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Abstract The Onega plateau constitutes part of a vast
continental flood basalt province in the SE Baltic Shield.
It consists of Jatulian-Ludikovian submarine volcanic,
volcaniclastic and sedimentary sequences attaining in
places 4.5 km in thickness. The parental magmas of the
lavas contained ~10% MgO and were derived from
melts generated in the garnet stability field at depths 80—
100 km. The Sm-Nd mineral and Pb-Pb whole-rock
isochron ages of 1975 £ 24 and 1980 + 57 Ma for the
upper part of the plateau and a SHRIMP U-Pb zircon
age of 1976 £ 9 Ma for its lower part imply the for-
mation of the entire sequence within a short time span.
These ages coincide with those of picrites in the
Pechenga-Imandra belt (the Kola Peninsula) and
komatiites and basalts in the Karasjok-Kittild belt
(Norway and Finnmark). Together with lithostrati-
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graphic, chemical and isotope evidence, these ages sug-
gest the derivation of the three provinces from a single
large (~2000 km in diameter) mantle plume. These
plume-generated magmas covered ~600,000 km? of the
Baltic Shield and represent a major contribution of ju-
venile material to the existing continental crust at 2.0 Ga.
The uppermost Onega plateau lavas have high (Nb/
Th)y = 1.4-2.4, (Nb/La)y = 1.1-1.3, positive eNd(T) of
+3.2 and unradiogenic Pb-isotope composition (p; =
8.57), comparable with those of modern oceanic plume-
derived magmas (oceanic flood basalt and ocean island
basalt). These parameters are regarded as source char-
acteristics. The lower sequences have (Nb/Th)y = 0.58—
1.2, (Nb/La)y = 0.52-0.88 and eNd(T) = —2.6. They
have experienced mixing with 10-30% of continental
crust and resemble contaminated lavas from other con-
tinental flood basalt provinces. The estimated Nb/U
ratios of 53 + 4 in the uncontaminated rocks are similar
to those found in the modern mantle (~47) suggesting
that by 2.0 Ga a volume of continental crust similar to
the present-day value already existed.

Introduction

Two major processes are responsible for the addition of
new juvenile material to the continental crust. First, it
forms continuously at island arcs through the subduction
of oceanic plates into the mantle (Taylor and McLennan
1985). The second process involves periodic delivery of
new material by mantle plumes. These generate large
amounts of basaltic and komatiitic melts, which erupt
very rapidly and create vast volcanic plateaux in the
oceans and on the continents. Oceanic plateaux are
accreted laterally to the continents by the processes
of plate tectonics, thus becoming new fragments of
continental crust (Ben-Avraham et al. 1981). Mantle
plumes rising beneath the continents create continen-
tal flood basalt provinces and thus contribute to the ver-
tical growth of continental crust (McKenzie and Bickle
1988).



Sometimes outpourings of lava onto the continental
crust are volumetrically in excess of any contemporary
volcanic processes. For instance, the abundances of
magmatic products of the Permo-Triassic Siberian Traps,
the largest Phanaerozoic flood basalt province, exceeded
1.5 x 10° km®. These lavas were erupted over a period of
~600,000 years and now cover an area of ~3.4 x 10° km?
(Czamanske et al. 1992; Renne and Basu 1991).

Most known continental flood basalt provinces range
in age between 15-250 Ma. However, they have several
Proterozoic equivalents such as the 1.1 Ga Keweenawan
basalts of the Lake Superior district (Lightfoot et al.
1991), and the 1.3 Ga Coppermine River basalts in
Northwest Territories (Dupuy et al. 1992; Griselin et al.
1997). Rarer Archaean examples include the 2.7 Ga
Fortescue basalts in Australia and Ventersdorp volca-
nics of South Africa (Nelson et al. 1992). Here we report
data for 2.0 Ga basalts and related rocks of the Onega
plateau in the SE Baltic Shield, which represent a new
temporal group in the history of continental flood vol-
canism. The main objectives of the study include: (1)
detailed field studies of the lavas in order to deduce the
emplacement environment; (2) geochemical and isotope-
geochronological studies of whole-rock samples and
mineral separates from volcanic and plutonic rocks in
order to deduce the timing of their formation, the pet-
rogenetic mechanisms responsible for the generation and
evolution of the parental magmas and to correlate these
rocks with the other Jatulian-Ludikovian sequences all
over the Baltic Shield; (3) evaluation of contributions
from different sources to the petrogenesis of the rocks;
(4) place some constraints on the timing of continental
crust formation in the region.

