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Abstract—The normative mineral composition is reported on source rocks of metasediments from the granu-
lite belt of the Baltic Shield. The primary composition, CIA index, and position of data points of studied rocks
in discriminant diagrams indicate that a significant part of the studied rocks formed from immature sediments
(graywackes and subgraywackes). The material supplied to sedimentation paleobasins was obtained from dif-
ferent (ultrabasic, basic, intermediate, and acid) rocks. The paleobasin was characterized by organic activity and
reducing environment in the bottom layer. Correlation found between some elements, e.g., (Rb, Ba, Pb)—K;
Sr—(Na, Ca), and so on, isalso typical of Phanerozoic deposits. The possible contents of OM (C,,) and U were
reconstructed in source rocks of metasediments of the Lapland—Kolvitsa granulite belt of the Baltic Shield.

INTRODUCTION

Study of lithogenesis at early stages of the Earth’'s
evolution is of great scientific and practical signifi-
cance. They were marked by the formation of the
majority (80-85%) of high-grade (granulite) com-
plexes. However, study of these granulite complexesis
complicated by the obliteration of primary structural,
mineral, and, occasionally, textural features during
regional metamorphism. Therefore, reconstruction of
the primary nature of high-grade sequences is a major
issue in the Precambrian sedimentary geology.

Numerous investigations showed no significant
change in the chemical composition of metasedimen-
tary rocks up to the highest-grade metamorphism,
except for water and volatile loss. Therefore, recon-
struction of the primary mineral composition of meta-
morphic rocks from petrochemical data, lithochemical
recalculations, and indicator ratios of some major and
trace elementsisthe most powerful tool for deciphering
the primary origin and sedimentation conditions of
metasedi mentary rocks.

Problems of the geological structure and genesis of
the Lapland—Kolvitsa granulite belt were studied by
Russian and foreign geol ogists (Eskola, 1952; Gorosh-
chenko, 1969; Krylova, 1983; Barbey et al., 1984,
Kozlov et al., 1990; Bibikovaet al., 1993; Mintset al.,
1994; and others). In this paper, first data on the norma:
tive mineral composition of source rocks of metasedi-
mentary granulites are reported; primary contents of
OM and U are reconstructed; and correlation between
several minor elements and primary mineral composi-
tion of studied rocks is considered.

The work is based on the study of high-grade
metasedimentary rocks (acid granulites) in the granu-

lite belt of the Baltic Shield extending over Norway,
Finland, and Russia

GENERAL CHARACTERISTICS

The Lapland—Kolvitsa granulite belt of the Baltic
Shield is an approximately 500-km-long arc-shaped
structure divided into two different-sized blocks. The
large Lapland Block includes the Sal’ nye Tundry, Tua
dash Tundry, and Lotta Zone (Russia), Finnish Lap-
land, and Norwegian Lapland, whereas the small
KolvitsaBlock (~70 km) includes the Kandalaksha and
KolvitsaTundry (Fig. 1). The granulites are overlain by
Caledonides of Polar Norway in the northwest and dip
beneath the Kandalaksha Bay (White Sea) in the south-
east

In 1874, Jersntrem first reported high-grade garnet-
bearing rocks from the northern Lapland as granulites
by analogy with Saxonian granulites. This was fol-
lowed by numerous publications on the primary nature,
composition, and metamorphism of granulites in the
Baltic Shield and related mineral resources. The term
“granulite” wasinitially used for high-grade magmatic,
volcanosedimentary, and primary sedimentary rocks.
Currently, most geologists (Kozlov, 1988; Kozlov
et al., 1990; Mints et al., 1994; and others) suggest a
primary volcanosedimentary origin of rocks of the
granulite complex. The granulite complex is divided
into two sequences (Kozlov, 1988; Kozlov et al., 1990).
The lower sequence is composed of mafic granulites
(garnet—plagioclase—{pyroxene, plagioclase—{pyroxene,
and two-pyroxene crystalline schists) derived from
metamorphosed basalts, basaltic andesites, andesites,
and dacites. The upper sequence mainly consists of
metasedimentary rocks, acid granulites (garnet—
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Fig. 1. Schematic location of the Lapland—Kolvitsa granu-
lite belt of the Baltic Shield. (1) Upper sequence; (2) lower
sequence; (3) metagabbro—anorthosite massifs.

quartz—feldspathic and sillimanite-garnet—quartz—feld-
spathic rocks).

The granulite belt is underlain by the gneiss-
amphibolite sequence (Tana Belt) with gabbro—
anorthosite plutons. The Tana Belt rests on diverse pla-
giogneisses and amphibolites of Upper Archean Belo-
morian and Kola complexes (Fig. 2).

It should be noted that the area and thickness of acid
granulites are variable (Figs. 1, 2). According to Bibik-
ova et al. (1993), the age of granulite metamorphism
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ranges within 2.2-1.9 Ga. According to Perchuk and
Krotov (1999), acid granulites were metamorphosed at
825°C and 8 kbar.

Inthiswork, we only the consider upper sequence of
granulite belt, i.e. its metasedimentary section (acid
granulites).

