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Fig. 2. Concentrations of (a) REE and trace elements in the tonalite-trondhjemite gneisses of geochemical types (b) A and (c) B

from the KSDB normalized with respect to chondrite (Boynton, 1984) and primitive mantle compositions (Sun and McDonough,
1989). TTG is the average composition of tonalite—trondhjomite gneisses after Martin (1994).

(Fig. 5), and are depleted in Fe, Ti, P, Th, Nb, and Zr In comparison with the Archean amphibolites sur-
and enriched in Mg, Ni, and Pb in comparison with the  rounding the borehole, the amphibotites of the first type
first-type amphibolites (Table 3). are enriched in REE and HFSE and have more fraction-
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Table 2. Concentrations of major (Wt
and the Garsjo complex

VETRIN et al.

%) and trace elements (ppm) in the gneisses with aluminous minerals from the KSDB

KSDB Garsjo complex
Component| 22627 | 37926 | 414263 | 703 \ 68-5 | 46/99% 68-1 16/99* 80-1
6905 10210 | 11418
10, 50.99 6241 74.69 5231 54.67 59.02 61.54 66.53 70.51
TiO, 0.89 0.67 0.4 1.44 0.77 0.659 0.71 0.431 0.56
ALO, 22.23 17.57 12.13 1497 17.68 15.69 14.67 15.17 14.33
Fe03 7 6.59 3.67 13.09 847 856 6.89 6.18 4.86
MsO 0.09 0.06 - 0.15 0.12 0.122 0.1 0.088 0.04
MgO 523 247 1.66 45 498 333 312 1.88 217
Ca0 467 227 263 697 747 55 |« 483 1.63 1.63
Na,0 437 44 274 321 1.96 343 235 375 2.84
K0 338 275 1.46 217 201 262 317 1.57 213
P,05 0.t 0.09 0.05 0.23 02 0.128 0.19 0.058 0.08
LOI 1.04 061 0.34 0385 1.49 096 225 213 071
Total 100 99.89 99.77 99.89 9982 | 100 99.83 99.42 99.86
U 36 14 06 0.63 0.67 15 1.90 75 212
Th 135 75 24 62 26 54 85 63 62
Rb 171 119 44 76 134 150 181 184 98
Ba 1056 510 119 480 162 530 239 265 450
St 749 334 33 357 157 248 149 275 212
La 46.1 239 12.1 39.6 i7.1 21 28.7 25 257
Ce 893 484 23.7 85.4 347 40 59.3 42 509
Pr 103 54 24 104 44 70 58
Nd 384 198 82 402 174 18 26.3 21 20.5
Sm 63 30 15 72 4.1 35 51 34 38
Eu 1.59 110 0.44 191 127 095 116 072 102
Gd 5.1 20 11 59 45 24 42 19 30
Tb 0.65 027 0.17 0.82 0.67 047 0.63 043 0.40
Dy 3.49 130 0.85 44 40 38 24
Ho 055 020 0.16 0.79 086 0.75 0.46
Er 143 0.55 0.45 19 25 20 14
Tm 0.8 008 0.06 027 040 032 023
Yb 111 0.48 043 17 25 17 2 104 15
Lu 0.17 0.08 0.07 0.23 0.40 027 032 0.16 0.22
zr 173 133 103 186 135 143 156 121 180
HE 47 34 25 44 34 32 39 31 48
Ta 0.61 065 0.32 077 0.56 05 0.63 1 0.48
Nb 65 84 32 122 59 38 62 151 51
Y 150 6.1 44 214 25.1 177 207 16 129
cr 354 170 135 86.0 1342 40 89.5 110 186.7
Ni 184 81 51 76.8 729 66.1 324
Co 35 24 14 37.3 244 20 203 215 134
v 136 130 75 134 152 125 9%6
(La/Yb), 28.1 33.5 188 16.0 47 8.3 94 162 114
EwEu* 0.84 131 1.00 0.87 0.90 095 0.74 0.79 0.90 |
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ated REE distribution patterns. They differ from REE-
enriched TH2 basalts of Archean greenstone belis
(Condie, 1981} in higher contents of REE, Fe,O5, TiO,,
and V and lower contents of MgO and Cr. With respect
to REE and other trace-clement contents, especially
HREE and HFSE, the closest analogues to the amphib-
olites under considerations among the metamorphosed
effusive rocks of Pechenga are the melanocratic basalts
of the Zapoljarni Formation and trachybasalts of the
Pirttijarvi Formation (Table 3). However, the latter
show higher AL,O; and Na,O and lower CaO and MgO
contents at similar SiO, in comparison with the
amphibolites of the KSDB, which is in conflict with the
suggestion of the derivation of the amphibolites and
Pirttijarvi basalts through the differentiation of a single
melt. The amphibolites of the KSDB are composition-
ally most similar to the Zapoljami basalts, which were
derived from a relatively shallow source with an age of
about 2.1 Ga (Kol'skaya sverkhglubokaya..., 1998).

In contrast to the amphibolites of the first type, the
second-type amphibolites bear a clear resemblance to
the amphibolites surrounding the borehole in major-
and trace-element compositions and to primitive tholei-
itic basalts of the THI type from Archean greenstone
belts (Condie, 1981). This resemblance is emphasized
by the subhorizontal REE distribution spectra; low con-
centrations of Ti, P, LREE (La, = 11.6~11.9), Zr, and
Nb; and high concentrations of Mg, Cr, and Ni (Table 4,
Fig. 6).

The similarity of the metamorphosed volcanic rocks
of the Early Proterozoic Pechenga structure to the
amphibolites of the Archean complex of the KSDB that
was revealed by the comparison of the compositions of
these rocks was further supported by the investigation
of Sm-Nd isotopic systematics. The maximum model
age of the amphibolites assumning the depleted mantle
composition for this region, Tya(DM), 1s 2.16-2.33 Ga
(Table 5, Fig. 7) and constrains the lower age of forma-
tion of their protoliths. Taking into account the chemi-
cal similarity of the amphibolites and the Pechenga
Zapoljarni metabasalts, whose formation was dated at
2114 + 52 Ma (Smolkin et al., 1995), we accepted the
same age for the amphibolites analyzed. For such an
age, the value eNd of the amphibolites is 0.77-2.69,
which is similar to or lower than the value €éNd = 3.5 for
the 2.1 Ga old depleted mantle (DePaolo, 1981). Low
€Nd values are usually interpreted assuming an
enriched source or melt contamination by the material
of the upper crust (Faure, 1986). The latter assumption
is at odds with the low concentrations of Rb, Ba, and Pb
in the Zapoljarni basalts. Consequently, the calculated
€Nd values of the amphibolites of the first group are
most Tikely indicative of initial melts derivation from
depleted mantle sonrces variably enriched in incompat-
ible elements.

‘With respect to REE concentrations and distribu-
tion patterns, the amphibolites representing intrusive
facies rocks in the Archean complex of the KSDB are

Rock/Chondrite

103 - 22627
o 37926
o 41426

107 - AS

10!

OO v
LaCePrNd SmEuGdTbDyHoErTmYbLu

Fig. 3. Chondrite-normalized REE contents of gneisses
with aluminous minerals from the KSDB section. AS is the
average composition of Archean shales after Taylor and
MgLennan (1985).

also significantly different from the Archean amphibo-
lites surrounding the borehole. Among the rocks stud-
ied, the highest LREE contents and the most fraction-
ated REE distribution spectra with (La/Yb), = 12.2 are
characteristic of metapyroxenites (Table 6, Fig. 8),
which are identical in bulk composition to the pyrox-
enites of the Nyasyukka complex of the northern fram-
ing of Pechenga with an age of 1956 + 20 Ma (Huhma
et al, 1996). The highest estimated model age,
Tna(DM), for the metapyroxenite sample is 2200 Ma,
which does not contradict its classification as a Prot-
erozoic rock.

The concentrations of major and most of the trace ele-
ments in a metagabbro sample (43745) are similar to those
of the dike metadolerites and gabbronorites of the northern
framing of Pechenga with an age of 2200 Ma. The similar-
ity of these rocks is supported by the Proterozoic model
age of sample 43745 (2222 Ma). Noteworthy are the high
MgO content of this rock (6.4 wt %) at SiO, =53 wt % and
the U-shaped REE distribution with the minimum con-
tents of middle lanthanoids and higher contents of light
and heavy ones. These chemical characteristics are typi-
cal of the rocks of the marianite-boninite association,
which make up young island arcs (Ewart et al., 1977).
In the Baltic shield, paleoboninites are confined mainty
to the Sumian and Sariolian (Sharkov et al., 1997) but
occur also among the younger rocks of the Pechenga-
Varzuga belt and its framing.

The composition of a para-amphibolite sample
(27023) is depleted in LREE and, especially, middle
REE and enriched in HREE. In this respect, it has no
analogues among the KSDB ortho-amphibolites stud-
ied. Its model age Ty,(DM) = 2718-2822 Ma is similar
to the ages of the para-amphibolites of sequences 2 and
9 of the Archean KSDB complex (Bayanova et al.,
2001).
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Fig. 4, Concentrations of trace elements in the type 1 amphibolites of the dike facies of the KSDB normalized with respect to (a)

chondrite and (b) primitive mantle compositions.

TH2 js the average composition of tholeiitic basalts of Archean greenstone belts after Condie (1981); and AR2 amphibolite is the
average composition of amphibolites from the borehole environment. Samples 3173, 13082, 18761, and 21846 are basalts from the
Matert, Zapoljarni, Pirttijarvi, and Majarvi formations of the Pechenga stricaure, respectively.

Near-Surface Complexes (ALLO; > 15 wt % at SiO, = 70 wt %) to less common

Biotite plagiogneisses. In chemical composition, the ltfw—al!unina (ALO; < 15 wt %) rocks. They are S“bf_ii'
plagiogneisses after volcanic rocks of the Garsjo com-  vided into three types with respect to REE geochemis-
plex form a series from more abundant high-alumina try: type A is strongly fractionated with (La/Yb), =12—
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88, strongly depleted in HREE (Yb, = 1-3), and low in
LREE (La, = 28-76); type B is moderately fractionated
with (La/Yb), = 20-32, depleted in HREE (Yb, =3-5),
and enriched in LREE (La, = 50-126); and type C is
weakly fractionated with (La/Yb), = 7-28 and enriched
in LREE (La, = 98-203) and HREE (Yb, = 7-13)
(Table 7, Fig. 9).

Type A includes meso- and leucocratic rock variet-
ies showing a decrease in Al,O; and CaO contents with
increasing silica. Their distinctive features are high Sr
and very low HREE and Y contents comparable with or
even lower than those of typical Archean TTG. Their
multielement spectra have steep slopes with enrich-
ment in large ion lithophile elements and light lantha-
noids relative to HFSE and pronounced negative Nb
and Ti anomalies, which are typical of Archean gray
gneisses (Martin, 1994). The same characteristics were
noticed for the compositions of the tonalite—
trondhjemite gneisses of the Varanger complex and the
leucocratic trondhjemites of the second phase of the
Svanvik complex (Table 8, Fig. 10).

The type B plagiognesses of the Garsjo complex and
the first phase of the Svanvik complex have higher con-
tents of Ti, Fe, HFSE, and HREE at similar SiO, than
the gneisses of type A. The differences between the
compositions of these gneiss types conld not be related
to the processes of fractional crystallization of a single
initial magma or different degrees of melting of a com-
mon source, because at similar $i0,, ALO,, and CaO
contents, the gneisses of both types show different REE
and HFSE contents. This allows us to suppose that they
were derived under different P-T conditions and/or
from two different sources.

The low-alumina gneisses of type C of the Garsjo
complex contain 66-70 wt % SiO, and are high in TiO,,
Fe;,0;, REE, and HFSE and low in Sr content. The
slope of the multielement spectra of the type C gneisses
is gentler than that of the gneisses of two other types.
Such compositional characteristics are, in general, not
common in Archean gray gneisses, which usually cor-
respond to types A and B. Nonetheless, the rocks of
tonalite—trondhjemite composition with weakly frac-
tionated REE distribution patterns were reported from
the TTG of the Superior Province, Canada (Feng and
Kerrich, 1992); Amitsoq gneisses, Greenland (Shimizu
et al., 1988); ancient gneiss complex of Swaziland
(Hunter ez al., 1984); and other shields.

