be pronounced only in an increase in the concen-
trations of HREE when the rocks are enriched in garnet
(sample 16/89), the appearance of poorly pronounced
Eu maximum (Eu/Eu* = 1.14) in the plagioclase gran-
ulite (sample 37-40), and the decrease in the concentra-
tions of LREE in the two-pyroxene granulite [sample
37-3(4)].

The petrography and geochemistry of the xenoliths
indicate that they are magmatic derivatives with normal
or elevated alumina contents and relatively high sodium
contents. In binary compositional diagrams, the garnet
granulites display direct correlations between their mg#
values and the composition of the normative plagio-
clase [100An/(An + Ab), Fig. 6a] and the mg# values
and the concentrations of Ni and Cr (Figs. 6b, 6c¢). The
reasons for these correlations could be both the effect of
crystallization differentiation of one or several parental
magmas and changes in the composition of the melts
during their contamination with Archean protocrustal
material. In a mg#—100An/(An + Ab) diagram, the data
points of the pyroxenites plot separately from the com-
positional field of the garnet granulites, which seems to
have been predetermined by the differences in the com-
positions of the parental melts of the granulites and
pyroxenites.

Sm-Nd ISOTOPIC SYSTEMATICS
OF XENOLITHS

The garnet granulites and garnet—clinopyroxene
yroxenite (sample 41-5) have '¥Sm/'“Nd and
ISNd/'"Nd ratios equal to 0.10006-0.15747 and
0.511194-0.511902, respectively (Table 7). The analo-
gous ratios of the ultrabasic lamprophyres are 0.08505—
0.09396 and 0.512116-0.512347, respectively, and,
hence, the data points of these rocks and xenoliths
define discrete fields in the upper and lower parts of the
PETROLOGY Vol. 14
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Table 4. Chemical composition (Wt %) of carbonates from
(1-3) xenoliths and (4) their host ultrabasic lamprophyre

1 2 3 4
Compo-
nent Dolomite, | Dolomite, | Calcite, Calcite,
core margin core core

CaO 26.91 33.59 54.17 55.18
MgO 17.84 13.57 0.43 0.16
FeO 471 8.25 0.90 0.07
SrO 0.08 0.08 0.09
CeO, - - -
MnO - - - 0.16

Note: Analyses were conducted on an X-ray microprobe (analysts
L.I. Polezhaeva and E.E. Savchenko, Geological Institute,
Kola Science Center, Russian Academy of Sciences). Empty
cells mean that the element was not analyzed, dashes mean
dot detected.

Sm-Nd diagram (Fig. 7). The absence of rocks with
intermediate '¥’Sm/'*Nd and '¥’Nd/'*/Nd ratios sug-
gests that the Sm—Nd isotopic systems of the xenoliths
were not modified any significantly when the xenoliths
were entrained to the surface by the ultrabasic lampro-
phyre melts. All data points of the xenoliths in the Sm—
Nd diagram can be approximated by an errorchron cor-
responding to an age of 1.65 +0.51 Ga, MSWD =38.7.
The significant dispersion of the isotopic ratios makes
it difficult to interpret this value as the age of any geo-
logically definite event pronounced in this territory. At
the same time, two samples of the garnet granulites
(samples 37-2 and 37-40) with the lowest '¥’Sm/!*Nd
and '"Nd/'*Nd ratios, one sample of garnet pyroxenite
(sample 41-5), and sample 16/89 yielded an isochron
dependence corresponding to an age of 2480 £ 110 Ma,
MSWD = 0.916. This age estimate is in good agree-
ment with the age of the intrusive rocks and related vol-
canics of the Paleoproterozoic magmatic province in
the Baltic Shield with an age of 2.5-2.4 Ga (Sharkov
et al., 1999). The plausibility of this age estimate also
follows from the ages of zircons (2.47-2.41 Ga;
Downes et al., 2002) and feldspars (~2.4 Ga; Neymark
et al., 1993; Kempton et al., 2001) from xenoliths col-
lected in this territory.

The model age of the xenoliths recalculated accord-
ing to the single-stage model varies from 2400 to
3365 Ma. As follows from Table 7, the oldest model
age was obtained for the rocks whose '¥’Sm/'**Nd ratios
[up to 0.15747, sample E-96-10(3)] are higher than the
average ratio assumed for the Earth’s crust (0.12; Faure,
1986). Elevated '4’Sm/!#4Nd ratios suggest that isotopic
fractionation occurred after the separation of the pro-
tolith from the mantle, which allowed us to apply the
two-stage model to constrain the age of these rocks.
According to this model (Liew and Hofmann, 1988),
the measured Sm/Nd ratios could be produced by some
process, which can be dated by some independent
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Fig. 4. Correlations between the concentrations of trace elements (ppm) and CO, in xenoliths.

method, and the '¥Sm/!'*Nd ratio before this time can
be assumed to have been close to the average crustal
value. It was demonstrated in earlier publications (Ney-
mark et al., 1993; Kempton et al., 2001) that isotopic
equilibration in the Sm/Nd system of the xenoliths took
place at approximately 1500 Ma. This enabled us to use
this value to calculate the two-stage model age
Trny(DM-2st) (Table 7). The results thus obtained high-
light the age heterogeneity of the lower crustal pro-

toliths, whose separation from the mantle occurred
within the age interval of 2.94-2.55 Ga. These age val-
ues can be interpreted as an indication of the crustal
prehistory of the xenoliths (at 2.94-2.45 Ga) and as evi-
dence that the Paleoproterozoic melts were contami-
nated with Archean crustal material. The values of €y
of the xenoliths calculated for an age of 2.45 Ga varies
from negative to positive values (from -2.5 to +2.15). It
is known that negative €y, values of Paleoproterozoic
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Fig. 5. Chondrite-normalized (Boynton, 1984) REE patterns for (1-3) garnet granulite xenoliths (Table 4, analyses 1-3), (4) tholei-
ites of Archean greenstone belts TH2, and (5) modern calc—alkaline basalts (Condie, 1981).

