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Abstract-New isotope and trace element data are presented for komatiitic basal& and a related perido- 
tite Vinela Dike from the large Vetreny Belt in the southeastern Baltic Shield. The MgO contents of the 
erupted and intruded magmas are inferred to increase from 13 to 17% towards the center of the belt, 
which implies the respective increase in liquidus temperatures from 1370 to 1440°C. The elevated 
liquidus temperatures suggest that the source of the komatiite magmas had a substantially higher potential 
temperature ( 1630°C) than the ambient mantle ( 1480°C) and are regarded as evidence for the existence 
of a mantle plume underlying the region at -2.45 Ga. Parental magmas to the lavas and the Vinela 
Dike were shown to have komatiite composition and were derived from a long-term LREE-depleted 
mantle source with eNd(Z’) of ca. +2.6. The evolution of these magmas en route to the surface was 
mainly controlled by 4- 15% contamination with older felsic crustal rocks, which resulted in substantial 
changes in incompatible trace element and isotope ratios. The obtained Sm-Nd internal isochron ages 
of 2449 ? 35 and 2410 -C 34 Ma for the lavas, 2430 + 174 Ma for the Vinela Dike, and a whole-rock 
Pb-Pb age of 2424 2 178 Ma for the lavas together with a U-Pb zircon age of 2437 ? 3 Ma are identical 
to the reported U-Pb zircon and baddeleyite ages for numerous mafic-ultramafic layered intrusions in 
central and northern Karelia. From their chemical and isotope similarities, it is likely that these rocks 
had allied parental magmas. These magmas may have been emplaced in a continental rift setting during 
the interaction of a mantle plume and continental crust. Impinging of a plume head beneath the continental 
lithosphere resulted in its thinning, stretching, and rifting but failed to open a new ocean. This extensive 
magmatic event was responsible for a substantial contribution of early Proterozoic iuvenile material to 
the-Archean continental-crust in the Baltic Shield. Copyright 0 1997 Elsevier S&ence Ltd 

1. INTRODUCTION 

During the past decade, substantial progress has been made in 
understanding the origin and growth of the continental crust. 
However, the location and mechanisms of initial extraction of 
the primitive crust from the mantle, and the processes by which 
this crust is converted into the continental crust that presently 
exists, are still not well understood. Recently, Abbott and Moo- 
ney ( 1995) have suggested that the distribution of continental 
crustal thicknesses is most consistent with the original produc- 
tion of the crust by mantle plumes and hotspots. Archaean and 
early Proterozoic granite-greenstone belts are among the most 
ancient fragments of Earth’s crust. Several hypotheses have 
been proposed to explain the development of these enigmatic 
remnants of the distant geologic past. Accretion of oceanic 
plateaus formed by mantle plumes impinging beneath oceanic 
lithosphere explains unusually wide, long greenstone belts with 
uncontaminated komatiites, e.g., Abitibi belt (Desrochers et al., 
1993). The accretion of ocean island chains may explain the 
occurrence of relatively small stacked greenstone belts con- 
taining komatiites (Hoffman, 1990), while the accretion of 
island arcs and back-arc basins could have explained bimodal 
volcanic rocks with deep-sea sedimentary sequences (Hoffman, 
1990; Kimura et al., 1993). Continental plume volcanism ex- 
plains the presence of crustally-contaminated komatiites with 

older detrital zircons (Compston et al., 1986). Narrow green- 
stone belts with intercalated mid-ocean ridge-like basalts 
(MORB) and arc-like volcanic rocks, which are juxtaposed 
with TTG-gneisses, may result from magmatism associated 
with the subduction of a mid-ocean ridge fed by a hotspot 
(Abbott, 1996). In addition to the lateral accretion of the crustal 
material, the continental crust may also grow through eruption 
of continental flood basalts and the intrusion of magmas in 
continental intraplate regions due to rifting initiated by impinge- 
ment of mantle plumes upon the base of the continental litho- 
sphere (McKenzie and Bickle, 1988; Amdt and Goldstein, 
1989; Richards et al., 1989; Fametani and Richards, 1994; 
White and McKenzie, 1995 ) 

In this paper, we report new data on the geochemical and 
isotope compositions of high-magnesian lavas from the early 
Proterozoic Vetreny Belt in the southeastern Baltic Shield. 
We develop a model for the origin and evolution of these 
magmas and place some constraints on the tectonic setting 
of their emplacement. 

2. GEOLOGICAL BACKGROUND 

In the southeastern Baltic Shield, three large early Precam- 
brian lithotectonic units are juxtaposed, comprising an Ar- 
chean amphibolite-gneiss-migmatite and granite-greenstone 
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unit and a Lower Proterozoic volcanic-sedimentary unit. The tuffaceous and terrigenous Vilenga suite and the Vetreny 
Archean units are volumetrically dominant. They constitute suite, which is composed entirely of komatiitic basalts. The 
the Karelian granite-greenstone terrane, which occupies a total thickness of the early Proterozoic sequences in this area 
total area of ca. 350,000 km* (Fig. 1). varies between 4 and 8 km (Kulikov, 1983; Sokolov, 1987). 

By about 2.5 Ca, the Archean continental crust of the 
Karelian granite-greenstone terrane underwent tectono-mag- 
matic reactivation during the Karelian stage. This episode 
of reactivation was initiated by continental rifting, as evi- 
denced by the deposition of conglomerates, quartzites, and 
arkoses. Subsequently, areally extensive mafic lavas of the 
Sumi-Sariola Group erupted, followed by the emplacement 
of mafic-ultramafic layered intrusions and rapid sedimenta- 
tion in fault-bounded shallow-water basins (Gaal and Gor- 
batschev, 1987; Gorbatschev and Bogdanova, 1993). Most 
of the Sumian-Sariolian rocks occur in NW-trending vol- 
cano-sedimentary belts, reflecting primary controls on depo- 
sition and magmatism by a NNW-NW-trending rift-formed 
fault system. One of these large belts, the Vetreny Belt, is 
the subject of this study (Fig. 1). The belt can be traced 
from Lake Vyg southeastward over a distance of more than 
250 km; its width increases from 1.5 to 85 km to the south- 
east, where it plunges beneath the Paleozoic cover of the 
Russian platform and extends further southeast (Kulikov, 
1988). The Vetreny Belt shows a clear asymmetric structure. 
In the northeast, it is separated from the Belomorian Block 
by the Northern deep fault zone. In the southwest, basal 
quartzites of the Toksha suite unconformably overlie the 
ITG-complexes of the Vodla Block and the surrounding 
greenstone belts. 

For major, trace element, and Sm-Nd and Pb-Pb isotope 
studies, thirty-five samples were collected from the lower- 
most Kirichi suite and the uppermost Vetreny suite at five 
localities, covering the whole territory of the belt. Large 
representative sample sets were obtained for the Golets Hills 
area, where three different lava flows were sampled, and for 
a lava lake (see below) in the Lion Hills area. In order to 
estimate the time of emplacement of the volcanic sequences 
and the duration of the magmatic activity, separates of igne- 
ous minerals were obtained from Golets Hills lava flow I, 
samples from the lava lake, and the Vinela Dike. In the 
Kirichi area, zircons were obtained from a dacite sample 
#9307. From the other localities, only few samples were 
collected in order to complete the general isotope-geochemi- 
cal picture of the Vetreny Belt (Fig. 1). Given below are 
brief descriptions of the study areas. In the localities l-6, the 
metamorphic grade generally does not exceed the prehnite- 
pumpellyite facies in places of sample collection, while the 
rocks from the location 7 are metamorphosed under 
greenschist facies conditions. 

The early Proterozoic rocks of the Vetreny Belt have been 
subdivided into six major suites (Fig. 1). The lowermost part 
of the sequence is represented by the terrigenous (quartzites) 
Toksha suite, andesites and basalts of the Kirichi suite, and 
polymict conglomerates and sandstones of the Kalgachi 
suite. They are overlain by terrigenous sediments and basalts 
of the Kozhozero suite, and, higher in the succession, by the 

1. The Golets Hills area is located on the northwestern 
margin of the Vetreny Belt (Fig. 1). Here, four units are 
recognized (from base upwards): ( 1) tuffs and tuff-con- 
glomerates with rhythmically banded textures more than 100 
m thick; (2) komatiitic basalts (ten flows) with pillow and 
amygdaloidal textures. The flows vary in thickness between 
1.5 and 10 m, and the total thickness of the unit is 90 m; 
(3) differentiated komatiitic basalt lava flows 20-45 m 
thick, with a total thickness of 270 m; and (4) komatiitic 
basalts with pillow and amygdaloidal textures, and rare dif- 
ferentiated flows. The flows are 1.5-5 m thick, and the total 
thickness of the unit is more than 50 m. Three differentiated 

LOWER PROTEROZOIC: Vetreny Belt 
rJ Vetreny suite 
mj Kozhozero and Vilenga suites 
w Toksha, Kirichi & Kalgachi suites 
WI Mafiiultramafic intrusions 

1,‘1 Major faults 

UPPERARCHEAN 
m Granites 
m Greenstone belts 
w TTG-gneisses 

LOWER ARCHEAN 
m TTG gneisses 
1//1 Amphiboliies 

Fig. 1. Geological sketch map of the Vetreny Belt in the Baltic Shield (modified after Kulikov, 1988). 
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flows of the third member, one from the lowermost part 
(flow 1) and the other two from the uppermost part of the 
member, were studied in detail. The flows are similar in 
structure; each contains flowtop breccia, upper chilled mar- 
gin, and spinifex and cumulate zones. Detailed petrographic 
descriptions of the different rock varieties were published 
elsewhere (Puchtel et al., 1991). 