Regional geology

The Baltic Shield exhibits a large number of temporal groups of
mafic rocks related to different tectonic settings and has long been
regarded as a type region for Palacoproterozoic plate tectonics
(Gaal and Gorbatschev 1987). The shield is divided into three main
domains, the Caledonian, Svecofennian, and Archaean Domain.
The latter includes the Karelian, Belomorian and Kola Peninsula
Provinces (Gorbatschev and Bogdanova 1993). The Karelian
Province is a typical Archaean gneiss-greenstone terrain. It occu-
pies a total area of ~350,000 km? in the SE Baltic Shield (Fig. 1)
and is covered by Palaecoproterozoic epicontinental basins and
volcano-sedimentary belts. The Palacoproterozoic rocks are
generally divided into several informal stratigraphic units: the
Sumian-Sariolian, Jatulian, and Kalevian (Laajoki 1986; Gaal and
Gorbatschev 1987). In Russian Karelia, the Jatulian is overlain by
the Ludikovian and Vepsian rocks (Sokolov 1987).

The Jatulian and Ludikovian rocks show a wide areal distribu-
tion all over the Baltic Shield (black areas within the inset map in
Fig. 1). They form a number of epicontinental basins representing
spatially separated relicts of a once continuous cover deposited over
the Sumian-Sariolian rocks and the Archaean basement. Among the
others these relicts include the Karasjok-Kittild volcanic belt and its
satellites with abundant ultramafic lavas and volcaniclastic lithol-
ogies (Often 1985; Saverikko 1985; Barnes and Often 1990), basaltic
lavas and tuffs, shallow marine quartzitic sandstones, arkoses and
stromatolitic dolomites in Norway and northern Finland (Pharaoh
and Pearce 1984; Pharaoh et al. 1987) and the Pechenga-Imandra
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belt in the Kola Peninsula containing picrites and basalts (Hanski
and Smolkin 1989; Hanski 1992). In the Karelian Province, the
Jatulian-Ludikovian sequences include marine associations of do-
lomites, black shales, sandstones, volcanic ash and basaltic lavas of
the Onega plateau and several smaller basins extending to the NW.
These sequences attain thicknesses of 4500 m and cover a total area
of >350,000 km? at the present erosion level (Svetov 1979; Sokolov
1987). Uneroded sequences were probably thicker and areally more
extensive. The presence of huge amounts of lava erupted led several
workers (e.g. Eskola 1963; Pharaoh and Pearce 1984) to propose the
existence of the so-called ““Jatulian continent”, which was postu-
lated by these authors to occupy at that time the Karelian, Bel-
omorian and Kola Provinces altogether.