Gneisses with aluminous minerals. The 8i0, con-
tent of biotite and amphibole-biotite gneisses with
muscovite, sillimanite, and gamet varies from 52.3 to
70.5 wt % and is negatively correlated with Ca0,
Fe,05, TiO,, and MgO contents. There is no distinct
correlation of 8iO, with alkalis, Rb, Ba, Sr, and REE
(Table 2). The gneisses show moderately fractionated
REE distribution patterns, (La/Yb), = 4.7-162
(Fig. 11), and are similar in this respect to Archean
shales (Taylor and McLennan, 1985). The composi-
tions of the gneisses with aluminous minerals are char-
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Fig. 5. Chondrite-normalized REE contents of the type 2

amphibolites of the dike facies of the KSDB.

AR?2 i the average composition of Archean amphibolites
from the borehole environment, and TH1 is the average
composition of tholeiitic basalts of Archean greenstone
belts after Condie (1981).

acterized by regular changes in the concentrations of
the least mobile major elements and uneven distribu-
tion of trace elements in rocks with varying SiO, con-
tent. These features suggest that the protoliths of the
gneisses could be represented by weakly differentiated
sediments of the mudstone—greywacke sandstone
series. The varying degree of depletion in HREE could
reflect different contributions of basic rocks and gray
gneisses in the provenance of sediments.

The normative compositions of the amphibolites
correspond mainly to those of olivine tholeiites and, to
a lesser extent, alkali basalts and quartz tholeiites. The
amphibolites show low concentrations of LREE and
gently sloping REE spectra with (La/Yb), = 0.7-2.0
(Fig. 6). Except for the most mobile elements (Rb, Ba,
and Pb), the multiclement spectra of the amphibolites
are subhorizontal with a small negative titanium anom-
aly. In this respect, they differ markedly from the Prot-
erozoic amphibolites occurring in the Archean complex
of the KSDB, but are similar to TH1 basalts, which are
the most widespread in Archean greenstone belts
(Condie, 1981), and tholeiitic basalts of modern sub-
duction zones (Pearce and Peate, 1995). Exceptions are
the amphibolites of the Svanvik complex (samples
107/99 and 105-2/99), which are enriched in LREE,
Rb, Ba, Pb, and Sr. This is probably a result of their
extensive granitization (K,0 = 3.2-5.4 wt % and Si0,
up to 51.3 wt %).

The investigation of the Sm-Nd isotopic systemat-
ics of the Garsjo amphibolites revealed the depleted or
strongly depleted (eNd = 2.15-3.30) composition of
their source for an age of 2.84 Ga. These data are con-
sistent with the inference on the strongly depleted com-
position of the Late Archean mantle in this region (Tim-
merman and Daly, 1995). The negative value eNd =
—0.48 for amphibolite sample 105-2 from the Svanvik
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Table 3. Concentrations of major (w1 %) and trace elements (ppm) in the amphibolites of type 1 (1-4) and 2 (5, 6) from the
Archean complex of the KSDB and in the Pechenga metabasalts penetrated by the KSDB (7-10)

H
H
£
£
E
H
3

1 2 3 4 5 6 7 8 9 10
C‘;‘;{’l"' 31375 | 36582 | 44369-2 | 42167 [24744/2%%(33687/1*¢| 3173 | 13082 | 18761 | 21846
8803 | 9901 | 12020 | 11662 |7645-7651[9051-9064] 1047.4 | 34227 | 51165 | 6663
510, 4915 | 4928 | 4834 | S117 | 48.82 | 49.1 4688 | 4357 | 49.85 53.97
TiO, 211 1.86 194 191 0.85 0.76 1.23 1.98 1.89 08
ALO; 1346 | 1342 | 1358 | 1391 | 1449 | 1352 | 1429 | 1546 | 166 14.04
Fe,05 1755 | 1649 | 1748 | 1799 | 1358 | 13.86 | 1369 | 1745 | 1635 102
MO 025 024 023 032 0.18 0.23 02 021 0.22 0.5
MgO 436 518 476 524 79 6.75 7.56 6.56 2.62 632
Ca0 938 | 1039 9.86 8.99 976 | 1161 | 1063 9.03 331 762
Na,0 1.94 192 243 0.65 21 2 2.05 173 6.55 33
K0 171 1.05 08 0.2 1.25 0.6 0.54 0.13 141 143
P05 0.24 0.23 023 0.22 0.09 0.07 0.15 021 0.16 0.15
Lot 0.28 039 021 | -036 138 1.67 2.66 3.54 0.87 1.89
| Total 10043 | 10045 | 9986 | 10024 | 1004 | 100.17 | 99.88 | 99.87 | 99.83 99.87
U 0.85 0.79 0.58 094 | <2 <2 0.18 044 | 83 746
Th 35 3.1 36 33 <16 0.39 174 251 28.1
Rb 48.2 426 113 26 400 12.4 282 | 44 621
Ba 306 148 182 24 40 156 788 | 230 3892
Sr 174 198 253 58 100 100 393 326 18 2264
La 244 226 280 217 36 3.7 375 | 148 135 154
Ce 538 526 60.8 50.7 775 78 997 | 356 324 322
Pr 6.8 6.6 73 6.6 149 472 447 39.4
Nd 27.1 217 29.1 277 799 | 212 196 157
Sm 59 58 5.8 6.0 1.9 1.7 263 5.09 449 31.8
Eu 172 176 137 1.84 0.9 0.76 1.06 1.73 147 9.63
Gd 6.0 59 58 6.0 3.56 551 462 324
T 091 0.88 0.89 091 0.63 045 0556 | 0852 0713 499
Dy 571 5.26 517 5.61 3.58 5.69 4.44 30.6
Ho 1.13 101 1.00 113 0759 | 115 085 5.86
Er 297 2.88 2.59 3.08 223 3.15 239 154
Tm 045 041 041 0.44 0.32 0505 | 0383 253
Yb 292 267 275 3.16 22 2.5 214 339 246 16
L [ 048 0.39 042 0.49 041 039 0312 0.55 0.364 2.52
Zr 153 164 173 169 40 20 69 132 143 951
Hf 39 37 42 39 L5 1.84 352 377 25.2
Ta 1.45 121 137 1.40 0.27 093 0.89 339
Nb 187 166 183 198 15 3 346 | 122 116 421
Y 308 293 30.1 327 | <20 40 22.1 34 25.5 167
Cr 45 69 16 60 120 60 260 181 164 2353
Ni 37 66 49 48 100 54 131 80.9 749 752
Co 49 54 58 49 50 34 549 53.1 4238 394
v 425 414 329 409 336 554 227 2111
Pb 490 4.96 379 231 | 10 13 12 275 3.58 25.1
(LaYb), | 56 5.7 69 4.6 L1 12 29 37 65
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Table 4. Concentrations of major (wt %) and trace elements (ppm) in the Archean amphibolites surrounding the KSDB

Garsjo complex Svanvik complex

Component

55-8 32/99* 65-16 65-9 105-2/99 107/99*
Si0, 47.53 47.74 48.19 49.66 47.88 51.28
TiO, 0.81 1.126 0.75 0.87 0.89 0928
ALO; 15.25 13.67 14.84 13.7 14.03 14.93
Fe,04 13.32 14.76 12.94 14.79 12.16 10.44
MnO 021 0.219 0.22 0.23 023 021
MgO 813 6.28 7.29 6.14 6.17 594
Ca0 101 997 10.72 10.48 797 9.78
Na,0 229 391 2.86 2.33 0.17 0.3
K,0 1.04 111 114 0.94 538 325
P05 0.09 0.0 0.1 0.1 0.11 0.083
Lor 1.09 0.68 0.79 0.58 4.86 21
Total 99.86 99.56 99.84 99.82 99.85 99.24
U 013 02 0.36 0.77 0.60 0.6
Th 011 03 031 0.47 0.41 03
Rb 39 13 23 17 625
Ba 134 124 101 214 330
St 138 99 130 105 228
La 19 4 25 29 39 6
Ce 55 12 6.8 74 10.5 14
Pr 09 1.0 11 16
Nd 4.6 8.6 5.5 6.1 82 8
Sm 1.7 28 18 21 27 24
Eu 0.70 0.92 0.69 0.79 0.88 092
Gd 2.35 22 2.7 327
T 0.39 0.62 0.40 0.45 0.54 0.52
Dy 259 26 32 352
Ho 0.57 0.58 0.73 0.83
Er 1.59 15 22 2.19
Tm 0.28 0.25 0.34 0.34
Yo 1.74 28 16 2.3 2.26 2
Lu 027 043 027 0.36 035 0.24
Zr 41 50.6 43 52 56 -
Hf 113 18 12 15 151 1.6
Ta 0.16 0.1 0.18 022 039 0.16
Nb L7 345 2.1 22 54
Y 18.0 23.7 16.6 21.8 23.0
Cr 221 133 2122 52.7 166 130
Ni 163 1223 65.9 102
Co 56 57 525 56.0 47 35
v 279 242 292 270
Pb 2.66 3.98 2.96 12.41
(La/Yb), 0.7 0.96 11 0.9 12 20
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Fig, 6. Concentrations of trace elements in the amphibolites surrounding the borehole normalized with respect to (a) chondrite and

(b) primitive mantle compositions.

IAT is the average compositions of island-arc tholeiitic basalts from the Southern Sandwich Islands after Pearce and Peate (1995).

complex was probably due to the disturbance of the Sm—
Nd isotopic system in the course of rock granitization,

RECONSTRUCTION OF PROTOLITH
COMPOSITION AND THE PETROLOGY
OF ARCHEAN ROCKS

Gneisses with Aluminous Minerals

The gneisses with aluminous minerals ace character-
ized by enrichment in Fe, Mg, Ti, LREE, and HFSE,
which was probably related to the accumulation of

these elements in the detritus and clayey material of ini-
tial sediments. The negative correlation between LREE
and SiO, in these gneisses suggests high activity of the
processes of weathering and sedimentary differentia-
tion during formation of their protoliths. The most
informative elements for the gneisses with aluminous
minerals are REE, HFSE, and Th. The narrow range of
the concentrations of these elements is consistent with
the identification of the protoliths of the gneisses with
aluminous minerals of the Garsjo complex as moder-
ately differentiated sediments (Al,04/SiO, = 0.2-0.32),
No. 2
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Fig. 7. Diagram ey versus time for the basic rocks and
tonalite—trondhjemite gneisses of the KSDB and its envi-
ronment. DM is the depleted mantle, and CHUR is the
chondritic uniform reservoir.

(1) Trachybasalt of the Pirttijarvi Formation, (2) basic rock
of the dike facies, (3) basic rocks of the intrusive facies
(9608—metapyroxenite and 43745— garmnet—linopyrozene
gabbro), (4) plagiogneiss of the borehole environment, (5)
plagiogneiss of the KSDB, and (6) Archean amphibolite
from the borehole environment.

which are similar in this parameter to gneisses from the
KSDB section (ALO,/SIO, = 0.16-0.44). Since REE
are least affected by redistribution processes at the for-
mation of sediments and subsequent diagenetic alter-
ations (McLennan, 1989), they were used for the recon-
struction of protolith compositions within the model of
mixing of materials from sources represented by tholei-
itic basalts and gray gneisses (Taylor and McLennan,
1985). These estimates show a significant contribution
from the TTG source and a minor contribution from the
matter of high-magnesia basic rocks at the formation of
the protoliths of gneisses with aluminous minerals from
the KSDB section in comparison with their near-sur-
face analogues (Fig. 12). This inference implies that the
composition of sediments was affected by local prove-
nances in ancient granite—greenstone terrains, which
supplied rocks of diverse compositions and in varying
proportions.

Amphibolites

In order to characterize the compositions of the
sources of the Proterozoic dike amphibolites and meta-
morphosed volcanics of Pechenga, the procedure pro-
posed by Kerrich and Wymen (1997) can be used. In the
primitive mantle-normalized multielement spectra
(Fig. 4), the line drawn through the points of the most
conservative elements (HREE, Ti, Hf, and Nb) has a
negative slope, which implies the enriched (relative to
DM) composition of the mantle source for the amphib-
olites and metabasalts of the Pirttijarvi and Zapoljarni
formations of Pechenga. This conclusion is supported
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Fig. 8. Chondrite-normalized REE contents in the metaba-
sic rocks of the KSDB. The compositions of rocks from the
Nyasyukka compiex and palecboninites are after Smolkin
efal. (1995) and Sharkov er al. (1998), respectively.

by the study of the Sm-Nd isotopic system, which sug-
gests that the major portion of the KSDB amphibolites
was derived from a source compositionally transitional
between the depleted mantle and CHUR. The applica-
tion of the Kerrich and Wymen (1997) approach to the
Archean amphibolites (Fig. 6) allowed us to conclude
that the Archean mantle was more depleted, which is
consistent with the conclusions derived from Sm~Nd
isotopic data.