2. The Shapochka-Hills area is located some 40 km to 
the southeast of Golets Hills. Several dozen massive and 
pillow lava flows were documented here, ranging in thick- 
ness from 10 to 120 m. In the northeastern part of the Vetreny 
Belt, close to the Northern deep fault zone, the flows show 
a steep (70-80”) dip to the SW. The rocks are characterized 
by strong foliation and are metamorphosed under greenschist 
facies conditions. Towards the SW, the degree of alteration 
decreases, and the flows are gently (20”) plunging to the 
NE. In the best exposed interfluve area of the Vetreny Belt 
range, where one sample was collected from a massive lava 
flow, the rocks are metamorphosed under the prehnite-pum- 
pellyite facies. 

3. In Lion Hills, lava flows are dipping to the NNE at 
angles of 20-40” and range in thickness from several meters 
to several tens of meters. The rocks are well exposed and are 
characterized by the superb state of preservation of primary 
minerals. The northern slope of the hill is made up of massive 
and pillow komatiitic basalts. On the southern side, a thick 
differentiated lava unit is exposed in addition to regular lava 
flows of the northern-side type. This unit was interpreted as 
a remnant of a lava lake on the basis of asymmetric structure, 
the presence of upper breccia, or scoria, and owing to its 
large thickness and high-Mg composition (Puchtel et al., 
1996b). It was named Victoria’s Lava Lake after one of its 
discoverers and was included into the present study. 

4. The Olova-Hills area is located some 12 km to the NW 
of Lion Hills and is characterized by a similar geological 
structure. The sequence is gently ( 15”) plunging to the NE 
and is composed mainly of massive and pillow lava flows. 
Two spinifex-textured samples were collected from a weakly 
differentiated lava flow. It consists of flowtop breccia (0.5 
m), upper chilled margin (3 m), and a -8 m thick olivine 
spinifex-textured zone. 

5. The Myandukha-Hills area is located on the southeast- 
ern termination of the Vetreny Belt. It is geologically well- 
studied due to extensive drilling and exploration of stone 
quarries. The whole sequence is composed of seven massive, 
amygdaloidal, and pillow komatiitic basalt lava flows rang- 
ing in thickness from 14 to 60 m. They show almost hori- 
zontal bedding and are intercalated with rare mafic to inter- 
mediate tuff horizons. Three samples were collected at inter- 
vals of 15 m from a drill core of the uppermost 50 m thick 
massive tlow constituting the top and northern side of the 
hill Myandukha. 

6. The Vinela Dike is confined to the N-S trending Vinela 
fault zone. The latter shows a nearly vertical dipping and is 
0.5- 1 km wide and 40-50 km long. The intrusion was traced 
along strike over a distance of 25 km in the northeastern part 
of the Vodla Block up to its tectonic contact with the Vetreny 
Belt (Fig. 1). The intrusion includes a series of lenticular, 
up to 500 m thick, differentiated ultramafic bodies. These 
are mostly composed of peridotites and are serpentinized to 
various extent. The lowermost parts of the bodies are dunitic 

in composition. The samples come from five drill holes and 

represent the whole section of the intrusion from the hang- 

ing-wall to foot-wall contacts. 
7. In the Kirichi-Hills locality, a series of gently (25-30”) 

plunging flows of massive, pillow, and variolitic komatiitic 

basalts and andesites lo-50 m in thickness are exposed. 
They belong to the upper part of the Kirichi suite. The koma- 
tiitic basalt flows are subdivided into flowtop breccia, zone 
of variolitic lavas, and a massive lower part exhibiting co- 
lumnar jointing, while dacitic lavas are mostly massive 
throughout. Two komatiitic basalt samples were collected 
from the massive zone of a 25 m thick lava flow, and a 
dacite sample from a thick massive flow. 

3. ANALYTICAL PROCEDURES 

Mineral fractions were separated at the Institute of Geology in 
Petrozavodsk. About 150 mg of pure augite and 300-500 mg of 
pigeonite and olivine separates were then obtained at the Institute 
of Ore Deposit Geology (IGEM) in Moscow by handpicking the 
-99% pure concentrates. 

Microprobe studies were carried out at the Mineralogisch-Petro- 
graphisches Institut, University of Cologne, using a Cameca Ca- 
mebax electron microprobe. The operating conditions were 15 kV 
accelerating voltage, 20 nA beam current, and integration time of 
10 s per element. 

Chemical studies were undertaken on 150 g aliquots from 1 to 3 
kg of sample, reduced with a jaw crusher and ground twice in a 
corundum mill. Major element abundances were determined by X- 
ray fluorescence on fused glass pellets using a Philips PW-1404 at 
the Johannes-Gutenberg-University of Maim. The trace elements 
Cr, V, Co, Ni, Zr, Y, Sr, and Ba were analyzed on pressed powder 
pellets on the same XRF-machine. The trace elements SC, Hf, Nb, 
Ta, Rb, Th, U, and Pb were determined on an upgraded PlasmaQuad 
PQl ICP-MS at the University of Kiel following the method outlined 
by Garbe-Schonberg ( 1993). Rare earth element (REE) concentra- 
tions were determined at IGEM in Moscow by isotope dilution mass- 
spectrometry using the method described by Thirlwall (1982) and 
modified by Zhuravlev et al. ( 1989). Accuracies are estimated as 
follows: major elements: 2% for elements present in concentrations 
greater than 0.5%; trace elements: 5% for Zr, Cr, V, Co, and Ni; 
10% for Y, Sr, and Ba. The ICP-MS analyses yield accuracies of 
-5%. For the ID-MS measurements of REE, repeated analyses of 
the BCR-1 standard established the accuracy for La to be 2% and 
for the remaining REE as better than 2%. 

Sm-Nd isotope investigations were carried out at the Max-Planck- 
Institut fur Chemie in Maim following the technique described by 
Chauvel et al. (1985). Neodymium and samarium were run on a 
MAT-261 Finnigan mass spectrometer under static mode. The ef- 
fects of fractionation during Nd runs were eliminated by normalizing 
to ““Nd/‘14Nd = 0.7219. “‘Ndl’“Nd isotope ratio measurements 
of the La Jolla standard during the period of data collection yielded 
a value of 0.5 1183 1 + 18 (2a,,,. ; N = 2 1) All neodymium isotope 
ratios were bias-corrected to the La Jolla standard ‘j3Nd/‘““Nd = 
0.511860. Regression analyses followed the method of York ( 1966), 
and the error on the initial tNd value was calculated using the 
method of Fletcher and Rosman ( 1982). The initial tNd values were 
calculated based on the present-day parameters of the chondrite 
uniform reservoir (CHUR) adopted from Jacobsen and Wasserburg 
(1980, 1984) to be the following: ‘47Sm/‘44Nd = 0.1967, ““Nd/ 
l”“Nd = 0.512638. The reported analytical uncertainties used in the 
regression calculations were 0.2% for ‘47Sm/‘J’Nd and for ‘“‘Nd/ 
‘“Nd, the 2a,,, value for the La Jolla standard corresponding to its 
external reproducibility. 

Lead isotope data were obtained at the Max-Planck Institut fur 
Chemie in Maim using a MAT-261 Finnigan mass spectrometer 
and following the methods described by DuprC et al. (1984) and 
Dupre and Amdt (1990). Small chips of rock (0.5-l g) were 
leached in hot 6N HCl for 30-60 min to remove Pb that may have 
been introduced during sample preparation or secondary processes. 
Lead was then separated using the method of Manhes et al. ( 1978). 
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Table I. Representative microprobe analyses of olivines 

Location Golets Flow 1 Golets Flow 3 Lion Hills Vinela Dike 
Sampleno. 8991 8991 8591 891&l 8952 91112 91112 91106 94175 94175 94175 

SiO2 39.24 39.46 39.8 39.43 39.85 40.28 40.77 40.00 
TiOq 0 0 0.01 0.015 0.024 0 0.03 0 
A1203 0 0.048 0.069 0.074 0.039 0.04 0.012 0.017 
Cr203 0.12 0.081 0.11 0 0.18 0.2 0.14 0.093 
Fe0 12.83 13.28 13.14 12.05 12.03 10.67 10.91 10.81 
MnO 0.17 0.18 0.18 0.19 0.18 0.177 0.13 0.143 
NiO 0.37 0.18 0.25 0.25 0.37 0.28 0.31 0.223 
M9O 4676 46.42 45.72 47.42 47.05 48.07 48.06 47.46 
CaO 0.28 0.36 0.4 0.26 0.29 0.3 0.37 0.22 
T&d 9978 100.05 99.67 9967 100.00 loo.02 loo.73 98.98 

----____. 
40.47 40.49 40.3 
0 0 0 
0 0 0 
0.03 0.04 0.03 
10.55 10.45 10.17 
0.15 0.18 0.14 
0.52 0.51 0.51 
48.51 48.15 48.46 
0.04 0.06 0.03 
11X.27 99.88 99.66 

%Fo 66.66 86.17 8612 87.52 87.46 88.93 88.70 88.67 89.10 89.20 8950 

The total blank was about 150 pg and is negligible compared to the 
Pb concentrations in the rocks (1.5-5 ppm). The analyses were 
corrected for isotopic fractionation, which was determined by analy- 
sis of the standard NBS-982 (sixty-seven analyses during the period 
of data collection) to be 1.0012 2 0.00049 (2~) per atomic mass 
unit. Error input was determined by mass fractionation of approxi- 
mately 0.04% per mass unit. The p, value was calculated using a 
single-stage model, assuming 4.50 Ga as the age of the Earth and 
Canyon Diablo values (Tatsumoto et al., 1973) for the starting isoto- 
pic composition. In order to calculate the age, 2”7Pb/*“4Pb and 2”hPb/ 
2WPb data were regressed using the York (1969) procedure, the 
ISOPLOT program (Ludwig, 1992), and assuming an error correla- 
tion coefficient of 0.9. All errors on ages and initial isotopic ratios 
are quoted at 20 or 95% confidence level. 