rocks are most typical of layered intrusions (Balashov
et al., 1993; Amelin et al., 1995), coronites (Lobach-
Zhuchenko et al., 1998), and gabbro-anorthosites (Bal-
aganskii et al., 1998), which are thought to have been
derived from an enriched source. The origin of some
protoliths of the xenoliths in the Paleoproterozoic is
confirmed by the fact that these rocks contain zircons
with ages of 2.5-2.4 Ga. The reasons for the positive
€ngq Values of the xenoliths could be as follows: (i) the
protoliths could have been derived from a depleted
mantle source, and (ii) the Paleoproterozoic melts
could be contaminated with the material of the Archean
crust. The first explanation is, however, at variance with
the concentrations of REE, Zr, Ti, Y, Ni, and V in the
xenoliths, which are comparable with the concentra-
tions of these elements in xenoliths with negative €y,
values (Table 5). At the same time, the process of con-
tamination of the Paleoproterozoic melts with Archean
crustal material is corroborated by the fact that the
xenoliths contain zircons with ages of 2.84-2.6 Ga. The
most probable contaminants of the Paleoproterozoic
melts are the rock associations of the two major constit-
uents of the Archean continental crust: rocks from high-
grade metamorphic terranes and from granite—green-
stone belts (Condie, 1981). One of the latter is the Belo-
morian Mobile Belt, which consists of large tectonic
nappes. These nappes are fragments of the Karelian
granite—greenstone terrane, which is situated south of
our study area (Glebovitsky, 1993). The great depths at
which the mineral assemblages of the xenoliths crystal-
lized (30—45 km) make it hardly possible that the paren-
tal melts were contaminated with sedimentary rocks
and granitoids of tonalite—trondhjemite composition,
the major constituents of, respectively, terranes of
Archean high-grade metamorphic and granite—green-
stone rocks. The absence of metasediments from the
regional lower crust follows from data on the petrogra-
phy and petrochemistry of xenoliths. The most proba-
ble contaminants of the Paleoproterozoic melts could
be deep-seated analogues of the Archean mafic volca-
nics, a concept consistent with the similarities between
the REE patterns of the xenoliths and the basalts from
2006
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typical greenstone belts worldwide (Fig. 5). Additional
information on the possible composition of the rocks
that contaminated the Paleoproterozoic melts can be
obtained by studying the Sm—Nd isotopic systematics
of the Archean granitoids and mafic rocks. In an age—
€nq diagram (Fig. 8), the data points of the xenoliths
with negative €y4 values plot within the compositional
field of layered intrusions in the Kola Peninsula, which
is partly overlapped by the field of granitoids of
tonalite—trondhjemite composition from Archean gran-
ite—greenstone belts (Timmerman and Daly, 1995;
Vetrin et al., 2003). The data points of the xenoliths
with positive €y, values plot within the field of basic
volcanics from Archean greenstone belts in the Kola
Peninsula (Vetrin et al., 2003; Vrevskii et al., 2003) and
northern Karelia (Mil’kevich et al., 2003) whose isoto-
pic composition is recalculated to an age of 2450 Ma.
The similarities between the isotopic compositions of
these rocks led us to believe that the basic metavolca-
nics should have been the main contaminant of the
Paleoproterozoic melts. This diagram also demon-
strates the low probability of the origin of rocks with
positive €y, values via the contamination of the Pale-
oproterozoic melts with Archean granitoids.

PHYSICAL CHARACTERISTICS OF XENOLITHS

Physical characteristics of xenoliths, first of all,
their elastic properties and density, are significant
because enable the researcher to compare these values
with the results of regional deep seismic sounding with
the aim of developing models for the deep structure of
the regional crust. The physical characteristics of the
lower crustal xenoliths were examined at the Labora-
tory of Geophysics, Geological Institute, Kola
Research Center, Russian Academy of Sciences. These
characteristics included the densities of the xenoliths
and the velocities of longitudinal and transverse seis-
mic waves in them under pressures ranging from atmo-
spheric to 85 MPa. The measurements were conducted
by S.B. Melezhik by the methods described in (Kobra-
nova et al., 1977). The velocities of seismic waves in a
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Fig. 6. Correlations between (a) 100An/(Ab + An) ratio and
mg#, (b) Ni concentration and mg#, and (c) Cr concentra-
tion and mg# for xenoliths of (1) garnet granulites and (2)
pyroxenites.

garnet granulite sample under high pressures (up to
560 MPa) were measured by V.N. Korchin at the Sub-
botin Institute of Geophysics, National Academy of
Sciences of Ukraine, following the methods described
in (Lebedev et al., 1988).

The density of the garnet granulites and pyroxenites
was measured at P = 1 atm and 7 = 20°C and ranged
from 2.7 to 3.15 g/cm? (averaging 2.97 and 2.87 g/cm?,
respectively), which corresponds to the density of basic
rocks: meso- and melanocratic gabbro, gabbro-norites,
and garnet-bearing granulites (Petrophysical..., 1976).
The average velocities of the longitudinal (V,) and
transverse (V,) waves in the rocks of the xenoliths are
6.03 and 3.54 km/s, respectively, and display a clearly
pronounced positive correlation with the densities of
the rocks (Table 8, Fig. 9). The 6-V, and o-V regres-
sion lines have similar slopes, which determines a nar-
row range of the V,/V; ratios equal to 1.71 £ 0.09. The

sured at P = 1 atm and 7 = 20°C) were extrapolated,
using these values, to P = 560 MPa, we obtained aver-
age values of V, = 6.49 km/s, V, = 3.75 km/s, and
V,/Vs=1.73. The calculated velocities of longitudinal
and transverse waves are much lower than the analo-
gous values for the lower crustal rocks of the Baltic
Shield (7.23 and 4.13 km/s, respectively; Grad and
Luosto, 1987) and for the lower continental crust as a
whole (6.94 and 3.92 km/s; Rudnick and Fountain,
1995) for T = 20°C and P = 600 MPa, i.e., conditions
close to those of our experiment.

