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INTRODUCTION

Volcanic rocks of komatiite–tholeiitic associations
are inherent components of rock sequences in Archean
greenstone belts in the Baltic Shield. They serve as an
important source of information about the conditions of
mantle magma genesis. The sequences of these rocks
were thoroughly examined during the geological, pet-
rological, and geochemical studies of high-Mg assem-
blages in Kuhmo–Suomussalmi and Ilomantsi green-
stone belts in eastern Finland [1, 2], Gimol’sko–Kosto-
muksha and Sumozero–Kenozero in Karelia [3–5], and
Kolmozero–Voron’ya in the Kola Peninsula [6, 7].

Our research was focused on the geochemistry and
isotopic features of the high-Mg volcanics from the
most representative sections of the Vedlozero–Segoz-
ero greenstone belt, which is typical of central Karelia.
This paper presents our newly obtained data, which
make it possible to significantly clarify the processes of

magma generation, as well as the differentiation and
crystallization of Late Archean komatiite–tholeiite
associations.

GEOLOGY

The Vedlozero–Segozero greenstone belt in the cen-
tral part of the Karelian province of the Baltic Shield
extends in a roughly south–north direction between Ved-
lozero and Segozero lakes over a distance of approxi-
mately 300 km and has a width of 50–60 km (Fig. 1).

Within the belt, Upper Archean volcano–sedimen-
tary rocks are preserved in a series of local structures
(Khautavaara, Koikary, Palasel’ga, Semch, and Sov-
dozero), which are expressed, in map view, as subpar-
allel zones separated by granite-gneiss microblocks. A
characteristic feature of the belt is the wide occurrence
of both komatiite–tholeiite associations and calc–alka-
line magmas: intermediate–acid volcanics that com-
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Abstract

 

—High-Mg volcanics of the komatiite and tholeiite types are widespread in the greenstone belts of
Karelia. Their geochemistry and isotopic features were examined using representative successions of the Late
Archean Vedlozero–Segozero greenstone belt in central Karelia. The overall thickness of the rocks of the
komatiite–tholeiite associations ranges from 2.8 (at Koikary) to 1.5–1.0 km (at Palasel’ga and Sovdozero). The
sequences are made up of massive, pillow, and variolitic differentiated lava flows with thin beds of tuff material.
The contents of pyroclastic facies do not exceed 3–5% of the overall rock volumes. Tholeiitic basalts overlay
komatiites or alternate with them. The successions are dominated by pyroxenitic and basaltic komatiites and
Mg-tholeiites. The Sovdozero structure is volumetrically dominated by peridotitic komatiites. The rocks are
altered to the greenschist and epidote amphibolite metamorphic facies. Based on the CaO/Al
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 = 0.99–1.17, the komatiites are classed with the
Al-undepleted type. Compared with the komatiitic lavas, compositionally analogous tuffs have lower concen-
trations of Al
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O
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 (<8%), are higher in CaO (7–9%), and lower in alkalis. The tholeiites of the belt are geochem-
ically close to basaltic komatiites. Based on experimental results, we calculated the 

 

P

 

–
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 conditions of komati-
itic magma generation. The melts were produced during the process of a partial (45–60%) melting of a mantle
source with the origin of 

 

Ol

 

 + 

 

Opx

 

 residue at depths of 210–240 km, under pressures of 6–7 GPa, and at tem-
peratures of 1780–1845

 

°

 

C in the source (which is 220–280

 

°

 

C higher than the model temperature values in the
mantle at 2.9–3.1 Ga). The maximum temperature of the melt during its eruption was as high as 1560–1615

 

°

 

C.
The Sm–Nd age of the komatiite association is 2893 

 

±

 

 110 Ma (

 

ε

 

Nd

 

 = +1.2, MSWD = 7) for the Palasel’ga struc-
ture and 2944 

 

±

 

 170 Ma (

 

ε

 

Nd

 

 = +1.7, MSWD = 2) for the Koikary structure. The high-Mg volcanic rocks of the
Vedlozero–Segozero greenstone belt were produced at 2921 

 

±

 

 55 Ma (

 

ε

 

Nd

 

 = +1.5, MSWD = 5) which is con-
sistent with U–Pb ages of acid volcanics.
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Fig. 1.

 

 Schematic geological map of the Vedlozero–Segozero greenstone belt.
Structures: A—Koikary, B—Palasel’ga, C—Sovdozero. (

 

1

 

) Rapakivi granite, (

 

2

 

) Proterozoic rocks; Lopian: (

 

3

 

) plagioclase–micro-
cline granite, (

 

4

 

) diorite and granodiorite, (

 

5

 

) gabbrodiorite, (

 

6

 

) gabbronorite, (

 

7

 

) mafic and ultramafic rocks, (

 

8

 

) acid volcanic and
sedimentary rocks, (

 

9

 

) komatiite and tholeiite lavas and tuffs, (

 

10

 

) high-Mg gabbro, (

 

11

 

) dacitic andesite, (

 

12

 

) amphibolite,
(

 

13

 

) gneiss-granite and migmatite-granite, (

 

14

 

) paleovolcanic edifices, (

 

15

 

) faults.
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pose volcanic edifices of the central type, whose relics
were described in some of the structures [8, 9]. The
reconstructed thicknesses of the komatiite–tholeiite
volcanic piles range from 2.8 (Koikary–Semch) to
1.5

 

−

 

1.0 km (Palasel’ga and Sovdozero). The maximum
integral thickness of the Archean rocks attains 6 km. In
the aforementioned structures, mafic volcanics com-
pose compact outcrops, whose areas are as follows:
2.12 km

 

2

 

 at Koikary, 28.6 km

 

2

 

 at Semch, 24.7 km

 

2

 

 at
Palasel’ga, and 1.85 km

 

2

 

 at Sovdozero. The rocks are
massive, pillow, and variolitic differentiated lavas with
tuff beds. The amounts of pyroclastics do not exceed 3–
5% of the overall rock volume. Tholeiites rest on
komatiites in the Koikary structure and alternate with
komatiites in the Palasel’ga and Sovdozero structures.
The comagmatic intrusive associations are gabbro-dia-
base and ultramafite bodies.