PETROCHEMICAL DATA AND PRIMARY
MINERAL COMPOSITION
OF METASEDIMENTARY ROCKS
OF THE GRANULITE BELT

Acid granulites are high-grade acid (leucocratic)
rocks. They consist of quartz, plagioclase, K-feldspar,
garnet, and subordinate sillimanite, kyanite, biotite,
cordierite, and pyroxene. Accessory minerals are rutile,
ilmenite, zircon, monazite, apatite, graphite, and spinel.
The most abundant granulites have garnet—quartz—felds-
pathic and sillimanite-garnet—quartz—feldspathic com-
positions. Their characteristic structural feature is the
presence of elongated or lenticular quartz (ribbon
quartz). Many geol ogists note that acid granulites of the
Baltic Shield are similar to classical Saxonian granu-
litesin mineral composition, texture, and structure.

Judging from published data (Kozlov et al., 1990;
Rosen, 1993; and others), acid granulites are metamor-
phosed graywackes, subgraywackes, and, to a lesser
extent, metapelites. Thisis consistent with our data. In
particular, data points of the studied rocks in diagrams
of Rosen (1993) and Pettijohn are plotted in the fields
of graywackes, subgraywackes, graywacke pelites, and
arkoses (Table 1, Fig. 3).

In terms of SIO, and Al,O; contents and mineral
composition, the studied rocks are divided into several

Yaurijoki River region (Lotta zone)

Metagraywackes, metasubgraywackes,
metapelites

Upper sequence

High-Al metaandesites
High-Al metabasalts

etaandesites
etabasalts

==

Lower sequence

Conglomerates with tuff cement

Rhyodacites

Fig. 2. Correlation of generalized lithosptratigraphic columns from different areas of the granulite belt of the Baltic Shield (Kozlov

et al., 1990).
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types (Table 1). Data in this table suggest that source
rocks were sandy clays, clayey sandstones, and quart-
zose sandstones. The studied rocks are characterized by
the predominance of K,O over Na,O and often MgO
over Ca0, which istypical of Phanerozoic terrigenous
rocks. Relative to sedimentary rocks, metasedimentary
rocks of the granulite complex are characterized by
lower MNO and P,0O, contents and predominance of
FeO over Fe,0; (Table 1).

Table 1 also lists chemical compositions of the well-
studied Scottish and Saxonian granulitesfor comparison.

Metasedimentary complexes were studied to deci-
pher their primary mineral composition and formation
conditions. The primary mineral composition was
reconstructed using the lithochemical recalculation
method of Rosen (Rosen et al., 1999). This method is
based on the assumption that processes and products of
decomposition, weathering, and sedimentation in Pre-
cambrian were similar to those in Phanerozoic. More-
over, the major chemical signatures of rocks were
retained during the regional metamorphism. This
method allows us to reconstruct the primary mineral
composition of metamorphic rocks and compare rocks
of smilar type but different ages and metamorphic
grades.

Lithochemical recalculations of silicate analyses of
the most representative granulites are presented in
Table 2. It shows that the clastic component of primary
rocks was dominated by quartz. The content of feld-
spars (mainly, acid plagioclase) was often significant.
The K-feldspar was absent or insignificant, thus indi-
cating its deficiency in the source rocks. The prove-
nance possibly consisted of basalts, basaltic andesites,
and dacites.

The clay component of primary sediments mainly
included alkaline aluminous clays dominated by hydro-
mica with subordinate smectites (normative montmo-
rillonite, Table 2). The Mg—e minerals were minor or
absent. Judging from the Fe mole fraction of rocks (f =
0.58-0.68), normative chlorite was ascribed to the Mg—Fe
prochlorite—ripidolite series typical of graywackes,
polymictic and quartzose sandstones, and clays. Traces of
goethite, Mg—Fe chlorites, and smectites are amost
aways present, indicating the intermedi ate-mafic compo-
stion of rocksin the provenance area. The primary rocks
aso contained a subordinate amount of carbonate miner-
as(cacite, dolomite, and ankerite), which typically occur
inthe matrix of Phanerozoic graywackes.

In the modified Pettijohn diagram (Rosen, 1993),
data points of recalculated rocks are mainly plotted in
thefields of graywacke and subgraywacke pelites, with
some pointsfalling in thefields of pelites and quartzose
sandstones. Thetrend of studied rocks significantly dif-
fers from that of Paleozoic graywackes from the geno-
type locality in Upper Harz, Germany (Fig. 4). This
trend also differs, though to alesser extent, from that of
garnet granulites in the Upper Archean Khapchan
Group of the Anabar Shield (Rosen, 1993), being
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Fig. 3. Composition of metasedimentary rocks of the gran-
ulite belt of the Baltic Shield in the diagnostic diagram of
Rosen (1993).

located closer to the quartz—pelitic side. This indicates
that source rocks of granultes of the Baltic Shield were
more differentiated and the matter supplied to the sedi-
mentation paleobasin was more mature as compared to
granulites of the Anabar shield, and, especialy,
graywackes of Upper Harz.

Comparison with the normative mineral composi-
tion (Table 2) and positions of data points of Scottish
and Saxonian granulites (Fig. 4) showed that our results
are consistent with conclusions of other geologists
(Anderson, 1968; Noiman et al., 1984) who considered
that source rocks of granulites were quartz—feldspathic
sandstones (arkoses) with small amounts of clay
cement.

It should be noted that the (Fe + Mn)/Ti (Strakhov,
1976) and Al/(Al + Fe + Mn) indices (Bostrom and
Peterson, 1960) in the studied granulites universally
show “exogenic” values of 8-18 and 0.5-0.8, respec-
tively. Such values indicate that exhalative hydrother-
mal material was not introduced into sedimentation
paleobasin during the formation of source rocks of the
granulite complex. This conclusion is confirmed by the
values of normative alkalinity module, i.e.,, Na,O +
K,O/Al,O;, which mainly vary from 0.2 to 0.4, i.e. cor-
respond to those for the typical Phanerozoic terrige-
nous rocks.