U-PI, isotope analyses of zircons were performed at the Curtin 
University of Technology in Perth, Western Australia. Zircon grains 
selected for the analysis were air-abraded using pyrite as a polishing 
agent and the technique developed by Krough ( 1982). After abra- 
sion, zircons were washed in 4N HNOi to remove pyrite. Digestion, 
chemical separation, mass spectrometry, and data reduction followed 
the procedures described by Nemchin et al. ( 1994). Total procedural 
blank for Pb measured for the sample set studied was - 10 pg. 

4. RESULTS 

4.1. Compositions of Olivines 

Olivines from the cumulate zones of the two differenti- 
ated Golets lava flows ( 1 and 3)) Victoria’s Lava Lake, and 
from the Vinela Dike dunites range in composition between 

Fox6 r-86.7 > FQCW.S > Fo~~.,_~~ 9r and Fo~~.,_~~.~, respectively. 
Representative data for the most magnesian cores of individ- 
ual grains are listed in Table 1. 

4.2. Chemical Compositions of the Rocks 

Major, trace, and rare earth element data for the samples 
from the study areas normalized to 100% on a volatile-free 
basis are listed in Table 2 and shown in the variation dia- 
grams (Figs. 2-4). 

Puchtel et al. (1996b) have considered the problem of 
element mobility in Victoria’s Lava Lake. Most components 
were shown to have been immobile during low-grade meta- 
morphism. Some mobility was established for K20, Rb, and, 
to a lesser extent, for Na*O. Generally, the samples of volca- 
nic rocks from the Vetreny Belt have volatile contents be- 
tween 0.2 and 5%; in the Vinela Dike rocks the volatile 
contents increase to 9- 16%, reflecting variations in degrees 
of alteration and/or in modal olivine abundances. Most of 
the volcanic rocks, especially those from Lion Hills and 

Golets Hills (flow 3) are characterized by remarkable preser- 
vation of igneous phases. In several samples from the lava 
lake, primary volcanic glass is preserved despite the fact that 
it is very susceptible to alteration and devitrification. We 
studied it using both optical methods and an electron micro- 
probe and found several glass-like areas with less than 1% 
LOI, to which the term glass was applied (Puchtel et al., 
1996b). Thorough inspection of the data allowed us to ex- 
tend the conclusion about the essentially immobile behavior 
of petrogenetically important components to all the samples 
analyzed in this study. 

MgO contents vary between 7 and 26% in the komatiitic 
basalt lava flows and increase to 37% in the Vinela Dike 
peridotites and to 46% in the dunite. MgO contents in flowtop 
breccias and upper chilled margins of the lava flows I and 3 
in the Golets Hills area are 12.9 and 13.6%, and those in the 
upper chill of the lava lake in Lion Hills are 14.7%. The dacite 
sample #9307 plots well outside the compositional range for 
the komatiitic basalts. It is considered as being petrogenet- 
ically unrelated to the magnesian lavas and was excluded from 
the follow-up petrogenetic modeling. Most components show 
strong (r = 0.92- 1 .O) correlations with MgO contents and 
vary in a manner (negative relationships for Al, Ti, Ca, V, 
Zr, Nb, Y, REE, Th, U, and positive for Ni) entirely consistent 
with olivine fractionation (Fig. 2). When plotted against wt% 
MgO, the analytical data fall on olivine control lines, which 
intersect the MgO axes at 46.1, 47.2, and 47.9% for Golets 
flows 1 and 3 and the lava lake, respectively, and at 48.7% 
for the Vinela Dike. Chromium is positively correlated with 
MgO in the lavas and shows a substantial decrease in the 
Vinela Dike rocks. It suggests that along with olivine, chro- 
mite was a liquidus phase over the whole compositional range 
of the crystallization of the lavas but did not fractionate during 
the formation of the intrusion. 

The variation diagrams (Fig. 2) reveal both similarities 
and substantial differences in the compositions of the erupted 
liquids of the Vetreny suite lavas. Interestingly, the largest 
differences in lava compositions are observed within the 
Golets Hills area between flow 1 on the one hand and flows 
2 and 3 on the other hand. The rocks from the other regions, 
some up to 250 km away from Golets Hills, have intermedi- 
ate compositions between these two endmembers. All the 
lavas follow the same trend in A1203 vs. MgO diagram (Fig. 
2) and show only slight differences in the relative abun- 
dances of Y and HREE. The rocks from Golets flows 2 and 
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Tabie 2. Major and trace element data 

Goiets flow 1 Goletsflows Pand 3 Shepcchke and Olova Kirichi 
Sample a978 a984 a987 a990 a991 a993 a971 a964 a996 a999 a954 a957 9301 9302 9303 9305 9306 9307 

so;! 
TiO2 
A1203 
Fe203 

E 
Na20 
K20 
P205 
LOI 

Cr 
V 
co 
Ni 
Zr 
In 
Nb 
Ta 
SC 

: 
Rb 
Ba 
Pb 
u 
Th 

49.6 
0.70 
12.6 
12.6 
0.16 
12.9 
9.12 
1.76 
0.45 
0.09 
2.26 

.__.._.____ 
1095 
233 

2"798 
70 
I.76 
2 68 
0.176 
38.8 
15.6 
166 

3?6 
4.39 
0.531 
243 

52.5 
0.70 
12.9 
11.6 
0.16 
10.2 
9.40 
2.00 
0.46 
0.09 
0.81 

.__.___._-.. 
744 
212 
51 
154 
69 

15.4 
237 
11 
213 

52.8 
0.72 
13.1 
11.8 
0.18 
6.66 
9.47 
2.52 
0.52 
0.10 
0.64 

..___.__... 
640 
216 

i4i76 
70 
I .a3 
2.62 
0.172 
36.2 
15.9 
226 
10 
282 
4.55 
0.505 
2.44 

53.5 
0.79 
13.8 
11.3 
0.18 
6.80 
10.4 
2.30 
0.72 
0.21 
0.65 

283 
228 
40 
57 
71 

17.0 
192 
9 
278 

46.5 
0.43 
7.60 
13.4 
0.19 
24.8 
6.25 
0.47 
0.35 
0.07 
3.72 

_______~.__. 
2102 
138 
105 
747 

Ifi4 
1.50 
0.102 
23.2 
9.66 
112 
13 
134 
2.41 
0.271 
1.30 

48.6 
0.48 
8.56 
12.0 
0.18 
22.1 
7.20 
0.44 
0.36 
0.07 
5.26 
.__.__._.__ 
2716 
155 

e9728 
43 

9.63 
106 

:: 

51.0 46.4 
0.81 0.5 
12.6 7.92 
12.4 13.0 
0.18 0.18 
9.23 23.7 
11.6 7.48 
1.66 0.53 
0.23 0.29 
0.11 0.07 
0.39 3.55 

555 
251 
48 
129 
61 
1.59 
2.52 
0.167 
45.4 
17.1 
175 

954 
1.94 
0.201 
1.01 

2834 
164 

99;: 
38 

10.5 
103 

679 

49.5 50.5 
0.72 0.76 
11.0 12.2 
12.7 12.6 
0.18 0.18 
13.6 10.7 
10.4 10.9 
1.34 1.64 
0.37 0.39 
0.10 0.10 
2.88 0.27 

_ _._____ __. _____.____.._. 
1351 797 
236 228 
64 55 
362 la2 
55 58 
1.33 1.41 
2.13 2.31 
0.141 0.150 
37.3 39.7 
15.1 15.6 
150 157 
6 6 
133 148 
2.38 1.87 
0.186 0.203 
0.854 0.990 

45.4 
0.46 
7.19 
13.4 
0.18 
25.6 
6.83 
0.67 
0.21 
0.07 
3.20 
.._________. 
2803 
158 
102 
1029 
35 

9.85 
100 

668 

47.4 
0.56 
a.88 
13.4 
0.18 
20.7 
a.05 
0.63 
0.18 
0.08 
3.24 

________.___.. 
la03 
177 

68682 

O.Zl 
1.67 
0.115 
27.5 
12.8 
114 
6 
71 
1.89 
0.155 
0.687 

50.8 
0.63 
11.4 
11.6 
0.1s 
14.0 
9.31 
1.35 
0.52 
0.09 
1.77 

.____________. 
1309 
185 
63 
391 
59 
1.58 
4.07 
0.136 
34.4 
13.5 
160 
13 
158 
2.74 
0.291 
1.41 

50.2 50.2 
0.61 0.6 
11.0 11.0 
11.9 12.0 
0.17 0.16 
15.6 15.4 
a.54 a.87 
1.16 1.05 
0.71 0.62 
0.10 0.10 
2.66 2.94 

1797 
196 
a7 
522 
56 
1.36 
3.08 
0.119 
30.7 
13.4 
189 
14 
la4 
2.41 
0.217 
1.05 