The komatiite–tholeiite associations discussed in
this paper are dated at 2900–3100 Ma. The previously
obtained age of the underlying acid volcanics of the
Ignoil’skii volcanic stock in the Khautavaara structure
and a dacite flow is 2995 

 

±

 

 20 Ma [10], and the dacite
dikes and subvolcanic bodies crosscutting the komati-
ite–tholeiite succession of the Koikary structure were
dated at 2935 

 

±

 

 15 and 2860 

 

±

 

 15 Ma [11, 12].

METAMORPHISM, PETROGRAPHY, 
AND FACIES VARIABILITY OF ROCKS

The rocks of the komatiite–tholeiite association
underwent regional metamorphism of the andalusite–sil-
limanite type under greenschist- and epidote-amphibo-
lite-facies conditions [13] during the Rebolian folding
phase [4]. As a consequence of metamorphism, the pri-
mary magmatic minerals were fully replaced by second-
ary assemblages of actinolitic hornblende, anthophyllite,
tremolite, serpentine, chlorite, talc, carbonate, epidote,
magnetite, plagioclase, and quartz. At the same time, the
rocks often contain relics of primary magmatic textures
(hypocrystalline, ophitic, cumulative, and spinifex) and
structural features that allow the reliable identification of
the facies affiliation of the volcanic rocks. The examined
geologic sequences are dominated by the lava facies. The
peridotitic, pyroxenitic, and basaltic komatiites compose
massive, pillow, and brecciated lava flows or, more
rarely, have a differentiated inner structure. Breccia lavas
can be observed in the Sovdozero structure. In the
Koikary and Palasel’ga structures, groups of differenti-
ated flows from 0.4 to 8 m thick were described. They
consist of an olivine cumulate zone, spinifex textures,
and breccia. The pyroxene komatiites of the Koikary
structure are usually variolitic lavas. The pyroclastic
rocks are tuffs with variable grain sizes: agglomerate,
lapilli, and psammitic. The piles of tholeiitic basalts are
dominated by pillow and massive lavas with lapilli and
psammitic tuffs [14].

ANALYTICAL TECHNIQUES

For our geochemical and isotopic study, we selected
samples of different facies varieties of weakly meta-
morphosed high-Mg volcanic and intrusive analogues
from the same stratigraphic level of the Koikary, Pala-
sel’ga, and Sovdozero structures. After petrographic
examination, we discarded samples with clearly pro-
nounced metasomatic alterations. The Sm–Nd analysis
was carried out on samples with preserved relics of vol-
canic textures (spinifex, ophitic, and cumulative) and
the weakest metamorphic transformations.

The geochemical analysis of the samples for major
and trace elements, REE, and isotopes was conduced at
laboratories of the Geological Survey of Finland in
Espoo. The concentrations of major components, Cr,
Ni, Sc, V, Cu, Pb, Zn, Bi, Mo, S, As, Rb, Ba, Sr, Ga, Nb,
Zr, Y, Th, and U were determined by X-ray fluorescent
analysis on a Philips PW1480 sequential X-ray spectro-
metric system. The errors were <2% for elements with
concentrations >0.5 wt %, 5% for elements with con-
centrations <30 ppm, and 3% for elements with con-
centrations >30 ppm. REE were analyzed by ICP-MS
accurate to not worse than 3%. The samples were
chemically prepared for Sm–Nd analysis in compliance
with the method proposed by Peltonen 

 

et al.

 

 [15]. The
analyses were conducted by H. Huhmo on a VG sector
54 mass spectrometer. The accuracy of the 

 

147

 

Sm/

 

144

 

Nd
measurements was 0.4%. The 

 

143

 

Nd/

 

144

 

Nd ratio was
normalized to 

 

146

 

Nd/

 

144

 

Nd = 0.7219. The measured

 

143

 

Nd/

 

144

 

Nd value of the La Jolla standard was
0.511851 

 

±

 

 6 (

 

n

 

 = 15).

We also present data from [14], which were
obtained by X-ray fluorescence techniques (VRA-33)
at the analytical laboratory of the Institute of Geology,
Karelian Scientific Center, Russian Academy of Sci-
ences, Petrozavodsk, and were used in constructing the
classification plots.

GEOCHEMICAL CHARACTERIZATION
OF THE ASSOCIATIONS

The high-Mg volcanics of the Vedlozero–Segozero
greenstone belt display a widely varying chemical
composition. Using an Al

 

2

 

O

 

3

 

–MgO–(FeO

 

tot

 

 + TiO

 

2

 

),
cation %, diagram of Jensen [16], we distinguished
peridotitic, pyroxenitic, and basaltic komatiites and
high-Mg tholeiitic basalts. The MgO concentration of
the komatiites varies from 9.4 (in basaltic komatiites) to
32% (cumulative peridotitic komatiites), and TiO

 

2

 

 var-
ies from 0.2 to 0.7% (Fig. 2; Tables 1, 2, 3). The rocks
most widely occurring within the belt are basaltic
komatiites (9% < MgO < 20%) and high-Mg tholeiitic
basalts (8% < MgO < 15%), which are widespread in
the Koikary and Palasel’ga structures. Peridotitic komati-
ites and their cumulative analogues (komatiitic dunites)
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(24% < MgO < 37%) are predominant only in the Sov-
dozero structure.

The komatiites were determined to have the follow-
ing values of the indicator petrogenetic ratios:
CaO/Al

 

2

 

O

 

3

 

 < 1 (Koikary 0.80 

 

±

 

 0.49; Palasel’ga 0.82 

 

±

 

0.18; Sovdozero 0.86 

 

±

 

 0.18), 17 < Al

 

2

 

O

 

3

 

/TiO

 

2

 

 < 30
(Koikary 20.20 

 

±

 

 3.95; Palasel’ga 27.16 

 

±

 

 3.73; Sov-
dozero 19.79 

 

±

 

 1.35), and Zr/Y close to 2.5 (Koikary
2.63 

 

±

 

 0.34; Palasel’ga 2.39 

 

±

 

 0.36; Sovdozero 2.62 

 

±

 

0.67). These values, which are close to the chondritic
values, led us to classify the komatiites of the Vedloz-
ero–Segozero greenstone belt with Munro Al-unde-
pleted type, which was first distinguished and
described by Arndt and Lesher [17]. The most differen-
tiated compositions were identified among the vari-
olitic lavas of pyroxenitic komatiites in the Koikary
structure. The composition of the varioles corresponds
to low-K dacitic andesite (up to 67.61% SiO

 

2

 

 and 5–8%
MgO), and that of the matrix is approximated by pyrox-
enitic komatiite (50.9% SiO

 

2

 

 and 18.9% MgO). The
pyroxenitic komatiite pillow lavas show geochemical
zoning, which is expressed in variations in the MgO
concentration from 15–22% in the chill zone to 9–12%
in the cores of pillows.