Biotite Plagiogneisses

The gneisses of dacite-plagiorhyodacite composi-
tions are predominant among the deep-seated and near-
surface rock associations and vary in textures, struc-
tures, and composition. The rocks range from strongly
depleted to enriched varieties with respect to HREE
content. Two contrasting geochemical types were dis-
tinguished among the KSDB plagiogneisses. One of
them (type A) is strongly depleted in HREE and is the
most widespread in the borehole section, whereas the
rocks of the second type (B) are enriched in these ele-
ments and were found only in the upper part of the sec-
tion. Three geochemical rock types were distinguished
among the near-surface gneisses of the Garsjo complex,
which is dominated by depleted and moderately
enriched varieties. Less common are low-alumina
gneisses with high concentrations of HREE. The pres-
ence of similar geochemical rock types among the gray
gneisses of the KSDB and its environment enables their
successful use for correlation purposes.

The investigation of the Sm and N isotopic compo-
sitions of gneisses of various geochemical types allows
us to constrain the possible conditions of formation of
their melts. In the éNd-T diagram, the compositional
points of the gneisses form three isolated fields (Fig. 7).
The lowest €Nd (-0.6) and high model age (3081 Ma)
are characteristic of the type C gneiss (sample 65-15).
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Fig. 9. Concentrations of trace elements in the tonalite—trondhjemite goeisses of the Garsjo complex normalized with respect to (a)

chondrite and (b) primitive mantle compositions.

The middle field is formed by the points of group A and
B gneisses with eENd = 0.90-1.32 (0.88 on average) and
model ages from 2877-2930 Ma (2911 Ma on average).
The upper field comprises the compositional points of
type B gneisses with eNd = 1.73-2.68 and Tna(DM) =
3778-2838 Ma (2812 Ma on average). In the context of
the Sm-Nd systematics, these data imply that type C
gneisses were derived by the melting of older less
depleted protoliths in comparison with the protoliths of
types A and B, which had shorter crustal residence
time. The different protolith compositions for the
gneisses of types A, B, and C are supported by the dif-
ferences in their SmyNd ratios (0.162,0.171, and 0.212,
respectively), which is believed to be equal in grani-
toids derived by the melting of a common source
(Faure, 1986). The value “’Nd/*Nd of the amphibo-
lites (0.512920-0.512922) is higher than that of CHUR
(0.512636) and suggests the predominantly residual
nature of the mantle source of these rocks.

The concentration of a trace element in melt
depends on its concentration in the source, the degree
of melting, and the bulk partition coefficient of the ele-

ment between melt and residue, which is mainly a func-
tion of residual mineralogy. It is reasonable to suggest
therefore that the type C gneisses were derived from an
enriched source, whereas the difference between the
REE compositions of the gneisses of geochemical
types A and B could be related to different source com-
positions, lower degree of melting in the case of type B
gneisses, and higher degree of melting at the formation
of type A gneisses. Less probable is the enrichment of
the protolith of type B gneisses in incompatible ele-
ments directly before melting, which would produce
melts enriched in REE but with isotopic characteristics
of a depleted source.

According to experimental data (Rapp et al, 1991;
Rapp and Watson, 1995; Beard and Lofgren, 1991; and
others), melts of tonalite~trondhjemite compositions
can be derived by the partial melting of metabasic
sources. With increasing temperature and pressure, the
abundance of garnet and clinopyroxene in the residues
equilibrated with melts increase, while that of horn-
blende and plagioclase decrease. This results in pro-
gressive depletion of the melts in HREE and enrich-
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Fig. 11. Choudrite-normalized REE contents of gneisses with aluminous minerals from the Garsjo complex.
AS i the average composition of Archean shales after Taylor and McLenman (1985).

ment in Sr. The P-T conditions of melt generation-and  shows variations ‘in the boundary concentrations of
the most probable compositions of residues can be esti- REE in model geochemical melt types (Fig. 13).
mated using the Yb—Eu diagram (Turkina, 2000), which  According to this diagram, most of the compositional
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source composition for the gneisses with aluminous miner-
als.

(1) KSDB; (2) Garsjo complex; (3) source compositions
(TH1, TH2, and TTG) after Condie (1981) and Mastin
(1994); (4) symbols on the mixing lines correspond to 10,
30, 50, 70, 90, and 100% contributions of basalts with vari-
ous magriesium contents.

points of the tonalite—trondhjemite rocks cluster near
the fields of primary melts or their derivatives, which
are shified toward lower Yb and Eu concentrations
owing to amphibole and plagioclase fractionation at the
crystallization level. The tonalite—trondhjemite
gneisses of the KSDB plot within the fields correspond-
ing to two distinguished geochemical types of these
rocks. The protoliths of the HREE-depleted gneisses
are similar to melt compositions formed in equilibrivm
with a garnet-rich amphibolitic or eclogitic residue at
P 215-16kbar. In contrast, the protoliths of the HREE-
enriched gneisses could be derived at lower pressures
leaving residues of a garnet amphibolite composition.
Similar conditions of melting were characteristic of the
protoliths of the type A and B plagiogueisses of the
Garsjo complex. The HREE richest melts of type C
could be derived only in equilibrium with garnet-free
amphibolite residues, which implies pressures no
higher than 8 kbar. The tonalite-trondhjemite gneisses
of the Varanger and Svanvik complexes are moderately
enriched in HREE and belong mainly to geochemical
type A. Similar to the ATTC protoliths of the lower part
of the borehole section, their protoliths were probably
formed in equilibrium with a gamet-amphibolite resi-
due. Thus, in addition to the similarity in compositions,
the analogy between the deep-seated and near-surface
tonalite~trondhjemite gneisses is established on the
basis of the similarity of their residual assemblages and
metabasic sources.

Fig, 13. Diagram Yb-Eu for the tonalite—rondhjemite
gucisses and model melts (Tarkina, 2000).

(1) Model melr; (2) and (3) tonalite-trondhjemite gneisses
of types A and B from the KSDB section; {4)~(9) tonalite—
trondhjemite gneisses of the Svanvik-Neiden segment: (4)—
(6) gneisses of geochemical types A, B, and C of the Garsjo
conplex; (7) gneisses of the Varanger complex; and (8) and
{9) gneisses of the first and second phases of the Svanvik
complex. Triangles are compositional fields of melts derived
by the dehydration melting of TH1, TH2, and N-MORB
sources in equilibrium with five types of residues. Numerals
corresponds to the residual assemblages: /, pyroxene-pla-
gioclase; 2, plagioclase—amphibole + pyroxens; 3, gamet—
plagioclase-pyroxene-amphibole (garnet <20%); 4, gamet—
plagioclase-pyroxene-amphibole (garnet >20%). and
5, gamet-pyroxene. .

PROTEROZOIC MAGMATIC
AND METASOMATIC PROCESSES
IN THE BASEMENT ROCKS OF THE PECHENGA
PALEORIFT

The Proterozoic processes most distinctly mani-
fested in the basement rocks of Pechenga are the
emplacement of numerous bodies of basic and ultraba-
sic composition, retrograde metamorphism under low-
temperature amphibolite and  epidote-amphibolite
facies conditions, granitization coeval with the meta-
morphism, and formation of intrusive bodies of postor-
ogenic granites.

Basic and Ultrabasic Rocks

The results of the investigation of ancient rifts sug-
gest that the formation of dike swarms of different ages
1s a characteristic feature of magmatism in these struc-
tures at various stages of their developriient (Bridgwa-
ter et al, 1995; Balagansky et al., 2001; Kaz’min and
Byakov, 1997).

As was demonstrated above, the amphibolites of the
lower part of the KSDB section include the rocks of
PETROLOGY  Vol. 11
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Fig. 14. U-Pb concordia diagram for two zircon samples
from the granitized rocks of the lower part of the KSDB sec-
tion (T = 2225 * 5 Ma) constructed using the data of Bibi-
Kova ez al. (1993).

Archean and Proterozoic ages at a strong predominance
of the latter. They were derived from variably depleted
mantle sources at a varying contribution from the mat-
ter of an enriched mantle reservoir. Part of the amphib-~
olites bear resemblance to the Proterozoic dikes and

intrusive bodies in the framing rocks, which have ages
of 2200 and 1950 Ma. The available data on the REE
geochemistry of the rocks (about 100 analyses) suggest
that the fraction of ancient ortho- and para-amphibo-
lites in the Archean complex of the KSDB is probably
no higher than 20%, and the majority of basic and ultra-
basic rocks (~80%) are Early Proterozoic ortho-
amphibolites.

The late Archean amphibolites of the KSDB section
and the near-surface complexes are similar in the con-
centrations of major and minor elements to the TH1
basalts of Archean greenstone belts, significantly dif-
ferent from the Proterozoic amphibolites, and were
formed through the melting of a depleted or ultrade-
pleted mantle source.

Metamorphism and Granitization

The retrograde metamorphism of the basement
rocks occurred under the conditions of the low-temper-
ature amphibolite and epidote-amphibolite facies. Duk
et al. (1989) recognized two stages of formation of the
Proterozoic metamorphic zoning of the andalusite—sil-
limanite type in the rocks of the Pechenga paleorift. lis
high-temperature metamorphism (amphibolite and epi-
dote-amphibolite facies) corresponded in time to the
Luostari unit of the Pechenga complex, and the lower
temperature metamorphism, to the Nickel unit. The
rocks of the Archean KSDB complex were granitized
simultaneously with the processes of high-temperature

10'F

Rock/Upper crust

P T S R S Tt

FEE—
LaCe PrNd  SmEuGdTbDyHo ErTmYbLu

PSS ST R

K RbBa SrNbZr LaCeNdSmEuLuYbPbCuNi CoCr V Ti Fe

Fig, 15. Average concentrations of major and trace elements in the (1) gneisses of tonalite-trondhjemite composition; (2) granitized
rocks of sequence 10 of the KSDB; (3) metasomatic rocks of the northeastern framing of Pechenga; and (4) trachybasalts, basaltic
andesites, basaltic trachyandesites, and andesites of the Pintijarvi Formation of the Pechenga complex (Kol'skaya sverkh-
elubokaya..., 1984, pp. 106-107) normalized with respect to the concentrations of these elements in the continental crust (Taylor

and McLennan, 1985).

The inset shows REE contents in (1) the granitized rocks of sequence 10 of the KSDB and (2) metasomatic rocks of the northeastern
framing of Pechenga normalized with respect to the composition of tonalite-trondhjemite gneisses from the KSDB.
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metamorphism. The granitization resulted in the forma-
tion of mottled, layer, and prevailing shadow migma-
tites. Similar migmatites and granitic rocks form a band
on the surface more than 20 km long and 2-6 km wide
in the northeastern framing of Pechenga and are traced
further to the northwest in the territory of Norway. The
age of the granitized rocks from the lower part of the
KSDB section was determined by U-Pb zircon analysis
as 2225 Ma (Fig. 14). Granitization occurred locally
only beneath the Pechenga structure and in its nearest
environment and was a strongly disequilibrinm and
nonisochemical process with respect to the enclosing
metamorphic rocks. It was accompanied by a decrease
in the concentrations of AL,O,, Ca0, and Na,0, and an
increase in Si0,, TiO,, FeO, K,0, and a number of trace
elements (Rb, Ba, Nb, Zs, REE, Pb, Cu, Cr, Ni, Co, V,
F, P, and COy), which are typical of rocks of elevated
alkalinity. The investigation of the isotopic composition
of nonradiogenic lead demonstrated that granitization
was related to fluids separated from a reservoir of man-
tle melts parental for the subalkaline volcanics of the
Pirttijarvi Formation of the Pechenga complex (Vetrin
and Gorokhovskii, 2002). Fluid flows ascending from
the crystallizing magma into the roof of the reservoir
promoted the processes of granitization in the rocks of
the upper crust related to the precipitation from the fluid
of major and minor components owing to a decrease in
their solubility at decreasing temperature and pressure.
The same factors were probably responsible for the
decrease of the rare element contents of the granitized
rocks toward the upper parts of the crustal section and
the retention of the main trends in the distribution of
lithophile and siderophile elements in comparison with
the granitized rocks of the lower part of the section and
volcanics of the Pirttijarvi Formation (Fig. 15). The dat-
ing of the granitized rocks of the borehole and “red
granites” from the northeastern framing of Pechenga
allow us to estirate the duration of the granitization
process as 50-70 Myr (Vetrin, 2000).