1643 
196 
62 
459 
57 

12.9 
140 
la 
136 

52.0 
0.66 
12.8 
11.1 
0.18 
11.4 
10.4 
0.93 
0.57 
0.09 
2.9 

_._.----__~ 
927 
207 
52 
173 

1737 
3.09 
0.167 
38.3 
14.4 
201 

2?a 
3.00 
0.572 
2.80 

53.6 63.8 
0.65 0.59 
12.4 15.6 
10.8 6.39 
0.17 0.14 
10.8 3.29 
9.93 5.67 
1.05 3.06 
0.59 1.15 
0.06 0.08 
2.67 I.54 

a42 
199 
51 
165 
67 

13.9 
ia2 

2x 

100 
96 
23 
58 
127 
2.66 
4.44 
0.421 
17.5 
14.8 
171 

34009 
4.57 
0.868 
3.682 

La 962 10.4 10.2 11.0 5.77 6.35 
Ce 21.5 22.2 22.6 23.7 12.7 13.9 
Nd 11.3 11.4 11.7 12.4 6.61 7.17 
Sn 2.49 2.50 2.59 2.74 1.47 1.60 
Eu 0.655 0.771 0.769 0.626 0.450 0.498 
Gd 2 50 2.52 2.56 2.80 1.49 1.64 
QY 2.50 2.52 2.60 2.63 1.51 165 
:b 1.49 1.40 1.51 I.42 1.47 1.56 1.56 1.68 0.913 0.865 0.950 1.00 

._.._._.~~...__.___....._..__.__.._~.~~....__~.~~.~~~__~~~~~~.~_~~~~._._._~~__~._.~~~_~~~~. 
Note. Analyses are normalized to 100% on an anhydrous basis 

7.88 
16.9 
10.8 
2.69 
0.905 
3.01 
3.24 
1.95 
1.82 

4.35 
9.97 
5.91 
1.46 
0.485 
1.63 
1.73 
1.04 
0.975 
._.__.___ 

6.33 7.01 
14.6 16.0 
6.64 9.37 
2.14 2.29 
0.706 0.746 
2.37 2.52 
2.54 2.67 
1.52 I.61 
1.40 1.50 

4.18 5.00 a.68 7.59 7.84 114 11.4 
9.41 11.4 17.6 17.0 17.0 24.3 24.2 
5.58 6.75 9.87 9.37 9.12 12.2 11.9 
1.38 1.67 2.27 2.11 2.07 2.63 2.57 
0.453 0.549 0.721 0.662 0.625 0.766 0.766 
1.52 1.84 2.44 2.19 2.17 2.62 2.54 
1.63 1.96 2.59 2.24 2.27 2.61 2.53 
0.979 118 162 1.34 1.36 153 1.48 
iilj 1.11 1.58 1.29 1.2s 1.37 1.33 

.___----_.__.-.__.___.~.-.~._._..--~~~..__-...-.~~.~--..~~_.~-..-~..._..-...~~.~-..-...~.. 

15.7 
31.6 
13.9 
2.87 
0.838 
2.85 
2.64 
1.54 
1.48 

._.___._. 

Table 2 (continued) 
__ . .._.. _ ___....___ __.._______ ..___ _____._._ ___._ _.__.._____._.__.___._______ .____ _______________._ _____.. ________.____.___.______ _... ____._____._____________________________._.~._.._.._ _....._.____. __..__ ____ __.__.__.___... 

Lion-Hills (Victoria's Lava Lake) Myandukha Hills Vinela Dike 
Sample 91101 91103 91104 91105 91106 91110 91112 91113 91117 94170 94171 94172 a60311 94173 94174 94175 94176 

3% 52.4 46.2 47.9 46.0 47.8 50.3 50.5 49.3 
TiO2 0.67 0.49 0.46 0.38 0.45 0.58 0.59 0.59 
Ai203 13.2 9.03 6.61 7.31 a.50 11.1 11.5 11.5 
Fe203 11.1 11.9 11.7 12.3 11.7 12.1 11.6 11.3 
MnO 0.19 0.17 0.18 0.18 0.18 0.18 0.17 0.18 
w 6.65 20.4 21.6 26.1 22.6 14.7 13.7 14.5 
CaO 10.7 7.62 7.26 5.88 7.00 8.96 9.59 10.4 
Na20 2.21 I.69 1.68 I.62 I.28 1.63 2.03 1.90 
K2G 0.47 0.26 0.32 0.22 0.39 0.43 0.35 0.26 
P&l 0.09 0.08 0.07 0.06 0.07 0.08 0.09 0.09 
LOI 0.19 1.22 0.69 2.04 0.69 2.50 1.50 2.42 
.._.-.._..__.._. 
Cr 
V 
co 
Ni 
Zr 
Hf 
Nb 
Ta 
SC 
Y 

:b 
Ba 
Pb 
U 
Th 

688 2417 2255 3507 2131 1619 1570 1552 a98 1331 1373 1354 1179 1206 1669 1262 1662 
253 176 167 137 161 207 214 219 246 209 206 213 a5 76 21 91 
47 a7 

a?4 
107 

99562 
67 

3546s 
5a 

15734 36733 
65 

36935 
102 129 I7307 157 124 

119 a01 1138 408 386 436 2327 2588 2651 3254 2456 

l653a 
44 43 34 40 52 54 56 61 52 55 28 32 25 5 28 

1.07 1.01 1.50 15325 1.23 0.842 0.547 0.707 
2.12 1.37 1.28 2.03 i.aa 1.66 1.27 0.890 1.06 
0137 0.090 o.oa5 0.134 0.126 0.133 0.104 0.076 0.062 
45.8 25.6 25.8 40.9 34.9 34.2 12.8 10.1 14.8 
16.0 11.5 II 0 6.70 10.1 13.5 14.2 14.4 15.5 13.3 13.4 14.4 5.47 5.51 5.47 1.16 6.53 
165 116 115 90 109 154 152 161 158 146 131 129 12 36 9 66 
6 5 7 4 

1;3 
10 

2:2 
5 3 7 a 10 19 7 4 : 

IQ7 97 125 95 106 236 150 95 107 55 37 IO 3 687 
2 32 I a0 1.43 2.01 I?9 1.45 1.50 1.51 1.54 
0.254 0.182 0.171 0.254 0.205 0.230 0.256 0.195 0.199 
1.19 0.624 0.709 1.18 0.969 0.986 0.972 0.776 0.830 

. . . . . ..~.._...__.......~..~...~.~..~.__..~~.~.~~~~~....~.~~...._..~..__.__~.~~...___~~~..____~~.~.___._~.~.~_.__.~_._..._~_...~..~_.~~~..~_._.~__._._..._.._...~..._..__._.~_.___._......._...~.~._._._.~_~..__._... 
7.75 5.54 5.36 4.27 5.05 6.52 6.76 7.60 7.59 6.62 7.09 7.40 4.01 4.54 2.57 0.730 3.58 
17.3 12.3 II.9 9.46 11.2 14.5 15.1 16.6 16.6 14.9 15.7 16.7 8.65 9.30 5.49 1.51 7.47 
9.63 6.91 6.68 5.30 6.34 a.24 6.45 9.09 9.43 6.55 a.72 9.35 4.45 4.24 2 91 0.740 3.93 
2.26 1.65 1.59 1.26 1.50 1.94 2.03 2.10 2.23 2.06 2.09 2.21 1.04 0.921 0.702 0.173 0.932 
0.734 0.528 0.508 0.404 0.494 0.634 0.672 0.646 0.716 0.666 0.674 0.706 0.313 0.280 0.221 0.053 0.288 
2.47 I.75 1.71 1 36 1 61 2.13 2.19 2.21 2.41 2.26 2.26 2.38 1.11 0.936 0.786 0.164 0.969 
2 64 1.6B 1.63 1.46 1.73 2.26 2.34 2.33 2.58 2.48 2.44 2.55 1.14 0.898 0.816 0.182 0.985 
1.62 1.15 1.12 0.696 1.06 1.37 1.42 1.42 1.58 1.55 1.53 1.60 0.630 0.492 0.467 0.105 0.537 
1.53 1.11 I 08 0.865 1.02 1.32 I.37 1.35 1.51 1.50 I.49 I.55 0.547 0.438 0.416 0.101 0.473 

---------------.~----.~..-~--~...--.---....-.~--.~..--.--.--....~-.-.....~-.~..--.~....-.....~.--..-..~.--._.~.~-..~.....~-.~.__....~.._........._..~..__._..~~..._.._....._.__...~.~..........~..___...._........ 

La 
Ce 

.z 
Eu 
Gd 
DY 
Er 
Yb 

51.3 
0.66 
12.9 
11.7 
0.20 
10.1 
10.4 
2.52 
0.13 
0.09 
0.16 

50.4 49.9 51.0 43.6 44.3 43.8 39.9 45.2 
0.63 0.63 0.65 0.34 0.27 0.24 0.06 0.30 
11.6 11.4 Ii.8 4.23 4.03 3.14 0.92 3.77 
12.2 12.4 12.3 12.1 10.6 12.7 11.6 12.1 
0.18 0.16 0.17 0.16 0.17 0.18 0.18 0.18 
13.4 14.4 13.7 34.8 37.1 36.1 46.5 34.4 
9.85 10.0 a.75 4.22 3.31 3.69 0.60 3.72 
1.28 0.76 1.24 0.02 0.03 0.02 0.16 0.03 
0.32 0.33 0.37 0.29 0.14 0.06 0.04 0.16 
0.08 0.07 0.07 0.10 0.09 0.10 0.02 0.12 
2.15 2.72 2.92 9.26 10.1 9.4 16.2 8.76 
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Fig. 2. Variation diagrams of selected major and trace elements for Vetreny Belt rocks. 