DISCUSSION

Comparison of the Composition of the Xenoliths
and Subvolcanic Magmatic Complexes

The materials obtained on the xenoliths demonstrate
that the lower crustal rocks were affected by a succes-
sion of processes of variable ages: metamorphism to
the granulite facies, granitization, phlogopitization,
amphibolization, and contact metamorphism under the
effect of the host lamprophyres. Inasmuch as our sam-
ples contained no more than 3—-5% orthoclase and only
single grains of amphibole and phlogopite, it is reason-
able to believe that the processes of granitization,
No. 4
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Table 6. Normative composition (wt %) of xenoliths
End member| 37-30 %9(23 %9(?; %9(% 16/89 | 37-40 [37-3(4)| 37-60 | 67-12 | 37-52 | 372 |37-9(4)| 415
(054 6.4 0.6 1.6 3.7 33 23 8.5
Ab 12.7 14.8 199 | 339 |342 |488 |326 |326 | 280 |280 |352 8.5 154
An 222 183 [ 242 |250 |[29.0 |213 |206 |21.6 16.1 234 17.2 1.3 9.2
Or 29 3.7 5.1 1.5 7.8 6.0 52 14.3 6.8 7.1 12.3 2.0 1.0
Di 28.6 0.0 12.5 43 2.1 0.3 12.3 5.8 13.2 10.4 9.4 55.6
ol 11.1 0.0 0.9 6.2 25 55
Opx 10.7 | 346 | 240 19.2 15.4 5.8 19.4 124 | 245 | 20.6 16.2 | 57.0
Ne 3.9
Cal 2.1 5.2 4.8 3.7 4.1 4.3 2.7 5.5 1.8 1.8 23 6.3
Ilm 2.2 2.1 1.6 14 2.1 1.3 1.3 1.2 2.5 1.4 1.8 0.8 24
Mag 7.6 6.7 5.7 33 4.7 5.0 3.1 4.7 23 3.8 2.2 10.5 6.5
Als 6.8 39
Ap 0.8 1.5 0.7 04 0.9 0.2 0.2 1.0 1.0 0.2 0.4
Fli 0.5 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.1 1.0 0.1
An/(Ab+An)| 062 | 055 | 055| 042 | 046 | 030 | 039 | 040| 043 | 046 | 033 | 0.13 | 0.37
Note: Als—alsilite (Al,SiO5), Ne—nepheline, FI—fluorite, /lm—ilmenite, other mineral symbols as in Tables 1 and 2.
Table 7. Sm-Nd isotopic data on ultrabasic lamprophyres and xenoliths
no.| Sample | Rock S;ngzl’)cmd SI‘)I;;I ;1,\12‘3;1 475/ N[N/ Nd| £xg(0) | eng(T) TNfi(slt))M‘ TNa(S]?)M‘
1 [E/96-1(1) |UBL 360 10.6 75.34 | 0.08505 | 0.512332 | -6.0 | —-0.84 971 -
2 |E/96-20(1) same same 7.05 4538 | 0.09396 | 0.512116 | -10.1 | =5.57 1314 -
3 |37-42-1* " " 8.90 62.52 | 0.0868 0.512347 | -5.7 | -0.6 966
4 |E/96-10(3) | Garnet 2450 3.45 12.23 | 0.15747 | 0.511902 | -14.4 | -=2.04 | 3365 2621
granulite
5 |E/96-10(1) same same 3.98 16.03 | 0.14772 | 0.51172 | -17.9 | -2.52 | 3286 2759
6 |E/96-10(2) " " 2.8 1298 | 0.13059 | 0.511623 | —19.8 1.00 | 2789 2644
7 |37-20 " " 3.36 16.57 | 0.12233 | 0.511357 | -10.7 | -1.60 | 2976 2940
8 | 16/89* " " 4771 | 22.09 | 0.1305 0.51168 | —18.7 2.15 2683 2551
9 |37-40%* " " 5.566 | 30.9 0.1089 0.511316 | —24.8 1.86 | 2582 2710
10 |37-3(4)* " " 3.004 | 13.81 0.1315 0.511546 | -21.3 | -0.79 | 2960 2782
11 |37-2 " " 6.68 40.13 | 0.1006 0.511194 | -28.2 2.10 | 2625 2858
12 |41-5 Garnet " 9.85 51.91 0.11466 | 0.511414 | -23.9 1.95 2661 2727
pyroxenite
Note: The measurements were conducted on a Finnigan MAT-262 mass spectrometer (analyst A.A. Delenitsin, Geological Institute, Kola

Science Center, Russian Academy of Sciences). 143Nd/144Nd values of standards: 0.511833 + 6 (n=11) for LaJolla and 0.512078 = 5
(n =10) for JiNd1. The calculations according to the single stage [T(DM-1st)] and two-stage [T(DM-2 st)] models were conducted fol-
lowing the model in (Liew and Hofmann, 1988). UBL—ultrabasic lamprophyre. * Data from (Neymark et al., 1993).

amphibolization, and phlogopitization have not signifi-
cantly modified the original composition of the pro-
toliths of the xenoliths.