Metasedimentary rocks of the Baltic granulite belt
universally contain small graphite flakes (0.5-1.0 mm,
occasionaly up to 2-5 mm), which account for 0.2—
0.5% (occasionally up to 1-2%). Escola (1952)
believed that like pyrite, graphite in acid granulites is
metamorphosed sapropel. Analyses showed that the
average C, content is 0.14% in essentially quartz—
feldspathic rocks and 0.40% in high-Al rocks. We
attempted to reconstruct the approximate amount of
organic matter (OM) and C, in source rocks of granu-
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Fig. 4. Trends of metasedimentary rocks from granulite belt of the Baltic Shield, garnet granulites of the Anabar Shield, and
graywackes from genotype locality in the modified Pettijohn diagram (Rosen, 1993). (1) Graywackes of Upper Harz (Germany)
with (a) coarse-grained, (b) medium-grained, and (c) pelitic textures; (2) garnet granulites of the Anabar Shield; (3) metasedimen-
tary rocks of the granulite belt of the Baltic Shield; (4) Saxonian granulites; (5) Scottish granulites.

lite complex based on the following assumptions: OM
loss during diagenesisis 35%; 80% of the OM left after
diagenesis is lost during subsequent catagenesis and
metamorphsim; and the C,,,/OM transition coefficient
is1.43. Calculations showed that source rocks probably
contained from 1.5 to 4-4.5% OM and 1.1-3.1% C,,
Such OM and C,,, contents presumably indicate awel d
developed organic life in the Early Proterozoic sedi-
mentation paleobasin and reducing environment in its
bottom layer.

ABUNDANCE AND DISTRIBUTION OF TRACE
AND RARE ELEMENTSIN METASEDIMENTARY
ROCKS OF THE GRANULITE BELT

Contents of siderophile elements (Fe, Ti, Ni, Co, V,
and Sc) in the studied rocks demonstrate a wide range
(Cr 20280 ppm, Ni 3-140 ppm, Co 472 ppm, V 36—
300 ppm), with average contents corresponding to
clarke values in mafic, intermediate, and acid rocks

K, %
° 4:
) °
o %00 % 3 "oo °
o °* & e ©  °®
00' 2 o .03‘
° '..’1— ’... )
I I L@ L@, I I I

]
10 20 30 40 50 60
Pb, ppm

L
160 120 80 40 O
Rb, ppm

Fig. 5. Correlation of Pb and Rb with K in metasedimentary
rocks of the granulite belt of the Baltic Shield.
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(Table 3). The studied rocks show a vague correlation
of severa elements with Al and Fe, indicating the low
maturity of material supplied into the sedimentation
paleobasin. However, some metasedimentary rocks
show a distinct correlation of trace elements with Al
and Gawith Ti.

Theincreased contents of Cr, V, and other trace ele-
ments in the granulite belt of Finland and the Kolvitsa
zone can be explained by the presence of goethite
(Table 2). It is known that iron hydroxides are strong
concentrators of many trace elements, including Cr, V,
Ti, and Sc.

Lead abundance in the studied rocks is higher than
that in sedimentary and magmatic rocks (Table 3). In
terms of the Pb content, the studied rocks are closest to
acid varieties. In granulites, Pb well correlates with K
(Fig. 5), which is typical of Phanerozoic sedimentary
rocks and caused by closeionic radii of Pb (1.26 A) and
K (1.33 A) and isomorphous substitution of K for Pb.
Thisexplains high Pb contents (up to 75-85 ppm) in K-
feldspars and micas (Lubchenko, 1977). One can
expect that the increased Pb content (30-38 ppm) in
some studied granulites was related to the presence of
K-feldspar (~5.40%), iron hydroxide (goethite) show-
ing strong Pb adsorption, and hydromica (Tables 2, 3)
in source rocks.

Rubidium exhibits a stronger affinity to K than Ph.
The highest Rb content (980 ppm) is restricted to
hydromica clays (Kremenetskii et al., 1980). It should
be noted that Rb correlation with hydromica, K-feld-
gpar, and K,Oiswell traced in the studied rocks (Fig. 5;
Tables 2, 3). According to our data, smectite clays aso
adsorb Rb, whereas polyminera clays contain only
140 ppm Rb (average from 688 analyses). This presum-
ably explains high Rb contents in some low-K rocks
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Table 1. Chemical composition of metasedimentary rocks of the granulite belt, wt %