3 have higher CaO, Fe,O;, Ti02, V, Y, Nb, and HREE, but As can be seen in the chondrite- and primitive mantle- 
lower SiOl, Zr, U, Th, and LREE contents at given MgO normalized plots (Figs. 3 and 4), all the rocks are enriched 
abundances compared to flow 1 and the rocks from the other in LREE and other large ion lithophile elements concentrated 
localities. CaO/A1203 ratios in flows 2 and 3 are 0.93, similar in the continental crust, especially in Ba, Th, U, Pb, and Sr 
to the average mantle peridotite and to most other komatiites and show strong negative Nb-, Ta-, and, to a lesser extent, 
of late Archean age (Herzberg, 1995), while in flow 1 and Ti-anomalies. Generally, the patterns of samples from each 
the lava lake these are slightly lower (0.77 and 0.82, respec- locality are strongly parallel, with abundances reversely cor- 
tively). A1203/Ti02 ratios vary between 18.0 and 19.6 in related with MgO content. Golets flows 2 and 3 have the 
flow 1 and the lava lake and 15.7 in flows 2 and 3, which lowest (La/Sm)N ratios of -1.9, whereas the Kirichi lavas, 
is lower than the chondritic value of 22 (Hart and Zindler, Golets flow 1 and the Vinela Dike dunite, have the highest 
1986; McDonough and Sun, 1995). (La/Sm)N of 2.4-3.1 (see Fig. 8). 
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Fig. 3. Chondrite-normalized (Evensen et al., 1978) rare earth element abundances in the Vetreny Belt rocks. 

4.3. Sm-Nd Isotope Data 

The Sm-Nd isotope data are listed in Table 3 and plotted 
on the Sm-Nd evolution diagrams (Fig. 5). 

4.3.1. Golets Hills 

The analytical data for the whole rock samples from flow 
1 and for pyroxene-, olivine-, and plagioclase-mineral sepa- 
rates define a reasonably good regression line (MSWD 
= 1.6) with a slope corresponding to an age of 2449 
t- 35 Ma and a negative eNd( T) of -1.2 + 0.3. 

4.3.2. Lion Hills 

Bulk samples representing the whole 110 m section of the 
lava lake from top to bottom as well as olivine-, pigeonite-, 
and augite separates were analyzed. The data define a well- 
constrained isochron (MSWD = 1.1) with an age of 2410 
5 34 Ma and an eNd(Z’) of -0.9 + 0.2. 

4.3.3. Vinela Dike 

In contrast to the two layered lava units described above, 
the whole rock samples from the Vinela intrusion show sub- 
stantial differences in Sm/Nd ratios and neodymium isotope 

compositions. Strictly speaking, the analytical data for bulk 
samples and olivine and pyroxene separates are not approxi- 
mated by a single line but define a series of roughly parallel 
two-points isochrons with ages ranging between 2.24 and 
2.57 Ga, with the mean value of 2.41 Ga. Regression of the 
data for bulk samples 880311 and 94175, which have similar 
isotope compositions, and respective pyroxene and olivine 
separates gives an age of 2392 ? 26 Ma, eNd( T) = - 1.6 
+- 0.1 (MSWD = 0.2). All analytical data for the intrusion 
yield a poorly constrained regression line (MSWD = 13) 
with an age of 2430 +- 174 Ma, eNd(T) = -1.4 ? 1.0. 

Neodymium isotope compositions of all whole-rock sam- 
ples from the Vetreny Belt (thirty samples) vary in a wide 
range and in the conventional Sm-Nd diagram (Fig. 5) de- 
fine a linear trend with an apparent age of 3027 t 84 Ma 
(eNd(Z’) = +3.6 2 0.6, MSWD = 3.8). 

As far as the average isochron age of the samples from 
different areas is 2430 Ma, we have recalculated eNd values 
for this age. Samples from Golets flows 2 and 3 exhibit the 
most radiogenic neodymium isotope compositions and have 
eNd(2430) values ranging between 0 and +0.6. Samples 
from Kirichi Hills and Golets flow 1 with eNd( 2430) values 
of - 1.4 to - 1.8 are among the least radiogenic endmembers. 
Samples from the Vinela Dike largely overlap the whole 
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Fig. 4. Abundances of selected major-, trace-, and rare earth elements normalized to primitive mantle values of 
Hofmann (1988) in the Vetreny Belt rocks. 

range of isotope variations in the volcanic rocks [ eNd( 2430) 
= -0.9 to - 1.8 compared with +0.6 to - 1.8 in the volcanic 
rocks]. 

As can be seen in Table 3, the olivine, pyroxene, and 
plagioclase separates are characterized by relatively high Nd 
and Sm concentrations, which are probably due to the pres- 
ence of tiny glass inclusions in the mineral separates. Calcu- 
lations show that some l- 10% of these inclusions could 
account for all the excess Nd. Although these inclusions 
cannot shift the isotope equilibrium between the crystals and 
the liquid, and, therefore, do not alter the interpretation of 
the isochrons, they obviously have substantial effect on the 
Sm/Nd ratio in the mineral separates. For instance, in Victo- 
ria’s Lava Lake the measured ‘47Sm/‘44Nd ratios in the oliv- 
ines are two and a half times, in the pigeonite almost two 
times, and in the augites 7-30% lower than the theoretical 
values calculated on the basis of published distribution coef- 
ficients (Green, 1994). 

4.4. Pb-Pb Isotope Data 

The lead isotope data are reported in Table 4 and plotted 
in Fig. 6. Samples from the Golets flow 1 define an isochron 
with an age of 2424 ? 178 Ma. The large error on the age 
is attributed to the narrow range of variations in the lead 

isotope ratios, i.e., 206Pb/204Pb varies between 17.4 and 18.9. 
The p,, or time-integrated *38U/204Pb of the metavolcanics 
is 9.26 rfr 0.05. In the 208Pb/204Pb vs. 206Pb/2MPb plot the 
analytical data except for two flowtop breccia samples also 
define a good regression line. These data allow us to estimate 
the Th/U ratio for the whole rock series based on the follow- 
ing equation: 

2=Th/238U = ~(~“238T _ l)/(e”232T _ 1) 

where T (age of the series) is obtained from the 207Pb/204Pb 
vs. 2”Pb/2MPb diagram, S is the slope of the regression line 
in the 2osPb/2arPb vs. ‘06Pb/*04Pb diagram, A238 = 0.155 125 
X 10e9 y-‘, and A232 = 0.049475 X 10e9 y-‘. The calcu- 
lated Th/U ratio is 4.9 )_ 0.3. 

4.5. U-Pb Zircon Studies 

Zircon grains from the sample #9307 are light brown with 
length to width ratio of about 2 to 3. On the basis of fine 
oscillatory zoning, which is identified in transmitted light, 
zircons are considered to crystallize from the dacite melt 
rather than represent inherited grains. 

Five U-Pb analyses presented in Table 5 and indicated in 
Fig. 7 show low U concentration and relatively high content 
of common Pb. However, three grains analyzed have concor- 
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dant U-Pb systems, and the other two are only about 2% 
discordant. Five data points define the regression line with 
MSWD = 0.8 and the upper intercept of 2437 ? 3 Ma. The 
lower intercept within error is indistinguishable from zero. 
Weighted mean calculation for the three concordant points 
gives an age of 2437 2 4 Ma with MSWD = 0.5. 

5. DISCUSSION 

5.1. Compositions, Liquidus Temperatures, and 
Differentiation of the Erupted Magmas 

Petrographic observations of the Golets and Lion Hills 
lavas by Puchtel et al. (1991, 1996b) established that the 
only minerals present as phenocrysts or cumulus phases are 

olivine and chromite. It is suggested, therefore, that the evo- 
lution of the magmas after eruption was controlled by frac- 
tionation of these mineral phases only. This conclusion is 
supported by the variation diagrams (Fig. 2), in which all 
elements follow olivine control lines. 

In order to deduce the compositions of erupted magmas 
in different parts of the Vetreny Belt, several independent 
approaches were used. First, the flowtop brecciaslscorias 
and chilled samples are essentially glassy rocks consisting 
of phenocrysts in a quenched groundmass. They probably 
did not experience any post-eruption differentiation and are 
interpreted to have bulk compositions similar to that of the 
liquids from which they have formed. Secondly, most of 
lava units contain fresh olivine (Table 1). These data can 
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Fig. 5. Conventional Sm-Nd diagrams for whole rock samples and mineral separates from the Vetreny Belt 

be used to infer the composition of the melt from which 
the olivines have crystallized applying the experimentally 
determined Feh4g distribution coefficients of Beattie et al. 
( 1991) and Roeder and Emslie ( 1970). In the third ap- 
proach, the olivine control lines for the elements that are 
excluded from the olivine crystal lattice can be traced to 
their intercept with the MgO axis (Fig. 2). These intercepts 
define the average composition of the liquidus olivine. The 
results of these estimates for different components are sum- 
marized in Table 6 and are in good agreement within each 
dataset. The calculated MgO contents of the erupted liquids 
vary between 12.8% and 13.9% in Golets and Myandukha 
Hills (northwestern and southeastern terminations of the 
belt) and 15.0 and 15.5% in Lion and Olova Hills in the 
central Vetreny Belt. It is also possible to estimate the com- 
position of the liquid parental to the Vinela Dike due to the 
fact that the dunite sample 94175 consists almost entirely of 
olivine, and its analytical point on the variation diagrams 
(Fig. 2) plots very close to the MgO-axis, while the perido- 
tites contain variable proportions of pyroxene and plot well 
above the MgO axis. Regression of the analytical data for 
the Vinela Dike samples gives an average of 48.7% MgO 
in the fractionating olivine ( Fosg 9), in agreement with the 
microprobe data on the olivines from the dunite sample 

( FoSgg, Table 1) . Olivine of this composition can be shown 
to be in equilibrium with a liquid containing - 17.3% MgO 
(Table 6). Thus, the MgO contents of the erupted magmas 
appear to increase from 13% on the margins to 17% towards 
the center of the Vetreny Belt. 