Postorogenic Granites

The rocks of the Archean KSDB complex contain
numerous dike bodies of fine-grained granites from a
few centimeter to 10-15 m thick at depths of 9100—
11200 m. They are chemically identical to the granites
of the fourth phase of the Litza—Araguba complex
(LAC), which form a trail of postorogenic intrusive
bodies in the eastern framing of Pechenga. The age of
formation of the porphyritic granites of the main phase
and vein leucocratic granites was estimated as 1765—
1770 Ma (Vetrin et al., 2002b) (Fig. 16), and the U-Pb
age of zircon from the fine-grained granites from
depths of 91009700 m is 1765 + 2 Ma (Chen et al.,
1998).

With respect to geologic and geochemical charac-
teristics, the LAC granitoids are subdivided into two
discrete associations, dioritic and granitic, which are
not connected by gradual transitions. The porphyritic
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Table 6. Concentrations of major (wt %) and trace elements
(ppm) in the metagabbro (sample 43745), metapyroxenite
(sample 9608), and para-amphibolite (sample 27023) from
the Archean complex of the KSDB

43745 9608 27023
Component

11389 9608 7958
Si0, 53.03 46.56 5113
TiO, 0.68 193 0.34
ALO; 14.68 7.56 18.74
Fe 04 10.69 15.53 8.76
MnO 0.17 022 0.15
MgO 6.38 13.81 7.97
Ca0 10.34 99 9.52
Na,O 244 0.55 23
K0 0.65 249 0.32
P,04 0.12 03 0.1
Lo1 0.65 L5 0.5
Total 99.83 100.00 99.84
u 048 0.59 0.13
Th 20 22 1.0
Rb 14 107 10
Ba 177 368 75
Sr 232 35 335
La 122 210 7.1
Ce 26.6 48.1 14.8
Pr 34 6.3 1.7
Nd 13.8 270 6.4
Sm 29 5.6 13
Eu 0.87 185 0.45
Gd 28 5.0 12
Tb 043 0.66 0.18

277 342 126
Ho 053 0.58 031
Er 1.48 147 097
Tm 023 0.18 0.19
Yb 1.58 1.16 142
Lu 028 0.16 0.25
Zr 81 160 46
Hf 20 4.1 11
Ta 021 144 0.12
Nb 2.8 20.2 18
Y 158 159 9.5
Cr 17 1047 95
Ni 116 645 204
Co 47 88 49
v 212 257 98
Pb 5.54 3.39 6.11
(La/Yb), 52 122 34
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Table 7. Concentrations of major (wt %) and trace elements (ppm) in the plagiogneisses of the Garsjo complex

Compo- A B ¢

nent 674 |67-6%* | 42/99* | 53/99% | 70-2%% [ 40/99% | 56-1 [35/99% | 65-1 |65-15%*|91-170*) 90-30*
Si0, 68.31 | 68.84 [ 69.01 | 70.17 | 70.59 | 70.67 | 68.14 | 69.4 | 73.85 [ 6852 | 65.76 | 674
TiO, 0.18 | 041| 0177 0392 047 | 0316 041 | 0502 044 | 077 | 068 062
ALO; 1749 | 15.85 | 15.87 | 14.96 | 15.11 | 14.67 | 15.68 | 13.94 | 1274 | 14.44 | 1542 | 1418
Fe, 05 218 | 331 261 | 323| 311 275| 393 | 429 414| 537 527 | 489
MnO - 007 003 | 0043] 005 0038 004 0047 - 007 011 | 009
MO 088 | 126| 174 09 091 172 124 166 | 058 154 117| 11
Ca0 385] 3.28| 357 | 336| 298] 302| 414 317 248 325| 396| 439
Nay0 5.1 414 49 5.02| 448| 489 399 | 461| 383 324 464| 393
K0 148 | 139 | 115| 125| 12 137 | 143} 168 130 188 | 143 099
P,05 0.1 011| 003{ 0104 007 0033 0I13| 0081 008 013 | 018} 012
Lot 028 111| 06 057 057 014| 07 0.7 039 089 | 044 041
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
U 0.26 04 0.5 0.5 065 | 29 0.69
Th 23 3.0 6.6 34 4.7 36 7
Rb 41 106 32 795 | 69 52 57 949 | 75 96 9 36
Ba 519 350 270 920 432 550 416 332 227
St 547 344 435 328 345 388 154|275 269 263
La 17.21 | 105 | 235 195 | 1040 | 20 2786 32 3892 | 31 474 | 50
Ce 3322 | 21.08 | 44 31 1838 | 36 4734 | 59 8033 [ 64.44 | 857 | 775
Pr 3.46 5.26 943
Nd 1207 | 921|170 | 12 7241 13 17.30 | 25 3341 | 28.13 | 524 | 347
Sm 163 | 18| 20 205 125| 175 280 43 547 48 93 59
Eu 062| 065| 075) 062 040| 073 | 078 075| 139| 125, 22 14
Gd 110 17t 120] 205 119| L5 206 2.6 390 502) 67 4.6
Tb 0.14 0.17 0.23 0.21 0.29 039 0.51
Dy 061 142 1.02 145 2.32 | 4563
Ho 0.08 0.25 039
Er 023 | 072 045 0.62 106 | 2808 36 2
Tm 0.03 0.036) 005 009 0.15
Yb 016§ 070| 0181 038| 045 025| 060| 106 095| 32 38 16
Lu 002| 008 003 006| 005| 004 008| 0165 0.16| 0438
Zr 85 132 225 191 154 293 454 1275 350|348
Hf 24 3.1 4.4 5.5 368| 6 10.68
Ta 0.20 0.17 | 027 02 048 | 0551 016
Nb 32 9 35 | <7 50 7.9 52|10 22 7
Y 23 6 6 <6 74 [ 118 | 107 |22 36 22
Cr 62 77 65 155 7 9 16 47 - 28 2 17
Ni 79 | 22 14 13 6 43 2 9
Co 47 <10 55 85 7 6 10 13.5 5 13 5 7 79
v 17 50 43 50 15 75 45 34
(La/Yby, | 721 | 101 | 88.0 | 346 | 156 | 539 | 315 | 204 | 2750 | 6.5 84 | 211 | 283
Ew/Eu* 134 112} 137 | 092} 099 (35| 095| 064 087| 077) 081 079 061
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Table 8. Concentrations of major (wt %) and trace elements (ppm) in the plagiogneisses of the Varanger and Svanvik complexes

Varanger complex Svanvik complex
Compo- Phase | Phase 2

76-1 T0/99% | 59/99* | 69/99* | 109/99* | 112/99* | 115/99* [ 111-1 |113/99* | 108-2 | 106/99*
Si0; 71.39 | 68.07 68.79 70.48 67.92 69.48 68.83 69.57 | 7041 7278 | 73.23
TiO, 025 0.345 0354 029 0.353 0312 0.354 0.26 0.225 021 0.117
Al 15.33 1599 16.38 15.84 16.74 16.56 16.69 16.26 15.99 14.81 15.14
Fe,03 246 278 3.07 2.9 353 2.63 32 245 228 2 117
MnO = 0.044 0.05 0.033 0.063 0.057 0.047 - 0.031 - 0.03
MgO 065 1.78 1.7 1.83 1.33 L19 133 0.8 097 0.46 0.6
CaO 275 334 3.39 3.78 3.84 328 3.56 337 2.79 25 1.67
Na,0O 45 6.15 4.36 4.01 3.51 4.74 373 4.87 4.14 447 6
K0 199 1.38 135 0.54 114 126 155 1.38 1.58 2.01 092
P,05 0.12 0.03 0.065 0.05 0.104 0.092 0.099 0.12 0.065 0.08 0.041
LOI 0.37 022 022 0.02 0.74 0.55 0.7 074 0.7 051 0.64
Total 99.81 |100.1 99.73 99.77 9927 |100.15 (100.09 99.82 | 99.18 99.83 | 99.56
u 0.49 0.7 0.6 0.7 0.5 09 1.8 077 0.6 0.6 1.7
Th 57 13 0.5 0.8 15 36 25 39 1.9 335 33
Rb 85 63 67 10 67.5 757 52 61.5 65.6 674
Ba 497 300 305 400 465 365 400 344 540 468 530
St 262 807 766 605 641 241 394
La 215 15.0 70 5.7 12 22 275 253 14.5 139 8.8
Ce 41.3 30.0 14.0 13.0 21 38 48 488 27 247 15
Pr 44 54 26
Nd 153 11.0 6.0 50 12 16 19 185 11 89 57
Sm 23 15 12 0.7 3 27 3.1 2.4 1.8 16 083
Eu 0.6% 0.71 0.61 0.65 0.83 0.62 0.75 0.75 0.61 048 0.28
Gd 1.81 12 1.3 0.8 25 17 19 160 12 1.17 0.6
b 0.22 0.17 0.19 0.14 0.49 0.18 0.19 021 0.15 0.16 0.072
Dy 115 0.94 074
Ho 0.17 0.15 0.11
Er 047 038 0.28
Tm 0.05 0.06 0.06 0.06 0.06 0.04
Yb 0.36 032 0.40 0.33 113 0.7 0.45 035 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 141 984 149 131 114 144 84
Hf 3.60 43 50 43 43 33 4 298 35 3.59 23
Ta 0.30 030 0.05 0.13 0.2 0.35 0.34 0.17 0.32 0.29
Nb 43 2.7 275 33 3 34 23
Y 51 129 43 43 4.1 34 21
Cr 9 15 25 30.0 158 15.0 20.0 7 100 60 14
Ni 6 6 -
Co 5 7 7 6.2 9.5 6.2 8.5 5 6.2 4 4.2
v 24 25 17
(La/Yb), { 40.1 31.6 118 116 72 21.2 41.2 487 305 36.9 409
EwEu* 1.00 1.57 1.49 2.65 0.90 0.83 0.88 1.10 120 1.04 116
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Fig. 16. (a) Schematic map showing sites of sampling for U-Pb investigations and concordia diagrams for (b) porphyritic granites
of the Litza massif, (c) porphyritic and (d) fine-grained granites of the Portlubol massif.

(1) Late Proterozoic sedimentary rocks; (2) granitoid of the Litza-Araguba complex (L and P are the Litza and Portlubol massifs,
respectively); (3) granodiorite and tonalite; (4) geologic boundaries; (5) Kola Superdeep Borehole; and (6) sampling site and sample
mamber. Early Proterozoic orogenic belis: Pe, Pechenga and Lap, Lapland—Kolvitsa. Late Archean orogenic belts: NK, Northern
Kola and Ter- Al Torsko-Aliarechenskii. Archean basement blocks: Mur, Murmansk, Ko-Nor, Kola-Norwegian, and In, Inari.

granites and vein leucocratic granites show low nega-  and Ar isotopic ratios were determined in the minerals
tive values of eNd (from —7.6 to —11.0, Table 5), which  of the LAC (Vetrin et al., 2002c).
suggests a significant role of crustal material at the for- These investigations demonstrated that the helium
mation of their initial melts. isotope geochemistry of the LAC granitoids is signifi-
. cantly heterogeneous. “He is mostly radiogenic and
In order to evaluate the prospects of the use of inert  formed in situ throngh the radioactive decay of U, Th,
gas isotopic signatures for the characterization of the  and their daughter isotopes. This complicates the iden-
nature of the fluid phase of Precambrian granitoids, He tification of the mantle component of “He. The model
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Fig. 17. Values of *Hepeqgcarc 0 amphibole and magnetite
from (1)(5) the rocks of phases 1-5 of the LAC, (6 fine-
grained granites of the KSDB section, and (7) porphyro-
blastic granodiorites.

estimates of the proportions of mantle (m) and crustal
(c) components in amphibole, which is the main hetium
repository, yield ‘He,/*He, < 0.3. Similar calculations
for magnetite suggest a predominantly crustal origin
for “He. In contrast to *He, most *He in amphibole and
magnetite has a juvenile origin. This was established by
the comparison of calculated *He concentrations with
experimentally determined values (Fig. 17) and by the
isotopic amalysis of helium released at the crushing of
minerals. The initial “He/*He value for the gas captured
during amphibole crystallization in the granodiorite of
the main phase is estimated as ~(3-5) x 10°, which is
significantly lower than *He/*He of continental crustat
rocks (~1 X 10%), but is higher than that of the mantle res-
ervoirs, bulk upper mantle (8.9 x 10%), enriched upper
mantle (6.7 x 10%), and depleted mantle (1.5 x 10%).