No.| n | Si0, | TiO,| ALO; | Fe,05| FeO | MnO | MO | CaO |Nay0 | K,0 | P,0, | FEEMD Al Na,0+ K,0 Rock
Ti Al +Fe+Mn Al,0,
Finland [Barbey et al., 1984]
1| 27 | 62.22 | 0.84 | 19.03 | 8.84 - 0.12 | 3.17 | 0.69 | 1.27 | 3.83 | — 12.5 0.62 0.27 Sillimanite—garnet gneisses
2 | 12 | 68.58 | 0.58 | 15.75 | 4.84 - 0.08 | 1.82 | 247 | 2.83 [ 3.02| - 10.0 0.71 0.37 Garnet gneisses
3 1 30 |76.06 053] 11.72 | 4.68 - 0.06 | 1.57 | 1.00 | 1.69 | 2.71 | - 10.4 0.65 0.37 Garnet gneisses
4 9 | 84.70 1039 | 7.59 | 2.79 - 0.04 10.73 | 136 | 155|086 | - 8.6 0.67 0.32 Garnet quartzites
L otta zone (original data)
5 9 | 61.05]0.74| 1797 | 1.73 | 7.16 | 0.04 | 3.97 | 2.26 | 1.34 | 2.37 | 0.06 15.5 0.58 0.20 Sillimanite-garnet granulites
72.38 | 0.31 | 13.51 | 0.81 | 3.10 | 0.02 | 1.15 | 2.65 | 2.69 | 2.85 | 0.06 16.0 0.70 0.41 Garnet granulites
82.81 [ 052 | 7.93 | 0.64 | 238 | 0.02 | 044 |2.14| 1.60 | 1.08 | 0.01 7.5 0.64 0.34 Garnet granulites
Tuadash Tundry (original data)
66.46 | 0.65 | 15.01 - 6.19 | 0.04 | 2.30|2.90 | 2.77 | 2.79 | 0.05 12.0 0.62 0.37 Biotite—garnet granulites
76.39 1 0.52 | 11.18 | 0.45 | 3.95| 0.04 | 1.54 | 2.01 | 1.31 | 1.96 | 0.03 11.0 0.63 0.29 Garnet granulites
10 80.80 | 0.41 7.98 - 3991004 | 1.02 | 2.19 | 1.50 | 1.10 | 0.03 12.5 0.57 0.33 Garnet granulites
Sal’ nye Tundry (Kozlov, 1988)

11 7 163.11 | 0.67 | 1722 | 1.27 | 6.59 | 0.08 | 2.88 | 1.18 | 1.62 | 2.63 | - 15.0 0.60 0.25 Biotite—garnet granulites
12 67.22 | 0.60 | 14.10 | 1.74 | 5.61 | 0.08 | 290 | 1.60 | 1.73 | 292 | - 16.0 0.57 0.33 Pyroxene-garnet granulites
Kolvitsa Tundry (Kozlov, 1983)

13 7 155291098 |21.76 | 1.56 | 9.54 | 0.08 | 4.48 | 0.71 | 0.98 | 2.95 | 0.08 14.5 0.57 0.18 Sillimanite—garnet granulites
14 58.57 | 0.72 | 18.52 | 2.10 | 7.05 | 0.11 | 3.47 | 1.25 | 1.76 | 4.24 | 0.10 16.0 0.58 0.32 Biotite—garnet granulites
15 7 | 78.62 | 0.38 | 10.27 | 0.52 | 3.30| 0.06 | 1.17 | 1.75 | 2.51 | 1.33 | 0.07 13.0 0.65 0.37 Garnet granulites

Scotland (Anderson, 1968)

16 2 182921031 | 832|054 |1.26] 0.01 [ 0.27]0.78 | 1.79 | 3.16 | 0.10 - - - Quartz—feddspathic granulites
17 81.89 | 0.06 | 9.10 | 0.17 | 0.16 | 0.26 | 0.02 | 0.64 | 0.11 | 7.11 | 0.07 - - - Quartz—feldspathic granulites
Saxonia (Noiman et al., 1984)

18 | 7 | 72.30 | - | 14.70 | - | 2.30 | - | 0.60 | 1.60 | 3.00 | 4.70 | - | - | - - Granulite

Notes: (-) Dataabsent, (n) number of samples. Analyseswere performed in the Chemical Analytical Laboratory, All-Russia Research Institute of Mineral Resources, Moscow (K.A. Tver-
dokhlebova, analyst) and the Geological Institute, Russian Academy of Sciences, Moscow (E.V. Cherkasova, analyst).
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Table 2. Normative mineral composition of metasedimentary rocks of the granulite belt