Granulite-facies metamorphism of the basic rocks is
believed to have been nearly isochemical in terms of
major and most incompatible and ore elements (REE,

Y, Zr, Nb, Ti, Cr, Co, Ni, V, and others), which enabled
us to utilize these elements to calculate the composition
of the protoliths (Predovskii, 1980; Kremenetskii and
Ovchinnikov, 1986; Afanas’ev etal., 2001). Con-
versely, the contact influence of the ultrabasic lampro-
phyres on the xenoliths resulted in the enrichment of the
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Fig. 8. Diagram ey4—T. DM is the Nd evolution in the
depleted mantle (Goldstein and Jacobsen, 1988).

Fields of the evolution of Nd isotopic composition:
(1) basic—ultrabasic volcanic rocks of Archean greenstone
belts in the Kola Peninsula (Vetrin et al., 2003; Vrevskii
et al., 2003) and northern Karelia (Mil’kevich et al., 2003);
(2) compositional field of Early Proterozoic layered intru-
sions; (3) tonalite—trondhjemite granitoids of Archean gran-
ite—greenstone terrane in the Kola Peninsula (Timmerman
and Daly, 1995; Vetrin et al., 2003); (4) data points of xeno-
liths.

latter in CaO, MgO, and CO, (adding up to 5-6 wt %) and
in some trace elements (Nb, Ba, Sr, and P). Since the
concentrations of all major oxides in the analyses are
normalized to 100 wt %, the effect of carbonatization of
the xenoliths can be inferred from a decrease in the con-
centrations of other major components and, corre-
spondingly, changes in the original contents and pro-
portions of major oxides in the xenoliths. Because of
this, the xenoliths can be compared with their possible
volcanic analogues at the surface mainly using their
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Fig. 9. Correlations between V,, and ¢ and V and ¢ for gar-

net granulites (diamonds) and pyroxenites (squares).
Dashed lines are regression lines.

normative composition in a Ol (norm)- Qtz (norm)-
mg# diagram and the concentrations of incompatible
elements (except Nb, Ba, Sr, and P) whose contents
were the least susceptible to the carbonatization of
rocks.

Our results presented above on the Sm—Nd systems
and the age of zircons from the xenoliths indicate that
these rocks were likely produced by the contamination
of the Proterozoic protoliths with Archean material of
basic composition. Inasmuch as the proportions of
Archean and Proterozoic material in the xenoliths have
not been evaluated and could likely vary within broad
limits, we compared the xenoliths with basic and basic—
intermediate rocks of various age in subvolcanic struc-
tures and massifs in the Kola Peninsula and northern
Karelia: Proterozoic complexes of magmatic rocks
(Belomorian coronites, gabbro-anorthosite massifs,
layered intrusions of peridotite—pyroxenite—gab-
bronorite composition and their comagmatic volcanics)
and with metamorphosed volcanic rocks of the Late

Table 8. Density (o) and the velocities of longitudinal (V,,) and transverse (V) seismic waves in the xenoliths and their V,/V,

ratios
G, g/lem? V_, km/s
Rock £ b
1 2 1 2
Garnet granulites 2.7-3.15 (39) 2.97+0.11 5.02-6.98 (28) 6.03 £0.47
Pyroxenites 2.78-3.13 (8) 2.87+0.26 5.58-6.64 (4) 6.04 £0.53
Whole selection 2.7-3.15 (47) 2.96+£0.11 5.02-6.98 (32) 6.03 £0.47
V., km/s V, IV
Rock
1 2 1 2
Garnet granulites 3.19-4.01 (27) 3.52+0.23 1.54-1.96 (27) 1.72 £ 0.09
Pyroxenites 3.39-3.93 (4) 3.69+£0.23 1.57-1.71 (4) 1.64 £ 0.06
Whole selection 3.19-4.01 (31) 3.54+0.26 1.54-1.96 (31) 1.71 £0.09

Note: The measurements were conducted at the laboratory of Geophysics, Geological Institute, Kola Research Center, Russian Academy
of Sciences. (1) Range of values (numerals in parentheses correspond to the numbers of samples); (2) average values and standard

deviations.
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Archean greenstone belts. The results of approximately _T_ 3
300 recalculated rock analyses are presented in Fig. 11. ... 4
Coronite (lherzolite—-gabbronorite) intrusions T 2
occur predominantly in the Belomorian Mobile Belt,
where they compose lens- and dike-shaped bodies and \ ! ! |
massifs up to 80 km? (Stepanov, 1981; Sharkov et al., 80 60 40 20
2004). The age of the coronites (drusites) is 2.40— Ol (norm) Qtz (norm)

2.45 Ga, and their &y4 values range from —1.9 to +0.2,
with the strong predominance of negative values
(Lobach-Zhuchenko et al., 1998). The coronites are
dominated by gabbronorites and also include plagio-
clase lherzolites, anorthosites, and gabbro-diorites of
the Mg- and Fe-series (Stepanov, 1981; Lobach-
Zhuchenko et al., 1998). Most of the coronites affiliate
with the Mg-series, whose rocks compose both individ-
ual massifs and parts of composite massifs.

Layered intrusions of the peridotite—pyroxenite—
gabbronorite association in the central part of the Kola
Peninsula compose an extended belt, which is spatially
restricted to the northern and northwestern surround-
ings of the Imandra—Varzuga paleoriftogenic belt. The
intrusions include differentiated ultrabasic—basic bod-
ies (Moncha pluton and the massifs of the Pana Tundra
and Fedorova Tundra) and norite—gabbronorite massifs
of the Imandra Complex. The U-Pb and Sm-Nd ages of
the Pana Tundra Massif are 25012491 and 2487 £51 Ma,
respectively, €yg = —2.1 £ 0.5 (Amelin et al., 1995;
Chistyakova et al., 2000; Balashov et al., 1993). The
U—-Pb age of the Imandra Complex is 2441-2434 Ma,
and its Sm-Nd age is equal to 2444 + 77 Ma, g =
—2.0 £ 0.6 (Balashov et al., 1993; Amelin et al., 1995).
The age of the complex is close to the age of the volca-
nic rocks of the Seidorechka suite (2448 + 8 Ma; Bay-
anova and Chashchin, 2001) in the Paleoproterozoic
Imandra—Varzuga structure. Along with compositional
similarities, this suggests the comagmatic character of
these rocks (Melezhik and Sturt, 1994; Smol’kin et al.,
2004). The composition of the Imandra rocks, their age,
and accompanying ore mineralization are similar to
those of the coronites and younger (2445-2435 Ma)
layered intrusions localized mostly in Karelia and Fin-

Fig. 11. Ol(norm)-Qtz(norm)-mg# diagrams for the com-
position of (a) Proterozoic and (b) Archean complexes.