In the Jensen classification diagram [16] (Fig. 2),
the tholeiitic basalts fall into the field of high-Mg or,
more rarely, high-Fe tholeiites (the latter are repre-
sented by single samples from the Palasel’ga and Sov-
dozero structures). Some data points of the volcanics
are plotted on the boundary line between the fields for
high-Fe and high-Mg tholeiites. In terms of the concen-
trations of major elements, the tholeiitic basalts and
komatiites are related by a gradual transition, which
hinders their distinguishing from basaltic komatiites.

The tholeiitic basalts have the following geochemi-
cal characteristics: TiO

 

2

 

 = 0.6–1.0% (with a maximum
of 1.7%), MgO = 5–9% (with a maximum of 12%), and
the CaO/Al

 

2

 

O

 

3

 

 ratio of <1 (Koikary 0.60 

 

±

 

 0.05; Pala-
sel’ga 0.87 

 

±

 

 0.38; Sovdozero 0.73 

 

±

 

 0.08), 10 <
Al

 

2

 

O

 

3

 

/TiO

 

2

 

 < 23 (Koikary 22.08 

 

±

 

 1.42; Palasel’ga
13.42 

 

±

 

 4.90; Sovdozero 17.17 

 

±

 

 4.56), and Zr/Y close
to 2.5 (Koikary 2.49 

 

±

 

 0.26; Palasel’ga 2.86 

 

±

 

 0.45;
Sovdozero 2.35 

 

±

 

 0.31), which approach the analogous
values for basaltic komatiites.

The komatiitic tuffs have major-element concentra-
tions close to those of the lavas but are lower in Al

 

2

 

O

 

3

 

(<8%), higher in CaO (7–11%), and lower in alkalis
(NaO < 0.5%, K

 

2

 

O < 0.04%). The intrusive rocks are
serpentinite and gabbro, which are cogenetic with,
respectively, komatiites and tholeiitic basalts.

There is a broad range of Ni and Cr concentrations
in the volcanics of the komatiite–tholeiite association.
The maximum concentrations of Ni (2130 ppm) and Cr
(7000 ppm) were determined in the peridotitic komati-
ites of the Sovdozero structure. With a decrease in the
Mg# of the rocks, their Ni and Cr concentrations grad-
ually decrease: Ni to 100–1000 ppm, Cr to 500–2000 ppm

in the pyroxenitic komatiites; Ni to 80–200 ppm Cr to
400–1000 ppm in the basaltic komatiites; and Ni to
30

 

−

 

100 ppm Cr to 50–400 ppm in the tholeiitic
basalts.

The distribution of Al

 

2O3, TiO2, Y, and Zr versus
MgO (Fig. 3) is close to the linear trends caused by oli-
vine fractionation (lines of Ol control). At the same
time, the volcanics show a few trends that intersect the
MgO axis at 46–50 and 35–40%, which can be
explained by the involvement of a series of parental
melts.

Using the values at which the olivine control lines
intersect the MgO axis, we calculated the MgO concen-
trations of olivine in equilibrium with the parental melt
[17]. Assuming that the Fe3+ concentration of the melt
did not exceed 10% and using the partition coefficient
Kd(Ol–Liq)/(Mg–Fe) = 0.3 ± 0.03 [18], we deduced that the
parental melts have Mg# of 22–26% and 14–16%,
which is lower than that of the chill zones in peridotitic
komatiite flows at Koikary (27.82%), Palasel’ga
(28.39%), and Sovdozero (29.44%) [14].

The volcanic rocks are characterized by the unfrac-
tionated HREE patterns and variable LREE patterns
(Table 4). In the Koikary structure, the rocks of the
komatiite–tholeiite association are characterized by

Fig. 2. Al2O3–MgO–(FeO + Fe2O3)–TiO2 (cation %) plot
[16] for rocks of the komatiite–tholeiite association of the
Vedlozero–Segozero greenstone belt.
Tholeiitic series: TR—rhyolite, TD—dacite, TA—andesite;
calc–alkaline series: CR—rhyolite, CD—dacite, CA—
andesite, CB—basalt; HFT—high-Fe tholeiite, HMT—
high-Mg tholeiite, BK—basaltic komatiite, PK—peridotitic
and pyroxenitic komatiite.
Koikary structure: (1) komatiite, (2) tholeiitic basalt,
(3) intrusive rocks; Sovdozero structure: (4) komatiite,
(5) tholeiitic basalt, (6) intrusive rocks; Palasel’ga structure:
(7) komatiite, (8) tholeiitic basalt, (9) intrusive rocks.
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Table 1.  Composition (wt %, ppm) of rocks of the komatiite--tholeiite association from the Koikary structure

Com-
ponent 40-51 95-1 40-1 2-3 40-50 41-1 5480 350-8a 350-1 350-32 350-64 2-2 94-1 2-1

SiO2 46.32 44.22 49.66 45.22 40.99 38.84 36.56 42.78 47.80 42.10 41.78 44.42 46.81 38.96

TiO2 0.23 0.20 0.22 0.34 0.15 0.30 0.23 0.36 0.29 0.37 0.39 0.51 0.16 0.63

Al2O3 4.58 3.16 3.37 7.35 3.58 4.01 4.57 9.22 6.12 8.69 10.22 8.85 2.82 9.56

Fe2O3 2.49 4.81 2.91 3.16 2.43 3.51 1.82 1.40 2.12 2.63 1.50 1.66 2.61 2.07

FeO 3.30 4.31 2.60 6.61 3.44 3.68 5.56 8.91 6.82 10.20 9.91 8.05 6.29 8.90

MnO 0.08 0.14 0.09 0.17 0.13 0.12 0.36 0.16 0.11 0.16 0.20 0.19 0.12 0.20

MgO 29.73 29.96 30.56 27.82 28.69 28.76 23.79 23.34 24.49 22.11 22.48 22.78 23.62 19.43