Components of source

rocks Finland Lottazone Tuadash Tundry Sal’'nye Tundry| KolvitsaTundry | Scotland
[&]
g g 5 |2 £
s o c 8 g
Mineral |\ Is| al g| 2|32 2| @|Ba| 2| a|Be|Bs|Pc|8a| | ga | ©
gops | Minerds |28 oo g gy G| g 8g | g| g|Bg|dg Sg|B%8| 8| 28 <8
8 g g g = | g2 = = f.*: = = r.*: 5= | 8= i’.*: £ e |8
= o o TR | €3 |85 |83 |23 |85 |83 |23 |53 |E3 |23 |83 £2 |53
=2 |32 |32 ®8 |8 |ZE | mB |88 g8 5B |88 S8 =8 OF g8 38 | L0
7S |06 |06 |03 |05 |05 |05 |05 |05 |06 |65 |46 |06 |65 |05 | O >
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 18
Clastic Quartz 33.46 | 37.02 | 53.86 | 67.88 | 28.38 | 42.63 | 64.47 | 34.47 | 57.12 | 62.16 | 33.68 | 42.07 | 15.60 | 26.40 | 55.97 | 59.60 | 37.10
Plagioclase 12.44 1 27.60 | 16.29 | 13.39 | 8.16 | 24.92 | 1491 | 26.18 | 12.17 | 12.62 | 13.88 | 17.11 | 2.18 | 17.80|23.35| 1691 | 28.85
Orthoclase - 1.21 | 3.02 - 0.10 | 542 | 212 | 4.10 - 1.18 - - - - - 15.64 | 14.53
Tota 4590 | 65.83 | 73.17 | 81.27 | 36.64 | 72.97 | 81.50 | 64.74 | 69.29 | 75.96 | 47.56 | 59.18 | 17.78 | 44.20 | 79.32 | 92.15 | 80.48
Clayey |Kaolinite - - - ~ | 034 035 448| - - - - - - - - - -
Hydromica 322312323 | 18.60 | 6.77 | 19.58 | 1550 | 5.81 | 16.95 | 15.94 | 7.05 | 22.23 | 24.52 | 25.02 | 37.04 | 10.58 448 | 14.63
Montmorillo- - - - 430 17.57| 1.65 - - 092 | 571 | 7.80 - 2842 - - - -
nite
Chlorite 16.89 - - 3.81 | 16.21 - - 698 | 759 | 2921740 | 1.92 |2247| 0.61| 3.46 - -
Serpentine 0.45 - 1.39 - 044 | 037 - 0.60 - - - 264 | - 488 - - -
Total 49.54 1 23.23 | 19.99 | 14.88 | 54.14 | 17.87 | 10.29 | 24.53 | 24.45 | 15.68 | 47.43 | 29.08 | 75.91 |42.53 | 14.04| 4.48 | 14.63
Oxide Goethite 1.97 | 3.45| 3.88 - 282 | 259 | 126 292| 023 | 156| 049 | 653 | 2.69| 7.86| 1.66 1.42 0.74
Pyrolusite 0.10 | 0.09 - - - - - - - - - - - 0.10| - - —
Total 207 | 354 | 3.88 - 282 259 126 292| 023 | 156| 049 | 653 | 2.69| 7.96| 1.66 1.42 0.74
Carbonate | Calcite - - - 063 | 164| 143| 040| 1.50| 1.20| 0.95 - - - - - - -
Dolomite 1.59 | 572 | 241 - 091 | 240 | 1.26| 3.66| 097 | 1.36 - 4541 - 270 241 0.65 1.07
Ankerite - 1.08 - 283 | 3.05| 233 | 467| 191| 3.16| 3.88| 3.76 - 254 - 2.17 0.80 3.09
Total 1.59 | 680 | 241 | 346| 560| 6.16 | 633 | 7.07| 533 | 6.19| 3.76 | 454 | 2.54| 2.770| 4.58 1.45 4.16

Minerasof Ti, B andothers| 090 | 0.60 | 0.55| 039| 0.80| 041| 0.64| 0.73| 0.71| 0.61| 0.76 | 0.67 | 1.08| 2.61| 0.40| 0.50 -

Notes: (-) Mineral absent. Ordinal numbers correspond to those in Table 1. Numbers in parentheses denote the number of analyses. Inferred types of source rocks: (1) sandy—clayey rocks
(graywacke pelites); (2, 3) hydromica—plagioclase-quartz sandstones (graywackes); (4) quartz sandstones with clay cement; (5) sandy—clayey rocks (subgraywacke pelites);
(6) feldspar—quartz sandstones with hydromica cement (arkoses); (7) plagioclase-bearing quartz sandstones; (8) plagioclase—quartz sandstones with clay cement (graywackes);
(9) clay—quartz sandstones (graywackes); (10) clay—plagioclase—quartz sandstones; (11) clayey—sandy rocks (graywackes), (12) clay—plagioclase-quartz sandstones with goethite
(graywackes); (13) quartz-bearing clays; (14) plagioclase—quartz clays with goethite (graywacke pelites); (15) clay—plagioclase—quartz sandstones; (16) pure arkosic sandstones,
(18) arkosic sandstones with hydromica cement. Normative mineral composition was calculated using the Rosen method (1999). Composition of quartz—feldspathic granulites
(no. 17, Table 1) was not recal cul ated.
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Table 3. Average contents of trace elements in metasedimentary rocks of the granulite belt and Phanerozoic rocks

No. |n|Cr | Ni |Co| V |Cu|Sc|Ga| Sr |[Pb| Rb Ba Zr | Y | B Al K Fe Ti Rock
Finland [Barbey er al., 1984]
1 [11]130| 34|15 125 | - - | =211 | —| 110 | 985 | 203 |39 | — | 10.07 | 3.18 | 6.18 | 0.50 | Sillimanite-garnet gneisses
2 8| 53| 37|11 72| — - | =135 - 84 | 896 | 198 | 26 | — 8.33 | 2.51 | 3.39 | 0.35 | Garnet gneisses
3 | 14| 82| 25|11 75| - - | = ]206 |- 69 | 877 | 219 | 28 | - 6.20 | 2.25 | 3.27 | 0.32 | Garnet gneisses
4 31 50| 10110 45| - — - | 175 | - 27 314 | 303 | 15| - 4.02 | 0.71 | 1.95 | 0.23 | Garnet quartzites
LottaZone (original data)
5 91167 | 50 (25 224 | 158 |20 | 15| 329 [32| 73 | 553 | 274 | - 18| 9.51 | 1.97 | 6.77 | 0.44 | Sillimanite-garnet gneisses
41106| 16| 9 60| 82| 7 | 10| 407 | 38| 47 | 245 | 322 | — 20| 7.15|2.37 | 2.76 | 0.19 |Garnet granulite
21 69| 14| 5 731 10| - | 13 - 12| - - 280 | - - 4.20 | 0.90 | 2.30 | 0.31 |Garnet granulite
Tuadash Tundry (original data)
8 21 771 16|11 91 15112 | 22| 220 | 11| 120 - 208 | — - 7.94 | 2.32 | 4.70 | 0.36 | Biotite—garnet granulites
41 72 815 59 91 - | 15 - | 18] = - 401 | - - 5.92 | 1.63 | 3.38 | 0.31 | Garnet granulites
10 21 48| 13| 7 51 15 5 | 13| 180 | 7 16 - 293 | - - 422 1 091 | 3.34 | 0.27 | Garnet granulites
Lapland (Mintz et al., 1994)
| 6 | 222 | 36 |17 | 203 | 29 | 14 | - | 352 | 30 | - | 1047 | - | 30 | 15 | 8.66 | 1.83 | 5.82 | 0.45 |Biotite—garnet granulites
Kolvitsa Tundry (Kozlov, 1983)
13 3| 145|106 |35 143 18| — | — | 470 | — | 142 | 1170 - - 11| 11.52 | 2.45 | 8.50 | 0.59 |Sillimanite-garnet granulites
14 1| 150|120 |28 160 | 120 — | — | 260 | — | 138 | 890 - - 91 9.80 | 3.52 | 6.95 | 0.43 | Biotite—garnet granulites
15 8| 80| 38|11 50 61| — | — | 345 | — 39 | 490 - - 6| 543 |1.10 | 2.93 | 0.23 | Garnet granulites