The genetic interpretation of the initial *He/*He
ratio relies on the assumption of mixing of continental
crustal helium with mantle helium. The source of the
latter is the enriched mantle of the region, which is
demonstrated by the investigation of deep-derived
xenoliths. Given the *He/*He values of the enriched
mantle and continental crust of 6.7 x 10* and 1 x 105,
respectively, the value *He/*He = (3-5) x 10° character-
istic of the formation of granodiorites of the main phase
of the LAC could be obtained through the mixing of the
mantle and crystal components in the proportion 1 : (4-7).
The mantle—crust model of the genesis of fluid in the
granitoids of the “granite” association of the LAC is
consistent with the petrologic model of the genesis of
these rocks, which is based on the process of anatectic
melting of the crust under the influence of mantle-
derived melts (Vetrin et al., 1975).

CONCLUSIONS

The basement of the Pechenga paleorift, which was
penetrated by the Kola Superdeep Borehole at depths of
684212261 m, is dominated by dacite—plagiorhyodac-
ite (tonalite—trondhjemite) gneisses, amphibolites,
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banded iron formation, and gneisses with aluminous
minerals. The same rock associations build up the
exposed Svanvik-Neiden segment of the northwestern
part of the Kola~-Norwegian terrain. The rocks of the
Archean KSDB complex and the Svanvik—Neiden seg-
ment are identical in composition and age and form
sedimentary—volcanic and plutonic units typical of
Archean granite-greenstone terrains.

The geochemical characteristics of gneisses with
aluminous minerals: high concentrations of REE,
HFSE, and femic elements, which are concentrated in
the detritus and clayey components of the rocks, in
combination with a decrease in REE contents with
increasing SiO, suggest that the processes of weather-
ing and sedimentary differentiation took part in the for-
mation of their protoliths. The gneisses with aluminous
minerals from the KSDB section and near-surface com-
plexes had similar, though not identical, sources and
different formation conditions. It was shown that local
provenances influenced the composition of gneisses.
High-magnesia basic rocks of the TH1 type contributed
more significantly to the formation of the gneisses with
aluminous minerals from the borehole section in com-
parison with these rocks from the near-surface com-
plexes.

The majority of amphibolites (~80%) from the
Archean KSDB complex are represented by the rocks
of the dike and intrusive facies of Early Proterozoic
age. These rocks probably formed conduits for the
Pechenga volcanics and sills in the basement rocks.
They were derived from a depleted mantle source with
a varying amount of material from an enriched mantle
reservoir, The basic intrusive rocks of the Pechenga
basement are correlated with the Proterozoic dike com-
plexes of the Pechenga framing, which have ages of
2200 and 1950 Ma. The Late Archean amphibolites
from the KSDB section and the near-surface complexes
are similar in major- and trace-element concentrations
to the TH1 basalts of Archean greenstone belts and dif-
fer significantly from the Proterozoic amphibolites.
They were formed through the melting of a depleted
mantle source.

The gneisses of dacite—plagiorhyodacite (tonalite—
trondhjemite) compositions are the most abundant
deep-seated and surficial rocks of the granite-green-
stone domain and are subdivided into the stratified vol-
canic and plutonic facies related to different geochemi-
cal types. The results of Sm-Nd isotopic investigations
suggest the formation of the protoliths of the high-REE
gneisses (type B) at the expense of a more depleted
mantle (ENd = 1.05-2.68), whereas the protoliths of the
low-REE gneisses (type A) were probably less depleted
in incompatible elements (¢eNd = 0.58-1.73). The
HREE-depleted gneisses were formed in equilibrium
with gamet-rich amphibolitic or eclogitic residues at
Pz 15-16 kbar. In contrast, the HREE-enriched
gneisses could be derived at lower pressures leaving
garnet amphibolite residues. In addition to different
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source compositions, the distinctions in the REE com-
positions of the gneisses of geochemical types A and B
could be related to the lower degree of melting at the
formation of type B gneisses and higher degree of melt-
ing at the formation of type A gneisses.

In contrast to the near-surface associations, the
rocks of the Archean complex of the KSDB and its
nearest environment were strongly affected by Protero-
zoic magmatic and metasomatic processes related to
the development of the Pechenga structure. Among the
most intense Proterozoic processes that imprinted the
rocks of the Pechenga basement are the emplacement
of numerous bodies of basic and ultrabasic composi-
tion, retrograde metamorphism under low-temperature
amphibolite and epidote-amphibolite facies conditions,
rock granitization, and the intrusion of postorogenic
granitic dikes. For the majority of the Proterozoic pro-
cesses, a connection was established with mantle
sources. In general, the amount of Proterozoic matier
that was introduced into the Archean rocks of the lower
portion of the borehole section together with the remo-
bilized material of the Archean crust is estimated as
~30% (~12-15% of amphibolites, ~3% of vein gran-
ites, and ~15% of granitized rocks).

ACKNOWLEDGMENTS

The authors are grateful to their colleagues and the
participants of IPGC project no. 408 D.M. Guberman,
Yu.P. Smimov, and Yu.N. Yakovlev (Research and
Industrial Center Kol'skaya Sverkhglubokaya, Zapo-
lyarnyi), who provided drill core samples from the
KSDB for our investigations; T.B. Bayanova, L.L. Ka-
menskii, S.V. Ikorskii (Geological Institute, Kola
Research Center, Russian Academy of Sciences, Apa-
tity), V.A. Bobrov (United Institute of Geology, Geo-
physics, and Mineralogy, Siberian Division, Russian
Academy of Sciences, Novosibirsk), and @. Nordgulen
(Geological Survey of Norway, Trondheim) for the
fruitful discussion of scientific results and analytical
data. G.V. Ovchinnikova, L.A. Neimark, and B.M. Gor-
okhovskii (Institute of Precambrian Geology and Geo-
chronology, Russian Academy of Sciences, St. Peters-
burg) performed considerable work on the determina-
tion of the lead isotopic compositions of rocks and
minerals. Discussions with A.A. Kremenetskii (Insti-
tute of Mineralogy and Geochemistry of Rare Ele-
ments, Moscow) stimulated the development of new
ideas at the interpretation of the obtained materials.
Academician F.P. Mitrofanov provided much support
and help at all stages of our work. This study was finan-
cially supported by the Russian Foundation for Basic
Research, project nos. 98-05-65199, 99-05-65158,
00-05-72032, 01-05-64671, and 02-05-64344, INTAS
grant no. 01-0314 and is a contribution to project
IGPC-408 “Comparison of Composition, Structure and
Physical Properties of Rocks and Minerals in the Kola
Superdeep Borehole (KSDB) and Their Homologues
on the Surface.”

REFERENCES
Arkheiskii kompleks v razreze SG-3 (The Archean Complex in
the Section of Superdeep Borehole SG-3), Mitrofanov, FP.,
Ed., Apatity: Kol'skii Nauchn. Tsentr Ross. Akad. Nauk,
1991,
Balagansky, V.V., Timmerman, M.J., Kozlova, N.Ye., aqd
Kislitsyn, R.V., A 2.44 Ga Syntectonic Mafic Dike $
the Kolvitsa Belt, Kola Peninsula, Russia: Implication for
Early Paleoproterozoic Tectonics in the Northeastern Fen-
noscandian ~ Shield, Precambrian Res., 2001, vol. 105,
PD. 269-287.
Bayanova, T.B., Mitrofanov, F.P, Delenitzin, A.A., ef al.,
The Archacan Sm-Nd Model Ages of the Kola Superdeep
Borehole Amphibolites, SVEKALAPKO an Europrobe
Project, 6th Workshop, Lammi, Finland, 29.11-2.12.2001,
Abstracts, p. 8.
Beard, J.S. and Lofgren, G.E., Dehydration Melting and
Water-Saturated Melting of Basaltic and Andesitic Green-
stone and Amphibolites at 1.3 and 6.9 Kbar, J. Petrol, 1991,
vol. 32, pp. 465-501.
Bibikova, E.V., Vetrin, VR, Kimozova, T.L, et al., The Rock
Geochronology and Correlation in the Section of the Lower
Part of the Kola Superdeep Borehole, Dokl. Ross. Akad.
Nauk, 1993, vol. 332, no. 3, pp. 360-363.
Boynton, W.V., Cosmochemistry of the Rare Earth Elements:
Meteorite Studies, in Rare Earth Element Geochemistry,
Amsterdam: Elsevier, 1984, pp. 63-114.
Bridgwater, D., Mengel, E, Fryer, B., et al., Early Protero-
zoic Mafic Dikes in the North Atlantic and Baltic Cratons:
Field Setting and Chemistry of Distinctive Dike Swarms, in
Early Precambrian Processes, Coward, M.P. and Ries, A.C.,
Eds., Geol. Soc. Spec. Publ., 1995, no. 95, pp. 193-210.
Chen, D., Krogh, TE., Vetrin, V.R., Mitrofanov, EP., U-Pb
geokhronologiya porod arkheiskoi chasti razreza Kol’skoi
sverkhglubokoi skvazhiny (U-Pb Geochronology of Rocks
from the Archean Part of the Lower Part of the Kola Super-
deep Borehole), Orlov, V.P. and Laverov, NP, Eds., Mos-
cow: Tekhnoneftegaz, 1998, pp. 59-70.
Condie, K., Archean Greenstone Belts, Amsterdam: Elsevier,
1981.
DePaolo, D.J., Neodymium Isotopes in the Colorado Front
Range and Mantle Evolution in the Proterozoic, Nature
(London), 1981, vol. 291, pp. 193-196.
Dobrzhinetskaya, L.F., Nordgulen, O., Vetrin, V.R., et al,
Correlation of the Archean Rocks between the Sorvaranger
Area, Norway, and the Kola Peninsula, Russia (Baltic
Shield), Geol. Unders., Spec. Publ., 1995, vol. 7, pp. 7-28.
Duk, G.G., Kol'tsova, T.V,, Bibikova, E.V,, er al., Problems
of Deep Petrogenesis and Age of Rocks from (he Kola Super-
deep Borehole, in fzotopnaya geokhronologiya dokembriya
(Isotopic Geochronology of the Precambrian), Levskii, L.K.
and Levchenkov, O.A., Eds., Leningrad: Nauka, 1989,
pp. 72-86.
Endogennye rezhimy i evolyutsiya magmatizma v rannem
dokembrii (Endogenous Conditions and Evolution of Mag-
matism in the Early Precambrian), St. Petersburg: Nauka,
1991.
Ewart, A, Brothers, R.N., and Maiteen, A., An Outline of the
Geology and Geochemistry, and the Possible Petrogenetic
Evolution of the Volcanic Rocks of the Tonga-Kermadec—
New Zealand Island Arc, J. Volcanol. Geotherm. Res., 1977,
vol. 2, no. 3, pp. 205-250.

PETROLOGY Vol 11 No. 2 2003





image27.jpeg
GEOCHEMISTRY AND RECONSTRUCTION OF THE PROTOLITH COMPOSITION

Faure, G., Principles of Isotope Geology. New York: Wiley,
1986. Translated under the title Osnovy izotopnoi geologit,
Moscow: Mir, 1989,

Feng, R. and Kemrich, R, Geodynamic Evolution of the
Southern Abitiby and Pontiac Terranes: Evidence from
Geochemistry of Granitoid Magma Series (2700-2630 Ma),
Can. J. Earth Sci., 1992, vol. 29, pp. 2266-2286.

Grachev, A.F, Riftovve zony Zemli (Rift Zones of the Earth),
Moscow: Nedra, 1987.

Huhma, H., Smolkin, V.F,, Hanski, E.J., and Fedotov, Z.A.
Sm-Nd Isotope Study of (he Nyasyukka Dyke Complex in
the Northern Pechenga Arca, Kola Peninsula, Russia. Pro-
gram and Abstracts, IGCP Project 336 Symposium in
Rovaniemi, Univ. Turku Publ., 1996, pp. 57-58.