CaO 2.16 1.12 1.26 0.56 5.19 5.05 9.81 6.52 6.31 6.58 5.46 6.73 6.32 10.50

Na2O 0.03 0.02 0.02 0.01 0.03 0.01 0.02 0.08 0.04 0.28 0.13 0.05 0.02 0.32

K2O 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.01 0.02 0.02 0.01 0.01 0.06

P2O5 0.05 0.03 0.05 0.05 0.04 0.04 0.05

H2O 0.09 0.20 0.10 0.10 0.12 0.07 0.09 0.19 0.21 0.36 0.22 0.42 0.11 0.16

LOI 10.52 11.53 9.09 8.18 13.46 14.41 16.54 6.38 4.99 6.39 6.83 5.90 10.40 9.36

Total 99.59 99.68 99.89 99.53 98.25 99.77 99.42 99.41 99.35 99.93 99.19 99.57 99.29 99.95

Cr 2300 2200 2943 2296 979 2095 853 3520 3667

Ni 1700 1600 985 1091 245 580 363 1417 1223

Co 120 100 83 73 68 83 80 83 92

V 179 140 189 206 80 87 92

Pb 12 6 6 8 11 6 13

Rb 2 2 2 2 2 2 2

Ba 97 84 124 113 118 8 98

Sr 16 16 25 20 10 62 22

Nb 6 4 3 4 7 3 5

Zr 24 24 25 30 36 13 31

Y 9 8 12 12 13 5 14
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Table 1.  (Contd.)

Com-
ponent 90-1 90-2 350-61 9-50 15-1 15-2 8-1 829-1 844-1 847-1 849-1 51 52 54

SiO2 40.60 47.49 46.38 49.70 51.06 44.64 50.32 51.20 52.98 51.88 49.82 50.82 53.60 52.50

TiO2 0.99 0.83 0.38 0.39 0.26 0.45 0.76 0.60 0.55 0.75 0.59 0.93 0.63 0.59

Al2O3 15.64 13.48 11.28 9.96 4.99 9.18 13.36 13.39 12.65 14.42 14.02 10.42 12.71 13.25

Fe2O3 2.03 1.52 2.19 2.55 0.76 1.38 3.52 2.99 2.82 2.97 1.98 3.32 2.22 1.73

FeO 12.21 10.69 9.82 8.47 7.69 9.20 7.90 8.38 8.26 8.31 8.03 9.19 8.33 8.47

MnO 0.20 0.18 0.18 0.14 0.25 0.33 0.16 0.24 0.17 0.19 0.19 0.23 0.19 0.17

MgO 17.43 15.32 15.95 14.87 21.11 21.37 9.42 5.84 8.50 7.55 8.36 9.32 8.54 8.80

CaO 0.56 1.26 6.37 6.16 9.95 7.43 4.70 8.43 8.20 7.28 8.41 8.65 6.05 5.83

Na2O 0.13 0.09 1.09 2.14 0.11 0.13 3.55 1.73 2.47 3.03 2.67 2.81 4.20 3.77

K2O 0.01 0.01 0.08 0.09 0.01 0.01 0.04 0.03 0.09 0.14 0.23 0.70 0.63 0.15

P2O5 0.03 0.08 0.16 0.08 0.04

H2O 0.30 0.18 0.22 0.16 0.08 0.25 0.13 0.11 0.10 0.15 0.22 0.41 0.29 0.12

LOI 9.57 8.78 5.98 5.11 3.38 5.38 5.68 6.70 3.44 3.45 5.31 3.12 2.49 4.16

Total 99.67 99.83 99.95 99.74 99.65 99.75 99.54 99.64 100.3 100.1 99.83 100.1 99.96 99.58

Cr 46 21 1200 915 2242 3063 469 171 292 76 213 594 242 160

Ni 110 82 260 151 1057 1295 98 66 107 53 81 257 75 63

Co 66 59 79 58 71 81 57 49 47 47 45 68 66 48

V 285 374 232 129 139 50 208 247 241 226 181 300 243

Pb 11 6 8 7 11 6 8 6 10 9 19 15 7

Rb 3 2 3 2 4 2 2 6 3 6 16 11 5

Ba 8 97 8 98 91 100 119 95 115 140 165 245 69

Sr 10 11 52 12 8 56 116 101 131 111 131 141 132

Nb 6 2 2 5 7 6 5 3 4 4 9 4 4

Zr 41 42 33 21 32 52 46 41 46 39 93 47 43

Y 13 13 16 9 10 19 17 19 20 14 19 20 21

Note: Komatiite: 40-51, 40-50, and 41-1—roof of a lava flow with polygonal parting; 95-1, 40-1, 350-8a, 350-1, 94-1, 2-1, 90-1, and 90-2–massive lava; 2-2—roof breccia; 2-3, 5480,
350-32, 350-64, 350-61, and 9-50—zone of spinifex textures in a lava flow; 15-1, 15-2, and 8-1—agglomerate komatiite tuff. Tholeiitic basalts: 829-1, 844-1, 847-1, and 849-1—massive
lava. Gabbro: 51, 52, and 54.
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Table 2.  Composition (wt %, ppm) of rocks of the komatiite–tholeiite association from the Palasel’ga structure

Com-
ponent 275-16 275-1a 275-2 275-6 275-9 275-51 5410-6 5411-1 5434-4 60-5 60-8a 60-8b 60-9 60-11

SiO2 41.54 41.24 40.82 39.16 46.78 42.00 43.54 46.10 46.46 49.32 47.42 51.96 49.58 45.72

TiO2 0.28 0.22 0.25 0.30 0.21 0.19 0.30 0.41 0.38 0.36 0.40 0.38 0.36 0.40

Al2O3 5.60 5.89 6.40 6.50 5.64 5.98 7.68 9.19 9.45 10.76 9.72 12.56 11.30 11.46

Fe2O3 3.51 5.35 4.36 5.75 4.83 1.88 6.06 1.84 1.89 3.59 1.62 1.96 1.59 2.27

FeO 6.56 6.32 6.25 7.04 5.89 9.52 6.03 10.20 9.46 8.38 11.50 8.86 10.54 11.76

MnO 0.11 0.13 0.13 0.14 0.11 0.13 0.11 0.20 0.26 0.16 0.23 0.14 0.18 0.19

MgO 30.03 28.62 29.14 29.05 26.65 29.80 24.12 18.09 17.89 9.60 14.32 9.30 12.25 13.50