The available geochronological data for the Jatulian of the
Baltic Shield are rather controversial. There are quite a few dates for
2.2 Ga mafic layered sills cutting Jatulian quartzites all over the
Karelian province, i.e. in northern Karelia, Kainuu, Kuusamo,
Peridpohja and central Lapland (e.g. Huhma et al. 1990; Nykénen
et al. 1994; Vuollo and Piirainen 1992). This means that a rather
large part of the Jatulian metasediments and some of the mafic lavas
are older than 2.2 Ga. Younger (~2.1 Ga) dike generations have
also been recognised (Vuollo et al. 1992), and these can also be used
to constrain the age of supracrustal rocks. However, direct datings
of Jatulian volcanic rocks are so far too limited. Huhma et al. (1990)
reported a Sm-Nd isochron age of 2090 + 70 Ma for basaltic
metavolcanics from the Perdpohja area. A felsic lava has been dated
in the Kuopio area, yielding a precise U-Pb zircon age of 2062 + 2
Ma. In addition, a basic feeding dike was dated at 2115 £ 6 Ma in
the Kiihtelysvaara area, Finnish northern Karelia (Pekkarinen and
Lukkarinen 1991). The Pechenga-Imandra-Varzuga belt in the Kola
Peninsula is thought to have formed over a large time interval
between 2300-1980 Ma (Balashov et al. 1993; Smolkin 1997). On
the other hand, reliable isotope data are available only for the upper
part of the belt within the Pechenga synform (1977 + 52 Ma, Sm-
Nd mineral isochron, 1988 + 39 Ma, Pb-Pb whole-rock isochron,
and 1970 + 5 Ma, U-Pb single-fraction zircon data (Hanski et al.
1990; Hanski 1992). It is very probable that at least the upper
3000 m thick mafic-ultramafic part of the sequence (the Pilgujérvi
Formation) accumulated within a relatively short period of time at
~1.98 Ga. In the Kittild greenstone belt, clinopyroxene separates
and whole-rock samples from mafic lavas define a Sm-Nd isochron
with an age of 1990 + 35 Ma and an initial ¢Nd value of
+3.7 £0.2 (Hanski et al. 1997). Krill et al. (1985) published a Sm-
Nd isochron age of 2085 +85 Ma for a komatiite rock suite from
the Karasjok greenstone belt, which adjoins the Kittild greenstone
belt in the north. This suite contains both LREE (light rare earth
element) depleted and LREE-enriched lavas, and the meaning of
this age is somewhat problematic because of the combination of
rocks having probably different initial Nd-isotope composition. It is
very likely that these komatiites erupted simultaneously with the
emplacement of the mafic lavas within the Kittild belt.

Onega plateau

The Onega plateau proper represents the largest intracratonic basin
within the Karelian Province and occupies a total area of
~35,000 km? (Fig. 1). The Jatulian and Ludikovian volcanic rocks
within the Onega plateau, which are the subject of this study, were
considered by previous workers as representing continental flood
basalts, on the basis of their extensive areal distribution and large
thicknesses (Svetov 1979; Sokolov 1987). In the southern and
northern outskirts of the village of Hirvas, some 90 km to the NW
of Petrozavodsk (Fig. 1), the base of the Jatulian sequences is
represented by a single 27 m thick lava sheet. It is overlain by a
layer of rhythmically bedded pebbly quartz conglomerates, grav-
ellites and shallow-water sandstones some 10 m thick. This grades
upwards into a sequence of mafic tuffs and pillow and massive lava
flows with well preserved pahoehoe structures, which are indicative
of subaerial emplacement. The lava pile is intruded by abundant
mafic sills (e.g. the Koikarsky sill). The total thickness of the
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Jatulian sequences in the area attains ~700 m. For SHRIMP U-Pb
zircon studies, sample #9118 was collected from a coarse-grained
leucocratic lens at the top of the single lowermost sheet. It consists
of an upper part with unevenly distributed amygdaloidal layers and
a massive lower part.

The Ludikovian rocks, which were separated from the Jatulian
by Sokolov (1987), constitute the lower Zaonega suite and the
upper Suisaarian suite. The Zaonega suite has a thickness of up to
1800 m and is composed of submarine volcanic, volcaniclastic and
sedimentary sequences including clay-carbonate rocks, dolomites,
shungite-bearing basalt tuffs and tuffites, massive, pillow and va-
riolitic basalts. The Suisaarian suite is up to 700 m thick and is
made up of volcanic rocks accumulated at shallow-water depths
(basalt tuffs and tuff-conglomerates, hyaloclastites, pillow and va-
riolitic basalts). The rocks were metamorphosed under the preh-
nite-pumpellyite to greenschist facies conditions. The two suites
were sampled within three reference areas: (1) Angozero; (2) So-
lomennoe; (3) Suisaari Island (Figs. 1-3).