Phanerozoic sedimentary rocks (Turekian and Wedepohl, 1961)
90| 68 |19 130 45|13 | 19 | 300 [ 20| 140 | 580 160 | 26 | 100 | 8.00 | 2.66 | 4.72 | 0.46 | Shales

35| 2] 03| 20| - 1|12 2 | 7| 60 - 220 | 40 | 35| 2.5 | 1.07 | 0.98 | 0.15 | Sandstones
Phanerozoic magmatic rocks (Vinogradov, 1962)
200|160 |45 | 200|100 (24 | 18 | 440 | 8| 45| 300 | 100 | 20 5| 876|083 |8.56 | 0.90 |Mafic

50| 55|10 |100| 35| 2.5 20| 800 [15| 100 | 650 | 260 | — | 15| 8.85|2.30 | 5.85 | 0.80 |Intermediate
25 8|5 40| 20| 3 | 20| 300 |20| 200 | 830 | 200 |34 | 15| 7.70 | 3.34 | 2.70 | 0.23 | Acid

Notes: (-) Data absent. Ordinal numbers correspond to those in Tables 1 and 2; (n) number of samples. Elements from Cr to B are listed in ppm; from Al to Ti, in wt %. Analyses were
performed in the Spectral Laboratory of All-Russia Research Ingtitute of Mineral Resources, Moscow (K.V. Barsuk and N.V. Pavlova, analysts) and at the Geological Institute,
Russian Academy of Sciences, Moscow (I.Yu. Lubchenko, analyst).
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Fig. 6. Correlation of Rb and Bawith K5O in metasedimen-

tary rocks of the Finnish granulite belt according to (Barbey
etal., 1984). (1) calcareous gneisses (2 analyses); (2) garnet
quartzites (3 analyses); garnet gneisses (14 analyses);
(4) garnet gneisses (8 andyses); (5) sillimanite—-garnet
gneisses (11 analyses).
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Fig. 7. Correlation between the Sr and plagioclase contents
in rocks of the Lotta zone of the granulite belt (Bibikova
etal., 1993).

from the Lotta and Kolvitsa zones of the granulite belt
(Tables 2, 3).

It isknown that bariumin sedimentary rocksisaso
chemically related with K, i.e. with hydromica clays
and K-feldspars. Such a relation is explained by close
ionic radii of K (1.33 A) and Ba (1.38 A). The highest
Ba contents were found in K-feldspar (5000 ppm) and
biotites (1400 ppm), whereas the lower Ba contents
were observed in plagioclases (900 ppm) and smectite
clays (Krylova, 1983; lvanov, 1994). These data pre-
sumably explain Ba contents and distribution in
metasedimentary rocks of the granulite belt (Tables 2, 3;
Fig. 6).

Srontium in sedimentary rocks is geochemically
more closely related with smectite clays than with
hydromicas. Feldsparsarethe main Sr carriers; e.g., the
Sr content is 1800 ppm in plagioclase and 1500 ppmin
K-feldspar (Ivanov, 1994). These data are confirmed by
correlation between Sr and plagioclase abundance
(Fig. 7) inthe studied granulites, aswell as by ratios of
smectite and hydromica clays in source rocks of the
L otta and Kolvitsa zones (Tables 2 and 3).
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Zirconium is a very characteristic trace element of
studied rocks. The Zr content increases from
metapelites to metasandstones (Tables 2, 3), which is
typical of Phanerozoic metasedimentary rocks. This
trend is more distinctly expressed in modern sediments.
In particular, the Zr content is 131 and 393 ppm in clays
and aleuritic muds of the Barents Sea, respectively, and
139 and 413 ppm Zr in clays and sands of the PariaBay,
respectively (Taylor and McLennan, 1988). In some
cases, high Zr contents can be rel ated to the presence of
iron hydroxides, which adsorb Zr (Lisitsyn et al., 1978
and others).