CaO 2.47 3.36 3.36 3.08 3.64 3.18 6.16 8.96 8.90 14.14 9.17 9.04 8.27 8.68

Na2O 0.06 0.01 0.03 0.02 0.11 0.05 0.25 0.50 0.79 1.17 1.48 3.25 2.27 1.68

K2O 0.02 0.01 0.01 0.01 0.01 0.02 0.02 0.05 0.05 0.17 0.18 0.17 0.24 0.23

P2O5 0.13 0.01 0.01 0.02 0.04 0.04 0.04 0.04

H2O 0.25 0.21 0.19 0.18 0.18 0.18 0.12 0.17 0.07 0.14 0.26 0.08 0.08 0.12

LOI 8.95 7.87 7.95 8.06 5.38 6.95 5.34 4.21 4.12 1.95 3.46 1.96 3.04 3.86

Total 99.51 99.23 99.89 99.29 99.43 99.89 99.74 99.92 99.72 99.76 99.80 99.70 99.74 99.91

Cr 4343 4154 5476 5026 4941 4233 4582 2567 3153 790 950 588 833 1082

Ni 1285 1408 1392 1387 1269 1635 964 598 1197 79 186 93 148 236

Co 105 115 104 126 99 75 72 77 76 45 62 50 64 69

V 131 128 124 107 101 107 119 167 110 204 191 230 187 208

Pb 12 13 15 13 8 18 13 8 10 6 13 7 8 8

Rb 2 2 3 2 4 4 2 4 2 8 9 211 13 9

Ba 8 97 116 8 8 15 19 114 80 120 130 128 99 126

Sr 6 7 8 4 6 8 9 18 8 217 35 126 62 39

Nb 3 7 2 5 2 0 2 4 3 4 4 4 7 5

Zr 16 15 21 16 5 9 15 23 19 27 26 31 26 28

Y 5 7 8 6 5 4 6 7 8 16 12 14 14 12
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Table 2.  (Contd.)

Com-
ponent 5401-3 5401-1 5460-5 5468-1 5468-a 5492-1 5414-1 5415-1 5419-1 5421-4 16-1 16-3 17-8 5462-1

SiO2 50.80 49.86 51.90 45.84 45.64 49.53 58.50 53.16 53.20 49.32 44.10 43.84 49.22 44.40

TiO2 0.31 0.36 1.21 1.70 1.70 0.59 0.78 0.83 0.93 0.85 0.42 0.40 0.51 0.44

Al2O3 5.32 6.60 15.47 10.60 10.80 5.12 15.72 15.48 14.63 15.94 17.01 13.88 14.10 12.02

Fe2O3 2.88 3.36 1.35 5.22 5.29 1.05 1.34 2.02 2.28 1.19 2.12 1.49 1.97 1.30

FeO 8.18 7.75 8.50 10.78 10.54 8.54 5.99 8.26 6.58 10.18 8.62 11.35 8.04 13.05

MnO 0.32 0.30 0.14 0.17 0.17 0.19 0.14 0.19 0.19 0.24 0.13 0.16 0.14 0.16

MgO 19.51 19.33 5.85 8.70 8.65 20.05 4.52 5.13 6.14 6.66 12.39 15.06 10.88 12.90

CaO 10.08 9.80 5.47 11.18 11.66 10.39 5.88 10.53 11.09 10.64 7.15 7.43 7.08 8.66

Na2O 0.35 0.55 4.25 2.00 1.81 0.25 3.97 2.22 3.17 2.94 1.23 1.23 1.48 1.31

K2O 0.03 0.04 2.65 0.36 0.33 0.04 1.45 0.35 0.08 0.37 2.10 0.70 3.00 0.49

P2O5 0.47 0.00 0.00 0.00 0.24 0.00 0.00 0.00 0.00 0.00 0.00 0.00

H2O 0.11 0.09 0.11 0.24 0.22 0.12 0.06 0.06 0.08 0.07 0.22 0.14 0.15 0.22

LOI 2.04 2.11 2.22 3.11 2.98 3.95 1.29 1.54 1.43 1.66 4.12 4.18 2.50 4.85

Total 99.93 100.2 99.59 99.91 99.79 99.82 99.88 99.77 99.80 100.1 99.61 99.86 99.07 99.80

Cr 1320 3100 115 186 184 1567 61 377 383 340 220 229 618 746

Ni 675 718 65 110 129 669 18 124 113 130 220 277 112 134

Co 68 70 61 55 51 61 55 59 44 55 42 53 36 48

V 148 158 223 284 297 105 172 312 324 325 84 109 122 166

Pb 9 15 13 18 20 23 19 11 11 8 10 12 15 11

Rb 2 2 16 11 7 2 56 18 2 19 69 25 106 12

Ba 99 8 101 150 107 80 383 143 109 152 764 10 1604 192

Sr 11 10 169 324 418 82 226 119 89 97 41 55 92 70

Nb 3 4 14 12 11 5 10 5 3 4 4 4 4 4

Zr 20 17 223 123 94 36 75 48 53 46 30 30 34 24

Y 10 10 32 34 29 10 26 18 20 22 6 9 8 11

Note: Komatiite: 275-16 and 275-1a—cumulative zone of a lava flow; 275-2, 275-6, 5411-1, 60-5, 60-8a, 60-8b, and 60-9—zone of spinifex textures in a lava flow; 275-9—roof breccia; 275-51
and 60-11—massive lava; 5410-6 and 5434-4—roof of a lava flow with polygonal parting; 5401-3 and 5401-1—agglomerate tuff. Tholeiitic basalts of the lower level: 5460-5—pillow lava;
5468-1, 5468-a, and 5492-1—massive lava. Tholeiitic basalts of the upper level: 5414-1 and 5415-1—massive lava; 5419-1 and 5421-4—pillow lava. Intrusive rocks: 16-1, 16-3,
17-8, and 5462-1—gabbro.
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Table 3.  Composition (wt %, ppm) of rocks of the komatiite–tholeiite association from the Sovdozero structure

Com-
ponent 9m01 9m05-1 9m05-2 9m08-2 9m08-3 9m18-1 9m18-2 9m18-3 9m19-1 9m20 9m21 9m27 9m43 9m51