The Angozero area

This area is located ~40 km NW of Petrozavodsk and is composed
of the Zaonega and Suisaarian suite rocks. The former are repre-
sented by Cpx (clinopyroxene)-Pl (plagioclase)-phyric basalts and
tuffs. These are intruded by the Konchozero peridotite sill. The
Suisaarian suite is divided into four volcanic units; each of them

shows regular facies changes outwards from volcanic centres. The
lowermost unit comprises tuffites and tuffs intercalated with Cpx-
Ol (olivine)-porphyritic basalt lava flows. The second unit consists
of Pl-phyric basaltic lavas and tuffs. In the third unit, Cpx-Ol-
porphyritic basalts are predominant, while Cpx-Pl-phyric basalts
are the main constituent of the uppermost unit. The Cpx-Ol-
porphyritic basalts from the lower unit were found to contain
wallrock xenoliths, mainly metamorphosed schists. The total
thickness of the suite in the area exceeds 420 m. Our studies include
the Cpx-Ol-porphyritic basalts of the first (sample 89103) and the
third (samples 89104, 89105, 105/1) units and the Konchozero sill,
which ranges in thickness from several tens of metres in the flanks
up to 200 m in the centre (Figs. 2 and 3). Samples from the sill
represent a section from the lower (samples 9111 and 9112) and
middle peridotites (sample 9112/3) to the gabbro from the upper
chill (samples 9112/1 and 9112/2). Detailed petrographic and
mineralogical information for the sill and the lavas can be found in
Puchtel et al. (1995).

The Solomennoe area

This is located in the northern part of the Petrozavodsk Bay of
Lake Onega (Fig. 1). The volcanic sequence is composed entirely of
the Zaonega suite rocks and is divided into five lava units. The
lowermost unit is ~50 m thick. It comprises four to five basalt lava
flows interbedded with shungite-bearing metasediments. The
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and lava breccias. The total documented thickness of the sequence

in the area above the Onega Lake level is ~400 m.
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rocks, but the former are predominant. They are represented by
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second unit is up to 30 m thick and consists of two to three lava

flows including P1

-phyric basaltic andesite. Upper parts of the lava

flows are pillowed; single pillows attain 2 m in diameter and con-

tain small rounded quartz amygdules at the top and elongated
pencil-like ones at the bottom oriented subperpendicular to the

flow boundaries. Some pillows include central drainage tubes filled
with quartz and/or calcite. One sample was collected from the

plagioclase-phyric lavas (94182) and the other two from the pillow-

textured amygdaloidal lavas (9177 and 9178). The third unit is ~40  This is composed of the Zaonega and Suisaarian suite volcanic

m thick and consists of interlayered horizons of agglomerate tuffs
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Fig. 3 Stratigraphic profiles through the three study areas

intercalated massive, pillow and amygdaloidal basalt lavas, hya-
loclastites and tuffs. The SE part of the island is made up essentially
of Pl-phyric basalts, which can be correlated with those in the
Solomennoe area. Two samples (91132 and 91134) were collected
from these basalts. The Suisaarian suite is restricted to the northern
part of the island. The base is composed of tuffite, which gives way
to Ol-Cpx-porphyritic basalt lavas and tuffs up to 200 m thick.
These rocks can be correlated with Ol-Cpx porphyritic basalts from
the Angozero area. The total thickness of the volcanic pile is
around 1000 m.

Analytical techniques

Major element abundances were determined by X-ray fluorescence
on fused glass discs using a Philips PW-1404 spectrometer at the
University of Mainz. The trace elements Cr, V, Co, and Ni were
analysed on pressed powder pellets on the same XRF machine. The
REE and the rest of the trace elements were determined on an
upgraded PlasmaQuad PQI ICP-MS (inductively coupled plasma-
mass-spectrometer) at the University of Kiel following the method
outlined by Garbe-Schénberg (1993). The REE concentrations in
the clinopyroxene separates and in the Angozero rocks were de-
termined at the Institute of Ore Deposit Geology (IGEM) in
Moscow by ID-TIMS (thermal ionisation mass spectrometry) using
the method described by Zhuravlev et al. (1989). Accuracies are
estimated as follows: major elements — 1%; trace elements — 5% for
the XRF and the ICP-MS analyses. For the ID-TIMS measure-
ments of REE, the accuracy was 2% or better.