(a) (1) Garnet granulites; (2) pyroxenites; (3) coronites
(Stepanov, 1981; Lobach-Zhuchenko et al., 1998); (4, 5)
layered intrusions: (4) Monchegorsk district (Imandra—Var-
zuga..., 1982); (5) massifs of the Fedorova—Pana Tundras
(Imandra—Varzuga..., 1982; Melezhik and Sturt, 1994); (6)
rocks of the Imandra complex and metamorphosed volcanic
rocks of the Seidorechka suite (Mitrofanov et al., 1995;
Melezhik and Sturt, 1994; Mints et al., 1996); (7) gabbro-
anorthosites of the Kola Peninsula (Mints et al., 1996;
Terekhov and Levitskii, 1993) and Karelia (Stepanov,
1981).

(b) (1) Garnet granulites; (2) pyroxenites; (3) metamor-
phosed volcanic rocks of the Kolmozero—Voronja green-
stone belt (Mints et al., 1996); (4) komatiites of the Kola
Peninsula (Vrevskii etal., 2003); (5, 6) metamorphosed
volcanic rocks of greenstone belts: (5) Terskii—Notozero
(Volcanism..., 1987; Kremenetskii, 1979; Vetrin et al.,
2003), (6) Tikshozero (Mil’kevich et al., 2003).

land (the Burakovskaya intrusion and the Koitelainen,
Ankavaara, and other massifs). This group of intrusions
is close in age to gabbro—anorthosite massifs in western
Belomorie (Stepanov, 1981). The largest of them in the
southern Kola Peninsula is the Kolvitsa Massif, which
is dominated by gabbro—anorthosites, anorthosites, and
norites. Magmatic zircon from the anorthosites of the
Kolvitsa Massif was dated at 2450 = 10 Ma (Mitro-
fanov et al., 1993) and 2462 +7/-6 Ma (Frish et al.,
1995).

The results of our research demonstrate that the
coronites are compositionally more diverse, with mg#
varying from 0.27 to 0.89 and with the predominance of
olivine-normative rocks over quartz-normative variet-
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ies (Fig. 11a). According to these parameters, the xeno-
liths plot between the coronites of the Mg- and Fe-
series in the Ol(norm)—Qtz(norm)—mg# diagram. Their
trace-element composition is most closely approxi-
mated by those of the coronites of the Fe-series, and
these rocks differ from the Mg-series coronites in hav-
ing higher concentrations of most incompatible ele-
ments (Fig. 12a). The exception is Rb, whose lower
concentrations in the xenoliths are most probably
explained by the migration of this element in synmeta-
morphic fluids, which were produced by the dehydra-
tion of rocks under granulite facies conditions (Moor-
bath and Taylor, 1986). The compositional similarities
between the lower crustal xenoliths and the Fe-series
coronites were also emphasized by other researchers
(Kempton et al., 2001).

The rocks of ancient layered intrusions (massifs
in the Monchegorsk district and the Fedorova—Pana
intrusion) are more magnesian than the xenoliths
(mg# = 0.70-85 and 0.46-0.68, respectively) and are
mostly undersaturated in silica (are olivine-normative).
Because of this, most of the data points of the layered
intrusions plot in the left-hand side of the Ol(norm)-
Qtz(norm)-mg# diagram (Fig. 11a), away from the
compositional field of the xenoliths. The rocks are char-
acterized by much lower REE and Ti concentrations
than those of the xenoliths (Fig. 12a).

In contrast to the ancient layered intrusions, the
norites and gabbronorites of the Imandra Complex are
dominated by quartz-normative rocks with mg# =
0.68-0.78, which plot in the Ol(norm)—Qtz(norm)—
mg# diagram within the continuation of the composi-
tional field of the Seidorechka suite rocks, a fact con-
firming the comagmatic character of these rocks
(Melezhik and Sturt, 1994; Smol’kin et al., 2004). The
compositional field of the metamorphosed volcanic
rocks of the Seidorechka suite is, in turn, significantly
overlapped by the compositional field of the lower
crustal xenoliths (Fig. 11a). Compositional similarities
between low-Ti basalts and basaltic andesites of the
Seidorechka suite and the lower crustal xenoliths also
follow from the identity of their REE, Zr, and Ti pat-
terns (Fig. 12a). The trace-element composition of the
xenoliths is close to those not only of the metamor-
phosed volcanics of the Seidorechka suite but also of
the rocks of the II’'mozero and Umba suites (Fig. 12b),
which compose the middle part of the volcanogenic
stratigraphic sequence of the Imandra—Varzuga struc-
ture.

The gabbro—anorthosite massifs in Karelia and the
Kolvitsa Massif are dominated by quartz-normative
rocks with mg# = 0.4-0.7, and the compositional field
of these rocks overlaps the fields of the metavolcanics
of the Seidorechka suite and the lower crustal xenoliths
(Fig. 11a). This led as to regard the gabbro-anorthosites
as rocks close in composition to the lower crustal xeno-
liths (Vetrin and Kalinkin, 1992). At the same time, the
xenoliths differ from the rocks of these complexes by
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the absence of typical anorthosites with high alumina
contents (up to 25-30 wt % Al,O5).