In order to calculate liquidus temperatures of the erupted 
melts, the methods of Nisbet et al. (1993) and Abbott et al. 
(1994) were adopted. The chemical analyses of the chilled 
samples from different localities were used to calculate the 
eruption temperatures on the basis of the relationship be- 
tween the Fe/Mg ratio in a primitive magma and its liquidus 
temperature (Hanson and Langmuir, 1978; Roeder and Em- 
slie, 1970). The obtained liquidus temperatures show an 
increase from 1370 to 1440°C towards the center of the belt 
(Table 6) and correspond to the mantle potential tempera- 
tures range of 1530-1630°C. 

The increase in eruption temperatures towards the center 
of the belt may indicate either a thinner lithosphere (i.e., 
slower temperature drop during ascent) or a higher mantle 
temperature beneath the central part of the belt. Assuming 
a temperature drop of -0.6”C km-’ during ascent (McKen- 
zie and Bickle, 1988), a -70°C higher temperature in the 
center would suggest an about 100 km thinner lithosphere. 
This estimate seems unreasonable, as there is no negative 
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correlation between the eruption temperature and degree of 
contamination (see section below), which would be ex- 
pected for magmas passing through the continental litho- 
sphere of variable thickness. We suggest, therefore, that the 
mantle temperatures in the center of the Vetreny Belt were 
higher than at its margins. A temperature gradient of - 100°C 
over a region of 300 km in diameter may be expected to 
be found between the axis and the edge of a plume head 
(McKenzie and Bickle, 1988; Watson and McKenzie, 
1991) . The elevated ( 1440°C) liquidus temperatures of the 
komatiite magmas imply that the source of the Vetreny Belt 
komatiites had a substantially higher ( 1630°C) potential 
temperature than the ambient mantle temperature of 
- 1480°C at 2.4 Ga (Richter, 1988; Herzberg, 1995). To- 
gether with the inferred steep thermal gradient in the Vetreny 
Belt, this suggests the existence of a mantle plume underly- 
ing the region at 2.4 Ga. 

5.2. Constraints on the Compositions of the Mantle 
Sources 

Despite the large compositional differences between the 
continental crust and the upper mantle, the occurrence and 

extent of crustal contamination in komatiite and basalt mag- 
mas cannot be easily constrained. This is ascribed to the fact 
that, in some instances, the influence of crustal contamina- 
tion is almost indistinguishable from the geochemical effects 
on the magmas derived from a depleted asthenospheric 
source and then mixed up with a component of the ancient 
continental lithosphere (Brandon et al., 1993; Glazner and 
Farmer, 1992). Several authors suggested that primitive 
magmas erupting in continental rift settings are derived from 
enriched sources residing in the continental lithospheric 
mantle (e.g., Hawkesworth et al., 1984, 1988). Ryabchikov 
et al. (1988) proposed that the Vetreny Belt lavas were 
derived from the enriched continental lithospheric mantle 
because of their apparent large scale homogeneity. This in 
turn implies a common uniform source for these lavas. How- 
ever, our more complete dataset indicates that the studied 
rocks from different localities have variable trace element 
and isotope characteristics. These variations can be ascribed 
either to the differences in compositions of their mantle 
sources and conditions of partial melting, to variable contri- 
butions from the continental crust, or to the combined effects 
of both these factors. 

Due to very high liquidus temperatures, low viscosities 
and low incompatible element concentrations komatiitic 
melts are very susceptible to contamination by upper crustal 
rocks ( Amdt, 1986; Amdt and Jenner, 1986). In many cases 
contamination occurs during ascent or eruption (Huppert et 
al.. 1984; Huppert and Sparks, 1985) and results in a sharp 
increase in the abundances of SiOZ, Ba, Th, U, and LREE 
in asthenospheric melts, but will have little effect on Ta, Nb, 
HREE, and Ti concentrations. On average, this causes the 
origin of negative Ta-, Nb-, and Ti-anomalies in crustally 
contaminated rocks. In contrast, the average subcontinental 
lithospheric mantle is enriched in Nb and Ta relative to Th 
and La (Fig. 4; McDonough, 1990). Consequently, mixing 
with the material of the subcontinental lithospheric mantle 
will not produce such kinds of anomalies in asthenosphere- 
derived melts. The Vetreny Belt komatiitic rocks exhibit 
strong negative Nb- and Ta-anomalies relative to neigh- 
boring elements with a comparable degree of incompatibil- 
ity, i.e., La and Th [ (Nb/La)N = 0.40-0.25, (Nb/Th)N 
= 0.1 l-0.33, Fig. 41. The rocks with the lowest Nb/Th and 

Table 4. Pb isotope data for Golets Hills Row 1 
-.~--.-~-.-.---~~~~-.-~.___.~-~~~__________~~~_______~_____._._~.___~.~.__._.__..___.~_~__~.__.~. 
Samples 206Pb/204Pb 207Pb/2g4Pb 208Pb/204Pb p," 
-.~~._.---...__._~-.___.~~___.______.~~.~~_____.~.__.~.~_._.~~._._~__.__.~~~___..__~.~~._._~ 
8978 17.789 15.751 38.263 9.29 
8978' 17.882 15.759 38.137 9.28 
8982 18.876 15.902 40038 9.25 
6984 18.247 15.818 39.382 9.28 
8984' 18.253 15.824 39.387 9.29 
8986 18.407 15.857 39557 9.31 
8987 17794 15.757 38.714 9.30 
8987' 17.552 15.701 38.358 9.26 
8989 18.398 15.828 39.510 9.25 
8990 18.740 15.879 40.015 9.24 
8990" 18.487 15.844 39.632 9.25 
8991 18.045 15.763 39.085 9.23 
8991' 17.944 15.765 38.937 9.27 
8993 18.172 15.799 39.178 9.26 
8994 17.367 15.653 38154 9.22 
8995 17.913 15.745 38.754 9.23 
--.-.___~---~~._.__~~~~___.~.~~.___________._~._._~.~_.. 
'Separatechipshom thesame sample 
"Calculated assuming a 4.50 Ga as the age of the Earth 
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Nb/La ratios also have the highest Si02 abundances at a 
given MgO content. We argue on this basis that the evolution 
of the magmas parental to the lavas and the intrusion was 
mainly controlled by contamination with felsic crustal rocks. 

As can be seen in Fig. 8, a positive correlation exists in 
the diagrams (Nb/Th)N vs. eNd and a negative one in the 
diagrams (La/Sm), vs. eNd, (LalSm), vs. (Nb/Th)N, and 
(Nb/Th)N vs. Zr/Y. These trends can all be explained by 
mixing of a magma from a relatively depleted mantle source 
with high cNd(T), Nb/Th, Nb/La, but low Zr/Y and La/ 
Sm ratios with an enriched component like the Archean 
continental crust having low eNd(2430), Nb/Th, Nb/La, 
and high ZrlY and La/Sm values. On the other hand, these 
chemical parameters do not change within the single lava 
units, though they are quite variable in different lenticular 
bodies of the Vinela Dike (Fig. 8). This implies that contam- 
ination of the lavas occurred mainly en route to the surface 
and not after the eruption. The lenticular bodies of the Vinela 
Dike probably represent intrusions derived from a common 
magma which were contaminated to different extent by wall 
rocks. This may have occurred in intermediate magma cham- 
bers during the periodical replenishment of the dike. 

The positive correlation between Eu/Eu* and eNd (Fig. 
9) suggests that the negative Eu-anomalies in the studied 
rocks resulted from crustal contamination. Assuming that 
the Eu/Eu* in uncontaminated rocks must be close to 1, we 
tried to estimate the cNd(2430) value in the primary melt 
and, consequently, in the magma source region. First, we 
removed several samples in which Eu-anomalies were inter- 
preted to be the result of secondary alteration processes. 
These include the Vinela Dike samples with high (up to 
16%) LO1 and samples from the flowtop breccias, where 
trivalent Eu is reduced to ELI*+ under high-temperature con- 
ditions and is then easily leached during seawater interaction 
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(Michard and Albarede, 1986; Bau, 1991). We have also 
screened out several samples with abundant amygdules. Re- 
gression calculations for the least altered samples indicate 
an eNd( 2430) value in the primary magma of approximately 
+2.6 (Fig. 9). Using this eNd value we then calculated 
the incompatible element ratios from respective correlations. 
These calculations show that the primary melt was moder- 
ately depleted in highly incompatible elements and had (La/ 
Sm)N of 0.9, (Zr/Y), of 0.9, and (Nb/Th)N of 0.6. 