LikeZr, yttriumis morereadily accumulated in Pha-
neorozoic sandstones than clays. In modern sediments
of the Barents Sea, the'Y content in clays (28 ppm) is
lower than that in aleuritic muds (34 ppm) (Taylor and
McLennan, 1988).

However, the studied granulites show opposite rela
tions (Table 3). It is known that yttrium is accumul ated
in monazite (up to 1% Y ,05), rutile and zircon (0. n%).
These minerals are present in metasedimentary rocks of
the granulite belt (monazite up to 178-262 ppm, rutile
up to 0.3-0.6%, zircon up to 1200 ppm) (Goro-
shchenko, 1969). However, themgjor Y carrier in gran-
ulites is garnet (up to 1400 ppm, average 220 ppm)
(Krylov, 1983). According to (Goroshchenko, 1969),
the garnet content is higher in high-Al rocks (average
26%) relative to quartz—feldspathic rocks (average
13.7%). The high-Al rocks are aso richer in rutile
(0.6%) than quartz—feldspathic rocks (0.3%). These
facts presumably explain the observedY distributionin
metasedimentary rocks of the granulite belt of the Bal-
tic Shield.

U AND TH CONTENTS IN METASEDIMENTARY
ROCKS OF THE GRANULITE BELT

Contents of radioactive elements were determined
in metasedimentary rocks of the Finnish granulite belt
(Table 4). It is seen that the U content in garnet quartz-
ites (metasandstones) is higher than that in garnet
gneisses (metagraywackes) and sillimanite-garnet
gneisses (metashales). This is presumably caused by
the higher abundance of zircon, which isamong U car-
riersin garnet quartzites. Thisisindicated by the higher
Zr content in studied quartzites (303 ppm) with respect
tovariousgneisses (Table4). Therelatively high U con-
tent in calcareous gneisses (2.1 ppm) is possibly
explained by the increased carbonate content (CaO =
7.8%) inthese rocks. Asknown, Phanerozoic carbonate
rocksare enriched in U (2.2 ppm) (Turekian and Wede-
pohl, 1961).

In addition to zircon, other carriers of radioactive
elements, such as apatite and monazite, are also present
in the studied metasedimentary rocks. The U content in
monazite (440-520 ppm) is higher than that in zircon
(20420 ppm) (Tugarinov and Bibikova, 1980). It is
known that apatite dominates in essentially calcareous
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Table 4. Contentsof U, Th, and Zr in metasedimentary rocks of the granulite belt and Phanerozoic sedimentary rocks, ppm

No. Rock n U Th Th:U Zr
M etasedimentary rocks (Barbey et al., 1984)

1 Sillimanite-garnet gneisses 11 0.9 14.8 16.4 203

2 Garnet gneisses 14 0.6 94 15.7 219

3 Garnet—plagioclase gneisses 8 0.6 11.1 18.5 198

4 Garnet quartzites 3 1.2 14.8 12.3 303

5 Calcareous gneisses 2 2.1 11.6 5.5 185

Phanerozoic sedimentary rocks (Turekian and Wedepohl, 1961)

Shales 3.7 12.0 3.2 160

Sandstones 0.45 1.9 4.2 220

Carbonate rocks 2.2 1.7 0.8 19

Note: (n) Number of samples.

rocks, while monazite dominates in sandy and clayey behavior during regiona metamorphism up to

rockswith alow Cacontent (apatite is minor or absent).
Thus, the main U and Th carriers are monazite and zir-
coninsillimanite—garnet and garnet gneisses, aswell as
guartzites of the granulite complex, and apatite in cal-
careous gnei sses.

It should be noted that the average Th and Zr contents
in sillimanite-garnet gneisses (metashales) (Table 4) are
close to those in post-Archean shales (Th 14.6 and Zr
210 ppm (Taylor and McLennan, 1988), whereas the U
content in the studied gneissesisthreetimesless (0.9 as
compared to 3.1 ppm in post-Archean shales). Conse-
quently, Th/U ratios are significantly different (16.4 in
sillimanite-garnet gneisses and 4.7 in post-Archean
shales). The studied gneisses and Phanerozoic shales
show a more significant difference in the U content
(Table 4).

Relative to Phanerozoic sandstones, Precambrian
metasandstones (garnet quartzites) of thegranulite belt are
enriched in the trace elements mentioned above, espe-
cidly Thand lesstypical U and Zr (Table 4). Thisis pre-
sumably explained by the high abundance of monazite,
which serves as the main carrier of Th and U. This
assumption is consistent with data reported in (Gorosh-
chenko, 1969), according to which the monazite content in
metasandstones (quartz—feldspathic granulites) reaches
262 ppm. In the Finnish granulite belt, metapelites (silli-
manite-garnet gneisses) and metasandstones (garnet
quartzites) have the identical Th content of 14.8 ppm. In
contrast, shalesare enriched in Th relative to sandstonesin
Phanerozoic sedimentary rocks (Table 4). In terms of the
Th content (Table 4), Precambrian graywackes (garnet
and garnet—plagioclase gneisses) are similar to Phanero-
zoic graywackes (7.8-12.8 ppm) (Taylor and McLennan,
1988) and significantly depleted in U (0.6 ppm relative to
1.81-3.0 ppm).

According to (Taylor and McLennan, 1988; Nozh-
kin, Turkina, 1993; and others), together with La, Ce,
Sc, Zr, and other trace elements, Th shows an inert
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ultrametamorphism. In contrast, the U content has a
negative correlation with metamorphic grade.