Hunter, D.R., Barker, F.,, and Millard, H.T., Geochemical
Investigation of Archean Bimodal and Dwalile Metamorphic
Suites, Ancient Gneissic Complex, Swaziland, Precambrian
Res., 1984, vol. 24, pp. 131-155,

Juve, G., Storseth, L., Vetrin, V., and Nilssen, L.P,, Mineral
Deposits of the International 1 : 250000 Map-Sheet Kirkenes,
Nor. Geol. Unders., Spec. Publ., 1995, vol. 7, pp. 375-378.
Kaz'min, V.G. and Byakov, A.F, Continental Rifts: Struc-
tural Control and Disruption of Continents, Geotektonika,
1997, no. 1, pp. 20-31.

Kermich, R. and Wyman, D.A., Review of Developments in
Trace-Element Fingerprinting of Geodynamic Settings and
Their Implications for Mineral Exploration, Austral. J. Earth
Sci., 1997, vol. 44, pp. 465487,

Kesola, R., Taka—Lapin metavulkaniitit ja niiden geologinen
ymparisto. Lapin vulkaniittiprojektin raportti, Geol. Surv.
Finland, Espoo: 1991, vol. 107.

Kol'skaya sverkhglubokaya. Issledovanie glubinnogo stro-
eniya kontinental’noi kory s pomoshch’yu bureniya Kol skoi
sverkhglubokoi skvazhiny (The Kola Superdeep Borehole.
Study of the Deep Continental Crustal Structure by the Kola
Superdeep Borehole), Kozlovskii, E.A., Ed., Moscow:
Nedra, 1984.

Kol'skaya sverkhglubokayu. Nauchnye rezul taty i opyt issle-
dovaniva (The Kola Superdeep Borehole. Scientific Results
and Studying Experience), Orlov, VIP. and Laverov, N.P,
Eds., Moscow: Tekhnoneftegaz, 1998.

Kremenetskii, A.A. and Ovchinnikov, LN., Geokhimiya glu-
binnykh porod (Geochemistry of Deep-Seated Rocks), Mos-
cow: Nauka, 1986.

Levchenkov, O.A., Levsky, LK., Nordgulen, @., et al., U-Pb
Zircon Ages from Sorvaranger, Norway, and the Western Part
of the Kola Peninsula, Russia, Nor. Geol. Unders., Spec.
Publ., 1995, vol. 7, pp. 7-27.

Martin, H., The Archean Grey Gneisses and the Genesis of
Continental Crust, in Archean Crustal Evolution, Amster-
dam: Elsevier, 1994, pp. 205-259.

McLennan, SM., Rare-Earth Elements in Sedimentary
Rocks: Influence of Provenance and Sedimentary Processes,
Rev. Miner., 1989, vol. 21, pp. 169-200.

Pearce, J.A. and Peate, D.-W., Tectonic Implications of the
Composition of Volcanic Arc Magmas, Annu. Rev. Earth
Planet. Sci. Lett., 1995, vol. 23, pp. 251-285.

Rapp, RP. and Watson, E.B., Dehydration Melting of
Metabasalt at 8-32 Kbar: Implications for Continental
Growth and Crustal-Mantle Recycling, J. Petrol, 1995,
vol. 36, pp. 891-931.
PETROLOGY Vol 11

No.2 2003

203

Rapp, R.P, Watson, E.B., and Miller, C.F, Partial Melting of
Amphibolite/Eclogite  and the Origin  of Archean
Trondhjemites and Tonalites, Precambrian Res., 1991,
vol. 51, pp. 1-25.

Seismogeologicheskaya model’ litosfery Severnoi Evropy:
Laplandsko-Pechengskii raion (Seismo-Geological Model
of the Northern European Lithosphere: Lapland-Pechenga
Region), Sharov, N.V., Ed., Apatity: Kol'skii Nauchn. Tsentr
Ross. Akad. Nauk, 1997.

Sharkov, E.V., Smol’kin, V.F, and Krasivskaya, LS., Early
Proterozoic Magmatic Province of High-Magnesium Bon.
inite-Like Rocks in the Eastern Part of the Baltic Shield,
Perrologiya, 1997, no. 5, pp. 503-522.

Shimizu, H., Nakai, S, Tasaki, S., et al., Geochemistry of Ce
and Nd Isotopes and REE Abundances in the Amitsog
Gneisses, West Greenland, Earth Planet. Sci. Lett., 1988,
vol. 91, pp. 159-169.

Siedletska, A., Krill, A.G., Often, M., et al,, Lithostratigra-
phy and Correlation of the Archean and Early Proterozoic
Rocks of Finnmarksvidda and the Sorvaranger District, Nor,
Geol. Unders. Bull., 1985, vol. 403, pp. 7-36.

Smirnov, Yu.P. and Tyuremnov, V.A., New Geological and
Petrophysical Data on the Kola Superdeep Borchole Section,
in Kol skaya sverkhglubokaya. Nauchnye rezul'taty i opyt issle-
dovaniya (The Kola Superdeep Borehole. Scientific Results
and Expertence in Studying), Orlov, V.P. and Laverov, N.P,
Eds., Moscow: Tekhnoneftegaz, 1998, pp. 35-58.

Smol’kin, VF, Mitrofanov, F.P, Avedisyan, A.A., ef al,
Magmatizm, sedimentogenez i geodinamika Pechengskoi
paleoriftogennoi struktury (Magmatism, Sedimentogenesis,
and Geodynamics of the Pechenga Paleoriftogenic Struc-
ture), Apatity: Kol’skii Nauchn. Tsentr Ross. Akad. Nauk,
1995.

Sun, S.-S. and McDonough, WF., Chemical and Isotopic
Systematics of Oceanic Basalts: Implications for Mantle
Composition and Processes, in Magmatism in the Ocean
Basins, Saunders, A.D. and Norrys, M1, Eds., Oxford: Geol.
Soc. Spec. Publ., 1989, vol. 42, pp. 313-345.

Taylor, S.P., McLennan, S.M., The Continental Crust: Its
Evolution and Composition, London: Blackwell, 1985.
Transtated under the title Kontinental'naya kora, ee sostav i
evolyutsiya, Moscow: Mir, 1988.

Timmerman, M.J. and Daly, J.S., Sm-Nd Evidence for Late
Archean Crust Formation in the Lapland-Kola Mobile Belt,
Kola Peninsula, Russia and Norway, Precambrian Res.,
1995, vol. 72, pp. 97-107.

Turkina, O.M., Modeling Geochemical Types of Tonalite—
Trondhjemite Melts and Their Natural Equivalents,
Geochem. Int., 2000, no. 7, pp. 640-651.

Vetrin, V.R., Gorokhovskii, B.V., Rock Granitization of the
Kola Superdeep Borehole Archean Complex: Age and Matter
Sources, Petrologiya, vol. 10, no. 2, pp. 210-224,

Vetrin, VR, Bayanova, T.B., Kamenskii, L., and Tkorskii, S.V.,
U-Pb Age and Isotopic Geochemistry of Helium in Rocks
and Minerals from the Litsa-Araguba Diorite—Granitic
Complex, Dokl. Ross. Akad. Nauk, 2000c, vol. 387, no. 2,
Pp. 85-89,

Vetrin, V.R., Kamenskii, L., and Ikorskii, S.V., Mantle Fluid in
Proterozoic Granitoids: He and Ar Isotopes in Rocks and Min-
erals of the Litsa—Araguba Diorite~Granitic Complex, Kola
Peninsula, Petrologiya, 20000, vol. 10, no. 3, pp. 270-282.




image28.jpeg
204

Vetrin, V.R., Rock Granitization of the Archean Complex of
the Kola Superdeep Borehole: Age and Sources of Material,
Doki. Ross. Akad. Nauk, 2000, vol. 374, no. 5, pp. 667-669.

Vetrin, V.R., Turkina, O.M., and Nordgulen, O., Surface Ana-
logues of “Grey Gneiss™ among the Archean Rocks in the
Kola Superdeep Burehole (Experience from Petrologic—
Geochemical Modeling of Lower Crust Composition and
Formation Conditions of Tonalite-Trondhjemite Rocks),
Apatity: Kol'skii Nauchn. Tsentr Ross. Akad. Nauk, 1999.

Verrin, VR., Turkina, O.M., Ladden, I, and Delenitsin, A.A.,
Rock Correlation and Petrology of the Pechenga Paleorift
Basement, in Geologiya i poleznye iskopaemye Kolskogo

~ poluostrova (Geology and Mineral Resources of the Kola
Peninsula), Apatity: Kol’skii Nauchn. Tsentr Ross. Akad.
Nauk, 20003, vol. 2, pp. 208-230.

Vetrin, VR, Vinogradov, ANN., and Vinogradova, G.V.,
Petrology and Facies—Association Analysis of the Litsa—Ara-
guba Diorite-Granitic Complex, in Intruzivnye charnokity i
porfirovidnye granity Kol'skogo poluostrova (Intrusive Char-
nockites and Porphyritic Granites of the Kola Peninsula),
Batieva, 1.D., Ed., Apatity: Kol'skii Filial Akad. Nauk SSSR,
1975, pp. 149-316.

VETRIN et al.

Vinogradova, N.P. and Smirnov, YuP,, Early Proterozoic
Metabasites in the Archean Basement of the Pechenga Rifto-
genic Structure (in the Section of the Kola Superdeep Bore-
hole), in Rezul'taty izucheniya glubinnogo veshchestva i fi-
zicheskikh protsessov v razreze Kol'skoi sverkhglubokoi
skvazhiny do glubiny 12261 m (The Study Resulis of Deep-
Seated Matter and Physical Processes in the Kola Superdecp
Borehole Section up to a Depth of 12261 m), Mitrofanov, EP.
and Gorbatsevich, EF, Eds., Apatity: Kol’skii Nauchn. Tsentr
Ross. Akad. Nauk, 2000, pp. 72-76.

Yakovlev, N., Bayanova, T.B., Guberman, D.M., et al., The
Geologic-Geochronological Division of the Archean Com-~
plex in the Kola Superdeep Borehole Section, Materialy JI
Vserossiiskogo soveshchaniya *Obshchie voprosy ruschle-
neniya dokembriya” (Materials 3d All-Russia Conf. on Gen-
eral Problems of Precambrian Sobdivision), Apatity, 2000,
Pp. 284-287.

Yakovleva, AK., Temnotsvetnye silikaty (Malic Silicates),
Mitrofanov, FP, Ed., Apatity: Karel. Filial Akad. Nauk
SSSR, 1991, pp. 61-117.

Zagorodnyi, V.G. and Radchenko, AT, Tektonika karelid
severo-vostochnoi chasti Baltiiskogo shchita (Tectonics of
Karelides in the Northeastern Baltic Shield), Leningrad:
Nauka, 1988.

PETROLOGY Vol 11 No.2 2003





image1.jpeg
Petrology, Vol. 11, No. 2, 2003, pp. 177-204. Translated from Petrologiva, Vol. 11, No. 2, 2003, pp. 196-224.
Original Russian Text Copyright © 2003 by Vetrin, Turkin, Ludden, Delenitsyn.
English Translation Copyright © 2003 by MAIK “Nauka/Interperiodica” (Russia).

Geochemistry and Reconstruction of the Protolith Composition
of the Basement of the Pechenga Paleorift

V. R. Vetrin*, O. M. Turkina**, J. Ludden***, and A. A. Delenitsyn*

* Geological Institute, Kola Research Center, Russian Academy of Sciences,
ul. Fersmana 14, Apatity, Murmanskaya oblast, 184209 Russia
e-mail: vetrin@geoksc.apatity.ru
** United Institute of Geology, Geophysics, and Mineralogy, Siberian Division, Russian Academy of Sciences,
pr. Akademika Koptyuga 3, Novosibirsk, 630090 Russia
e-mail: turkina@uiggm.nsc.ru
**¥ Center de Recherches Petrographiques et Geochimiques (CRPG-CNRS),
54501, Vandoeuvre-les-Nancy, BP 20, Cedex, France
e-mail: Ludden@crpg.cnrs-nancy.fr
Received August 20, 2002

Abstract—The basement of the Early Proterozoic Pechenga paleorift was penetrated by the Kola Superdeep
Borehole at depths from 6842-12261 m. The main types of basement rocks are gneisses of dacite—plagiorhyo-
dacite (tonalite-trondhjemite) compositions associating with amphibolites, gneisses with aluminous minerals,
and banded iron formation. The basement of the paleorift and near-surface rock associations of the northwest-
em part of the Kola-Norwegian block have identical ages, similar protolith compositions, and are the main
types of the sedimentary-volcanic and plutonic rocks of the Late Archean granite—greenstone domain of the
northwestern part of the Kola-Norwegian terrain, which was broken into isolated segments in the Paleoprot-
erozoic. The Archean basement rocks of the paleorift are strongly altered by the processes of Proterozoic mag-
matism and metasomatism related to the formation of the Pechenga structure. In the Proterozoic, the Pechenga
basement and its nearest framing were intensely affected by the emplacement of numerous mafic-ultramafic
bodies, retrograde metamorphism under amphibolite and epidote-amphibolite facies conditions, granitization
coeval with the metamorphism, and formation of postorogenic granitic dikes. For the majority of the Protero-
Zoic processes, a connection was established with deep sources formed from the depleted mantle variably

enriched in incompatible elements.