The Late Archean greenstone belts include the
Kolmozero—Voronja belt (Northern Kola; Smol’kin
et al., 2000) and the Terskii—-Notozero belt in the Kola
geoblock and the Tikshozero belt in the northern part of
the Belomorian terrane. The greenstone belts are char-
acterized by the abundance of komatiites, basalts, and
basaltic andesites in the lower portion of the strati-
graphic sequence, whereas its upper parts consist of ter-
rigenous complexes and acid volcanics. Volcanism
occurred in the greenstone belts of the Kola Peninsula
and northern Karelia at 2.8-2.9 Ga (Vrevskii et al.,
2003). The rocks of the western and eastern parts of the
Terskii—Notozero belt are thought to have served as the
basement for the Paleoproterozoic Pechenga—Imandra—
Varzuga structure (Dobrzhinetskaya etal., 1995).
Granitization processes and later deformations resulted
in the ubiquitous fragmentation of the rocks composing
this structure, which are now preserved merely as relict
domains among volumetrically predominant granitoids
of the granite—greenstone terranes.

The data points of the volcanics of the Kolmozero—
Voronja, Terskii—Notozero, and Tikshozero greenstone
belts define elongated trends from komatiites to quartz
tholeiites, basaltic andesites, and andesites in the
Ol(norm)-Qrz(norm)-mg# diagram. The range of mg# =
0.5-0.7 is characterized by the partial overlap of the
fields of the xenoliths and metavolcanics, with most of
the xenoliths corresponding to metatholeiites
(Mil’kevich et al., 2003) or komatiite basalts with MgO
contents from 8 to >10 wt % (Mints et al., 1996). Most
of these rocks contain 0.5-5.0% normative quartz, with
more rare silica-undersaturated varieties bearing 2—
13% normative olivine. The trace-elements patterns of
the rocks normalized to the primitive mantle clearly
demonstrate the differences between rocks from dis-
crete greenstone belts (Fig. 12c). The lowest Rb and
LREE concentrations are typical of the rocks from the
Kolmozero—Voronja greenstone belt, which is consis-
tent with data on the origin of these rocks from a mantle
source depleted in trace elements (Greenstone Belts...,
1988; Vrevskii et al., 2003). Elevated concentrations of
these elements were detected in the metabasalts of the
Terskii—Notozero belt, and the highest concentrations
of these elements, close to those in TH2 basalts
(Condie, 1981), were found in the rocks of the Tiksho-
zero greenstone belt. Simultaneously the (La/YDb), ratio
increases and is equal to 1.5, 2.4, and 3.8, respectively.
The trace-element composition of the lower crustal
xenoliths is the most similar to that of the metatholeiites
of the Tikshozero greenstone belt, except only lower
concentrations of La and Ce and slightly elevated con-
centrations of HREE and Y in the latter.

The results of our comparative analysis demonstrate
that the major- and trace-element compositions of the
xenoliths are similar to those of both the magmatic
rocks of Paleoproterozoic age and the volcanics of Late
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Fig. 12. Primitive mantle-normalized (Sun and McDonough, 1989) trace-element patterns for (a) rocks of Proterozoic complexes,
(b) metamorphosed volcanics of the Imandra—Varzuga structure, and (c) Archean rocks.

(a) (1) Xenoliths; (2, 3) coronites (Lobach-Zhuchenko et al., 1998): (2) Mg-coronites, (3) Fe-coronites; (4) Imandra Complex
(Melezhik and Sturt, 1994); (5) massifs of the Fedorova—Pana Tundras (Melezhik and Sturt, 1994); (6) metamorphosed volcanic

rocks of the Seidorechka suite (Melezhik and Sturt, 1994).

(b) (1) Xenoliths; (2-5) metamorphosed volcanic rocks of the of the Imandra—Varzuga structure (Melezhik and Sturt, 1994):
(2) Seidorechka suite, (3) Polisarskaya Formation, (4) Umba Formation, (5) II’mozero suite.

(c) (1) Xenoliths; (2—4) metamorphosed volcanic rocks of greenstone belts; (2) Terskii—-Notozero (Vetrin et al., 2003), (3) Kolmoz-
ero—Voronja (Mints et al., 1996), (4) Tikshozero (Mil’kevich et al., 2003), (5) Archean amphibolites TH2 (Condie, 1981).

Archean greenstone belts. Among the Paleoproterozoic
magmatic rocks, the xenoliths resemble most closely
the rocks of younger layered intrusions of the Imandra
norite—gabbronorite complex, their comagmatic volca-
nics, coronites, and the rocks of the gabbro—anorthosite
complex, and, among the Late Archean volcanic rocks,
metatholeiites of the Tikshozero greenstone belt.

Stages of Lower Crustal Growth

The lower crust in the Belomorian Mobile Belt
(BMB) was generated in close relation to the develop-
ment of this belt as a collision zone between the Kola
and Karelia cratons. The evolutionary history of this
structure includes the Late Archean accretionary—colli-
sional and Early Proterozoic rifting stages (Volodichev,
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1990; Geology..., 1995; Glebovitskii, 1993). The pre-
dominant upper crustal magmatic rocks of the Late
Archean stage are granitoids dated at 2.75-2.65 Ga
(Lobach-Zhuchenko etal., 1998) and less widely
spread rocks of the tholeiitic and calc—alkaline series of
the northern Karelian system of greenstone belts (2.88—
2.82 Ga; Bibikova et al., 1999). Data on the age and
composition of the lower crust of this stage are still
scarce and are limited to zircon dates for lower crustal
xenoliths (Vetrin, 1998; Downes et al., 2002) and mate-
rials demonstrating similarities between the major- and
trace-element compositions of these xenoliths and the
volcanics of Late Archean greenstone belts. These data
and materials provide reasons to believe that the BMB
was underlain by a mafic lower crust already in the Late
Archean, with this crust roughly corresponding to the
tholeiitic volcanics of the Tikshozero greenstone belt.