Available data suggest the existence of around 50 km 
thick continental crust in the Karelian granite-greenstone 
terrane, seismically grouped into 20-30 km of lower crust, 
7-17 km of middle crust, and 10 km of upper crust (Luosto 
et al., 1989). The upper crust in the adjacent Vodla and 
Belomorian Blocks consists of TTG-gneisses metamor- 
phosed under amphibolite to granulite facies conditions with 
ages of 3.1-3.2 and 2.6-2.8 Ga, respectively (Kulikov et al., 
1990; Bogdanova and Bibikova, 1993; Lobach-Zhuchenko et 
al., 1993; Timmerman and Daly, 1995; Bibikova et al., 
1996). Trace element data for these rocks are not available 
and in order to estimate the extent of contamination of the 
primary magmas to the Vetreny Belt rocks, we used a trace- 
element composition of the average felsic Archaean granulite 
reported by Rudnick and Fountain ( 1995). This composition 
provides the closest approximation to the average composi- 
tion of the upper crustal rocks in the Vodla and Belomorian 
Blocks reported by Kulikov et al. ( 1990) and Lobach-Zhu- 
chenko et al. (1993) in terms of major elements, and thus 
we assume that it is also a suitable crustal endmember for 
our mixing model. The average neodymium isotopic parame- 
ters for these rocks ( ‘43Nd/‘44Nd = 0.5 10927, ‘47Sm/‘44Nd 
= 0.1011, N = 47) were compiled from the data of Kulikov 
et al. ( 1990), Lobach-Zhuchenko et al. ( 1993 ) , Timmerman 
and Daly ( 1995), and Bibikova et al. ( 1996). As a possible 
equivalent of the primitive melt giving rise to the Vetreny 
Belt lavas, we have chosen the composition of a low-magne- 
sian (17.6% MgO) komatiite sample 22 from the 2.7 Ga 
Belingwe greenstone belt (Chauvel et al., 1993; Jochum et 
al., 1991; Nisbet et al., 1987). This komatiite has ‘4iNd/ 
‘“Nd = 0.513197, ‘47Sm/‘44Nd = 0.2212, (La/Sm), = 0.8, 
eNd(2.7 Ga) = +2.5, close to the inferred composition of 
the primary magma for the Vetreny Belt rocks. The results 
of our calculations are shown in Fig. 10. We used the ratios 
of selected elements, which are insensitive to olivine + spi- 
nel fractional crystallization but are crucial indicators of as- 
similation processes. Neodymium isotope compositions of 
the endmembers and the Vetreny Belt rocks were recalcul- 
ated for the time of the mixing event (2430 Ma). The ob- 
tained data support the model that the Vetreny Belt komati- 
itic basalts were formed by mixing of a komatiite magma 
depleted in incompatible elements with upper crustal felsic 
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Table 6. Results of calculahns of erupted melt Compositi~S, liqUidUS and POkntiai manb temPerah= 

Sample sedas Chill and/or Olivine Olivine Aver% TtiqfC) Tpot (OC) 
SpillifSX-ZOO3 (miuoprobedata) (CCL-inters&) Lkqccnl~ 

Golets Hills, 12.9% MgO Foss.7 (46.8% MgO) 46.1% MgO 12.8% MgO 1370 1530 

Flow 1 Equil Liquid: 12.8% MgO F~e~3.3) 
Equil Liquid: 12.6% MgO 

Golets Hills, 
Flow 3 

13.6% MgO Fos7.5 (47.1% MgO) 47.2% MgO 13.9% MgO 1380 1540 
Equil Liquid: 13.9% MgO (Fo67.7) 

Equil Liquid: 14.3% MgO 

Lion Hills, 
Lava Lake 

14.7% MgO Foss s (46.1% MgO) 47.9% MgO 15.0% MgO 14c0 1679 
Equil Liquid: 15.2% MgO (Fnss.7) 

Equil Liquid: 14.9% MgO 

Olova Hills 15.5% MgO 

Myandukha Hills 13.8% MgO 

Vinela Dike 

OCL - olivine control line 

15.5% MgO 1410 1990 

13.8% MgO 1380 1540 

Foss.5 (48.5% MgO) 48.7% MgO 17.3% MgO 1449 Iii39 
Equil Liquid: 17.0% MgO (Foess) 

Equil Liquid: 17.8% MgO 
- 
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Fig. 8. Diagrams for some element ratios in the Vetreny Belt rocks. 
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Eu/Eu* 
Fig. 9. Diagram Eu/Eu* vs. eNd(2430) for the Vetreny Belt 

rocks with results of regression line calculations. 

0.6 

0.5093 0.5094 0.5095 0.5096 0.5097 

I~NdWNd 

rocks. The estimated degrees of contamination are consistent 
for different trace element and isotope ratios and range from 
-4% for the least affected Golets flows 2 and 3 lavas to 
lo-12% for the Kirichi and Golets flow 1 rocks. For the 
Vinela Dike, the degree of contamination varies between 8 
and 15%. As can be seen in Fig. 10, even l-2% contamina- 
tion results in a drastic change in Nb/Th and Nb/La ratios 
in a primary komatiite magma. Whereas the trace element 
and isotope signatures are strongly altered by assimilation, 
the major element compositions are not changed significantly 
(Table 7). 

The lavas are characterized by variable CaO, TiO*, Nb, 
and V, but have nearly uniform A1203, Y, and HREE abun- 
dances at a given MgO content. These relationships cannot 
be explained by contamination, as the most contaminated 
rocks show relatively elevated both Nb and La-Th-U concen- 
trations (Fig. 2). It is also very unlikely that these differences 
are ascribed to the variations in mantle source compositions, 
because the largest differences are established for the lavas 
from the same locality (i.e., Golets Hills). We interpret these 
as a result of various degrees of partial melting. Golets flows 

0.5093 0.5094 0.5095 0.5096 0.5097 

‘aNdWNd 

0.5093 0.5094 0.5095 0.5096 0.5097 

143Nd/luNd 

Fig. 10. Diagrams (Nb/Th)N, (La/Sm)N, (Nb/La)N vs. “3Nd/‘44Nd and (Nb/Th)N vs. (La/Sm)N for the Vetreny 
Belt rocks. BK-Belingwe komatiite (Chauvel et al., 1993), ACC-average Archean continental crust after Rudnick 
and Fountain ( 1995). 
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Table 7. Results of mixing cdculations for major etements 

EK 2% 4% 6% a% 10% 20% 30% 40% ACC 

so2 49.65 50.07 50.48 50.90 
TiO2 0.430 0.429 0.429 0.428 
At203 9.01 9.12 9.23 9.33 
Fe0 11.74 11.57 11.39 11.22 
w 17.59 17.26 16.93 16.60 
CaO a.79 8.67 a.55 a.43 
___._._____________________.~-----~_______-- ._________ __________~ 
CaO/Al& 0.976 0.951 0.927 0.903 
42W-G 20.95 21.23 21.51 21.80 

51.32 
0.428 
9.44 
11.05 
16.27 
a.31 

.__________~ 
0.880 
22.08 

51.74 
0.427 
9.55 
lo.88 
15.94 
a.19 

_______.__~ 
0.858 
22.36 

BK- Belingwe komatiite;ACC-Archeancontinentalcrust 

2 and 3 are enriched in CaO and TiOz relative to Golets 
flow 1 and the lava lake and probably formed by somewhat 
smaller degrees of partial melting, with slightly higher pro- 
portion of clinopyroxene remaining in the residue. 

5.3. Sm-Nd, Pb-Pb, and U-Pb Zircon Isotope Data and 
the Age of the Vetreny Belt 

The mineral Sm-Nd isochron ages of 2449 5 35 and 2410 
2 34 Ma provide reliable estimates for the time of accumula- 
tion of the Vetreny suite and for the final stages of mag- 
matism in the Vetreny Belt. The whole rock samples reveal 
a very narrow range in isotope compositions and Sm/Nd 
ratios within the single differentiated lava units implying 
that the erupted melts in each particular area were chemically 
homogeneous and have not experienced contamination after 
emplacement onto the surface. The age of the lavas is identi- 
cal to the Sm-Nd age of the Vinela intrusion (2430 i- 174 
Ma), and they have similar geochemical and isotope compo- 
sitions. These similarities imply that the Vinela intrusion 
may represent a magma chamber feeding the Vetreny Belt 
volcanic rocks. On the other hand, the studied rocks are also 
similar in age to abundant layered intrusions in the Baltic the Vetreny rocks). 

5 

53.82 55.91 57.99 
0.424 0.421 0.418 
10.09 10.63 11.17 
10.01 9.15 a.28 
14.29 12.64 10.99 
7.59 6.99 6.39 
.___.___-______________--~.---~_~ 
0.753 0.658 0.573 
23.79 25.24 26.71 
_______________________________, 

70.50 
0.400 
14.40 
3.10 
1.10 
2.80 

.___________ 
0.194 
36.00 

Shield. These intrusions are documented in the Kola Penin- 
sula, within the Belomorian Block, and in the northern and 
central parts of the Karelian granite greenstone terrane and 
are host to PGE, Cu-Ni, and Fe-Ti-V ore deposits (Tur- 
chenko, 1992). They range in age between 2470 and 2440 
Ma (Fig. 11) based on U-Pb zircon and baddeleyite data 
and Sm-Nd isotope studies of primary minerals, and have 
eNd(T) values ranging between + 1 and -3 (Huhma et al., 
1990; Balashov et al., 1993; Bogdanova and Bibikova, 1993; 
Amelin et al., 1995; Amelin and Semenov, 1996). These 
intrusions probably also have a related origin to the Vetreny 
Belt volcanic and plutonic rocks. 