INTRODUCTION

Rifting is considered to be one of the major tectonic
processes of the formation of the Earth’s lithosphere
resulting in both the basification of previously created
sialic crust and sialization of older mafic—ultramafic
crust at the formation of Precambrian granite—green-
stone domains (Grachev, 1987). The formation of con-
tinental rifts due to the ascent of anomalous mantle
material was accompanied by the destruction of the
sialic basement and emplacement of tremendous
masses of mafic-ultramafic and alkalic melts of mantle
origin, whose geochemistry was controlled by the com-
position of their asthenospheric sources, depth of
magma generation, and thickness of the Earth’s crust.
Dacite, rhyolite, and their intrusive analogues are the
minor igneous rocks of rifts. Their formation is related
to the participation of matter from the upper parts of the
lithosphere. The processes of mantle—crust interaction
are usually reconstructed through the investigation of
isotopic systems in the igneous rocks of rift zones, but
petrogenetic processes beneath rifts are not adequately
understood. This is related to the great thickness of sed-
imentary and volcanic sequences filling rift structures

and rarity of surface exposures of buried basement
blocks.

The Archean rocks of the basement of the Pechenga
peleorift were penetrated by the Kola Superdeep Bore-
hole (KSDB) at depths of 6842-12261 m. They are
convenient for the reconstruction of protolith composi-
tions and investigation of the processes of mantle—crust
interaction during the formation of the Pechenga pale-
orift. Previous investigations of the Archean complex of
the KSDB revealed that the rocks of the borehole sec-
tion are strongly basified, extensively migmatized, and
injected by postorogenic granitic veins (Kol'skaya
sverkhglubokaya..., 1984; Kremenetskii and Ovchinni-
kov, 1986; Dobrzhinetskaya et al., 1995). The age of
the basic rocks and sources of matter for the granitiza-
tion and intrusive magmatism were not constrained.
The reconstruction of the composition and geodynamic
setting of formation of protoliths of polymetamorphic
complexes is important for the solution of petrological
problems of Precambrian magmatism and metamor-
phism.

We performed a geological, petrological, and iso-
tope geochemical study of the main types of Archean
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rocks from the KSDB section and reconstructed the
composition of their protoliths on the basis of compre-
hensive geochemical data. Special emphasis was
placed on the investigation of the geochemistry of rare
carth elements and some other major and minor ele-
ments (Al, Mg, Ti, Th, Zr, Hf, Ta, Nb, Y, etc.) that are
least mobile in the processes of regional metamorphism
and metasomatism. The investigation of the composi-
tion and Sm-Nd isotopic systematics of amphibolites
allowed us to infer the Proterozoic age of the majority
of the bodies studied (>80%) and their formation
through the melting of a depleted mantle source with
variable contribution from an enriched mantle reser-
voir. As to the processes of Proterozoic granitization
and postorogenic intrusive magmatism, we demon-
strated the important role of mantle fluids, which took
part in the processes of anatexis and metasomatism in
the rocks of the upper crust.

GEOLOGY AND CORRELATION

The Pechenga structure was formed within 2.3—
1.8 Ga and is part of an Early Proterozoic intraconti-
nental rift zone, which extends through the whole Kola
Peninsula and consists of two main separate segments:
Imandra—Varzuga and Pechenga (Fig. 1). The zone also
includes several local structures: Polmak, Pasvik, Keu-
lik-Kenirim, and Ust’-Ponoy. The formation and evola-
tion of this zone were controlled by the extension of the
Archean basement, when an arch was formed within it,
subsequent folding, repeated downwarping, and final
folding at the orogenic stage (Zagorodnyi and Rad-
chenko, 1988; Smolkin et al., 1995; Kol skaya sverkh-
glubokaya..., 1998).

Up to a depth of 6842 m, the Kola Superdeep Bore-
hole penetrates the Early Proterozoic Pechenga sedi-
mentary—volcanic complex, and from that depth to the
bottom (12261 m), the Archean metamorphic rocks of
the basement of the Pechenga rift structure. The rocks
of the northern Pechenga subzone, where the Kola
Superdeep Borehole is situated, are combined into two
units: Nickel and underlying Luostari. Each group con-
sists of two volcanic formations intercalating with for-
mations made up of metamorphosed sedimentary
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rocks. The evolution of volcanism consisted in a change
of rock compositions from basaltic andesite and basal-
tic trachyandesite (Majarvi and Pirttijarvi formations of
the Luostari unit) to the tholeiitic basalts and picritic
ferrobasalts of the Zapoljarni and Matert formations of
the Nickel unit. The intrusive suites are represented by
sheet bodies of gabbro-diabase, massifs of basic and
ultrabasic rocks, and hypabyssal intrusions of andesite
porphyries.

The Archean rocks of the KSDB are subdivided into
five rhythms, each containing two sequences domi-
nated by migmatized biotite-plagioclase gray gneisses
of dacite-plagiorhyodacite composition (~45%) and
gneisses with aluminous minerals, which correspond to
initially volcanic and sedimentary rocks, respectively
(Kol'skaya sverkhglubokaya..., 1984; Kremenetskii
and Ovchinnikov, 1986; Arkheiskii kompleks..., 1991).
About 30% of the section is made up of amphibolite
and banded iron formation, and ~5%, of vein grani-
toids. An amphibolite—tonalite—trondhjemite complex
(ATTC) was distinguished in the lower part of the sec-
tion below a depth of 11708 m. It is dominated by the
rocks of tonalite—trondhjemite composition with
numerous relict bodies of feldspar amphibolite. The
erosion depth of the Archean complex was probably no
more than 1.0-1.5 km before the formation of the Pech-
enga structure (Arkheiskii kompleks..., 1991). The
metamorphism of the Archean rocks of the KSDB
occurred under the conditions of the amphibolite (pre-
Pechenga) and later (Pechenga) low-temperature
amphibolite and epidote-amphibolite facies of the
andalusite—sillimanite type (Duk et al., 1989; Kol skaya
sverkhglubokaya..., 1984).

The protolith of the gneisses was dated by the Sm--
Nd and U-Pb methods as 2950-2850 Ma, aud the for-
mation of the ATTC granitoids, as 2835-2832 Ma. The
same age was determined for the gray gneisses of
sequences 1, 2, and 8. The gneisses with aluminous
minerals are 30-150 Myr younger than the underlying
sequences of dacite-plagiorhyodacite composition.
The formation of pegmatites occurred at about
2740 Ma during final stages of Late Archean metamor-
phism. The age of the Proterozoic migmatites is esti-

Fig. 1. Schematic geological map of northern Norway and the northeastern part of the Kola Peninsula according to the data of
Dobrzhinetskaya ef al. (1995), Juve et al. (1995), and Kremenetskii and Ovchinnikov (1986).

Early Proterozoic rocks: (1) postorogenic graniie and pegmatite (LA, Litza-Araguba complex); (2) muscovite—microcline granite;
(3) volcanosedimentary rocks of the Pechenga-Imandra-Varzuga belt; (4) basic intrusive rocks; (5) tonalite and granodiorite; and
(6) granulite. Late Archean rocks: (7) porphyritic granite (Pi, Pirivaara massif and Ne, Neiden massif); (8) quartz syenite and syen-
ite; (9) monzonite and granodiorite; (10) microcline plagiogranite; (11) volcanosedimentary rocks of greenstone belts; (12) undif-
ferenttated rocks of the Tersko-Allarechenskii greenstone belt and basement; (13)~(16) dacite—plagiorhyodacite and tonalite—
trondhjemite rocks of (13) Kirkenes, (14) Varanger, (15) Svanvik, and (16) Garsjo complexes; (17) gneiss with aluminous minerals;
(18) enderbite; and (19) fault projection.

The inset shows a scheme of the tectonic regions of the Kola subprovince of the Baltic shield. (20) Late Proterozoic sedimentary
rocks; (21) Paleozoic intrusions of nepheline syenite; (22) Archean rocks; (23) Kola Superdeep Borehole; and (24) state boundary.
Terrains: Mur, Murmansk; Ko-Nor, Kola-Norwegian (Ti, Titovskii and SN, Svanvik-Neiden segments); Ke, Keiv; Ter, Terskii; In,
Inari; Not, Notozero; and Bel, Belomorian. Late Archean greenstone belis: NK, Northern Kola; Ter—Al, Tersko—Allarechenskii; By,
Bjornevatn; and Val, Valen. Late Proterozoic orogenic belts: Pe-Im-Var, Pechenga-Imandra—Varzuga (Pe, Pechenga and Im-Var,
Imandra—Varzuga); and Lap, Lapland granulite belt.
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mated as 2225-2150 Ma, and the postorogenic veins of
porphyritic and equigranular granites were emplaced at
1765 Ma (Bibikova et al., 1993; Timmerman and Daly,
1995; Chen et al., 1998; Yakovlev et al., 2000).

According to the geological, geophysical, and iso-
tope geochemical data, the Archean KSDB complex
bears the strongest resernblance to the gneiss-amphib-
olite complexes of the Svanvik-Neiden segment of the
Kola-Norwegian terrain, which include amphibolites,
banded iron formation, and gneisses with aluminous
minerals and form, together with gneisses of tonalite—
trondhjemite (dacite-plagiorhyodacite) compositions,
a characteristic structural and chemical rock associa-
tion, which is typical of Precambrian granite-green-
stone terrains (Vetrin ef al., 2002a).

The major rock types of the Svanvik-Neiden seg-
ment are dacite-plagiothyodacite and topalite—
trondhjemite complexes. The former are mainly of
effusive (Garsjo complex), and the latter, of intrusive
origin (Varanger, Svanvik, Kirkenes, and other com-
plexes; Siedlecka er al, 1985; Vetrin et al, 1999,
2002a). Differentiation from biotite trondhjemite of the
first (main) phase to leucocratic trondhjemite and
leucogranite was established for the Svanvik and
Kirkenes complexes.

In the present erosion level, gray gneisses form lin-
earized parts of domelike structures, between which
relicts of greenstone structures occur. The latter are
composed of mica gpeisses, schists, amphibolites, and
banded iron formation. The largest among them is the
Bjomevatn greenstone structure (Siedlecka er al,
1985), which has tectonic contacts with the enclosing
Varanger and Kirkenes tonalite—trondhjemite com-
plexes and comprises economic deposits of banded iron
formation.

The U-Pb age of zircon from the gray gneisses is
estimated as 2.80-2.84 Ga, and the metamorphism is
dated at 2.7 Ga (Levchenkov et al., 1995). The gneisses
are cut by porphyritic granite and granodiorite plutons
(~2.5 Ga) and granite and pegmatite dikes (2.7-
2.5 Ga). The metamorphism of the rocks was no higher
than the medium-grade amphibolite facies. Similar
rock associations make up the eastern part of the Inari
block (Kesola, 1991). In the Late Archean, the Inari
block and the Svanvik—Neiden segment of the Kola—
Norwegian block were probably parts of a single gran-
ite—greenstone terrain, which was divided in the Early
Proterozoic during the formation of the Polmak-Pas-
vik—Pechenga-Imandra—Varzuga structure. The geo-
logical data and results of deep seismic sounding dem-
onstrated that the rocks of the northwestern framing of
Pechenga, which compose part of the Svanvik—Neiden
segment, are traced further to the southeast, where they
make up the major portion of the basement of the Pech-
enga paleorift (Seismologicheskaya model’..., 1997).
These rocks are penetrated by the Kola Superdeep
Borehole at depths of 6842-12261 m.