In the Early Paleoproterozoic (2.6-2.2 Ga), the
BMB was characterized by the development of nappe—
folded structures dipping toward the Kola craton. The
same time was responsible for the origin of numerous
coronite bodies, which were affected (together with
their host gneisses) by intense tectono-metamorphic
reworking under amphibolite-facies conditions. The
Lapland—Umba granulite belt, to which gabbro—
anorthosite massifs are spatially restricted, was formed
in the northern part of the belt. Simultaneously, the
Pechenga and Imandra—Varzuga rift structures devel-
oped in the Kola craton, and layered peridotite—pyrox-
enite—gabbronorite and norite—gabbronorite intrusions
were emplaced into the surroundings of latter structure.
Some of these intrusions are comagmatic with the Sum-
ian—Sariolian volcanic rocks in the Imandra—Varzuga
structure.

The origin of gabbro—anorthosite and coronite bod-
ies, layered intrusions, and volcanic rocks in the upper
crust was associated with underplating: the emplace-
ment of melts compositionally close to the upper
crustal rocks into the Late Archean mafic lower crust.
These melts underwent crystallization differentiation,
which likely took place under olivine control, as fol-
lows from the direct correlation between the mg# of the
xenoliths and their Ni concentrations (Fig. 6b). The
intense tectonic recycling of the upper portions of the
BMB crust during this period of time induced the plas-
tic flow of the lower crustal material and the develop-
ment of banded and taxitic textures in the garnet gran-
ulites. The plastic deformations were facilitated by the
likely long-lasting preservation of residual melts in the
cumulates, which enabled the motions of both tabular
basic intrusions and overlying Neoarchean rocks.

It is thus reasonable to hypothesize that the Early
Paleoproterozoic stage of lower crustal growth in the
BMB took place at the strong heating of the material
because of the emplacement of abundant mantle melts
into the mafic Neoarchean crust and the induced plastic
flow of the material and its homogenization under gran-
ulite-facies conditions.
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In the Late Paleoproterozoic (2.2-1.7 Ga), the most
widespread processes transforming the lower crust
involved its phlogopitization (2.1-2.0 Ga; Kempton
et al., 2001) and migmatization (1.9-1.7 Ga; Vetrin and
Nemchin, 1998). The migmatization of the lower crust
was coeval with the development of mica pegmatites
and the emplacement of intrusions of granite porphy-
ries (Savitskii et al., 1998; Vetrin et al., 2002), whereas
the phlogopitization of the garnet granulites could be
caused by the resumption of magmatic activity in the
Imandra—Varzuga structure. The latest manifestations
of magmatic activity in the lower crust involved the
processes of alkaline metasomatism and amphiboliza-
tion at 0.43-0.39 Ga (Beard et al., 1996; Arzamastsev
and Belyatskii, 1999; Vetrin and Travin, 2003), which
predated the emplacement of the ultrabasic melts of the
diatremes and dikes with lower crustal xenoliths.

Protoliths of the Garnet Granulites

Available data suggest that the thickening of the
Late Archean lower crust in Early Paleoproterozoic was
achieved by the emplacement of melts, which formed a
Paleoproterozoic province of 2.4- to 2.5-Ga magmatic
rocks in the upper crust (Sharkov et al., 1999; Kempton
et al., 2001). Since the Sm—Nd isotopic systems of the
xenoliths were not significantly perturbed under the
effect of the ultrabasic lamprophyre melts, we were
able to evaluate the contributions of the Archean and
Proterozoic material to the lower crustal xenoliths by
the model of two-component mixing (Jahn et al., 2000)

X™ = (e°— e")Nd/[(Nd,, — Nd,) — (e™Nd,, — eNd,)],

where X™ is the content of the mantle component (%);
e, €, and €™ are the Nd isotopic compositions of,
respectively, the crustal, modified in the rock, and man-
tle components; and Nd, and Nd,,, are the Nd concen-
trations in the crustal and mantle components. The
mantle component consisted of the Early Proterozoic
norites—gabbronorites of the Imandra Complex (T =
2444 +77 Ma, £yg=-210.6, Nd = 10.9 ppm; Balashov
et al., 1993), and the crustal component was made up of
basaltoids of the Late Archean Tikshozero greenstone
belt (T = 2820 + 130 Ma, g = 3.4 = 04, Nd =
12.5 ppm; Mil’kevich et al., 1993).

Calculations indicate that the percentage of the
mantle component in the xenoliths varies from 8 to
99%, and all of our samples plot within two discrete
fields: with high (68-99%) and relatively low (8-33%,
Fig. 13a) X™ values. In compliance with the assumed
model, the samples with low X™ values can be regarded
as metamagmatic rocks of Archean age that were vari-
ably affected by Paleoproterozoic melts, whereas sam-
ples with high contents of the mantle component were
likely derivatives of Paleoproterozoic melts relatively
weakly contaminated with the material of the Archean
protocrust. The two groups are separated by a composi-
tional gap with roughly equal contents (~30%) of the
crustal material in the Paleoproterozoic melts and the
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Fig. 13. Correlations of the mantle component contents
(X™) with (a) eng and (b) (Fsp + Qtz)/Fem, where Fem is
the sum of the contents of pyroxene and garnet. Numerals
in the diagrams correspond to analysis numbers in Table 7.

latter in the rocks of the Archean protocrust. The corre-
lation between X™ and the (Fsp + Qtz)/Fem ratio
(Fig. 13b) is explained by the lower mg# values and
higher contents of normative quartz in the metavolca-
nics of the Tikshozero greenstone belt than those of the
gabbro and gabbronorites of the Imandra Complex.