Based on these data and the Th/U ratio in Phanerozoic
sedimentary rocks, we may sufficiently reliably determine
the U content in source rocks of the granulite belt.

Let us assume that the Th/U ratio in shales (mud-
stones) equals to 4.0, which corresponds to that in
Ordovician mudstones from the Greenland Group, New
Zealand (Taylor and McLennan, 1988) and is the aver-
age value between the values for Phanerozoic shales
(3.2) (Turekian and Wedepohl, 1961) and post-Archean
shales(4.7) (Taylor and McLennan, 1988). Substituting
this value (4.0) in the Th/U ratio, where Th content is
14.8 ppm (Table 4), we obtain that the source rocks of
sillimanite-garnet gneisses contained 3.7 ppm U,
which corresponds to content in Phanerozoic shales
(3.2-3.7 ppm) (Taylor and McLennan, 1988; Turekian
and Wedepohl, 1961).

Taking Th/U ratio equal to 4.8 for metasandstones
(garnet quartzites) and 4.3 for metagraywackes (garnet
gneisses) corresponding to the value in high-quartz
graywackes (SO, = 81.13%) and graywackes (SiO, =
67.5-75.65%), respectively (Taylor and McLennan,
1988), the U content isequal to 3.1 ppm in source rocks
of garnet quartzites and 2.2—2.6 ppm in source rocks of
garnet gneisses. These values generally correspond to
U contents in Phanerozoic sandstones (1.8-3.4 ppm)
(Taylor and McLennan, 1988).

Based on the same values of Th/U ratio (shales 4.0,
graywackes 4.3, and quartzose sandstones 4.8), we can
determine the U content in source rocks of metasedi-
ments of the Lotta zone (Bibikova et al., 1993). We
obtain that source rocks contained 4.6, 3.5, and 1.5 ppm
U in high-Al gneisses, garnet gneisses, and garnet
guartzites respectively.

Thus, the calculated U contents in source rocks of
the granulite complex are mainly within the range of U
contents in Phanerozoic metasedimentary rocks.
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According to Bibikovaet al. (1993), Th directly cor-
relates with Al,O; in metasedimentary rocks of the
Lotta zone. In particular, the Th content is5.8-8.7 ppm
in garnet quartzites, 7.7—24.3 ppm (average 14.9 ppm)
in garnet gneisses, and 13.5-24.6 ppm (average
18.5 ppm) in high-Al gneisses. These data differ from
those in Table 4 and are closest to the Th distribution in
Phanerozoic sedimentary rocks.

CONCLUSIONS

(1) A significant part of metasedimentary rocks
from the granulite belt of the Baltic Shield formed from
immature sedimentary rocks. This is confirmed by the
following observations: (1) lithochemica recalcula-
tions (Table 2) indicate that source rocks universally
contained significant amounts of plagioclase, hydrom-
ica, and occasional chlorites and smectites, whereas
kaolinite is alsmost absent; (2) the CIA index (Neshitt
andYoung, 1982) iswithin 50-70; (3) data pointsof the
studied rocks are plotted in the fields of graywackes,
subgraywackes, and graywacke pelites in discriminant
diagrams (Figs. 3, 4).

All these facts indicate high rates of denudation,
transportation, and burial of terrigenous material, i.e.,
relatively active tectonic regime during the accumula:
tion of source sediments in the granulite belt. This
assumption is supported by the position of some data
points in the fields of active continental-margin sedi-
mentsin the K,O/Na,0-SiO, diagram (Roser and Kor-
sch, 1986). However, more mature and differentiated
sediments were probably deposited during occasional
periods of quieter tectonic setting. Thisis supported by
the increased contents of SiO, and Al,O; (Table 1),
lithochemical recalculations (Table 2), positions of
some rocks in the fields of quartzose sandstones and
clays (Fig. 4), and CIA index reaching 75-78.

(2) The presence of carbonaceous matter (graphite)
and predominance of FeO over Fe,O; presumably indi-
cate a reducing sedimentation environment. However,
the presence of graphite (1-2%) and traces of the vitd
activity of protozoa (stromatolitic bioherm) in the lower
sequence (lvliev, 1971) possibly indicates the presence
of organic lifein the sedimentation paleobasin as aresult
of the significant content of nutrient (minera) matters
(Fe, Mn, K, V, and others) in the paleocbasin.

(3) High contents of some mgjor and trace elements
(S, Fe K, Cr,Ni,V, Sc,Y, Pb, Zr, and others) (Tables 1, 3)
show that terrigenous and volcanogenic—terrigenous
material, which was introduced into sedimentation
paleobasin, was derived from both ultramafic—mafic
and intermediate—acid rocks.

(4) One can see correlation between several ele-
ments (Rb, Ba, and Pb with K; Sr with Naand Ca; Ti
and V with Al; Fe and Ga with Ti, and so on). Thisis
typical of both Phanerozoic sedimentary rocks and
high-grade metamorphic rocks (T = 800-900°C, P = 6—
8 kbar) from the granulite belt of the Baltic Shield.
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(5) Lithochemical recal culations suggest that distri-
bution and contents of trace elements in the studied
metasedimentary rocks can be explained by the mineral
composition of source rocks (Tables 2, 3).

6. Reconstructed contents of C, (1.1-1.3%) and U
(1.5-4.6 ppm) in protoliths of metasedimentary rocks
of the granulite belt correspond to those in Phaneorozic
sedimentary rocks.
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