The Sm-Nd-isotope investigations were carried out at the Max-
Planck-Institut (MPI) fiir Chemie in Mainz. Both Nd and Sm were
run on a MAT-261 Finnigan mass-spectrometer under static mode.
The effects of fractionation during Nd runs were eliminated by
normalizing to 'Nd/"Nd = 0.7219. The "*Nd/'*Nd isotope
ratio measurements of the La Jolla standard during the period of
data collection yielded a value of 0.511854 £ 18 (20,0p.; n = 30).
The reported analytical uncertainties used in the regression cal-
culations were 0.2% for '¥’Sm/'**Nd and for '*Nd/'*Nd, the
20p0p. Value for the La Jolla standard corresponding to its external
reproducibility.

The Pb-isotope data were obtained at the MPI fiir Chemie using
a MAT-261 Finnigan mass-spectrometer and following the method
described by Dupré and Arndt (1990). The total blank was ~100 pg
and is negligible compared with the Pb concentrations in the rocks
(0.8-2 ppm). Error input was determined by mass fractionation of
0.04% per atomic mass unit. To calculate the age, 207pb/2**Pb and
206pp 2%ph data were regressed using the York (1969) procedure,
the ISOPLOT program (Ludwig 1992) and assuming an error
correlation coefficient of 0.9. All errors on age and initial isotopic
ratios are quoted at 2c.

Single zircon grains from the picrobasalt sample 89103 were
analysed at the MPI fiir Chemie, using the evaporation method of
Kober (1986). Laboratory procedures as well as comparisons with
conventional and ion-microprobe zircon dating are published
elsewhere (Kroner and Todt 1988). Several single zircon grains
from the Jatulian basalt sample #9118 were analysed by SHRIMP
(sensitive high resolution ion microprobe) at the Curtin University
in Perth applying the analytical procedures similar to those de-
scribed by Compston et al. (1984). The Sri Lankan gem zircon
CZ-3 used as a standard has been described by Pidgeon et al.
(1994). The age of this zircon, determined by conventional analysis,
is 564 Ma and the concentration of U is 530-560 ppm.

Results
Clinopyroxene compositions

The REE data for clinopyroxenes from the peridotites
and the basalt sample 89104 are listed in Table 1 and
plotted on Fig. 4. The pyroxenes have similar REE
patterns and nearly identical total levels of rare earth
element abundances.

Rock compositions and element mobility

As with all metamorphosed rocks, the geochemical data
must be treated with caution because of the potential
problem of element mobility. In general, establishing the
behaviour of elements and their mobility during sec-
ondary alteration processes is more straightforward in
komatiites than in basalts because of a greater number
of possible liquidus minerals in basaltic liquids and the
substantial influence of P-T conditions upon the com-
position of a fractionating mineral assemblage. In the

Table 1 Rare earth element data for clinopyroxene. The con-
centrations were determined at IGEM in Moscow by ID-TIMS
using the method described by Zhuravlev et al. (1989)

Sample 9112 9112/3 89104 Average
La 1.13 1.40 1.19 1.24
Ce 4.26 4.76 4.45 4.49
Nd 5.33 5.57 5.40 5.43
Sm 1.99 2.06 1.93 1.99
Eu 0.633 0.693 0.621 0.65
Gd 242 2.50 2.32 2.41
Dy 2.28 2.37 2.25 2.30
Er 1.15 1.20 1.14 1.16
Yb 0.863 0.909 0.887 0.89
(La/Sm)n 0.358 0.428 0.388 0.392
(Gd/Yb)n 2.27 2.23 2.12 2.20
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present case, however, we were able to solve this prob-
lem owing to the relatively low degrees of secondary
alteration of the rocks studied, which resulted in either
complete preservation of a primary liquidus phase
(clinopyroxene) or its pseudomorphic replacement (oli-
vine), thereby allowing the reconstruction of the mag-
matic mineral association. From the available data we
conclude that the major and trace elements define trends
consistent with the primary mineralogy, except for the
alkalis, Rb, Sr, and Ba. The CaO and SiO, may also be
disturbed due to calcite and quartz formation during
alteration, and this mobility could be responsible for the
scatter of CaO in the Angozero lava samples.