Compositional and Structural Heterogeneity
of the Lower Crust

The heterogeneous structure of the lower crust of
BMB, which was inferred from the results obtained on
the deep xenoliths, is in general agreement with the
data of deep seismic sounding of the territory (Sharov,
1993; Tripol’skii and Sharov, 2004). According to these
data, the most clearly pronounced lithospheric bound-
ary is the Moho discontinuity (M), whose position
determines the crustal thickness in the central and
southern parts of the Kola Peninsula (40—44 km). The
velocities of longitudinal seismic waves at M are 8.0-
8.2 km/s and increase to 8.5-8.7 km/s at a depth of
200 km. The predominant upper mantle rocks at this
depth are ultrabasic spinel and garnet peridotites.

The inner structure of the Earth’s crust is assumed to
be described by a three-layer model with a complex
mosaic-block architecture, which reflects the multi-
stage character of the tectono-magmatic metamorphic
reworking of the crust. The lower crust (the basaltic or
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granulite—basite layer) beneath the Kola Peninsula has
a thickness from 10 to >20 km and is believed to consist
of basic rocks. The highest thickness of the lower crust
was determined in the boundary zones between large
crustal blocks, including the Belomorian Mobile Belt
between the Karelian and Kola cratons.

As was demonstrated above, the experimentally
determined velocities of seismic waves V,, and V; in the
xenoliths are much lower than the values determined by
the seismic sounding of the lower crust beneath the Bal-
tic Shield. These discrepancies between the velocities
of seismic waves suggest that the regional lower crust
is heterogeneous, and the granulites contain intercala-
tions and lenses of denser rocks of ultrabasic composi-
tion, which are characterized by higher velocities.
These rocks can likely be spinel peridotites, whose
xenoliths were brought to upper crustal levels together
with xenoliths of garnet granulites and pyroxenites
(Vetrin and Kalinkin, 1992). Assuming the average V,
and V| values in upper-mantle ultrabasic rocks equal to
8.18 and 4.68 km/s, respectively (Rudnik and Fountain,
1995), and the analogous values for the lower crustal
rocks of the Baltic Shield to be, respectively, 7.23 and
4.13 km/s (Grad and Luosto, 1987), the overall amount of
ultrabasic rocks in the regional lower crust can be evalu-
ated at 8—10%. Inasmuch as the results of deep seismic
sounding (Tripol’skii and Sharov, 2004) point to an
increase in the wave velocities from V, = 6.5-6.8 km/s at
upper crustal levels to 6.9-7.3 and 7.4-7.5 km/s at
intermediate and lower levels (near M), respectively, it
is logical to conclude that the content of ultrabasic
rocks increases from the upper to lower levels of the
crust. Provided that the composition of the lower crust
has not changed since the emplacement of the Devo-
nian dikes and diatremes, the data obtained on the com-
position and physical characteristics of the xenoliths
testify to the occurrence of a crustal-mantle layer at the
boundary between the crust and upper mantle.

CONCLUSIONS

The lower crust of the Belomorian Mobile Belt is
dominated by garnet granulites and pyroxenites, which
occur in the form of xenoliths in Devonian diatremes
and dikes in the southern part of the Kola Peninsula.
When entrained to the surface by ultrabasic melts, the
xenoliths were recycled by fluids and enriched in CaO,
MgO, and some trace elements, such as Ba, Nb, Sr, and
P. The concentrations of some trace elements (Sm, Nd,
Y, Ti, Zr, Ni, Cr, and others) and the Sm—Nd isotopic
composition of the xenoliths were not significantly
modified, and this enabled us to use these elements to
compare the xenoliths with regional subvolcanic com-
plexes and to calculate the composition of the pro-
toliths.

The evolutionary history of the BMB was subdi-
vided into two major stages: Neoarchean and Early
Paleoproterozoic. The origin of the mafic lower crust in
the Late Archean was related to the emplacement of
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significant volumes of basic melts into the lowermost
crustal levels. Analogues of these melts in the upper
lithosphere are the initial volcanics of the Northern
Karelian system of greenstone belts. The further growth
of the Late Archean crust in the Early Paleoproterozoic
proceeded during the emplacement of melts that gave
rise to layered intrusions at upper crustal levels and
their comagmatic volcanic rocks and intrusions of coro-
nites and gabbro-anorthosites. The results obtained on
the Sm—-Nd systematics of the xenoliths indicate that
the percentage of Paleoproterozoic material (X™) in
them varied from 8 to 99%. Proceeding from the
assumed model of two-component mixing (Jahn et al.,
2000), the samples with low X™ values can be inter-
preted as Archean magmatic rocks variably affected by
the Paleoproterozoic melts, whereas the samples with
high X™ values were likely derivatives of the Paleopro-
terozoic melts relatively weakly contaminated with the
material of the Archean protocrust. The emplacement
of significant volumes of melts into the lower crust
induced its heating and transition into a state suscepti-
ble to viscous—plastic flow, which facilitated the origin
of rocks with variable proportions of the Late Archean
and Early Proterozoic material. The process of the vis-
cous—plastic flow of the rocks likely also affected the
upper mantle, as follows from the occurrence of foreign
rock fragments among the garnet granulites, with the
amount of mantle xenoliths increasing from the top to
bottom of the lower crust.

The further transformations of the lower crustal
rocks in the Late Paleoproterozoic (origin of phlogopite
and granitization) occurred locally and did not signifi-
cantly modify the composition of the lower crust. The
youngest manifestations of endogenic activity were the
Paleozoic processes of alkaline metasomatism and
amphibolization, which predated the emplacement of
the Devonian diatremes and dikes with xenoliths.
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