VETRIN ez al.

In contrast to the rocks of the Svanvik-Neiden seg-
ment, the basement of Pechenga and its nearest framing
is severely granitized and basified owing to the alter-
ations of the Archean rocks of the KSDB by the pro-
cesses of magmatism and metamorphism in the Pale-
oproterozoic.

PETROGRAPHY AND GEOCHEMISTRY
Samples and Analytical Methods

Drill core samples from the KSDB and rocks of the
northwestern framing of Pechenga were analyzed by
the methods of ICP (major elements) and ICP-MS
(trace elements) in the Center of Petrographic and
Geochemical Studies (CRPG-CNRS) in Nancy, France
(32 samples); INAA (REE, Sc, Hf, Ta, Th, U, Rb, Co,
Cr, and Ba) and X-ray fluorescence (Y, Nb, Zr, Sr, Ni,
and V) in the United Institute of Geology, Geophysics,
and Miperalogy, Siberian Division, Russian Academy
of Sciences, Novosibirsk (19 samples) and in the Insti-
tute of Mineralogy and Geochemistry of Rare Ele-
ments, Moscow (four samples); and mass spectrometry
(REE) and XRF methods (St, Zr, Nb, Cr, Ni, Co, V, Pb,
and Rb) in the Geological Institute of the Kola
Research Center, Russian Academy of Sciences, Apa-
tity (seven samples). The isotopic Sm-Nd analyses of
rocks were obtained in the Laboratory of Geochronol-
ogy of the Geological Institute, Apatity.

Petrography
Kola Superdeep Borehole

Two rock types were recognized among the biotite
plagiogneisses of the borehole section. The first type
comprises mesocratic and, occasionally, leucocratic
varieties with granoblastic and blastogranitic textures.
The mesocratic gneisses are composed of plagioclase
(50-55%, 31-40% An), quartz (25-30%), and biotite
(10-15%); homblende occurs sporadically. The leuco-
cratic gneisses contain 5-10% of biotite and 60-65% of
plagioclase (24-27% An). All rocks bear accessory
magnetite, ilmenite, apatite, zircon, sphene, and allan-
ite. Gneisses of the second type are enriched in biotite
(up to 20%) or muscovite and epidote, which replace
primary mineral assemblages.

The gneisses with aluminous minerals are free of
potassium feldspar and characterized by a sharp pre-
dominance of micas over aluminous minerals. The
samples studied are two-mica gneisses with sillimanite
and garnet-biotite gneisses.

With respect to the mode of occurrence, texture,
structure, and composition, the amphibolites are subdi-
vided into para- and ortho-amphibolites (Yakovleva
et al., 1991; Smimov and Tyuremnov, 1998). The exist-
ence of Archean and Proterozoic ortho-amphibolites
was surmised from chemical compositions and by anal-
ogy with the metamorphosed effusive rocks of Pech-
enga (Kremepetskii and Ovchinnikov, 1986; Vetrin.
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etal., 2000; Vinogradova and Smirov, 2000). The
occurrence of amphibolites of Proterozoic age among
the Archean rocks of the KSDB is supported by the dat-
ing of zircon from the amphibolite recovered from a
depth of 11795 m (1836 Ma, Bibikova er al., 1993).

The samples studied represent mainly ortho-
amphibolites of the dike and intrusive facies. The rock
of the dike facies are feldspar amphibolites and, occa-
sionally, garnet—feldspar amphibolites. The most com-
mon textures of these rocks are nematoblastic and gra-
nonematoblastic; relict ophitic, poikilitic, and allotrio-
morphic textures were sometimes documented. In
accordance with the classification of Smimov and
Tyuremnov (1998), para-amphibolites are represented
by sample 27023, which is composed of cummingto-
nite, hornblende, and plagioclase.

Near-surface complexes. The textures of plagiog-
neisses are mainly granoblastic, more rarely blastopor-
phyritic and blastogranitic. The gneisses at the contact
of the Pechenga structure are microclinized, musco-
vitized, and chloritized in places. The major minerals of
the plagiogneisses are plagioclase (23-40% An),
quartz, and biotite. Homblende was found only in their
melanocratic varieties. The accessory minerals are epi-
dote, allanite, apatite, zircon, magnetite, ilmenite, and
rare sphene.

The gneisses with aluminous minerals show grano-
blastic, porphyroblastic, and nematoblastic textures.
They are characterized by considerable variations in the
concentrations of rock-forming minerals, which control
transitions from melanocratic ~ amphibole-biotite
gneisses with muscovite and sillimanite to biotite and
two-mica gneisses with sillimanite and garnet and silli-
manite-garnet-biotite gneisses.

The composition of the feldspar amphibolites is in
general more stable than that of similar rocks from the
Archean KSDB complex. They are composed of pla-
gioclase (40-50%) and amphibole, and biotite occurs in
places (210%). The accessory minerals are sphene,
magnetite, apatite, and rare allanite. Their textures are
nematoblastic and granonematoblastic. At the contact
of the Pechenga structure, the amphibolites are
biotitized, epidotized, and carbonatized.

Geochemistry
Kola Superdeep Borehole

The biotite plagiogneisses of the KSDB correspond
to plagiorhyodacite and, occasionally, dacite in major-
element and normative compositions. Trondhjemites
are predominant among the granitoids of the amphibo-
lite—tonalite—trondhjemite complex of the base of the
KSDB section. Most plagiogneisses show ALO, >
15 wt % at Si0, = 70 wt %, low K,0/Na,0 values, and
high CaO contents (Table 1). Two types of rocks can be
distinguished on the basis of mineral composition and
major- and trace-element contents. The more common
plagiogneisses of type A belong to the high-alumina

PETROLOGY  Vol. 11

No. 2 2003

type. They show strongly fractionated REE distribution
patterns, (La/Yb), = 14-90, moderate enrichment in
LREE (La, = 33-135), depletion in HREE (Yb, = 0.6—
3.6), and no Eu anomaly, which is typical of Archean
gray gneisses (Martin, 1994). The concentrations of
REE, Zr, Hf, Ta, Nb, and Y (high field strength ele-
ments, HFSE) in microclinized gneiss sample 36009
are similar to those of the gneisses considered, but dif-
fer from them in higher Ba content. There are two note-
worthy exceptions. Sample 39288-6 shows low con
tents of LREE and weakly fractionated REE distribi -
tion patterns with 2 distinct Bu maximum (Fig. 2). its
high S10; content is combined with depletion in HFSE
refative to mafic components, which is related to the
low contents of femic and accessory minerals. These
compositional features probably resulted from the frac-
tional crystallization of the initial melt. In contrast to
this rock, another sample (40302-2) is a more melano-
cratic plagioclase-rich rock depleted in accessory min-
erals, which could be formed as a plagioclase-enriched
leucosome of migmatite.

Gneisses of the second type (B) were found in
sequence 2. In comparison with type A gneisses of the
same SiO, content, they are enriched in Ti, Fe, Mg,
REE (La, = 142-210 and Yb, = 4.1-5.7), and HFSE,
which are concentrated in femic and accessory miner-
als. They show weakly fractionated REE distribution
patterns and a negative Sr anomaly on multielernent
plots, which is different from both type A gneisses and
typical Archean tonalite-trondhjemite-granodiorite
aluminous series (TTG).

Gneisses with aluminous minerals are variable in
silica content (51-75 wt %), which is negatively corre-
lated with most other elements. The rocks show frac-
tionated REE distribution patterns and a decrease in
REE concentrations with increasing Si0O,. Characteris-
tic features of the gneisses with aluminous minerals are
their enrichment in LREE and HFSE in combination
with elevated concentrations of Cr, Ni, Co, and V
(Table 2, Fig. 3). These features are compatible with the
sedimentary genesis of their protoliths, which could be
represented by the rocks of siltstone-mudstone and
graywacke compositions. In comparison with typical
Archean shales (Taylor and MacLennan, 1985), the
gneisses with aluminous minerals are depleted in
HREE and show higher (La/Yb), = 19-33, which is
most likely due to a significant contribution of gray
gneisses into the composition of the sedimentary pro-
toliths.

The amphibolites of the dike facies of the KSDB
correspond in normative composition to olivine or
quartz tholeiites and form two discrete types in rare-
earth composition. The amphibolites of the first type
are characterized by moderate REE fractionation and
elevated contents of LREE, (La/Yb),= 4.6-6.9 and
La, = 70-90 (Fig. 4). The amphibolites of the second
type are depleted in LREE (La,= 12-29), show flat-
tened REE distribution spectra, (La/Yb), = 1.0-1.1
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Table 1. Concentrations of major (wt %) and trace elements (ppm) in the plagiogneisses of the KSDB

Ta B
C‘;‘;“{’l"' Ta6a** | 44895 | 450013 | 36305 |39866-6*%| 36009 |40302-2%%| 39288-6 30085/1A**|34944*%
Ti1852 | 12148 | 12218 | 9802 | 10865 | 9570 | 11045 | 10593 8568 9313
$i0, 6766 | 68.81 | 6997 | 6965 | 7147 | 7207 | 6629 | 7194 65.31 70.38
TiO, 035 05 039 0.28 043 0.15 0.42 0.19 0.81 057
ALO; 1554 | 1566 | 1523 | 1618 | 1472 | 1543 | 1865 | 1565 16.98 15.15
Futy 4an 3.70 3.26 274 2.60 118 250 20 475 240
MnO 0.05 0.05 - E 0.04 -~ 0.04 - 0.04 0.01
MgO 115 118 101 0.87 0.75 0.35 117 0.5 1.43 097
Ca0 374 3.86 395 2.83 293 1.63 411 3.06 2.06 211
Na,O 466 345 401 545 431 5.04 498 5.11 55 5.1
K0 116 135 124 1.23 119 333 135 1.0 155 175
P,05 0.13 - 0.3 0.09 0.08 0.08 0.04 0.09 0.24 0.13
LOL 0.77 0.95 062 0.5 0.89 0.65 047 0.25 1.05 138
Total 9992 | 99.48 | 9981 | 99.82 | 9941 | 99.91 | 10002 | 99.79 9972 | 9995
U 0.50 0.43 6.8
Th 34 0.9 6.0 0.12 21 12
Rb 7 113 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 2477 | 1630 | 228 10.1 4200 | 159 4.56 55 65 4
Ce 4237 | 3609 | 400 18.8 7656 | 284 9.65 9.1 140 68
Pr 40 20 28 09
Nd 128 181 | 123 74 2571 9.4 498 33
Sm 177 195 17 1.4 3.40 14 128 0.6 58 29
Eu 0616 | 065 0.70 0.44 095 0.60 0.50 051 14 093
Gd 1.24 1.79 10 11 1.98 1.0 128 05
T 0.13 0.19 0.12 0.06 0.78 03
Dy 077 1326 | 065 0.94 0920 | 047 1056 | 026
Ho 0.11 0.18 0.06 0.04
Er 0364 | 0617 | 028 0.46 0353 [ 015 0546 | 012
Tm 0.04 0.06 0.02 0.01
Yb 0319 | 0760 | 029 0.34 0550 | 0.12 1280 | 0.10 ] 0.86
Lu 0072 | 005 0.05 0042 | 002 0068 | 0.02 0.18 0.13
Zr 132 168 185 116 178 94 86 94 200 100
Hf 49 2.8 24 247
Ta 026 0.23 0.21 0.14
Nb i3 <7 44 29 <7 15 70 39 10 3
Y 7 <6 32 5.1 <6 18 <6 i3
Cr 10 4 9 16 4 3 3 6 25 22
Ni 20 12 11 11 6 - 8 = 5
Co 5 <10 8 7 8 2 10 3 5 22
\% 40 54 36 33 35 13 61 17 48 =
(LarYby, | 522 145 524 202 513 90.4 32 36.1 365 345
EwEu* 121 1.04 151 1.07 1.03 147 265 295

Note: Here and in the following tables, asterisks denote samples analyzed *in the United Institutc of Geology, Geophysics, and Mineral-
ogy, Siberian Division, Russian Academy of Sciences, Novosibirsk: **in the Geological Institute, Kola Research Center, Russian
Academy of Sciences, Apatity and the Institute of Mineralogy and Geochemistry of Rare Elements, Moscow: and all other analyses

were performed in CRPG-CNRS, Nancy. Blank space denotes element not analyzed, and dash, element not detected.
IGeochemical type, sample number, *depth, m.
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