The Angozero lavas have elevated MgO concentra-
tions (14-21%); Mg-numbers [mg# = Mg/(Mg + Fe)]
range between 0.65-0.75. Using the TAS diagram (Le
Bas and Streckeisen 1991) they can be classified as ba-
salts on the basis of the SiO, contents. The Zaonega
suite lavas from the Solomennoe and Suisaari areas have
MgO contents lower than ~7% (mg# = 0.39-0.53) and
correspond to basalt, basaltic andesite and dacite. These
samples show a positive slope in the diagrams CaO, Sc,
and TiO, versus MgO, which can be accounted for by
clinopyroxene removal.

Chemical compositions of the rocks are listed in
Table 2 and plotted on Figs. 5 and 6. The analytical data
for the Angozero lavas and the Konchozero sill rocks
form two separate linear trends that coincide only for
Al,O3 and Pb; for most other components, the trends
are distinct (Fig. 5). In the Angozero lavas, the data
define a trend with a positive slope in the diagram MgO
versus CaO. The observed change in Ca/Al ratios is only
partly consistent with clinopyroxene fractionation; the
low CaO in the lavas compared with common basaltic
rocks can be explained by some loss of CaO during
secondary alteration. For the other components but Sc,
the basalts display relatively steep trends which intersect
the MgO axis between 25 and 30%. Although these
trends could be interpreted as the results of fractionation
or accumulation of olivine plus clinopyroxene, the large
variation in the intercepts and the changes in trace ele-
ment ratios (see below) suggest that the process was

more complicated. It seems likely that the compositions
of these rocks were also affected by variations in con-
ditions of mantle melting and perhaps mantle source
compositions.

For the Konchozero sill there are generally two
groups of samples that define two-point trends. Al-
though it is difficult to reach firm conclusions with such
a limited data set, we can use these trends to infer the
types and compositions of minerals that crystallised. It is
significant that the intercepts on the MgO axis for ele-
ments excluded from clinopyroxene (e.g. Al, Ti, Nb, Th,
Pb) are close to 40% MgO, whereas CaO and Sc give
much higher intercepts. We calculate that the frac-
tionating assemblage consists of olivine and clinopy-
roxene in the proportions 80:20. On the basis of these
considerations we try to infer the composition of frac-
tionating olivine and the composition of the parental
magma to the Konchozero sill. For our calculations we
use only the elements that are incompatible in clinopy-
roxene. To the extent to which these calculations give
consistent results, it can be inferred that the crystallizing
olivine had 43-44% MgO. This corresponds to a com-
position Fog, 3. If a partition coefficient D°1 (Mg-Fe)
of 0.31 is adopted (Beattie et al. 1991) and it is assumed
that Fe’* was less than 10% of the total iron in the
magma, then the liquid phase of the sill can be shown to
contain between 8 and 10% MgO. The upper chilled
margin of the sill contains 9% MgO and can be regarded
as having the composition close to that of the liquid
from which the sill had crystallised. These estimates are
much lower than the amount of MgO in the upper chill
of basalt flows and therefore it must be assumed that
these magmas contained excess olivine + clinopyroxene,
as is consistent with their petrography.