SiO2 42.38 41.40 40.26 42.74 42.72 43.78 47.68 44.22 40.84 42.60 43.42 41.74 38.28 44.66

TiO2 0.29 0.35 0.43 0.27 0.31 0.44 0.24 0.43 0.31 0.29 0.33 0.25 0.20 0.25

Al2O3 5.83 6.58 7.57 5.34 5.05 8.38 4.84 8.92 6.63 6.11 6.09 5.88 4.06 5.08

Fe2O3 2.35 5.02 5.67 4.81 4.61 2.90 2.93 1.42 3.98 2.82 2.90 1.30 2.42 2.32

FeO 6.89 7.18 7.32 6.47 6.47 10.34 5.82 10.06 7.76 6.82 6.75 7.47 5.74 7.61

MnO 0.10 0.14 0.14 0.14 0.14 0.22 0.12 0.23 0.10 0.10 0.11 0.12 0.12 0.05

MgO 30.66 26.81 26.40 27.01 27.72 20.06 24.49 20.87 27.50 28.12 27.32 26.11 34.00 29.33

CaO 3.22 5.60 4.78 5.89 5.61 7.99 6.27 6.80 4.35 4.77 5.19 5.75 2.52 1.26

Na2O 0.31 0.09 0.08 0.05 0.04 0.55 0.11 0.30 0.05 0.06 0.06 0.05 0.03 0.02

K2O 0.01 0.02 0.04 0.01 0.01 0.07 0.01 0.04 0.01 0.01 0.01 0.02 0.01 0.01

P2O5 0.07

H2O 0.15 0.31 0.06 0.08 0.30 0.32 0.20 0.16 0.22 0.26 0.20 0.12 0.12 0.02

LOI 7.63 6.24 7.06 6.89 6.92 4.87 4.90 6.15 8.04 7.76 7.18 10.83 12.51 9.28

Total 99.82 99.74 99.81 99.70 99.90 99.92 97.61 99.67 99.79 99.72 99.56 99.64 100.0 99.92

Cr 3303 4180 4443 3958 3148 2803 2580 3009 2854 2529 3070 2516 2181 5079

Ni 1481 1038 1020 1406 1258 574 822 502 1189 1290 1167 1521 1862 1319

Co 80 64 78 73 67 100 58 61 92 91 82 107 114 90

V 37 83 66 73 47 95 59 90 89 60 41 58 28 56

Pb 6 6 9 7 6 6 7 14 12 9 6 12 6 12

Rb 2 2 2 2 2 4 2 2 2 2 2 2 4 2

Ba 167 10 133 10 138 10 243 153 10 10 148 10 10 10

Sr 10 19 19 21 20 32 34 31 18 27 21 22 15 15

Nb 4 4 4 4 4 4 4 4 4 4 4 4 4 4

Zr 18 16 23 14 13 26 21 16 15 17 17 15 12 10

Y 6 8 7 10 8 4 6 11 8 8 5 7 7 5
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Table 3.  (Contd.)

Com-
ponent 920 921 923 924 970 971 975 978 9m49 9m49b 9m52 9m56 9m55a 9m55b

SiO2 48.94 47.64 49.84 48.96 49.90 48.62 50.94 50.04 53.70 51.52 51.30 40.20 41.30 31.26

TiO2 0.86 0.84 0.89 0.80 1.15 1.78 0.63 0.57 0.65 0.83 0.58 0.13 0.51 1.14

Al2O3 14.67 13.59 13.36 14.42 14.93 11.42 14.93 15.97 12.40 13.30 14.79 2.53 9.61 16.54

Fe2O3 2.75 2.07 1.69 2.82 1.82 2.80 1.42 2.22 1.46 1.44 0.95 0.83 0.27 0.28

FeO 9.22 10.20 10.54 8.62 10.42 14.22 7.90 6.47 8.05 10.77 7.97 6.82 10.92 15.23

MnO 0.19 0.18 0.18 0.16 0.19 0.20 0.15 0.15 0.14 0.17 0.12 0.07 0.14 0.15

MgO 6.65 9.37 9.16 8.16 5.85 6.05 7.56 9.27 8.47 7.06 8.77 31.14 23.18 21.72

CaO 11.64 11.49 10.23 10.37 9.53 9.67 11.21 7.99 8.83 8.13 10.23 1.96 6.30 3.01

Na2O 2.70 2.66 2.65 2.48 3.49 2.83 2.66 3.28 3.94 4.54 3.50 0.02 0.06 0.09

K2O 0.24 0.24 0.44 0.22 0.35 0.34 0.33 1.39 0.40 0.65 0.22 0.01 0.01 0.05

P2O5 0.10 0.11 0.06 0.12 0.08 0.06

H2O 0.02 0.11 0.15 0.18 0.12 0.17 0.07 0.06 0.13 0.10 0.08 0.03 0.10 0.06

LOI 1.55 1.62 1.54 2.34 1.66 1.58 1.81 2.19 1.65 1.55 1.52 16.02 7.37 10.15

Total 99.53 100.1 100.8 99.59 99.53 99.68 99.69 99.66 99.82 100.1 100.0 99.76 99.77 99.68

Cr 261 284 262 288 200 57 261 728 82 39 116 1300 2441 9

Ni 92 85 80 998 65 12 128 145 67 39 62 1792 746 65

Co 49 35 57 48 50 45 30 43 41 42 38 76 58 71

V 185 213 177 177 147 483 147 122 122 152 101 24 74 192

Pb 9 6 6 6 6 6 12 21 6 9 6 6 6 6

Rb 2 3 28 2 7 10 8 93 9 15 3 2 2 2

Ba 10 10 10 10 10 10 10 10 10 149 152 177 10 10

Sr 122 127 60 96 132 71 147 145 146 84 216 15 10 9

Nb 4 4 4 4 8 4 4 4 4 4 5 4 4 6

Zr 44 55 54 40 71 53 43 33 40 48 38 11 32 71

Y 20 27 19 20 26 24 16 16 17 21 16 5 12 30

Note: Komatiite: 9m01, 9m05-1, 9m21, 9m43, and 9m51—massive lava; 9m05-2, 9m08-2, 9m08-3, 9m18-2, and 9m19-1—roof breccia; 9m18-1, 9m18-3, and 9m27—zone of spinifex
textures in a lava flow; 9m20—roof of a lava flow with polygonal parting. Tholeiitic basalts of the lower level: 920, 923, and 924—massive lava; 921—pillow lava. Tholeiitic basalts
of the upper level: 970 and 978—pillow lava; 971 and 975—massive lava. Intrusive rocks: 9m49, 9m49b, 9m52—gabbro; 9m56, 9m55a, and 9m55b—dunite.
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unfractionated LREE patterns (Fig. 4a) and (La/Sm)n

ratio in them is equal to 0.94 ± 0.41 (Gd/Yb)n = 1.16 ±
0.21, (Ce/Yb)n = 0.95 ± 0.23. Two samples of these
rocks from the Sovdozero structure (Fig. 4c) have
unfractionated LREE patterns and (La/Sm)n = 1.00 ±
0.08, (Ce/Yb)n = 0.89 ± 0.06; three samples are weakly
depleted and have (La/Sm)n = 0.68 ± 0.22, (Ce/Yb)n =