The linear correlation in Fig. Sd represents a mixing line 
between two isotopically distinct endmembers: a primitive 
komatiite magma and material of the Archean continental 
crust. The calculated apparent age of 3027 2 84 Ma is 600 
Ma too old and has no geochronological significance. A 
similar isochron has been reported for the Kambalda volca- 
nic rocks (Chauvel et al., 1985). In both cases the anoma- 
lously old ages obtained are attributed to the fact that the 
lavas had variable initial ENd values at the time of eruption 
(between -2 and +4 for Kambalda and -2 and +0.6 for 

(Baltic Shield) 
?? Penikat 
?? Pansky 

5 

General’skaya 
Imandra 
Kivakka 

a 
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Tsipringa 
Lukkulaisvaara 
Burakovka 

Q Inferred source 
2200 2400 2600 

AIF 

Fig. 11. Diagram eNd(T) vs. age for the Vetreny Belt rocks and layered intrusions within the Baltic Shields 
(Huhma et al., 1990; Balashov et al., 1993; Amelin et al., 1995; Amelin and Semenov, 1996). The Nd-parameters 
for DM were adopted from DePaolo and Wasserburg ( 1979), and those of CHUR-from Jacobsen and Wasserburg 
( 1980, 1984); ACC-average composition of the Archean upper crust in the Vodla and Belomorian Blocks. 
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The Pb-Pb isochron age of 2424 ? 178 Ma agrees well 
with the Sm-Nd isotope data and is thought to correspond 
to the time of emplacement of the lavas. However, the type 
of event reflected by this isochron still requires explanation. 
Crystallization processes governing differentiation of koma- 
tiitic and basaltic magmas do not fractionate U/Pb ratios to 
any degree sufficient to obtain an isochron as is evident from 
generally unfractionated incompatible trace element ratios 
within each lava unit (Fig. 8). Dupre et al. ( 1984) attributed 
the large variations of U/Pb ratios in samples from the Alexo 
komatiite flow in Ontario to leaching of lead during second- 
ary alteration, which is possibly also the case for the Golets 
flow 1. The basaltic rather than komatiitic composition and 
the large (45 m) thickness of the flow made it probably 
more resistant to secondary processes, which in turn caused 
smaller changes in U/Pb ratios during alteration and pro- 
duced a narrower range of lead isotope ratios compared to 
the Alexo flow. 

Another question which has to be answered concerns the 
significance of the calculated bl, or the time-integrated 238U/ 
*04Pb value of the volcanic rocks. The Golets flow 1 lavas 
have high 11, of 9.3 (compared to 8.4-8.7 in uncontaminated 
Abitibi and Kostomuksha komatiites; DuprC et al., 1984; 
DuprC and Amdt, 1990; Carignan et al., 1995; Puchtel et al., 
1996a) and contain 2-5 ppm Pb, concentrations which are 
about an order of magnitude higher than those in uncontami- 
nated komatiites with similar MgO content. In addition, the 
rocks studied are characterized by strong positive Pb-anoma- 
lies (Fig. 4). Assuming that the crustal rocks contained - 17 
ppm Pb (Rudnick and Fountain, 1995)) it can be shown that 
some 90% of the Pb in Golets flow 1 were inherited from 
the contaminant, and thus the lead isotope compositions of 
these volcanic rocks are dominated by the old upper crustal 
lead. The calculated *32Th/238U ratio of 4.9 -f 0.3 is close to 
those of 4.7 ? 0.1 determined in the lavas directly by ICP- 
MS (Table 2). It is substantially higher than the 4.0 value 
inferred for the bulk Earth (Hofmann, 1988) and probably 
reflects the high Th/U ratio of -8 in the continental crust 
( Rudnick and Fountain, 1995 ) 

As far as the lowermost Kirichi suite has a U-Pb zircon 
age of 2437 2 3 Ma, and the uppermost Vetreny suite has 
the mean Sm-Nd and Pb-Pb isochron age of 2430 Ma, we 
conclude that the eruption rates were high, and the formation 
of the whole 4-8 km thick sequence was completed within 
several million years at the Archean-Proterozoic boundary. 
This high accumulation rate provides additional evidence for 
the proposed plume model of the formation of the Vetreny 
Belt, similar to the rapid eruption of plume-initiated conti- 
nental flood basalts (e.g., Renne and Basu, 1991). 

In summary, the Pb and to a lesser extent the neodymium 
isotope systems were affected by crustal contamination and 
do not provide direct information on the composition of the 
mantle source for the Vetreny Belt lavas. However, the above 
discussion and the modeling strongly suggest that the paren- 
tal magmas to the volcanic rocks were derived from a mantle 
source with long-term depleted isotope and trace element 
signatures. Therefore, the Vetreny Belt lavas and contempo- 
raneous mafic-ultramafic layered intrusions represent a sub- 
stantial contribution of Paleoproterozoic juvenile mantle ma- 
terial to the existing Archean continental crust in the Baltic 
Shield. 

5.4. Probable Tectonic Setting of the Vetreny Belt and 
the Significance of the 2.45 Ga Magmatic Event 

2.4-2.5 Ga mafic volcanic and intrusive rocks of the Bal- 
tic Shield are part of the worldwide igneous activity indicated 
by layered intrusions and mafic dike swarms of similar age 
in other ancient cratons, i.e., the Jimberlana intrusion in 
Australia, the Great Dike in Zimbabwe, the Scourie pi&e 
suite in Scotland, East Bull Lake intrusion in Ontario, and 
the Vestfold Hills and Napier Complex dike swarms in Ant- 
arctica (Alapieti et al., 1990). Within the Baltic Shield, 
about forty major and a great number of minor mafic-ul- 
tramafic intrusions are documented (Balashov et al., 1993). 
These intrusions constitute two extensive belts. The northern 
belt is located in the Kola region where it forms a chain of 
individual massifs along the contact between the late Ar- 
chean gneisses and the early Proterozoic sequence of volca- 
nic and sedimentary rocks of the Polmak-Pechenga-Imandra- 
Varzuga belt. The southern belt of intrusions is located in 
Finland and central and northern Karelia. 

Though the Baltic Shield intrusions are more or less well- 
studied geologically, the composition of their parental mag- 
mas is still the subject of debate. For some intrusions, a 
boninitic parental magma has tentatively been proposed (see 
discussion in Alapieti et al., 1990). We consider this mis- 
leading because boninites are rare high-MgO and compati- 
ble- and moderately-incompatible (e.g., HREE) element en- 
riched basalts, which are normally regarded as being diag- 
nostic of particular conditions in oceanic arc settings 
(Mutton, 1989; Taylor et al., 1994). 

We argue that the Vetreny Belt lavas and the contempora- 
neous layered intrusions in central and northern Karelia had 
a similar parental magma. This magma is inferred to have 
had a komatiitic composition and was generated in a mantle 
plume. Impinging of a plume head beneath the continental 
lithosphere resulted in its elevation and placed it under ten- 
sion. The significance of the tension was that it led to the 
lithosphere thinning, stretching, and rifting (Hill, 199 1 ), but 
did not go as far as to cause the continental breakup and 
opening of a new ocean. We argue that these komatiite mag- 
mas have been emplaced in continental rift setting because 
the accompanying sediments are largely tenigenous and 
most volcanic rocks appear to occur in graben-like structures. 
The lack of vast volumes of felsic intrusive magmatism be- 
tween 2.4-2.5 Ga in the Baltic Shield also implies that no 
large-scale crustal growth by accretion in an arc system oc- 
curred. 

6. CONCLUSIONS 

The Vetreny Belt lavas and the Vinela Dike had a related 
origin and constitute a single volcano-plutonic association. 
The MgO contents of the erupted and intruded magmas sug- 
gest that the liquidus temperatures increased from 1370 to 
1440°C towards the center of the Vetreny Belt. The source 
of the magmas had a potential temperature at least 150°C 
higher than the ambient mantle. This consideration together 
with a steep thermal gradient beneath the Vetreny Belt are 
evidence for the existence of a mantle plume underlying the 
southeastern Baltic Shield at -2.45 Ga. 

The parental magmas to the lavas and the Vinela Dike 
had a komatiite composition and were derived from a long- 
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term LREE and other highly incompatible trace element de- 
pleted mantle source with eNd( T) of ca. +2.6. The evolution 
of these magmas was mainly controlled by 4- 15% contami- 
nation with felsic crustal rocks both en route to the surface 
and in intermediate magma chambers, which resulted in sub- 
stantial changes in trace element and isotope ratios. 

The Sm-Nd internal isochron ages of 2.41-2.44 Ga, a 
bulk-rock Pb-Pb age of 2.42 Ga, and a U-Pb zircon age of 
2437 ? 3 Ma for the lavas and the Vinela Dike are identical 
to the published U-Pb zircon and baddeleyite ages of 2.44- 
2.47 Ga for layered mafic-ultramafic intrusions in the south- 
eastern Baltic Shield. Based on the chemical and isotope 
similarities between the lavas and the intrusions, we con- 
clude that they had allied parental magmas. 

The vast volumes of these parental komatiite magmas 
were emplaced in continental rift setting during interaction 
of a mantle plume and continental crust. Impinging of a 
plume head beneath the continental lithosphere resulted in 
its thinning, stretching, and rifting but failed to open a new 
ocean. The 2.45 Ga magmatic event resulted in a substantial 
addition of new juvenile mantle material to the existing Ar- 
chean continent in the Baltic Shield. 
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