In order to test this hypothesis, we calculate the
composition of the melt using the REE contents in the
cumulate clinopyroxenes and the published partition
coefficients between tholeiitic melt and clinopyroxene
(Green 1994). The calculated liquid composition is
similar to the composition of the sample 9112/2 from the
upper chilled margin of the sill (Fig. 4). Thus on the
basis of the two independent lines of evidence, we
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selected major and trace ele-
ments. Data for the Pechenga
belt are from Hanski (1992) and
Hanski and Smolkin (1995) and
those for the Karasjok belt
from Barnes and Often (1990)
and Kirill et al. (1985). The
olivine control lines are drawn
for the Konchozero sill only
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suggest that the liquid parental to the Konchozero sill
contained 8-10% MgO and had a composition similar
to that of the chilled sample 9112/2. Although there is no
guarantee that this magma was related genetically to the
volcanic rocks, for our purposes we will assume that this
liquid was also parental to the whole volcano-plutonic
association.

The Suisaarian volcanic and hypabyssal rocks from
the Angozero area have substantially lower Th and Pb
concentrations compared with those found in the Zao-
nega suite rocks (Fig. 5). In this respect the former are
closer to the Karasjok komatiites, while the latter re-
semble the Pechenga and Hirvas lavas. The significance
of these differences is discussed below.

Shown in Fig. 6 are primitive mantle-normalised
(Hofmann 1988) abundances of major and trace ele-
ments. These patterns reveal clear differences between
the rocks from the two suites. The Angozero rocks are
characterized by moderately fractionated profiles [(La/
Yb)n = 4.0-4.7], nearly chondritic Ti/Zr ratios of 90—
100, moderate enrichment in LREE [(La/Sm)n = 1.5-

40 50

1.7] and relative depletion in Al, Y, Sc and HREE [(Gd/
Yb)n = 2.0-2.3]. They show pronounced maxima at Nb
and Ta [(Nb/La)y = 1.1-1.3; (Nb/Th)y = 1.4-2.4]. The
rocks are characterized by negative Pb-anomalies [(Ce/
Pb)n = 1.4-2.2]. These patterns are similar to those
found in oceanic flood basalts (OFB) and ocean island
basalts (OIB) (Fig. 6). Samples from the Zaonega suite
display much greater enrichment in the more-incom-
patible elements [(La/Yb)y = 7.0-8.8; (La/Sm)y = 2.2—
3.0], but show the same degrees of depletion in Al, Y, Sc
and HREE [(Gd/YDb)n = 2.0-2.2]. They are enriched in
Zr (Ti/Zr = 60-80), Th and U, show negative Nb and
Ta anomalies [(Nb/La)y = 0.52-0.88; (Nb/Th)y =
0.58-1.2], the patterns resembling those found in the
continental crust (Fig. 6).

Isotope-geochronological data

The Sm-Nd isotope data are presented in Table 3 and
plotted on Fig. 7. The data for the bulk samples of the
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Fig. 6 Abundances of selected major and trace elements normalised
to primitive mantle values of Hofmann (1988). [ACC Archaean
continental crust (Rudnick and Fountain 1995), CLM continental
lithospheric mantle (McDonough 1990), OIB average ocean island
basalt (Sun and McDonough 1989), OJ average composition of basalt
from the Ontong Java plateau (compiled using the data of Mahoney
et al., 1993, and Neal et al., in press)]

Konchozero sill peridotites and gabbros together with
the clinopyroxene separates define an isochron with a
slope corresponding to an age of 1975 + 24 Ma and
eNd(T) of +3.2 £ 0.1. All whole-rock samples from
both suites define a linear array [MSWD (mean square
weighted deviates) = 10] with a steeper slope corre-
sponding to an age of 3420 Ma, some 1.5 Ga older than
the isochron age. Again, there is a distinct correlation
between the stratigraphy and isotope compositions. The
samples mostly form two data clusters, one from the
Solomennoe and Suisaari Island area with low Sm/Nd
ratios and eNd(T) values ranging between 0.60 and —2.9,
and the other from the Angozero area with higher Sm/
Nd and initial eNd values of +2.0 to +3.3.