0.58 ± 0.16; and two samples are enriched in LREE
with (La/Sm)n = 2.28 ± 0.51, (Ce/Yb)n = 1.73 ± 0.66.
All of the samples have similar (Gd/Yb)n values of
1.09 ± 0.13. It was determined that komatiites and
some tholeiitic basalts from the Palasel’ga structure
(Fig. 4b) are depleted in LREE: (La/Sm)n = 0.63 ± 0.20,
(Gd/Yb)n = 0.99 ± 0.08, and (Ce/Yb)n = 0.61 ± 0.16,
excluding two tholeiite samples, which are enriched in

Fig. 3. MgO–Al2O3, –TiO2, –CaO, –Ni, –Y, and –Zr plots for rocks of the komatiite–tholeiite association of the Vedlozero–Segozero
greenstone belt.
Koikary structure: (1) komatiite, (2) tholeiitic basalt, (3) intrusive rocks; Sovdozero structure: (4) komatiite, (5) tholeiitic basalt,
(6) intrusive rocks; Palasel’ga structure: (7) komatiite, (8) tholeiitic basalt, (9) intrusive rocks. Shaded field is the trend of the high-
Mg volcanic rocks based on preexisting data.
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LREE: (La/Sm)n = 2.45 ± 0.30, (Gd/Yb)n = 1.59 ± 0.02,
and (Ce/Yb)n = 4.61 ± 0.49 at elevated concentrations
of SiO2, Y, Zr, Nb, Sr, Ba, and Rb. The REE distribution
is topologically similar in the rocks of various zones
(spinifex, cumulate, and roof breccia) within lava
flows, between the chill zones of pillow lavas and the
cores of pillows (Koikary and Palasel’ga structures).

Sm–Nd ISOTOPIC DATA

Table 5 summarizes Sm–Nd data on the rocks. The
primary εNd values for all rocks were calculated with

the use of the model age of 2940 Ma. Among rocks
from the Palasel’ga stricture, we analyzed komatiites
and tholeiitic basalts strongly enriched in LREE.
Except for one sample (275-16), all of the komatiites
have positive εNd values. The negative εNd can be
explained be REE migration during overprinted Prot-
erozoic metamorphism, as was also proposed for
komatiites in eastern Finland [20]. In the analyzed sam-
pling of volcanic rocks from the Koikary structure with
calculated εNd = +1.7 (2940 Ma), one sample (90-1) has
an εNd significantly shifted toward positive values (it
equals +4.7). The Koikary and Palasel’ga tholeiitic

Table 4.  REE concentrations (ppm) in rocks of the tholeiite–komatiite association of the Vedlozero–Segozero greenstone belt

Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Koikary structure

41-1 0.45 1.52 0.30 1.76 0.69 0.26 1.13 0.19 1.17 0.27 0.80 0.66 0.12

9-50 0.96 2.60 0.45 2.58 1.01 0.42 1.43 0.26 1.89 0.41 1.08 0.17 1.18 0.16

2-1 0.51 2.18 0.32 1.83 0.66 0.40 1.17 0.23 1.62 0.32 0.89 0.17 0.99 0.15

90-1 2.42 5.70 0.60 2.42 0.79 0.34 1.34 0.26 1.95 0.43 1.37 0.21 1.52 0.22

350-61 1.59 4.81 0.57 2.45 0.79 0.31 1.31 0.23 1.59 0.33 1.01 0.14 0.94 0.14

8-1 2.03 5.66 0.96 5.34 2.03 0.64 3.20 0.49 2.99 0.68 1.92 1.71 0.28

847-1 2.80 6.81 1.07 4.56 1.43 0.76 2.03 0.38 2.63 0.59 1.64 0.24 1.69 0.23

849-1 2.47 5.78 0.86 4.36 1.51 0.48 2.03 0.34 2.29 0.47 1.46 0.21 1.31 0.21

Palasel’ga structure

275-16 0.24 0.82 0.14 0.86 0.41 0.06 0.60 0.09 0.71 0.16 0.43 0.07 0.49

275-51 0.24 0.79 0.12 0.62 0.30 0.08 0.46 0.09 0.64 0.15 0.41 0.06 0.40

5410-6 0.19 0.69 0.00 0.66 0.33 0.00 0.44 0.07 0.57 0.13 0.34 0.00 0.43

60-5 2.62 5.04 0.75 3.72 1.22 0.52 1.78 0.30 1.95 0.42 1.28 0.20 1.29 0.22

60-8a 0.65 2.05 0.32 1.92 0.79 0.33 1.21 0.21 1.46 0.33 1.00 0.16 1.02 0.15

60-8b 1.08 3.21 0.44 2.75 1.05 0.37 1.56 0.26 1.95 0.37 1.19 0.19 1.14 0.20

60-9 0.68 1.98 0.32 2.00 0.73 0.28 1.14 0.21 1.42 0.32 1.05 0.16 1.02 0.17

60-11 0.70 1.97 0.37 1.85 0.80 0.30 1.26 0.22 1.69 0.35 1.11 0.18 1.15 0.18

5414-1 19.10 43.20 5.35 22.10 4.48 1.07 4.52 0.71 3.99 0.83 2.47 0.36 2.35 0.36

5460-5 17.80 44.40 5.92 24.50 5.34 1.33 5.75 0.90 5.44 1.06 3.03 0.45 3.00 0.42

Sovdozero structure

9m19-1 0.30 0.92 0.20 1.22 0.55 0.16 0.83 0.15 0.95 0.21 0.62 0.09 0.63

9m03-3* 1.05 1.96 0.33 1.82 0.74 0.16 1.00 0.17 1.12 0.22 0.65 0.11 0.66 0.12

9m03-2* 0.37 1.01 0.23 0.92 0.31 0.06 0.73 0.11 0.73 0.17 0.44 0.08 0.55

9m18-3 3.41 7.84 0.78 3.35 0.79 0.30 1.44 0.21 1.71 0.34 0.91 0.13 0.91 0.11

9m01 1.45 2.32 0.35 1.53 0.53 0.18 0.54 0.10 0.86 0.18 0.53 0.10 0.60 0.10

9m05-2 1.20 2.30 0.40 1.80 0.72 0.21 0.79 0.14 1.20 0.26 0.74 0.12 0.67 0.11

9m08-3 1.30 2.60 0.40 1.90 0.71 0.24 0.83 0.15 1.05 0.22 0.67 0.11 0.59 0.10

* Roof breccia of peridotitic komatiite.
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basalts (with chondritic LREE patterns and LREE-
enriched, respectively) have similar εNd from +1.2 to +1.8
(Table 5, Fig. 5).

The Sm–Nd age of the komatiite–tholeiite associa-
tion of the Palasel’ga structure (calculated based on five
samples, except Sample 275-16) is 2893 ± 110 Ma,
εNd = +1.2, MSWD = 7. The analogous values for vol-
canics from the Koikary structure (calculated based on
five samples, except Sample 90-1) are 2944 ± 170 Ma,
εNd = +1.7, MSWD = 2 (Fig. 5). The computations were
carried out under the assumption that the basaltic and
komatiitic lavas are coeval. Stratigraphic data on refer-
ence cross sections within the Vedlozero–Segozero
greenstone belt provide evidence that the komatiite–
tholeiite association belongs to a single stratigraphic

level, which can be used as a marker in partial sections
within the belt [4, 9, 14]. Based on these data, the age
of the komatiite–tholeiite association in the Vedlozero–
Segozero greenstone belt can be assayed using ten sam-
ples of volcanic rocks from both structures (excluding
samples with anomalous εNd values). In this case, the
Sm–Nd age equals 2921 ± 55 Ma, εNd = +1.5, MSWD =
5. These data are in good agreement with the zircon age
of crosscutting dacite dikes in the Koikary structure
(2860 ± 15 Ma [12] and 2935 ± 20 Ma [11]).

MAGMA GENERATION CONDITIONS

The komatiites of the Vedlozero–Segozero green-
stone belt affiliate with the Al-undepleted type, and this
implies that the rocks were produced at high partial
melting degrees (>40%) and pressures of approxi-
mately 6 GPa, with the predominance of olivine at the
liquidus [21–24]. Our data make it possible to calculate
the P–T conditions of magma generation and eruption
of komatiitic magmas within the examined geologic
structures.

In order to determine the temperatures of the
komatiitic melt during its surface eruption (T°Cliq), we
used an experimentally derived equation for the depen-
dence of the Mg# of melt on temperature [25]. The
T°Cliq values were then converted to the potential (max-
imum possible) temperature of magma generation
(T°Cpot) by an equation from [23]. The pressure in the
mantle source was assayed based on the Al2O3 concen-
tration in the primary melt expressed as a function of
temperature [24]. The accuracy of the liquidus temper-
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ature calculation (calculated with allowance for the
analytical errors of the XRF technique) was ±13°C, that
for the magma generation temperature was ±18°C, and
the pressure was assayed accurate to ±0.4 GPa. The
parameters of komatiitic magma generation were eval-
uated with the use of the compositions of chill zones in
lava flows, with all P–T estimates considered to be the
maximum possible.

Our calculations led us to formulate the following
conclusions. The maximum eruption temperatures of
the peridotitic komatiites did not exceed 1600°C
(<1556°C for Koikary, <1567°C for Palasel’ga, and
<1588°C for Sovdozero). The magma generation tem-
peratures lay within the range of 1781–1817°C
(<1781°C for Koikary, <1794°C for Palasel’ga, and
<1817°C for Sovdozero), which is 220–280°C higher
(on the average) than the Archean mantle temperature
at 2.9–3.1 Ga [26] at pressures no higher than 7.3 GPa
(<7.29 GPa for Koikary, <6.93 GPa for Palasel’ga, and
<6.42 GPa for Sovdozero). The magma was generated
at depths of 210–240 km. The 45–60% partial melting
took place during the ascent of a mantle plume in the
course of adiabatic decompression, and this process
produced harzburgite (Ol + Opx) residue. This is corre-
lated with the genesis of the Munro komatiites, as was
described by Herzberg [24]. The weakly depleted
LREE distribution (which is most typical of the komati-
ites) seems to have been a consequence of certain fea-
tures of the source. The derivation of magmas enriched
in LREE should be related to the crustal contamination
of the primary magmas during their ascent to the sur-
face.

Based on experimental data [7, 21, 22, 27], we
determined the crystallization sequence of the komati-

itic magmas. In our case, it can be hypothesized that,
after their eruption at the surface at temperatures of
approximately 1400°C, magnesian olivine started to
crystallize in the melt. Later, the magnesian olivine was
joined by ferrous olivine and, starting from 1250°C, by
spinel. Hence, there was a wide temperature interval
over which the primary magma evolved under olivine
control. The fractionation and accumulation of this
mineral resulted in an association of rocks from peri-
dotitic to basaltic komatiites.

The high-Mg tholeiitic basalts could be produced by
the differentiation of komatiitic melts or be derived
from shallower sources. The genesis of these rocks
remains not fully clear as of yet.

CONCLUSIONS

(1) Our geochemical investigations demonstrate
that the komatiites of the Koikary, Palasel’ga, and Sov-
dozero structures in the Vedlozero–Segozero green-
stone belt affiliate with Al-undepleted Munro type. The
rocks resulted from 45–60% partial melting of a mantle
source with harzburgite residue (T < 1817°C, P < 7.3 GPa)
at depths of <240 km.

(2) The Sm–Nd system indicates that the komatiite–
tholeiite association of the greenstone belt was gener-
ated at 2921 ± 55 Ma, εNd = +1.5, MSWD = 5.
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