Lead isotopes were measured on leached samples
because of the possibility of uranium mobility during
interaction with sea water. Only the Angozero rocks
were studied. The Pb-isotope data are reported in
Table 4 and plotted on Fig. 8. Residues from the basalt
samples, Konchozero sill rocks and mineral separates
define an isochron with an a%e of 1980 £+ 57 Ma. The
iy, or time-integrated **U/*™Pb of the source of the
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rocks is 8.57 £ 0.03. This value is close to the p; of 8.62
obtained by Hanski (1992) for the Pechenga picrites.

In the 2%°Pb/***Pb versus 2°°Pb/***Pb plot, the data
also define a linear trend with a somewhat larger scatter
(MSWD = 30). These data allow us to estimate the
232Th/*%U ratio in the volcanic rocks. The estimated
Th/U ratio is 3.4 £ 0.3, in good agreement with the
average Th/U ratio of 3.5 £ 0.4 calculated for these
rocks from the trace element data.

Several zircons were separated from the picrobasalt
sample 89103 (Angozero) for single grain evaporation.
They are slightly elongated brownish crystals containing
zoned subhedral cores. Most of them were too small to
yield persistent and strong ion beams in the mass spec-
trometer. One grain, some 120 um long and oval
shaped, yielded a *°’Pb/?°°Pb age of 2693 + 3 Ma. The
shape and structure of the crystal indicate that it crys-
tallised from a felsic, not mafic magma. Taking into
account that this zircon is some 700 Ma older than the
host rock, we conclude that it represents a xenocrystic
grain assimilated together with the wallrocks during the
magma ascent.

Zircons separated from the Jatulian sample #9118 for
SHRIMP studies show simple habit determined by (100)
prism and (101) pyramid faces. They are inhomoge-
neously coloured from light to dark brown, large irreg-
ular embayed grains morphologically resembling zircons
that crystallise in mafic intrusive rocks (Poldervaart
1956). About thirty grains were mounted in epoxy resin,
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Table 3 Nd-isotope data (WR

whole rock, Cpx clinopyrox- Sample Sm, ppm Nd, ppm Sm/'"Nd  "UNd/'""Nd  eNd (1975)

ene). All Nd-isotope ratios were Konchozero sill

bias-cortected to the La Jolla g7 yyg 1.661 6.446 0.15573 0.512272 + 13 3.6

I45Nd/#Nd = 0511860, The 9111 Cpx 1.809 4.886 0.22387 0.513151 + 14

initial eNd values were caleu- 9112 WR 1.657 6.411 0.15626 0.512271 + 10 3.11

lated using the present-day 9112 Cpx 2.017 5.418 0.22507 0.513159 + 18

parameters of the chondrite 9112/3 WR 1.700 6.604 0.15562 0.512255 + 13 2.96

uniform reservoir (CHUR) 9112/3 Cpx 2.015 5.451 0.22344 0.513149 + 12

adopted from Jacobsen and 01155 T 1) 007 021200 0t Lo

p px . . . . +

Fjﬁ;iiffgfg (1I980)tobethe o) ST WR 4356 17.07 0.15427 0.512247 + 7 3.14

147Sm/144Nd = 01967, Angozero

4INd/Nd = 0.512638 89103 2.670 10.05 0.16052 0.512269 + 6  1.98
89104 3.687 14.05 0.15870 0512295 + 7 2.96
89105 4.862 18.81 0.15629 0512255 + 5 2.79
89105/1 4.868 18.48 0.15928 0512267 + 5 2.26
Solomennoe
94180 4.629 19.99 0.14002 0511932 = 4 0.60
9177 3.854 17.67 0.13183 0.511645 + 4 —-2.94
9178 4.347 20.62 0.12744 0511592 = 6 —2.86
94182 4.751 21.99 0.13057 0.511630 + 4 -2.92
Suisaari Island
91132 4.724 22.00 0.12980 0.511653 = 6 —2.27
91134 4.614 21.69 0.12858 0.511655 = 5 —1.92

polished until they were sectioned approximately in half
and analysed using SHRIMP. However, only five grains
contained relatively clear transparent areas, which gave

143Nd/'44Nd
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concordant U-Pb results. These results are presented in
Table 5 and plotted on Fig. 9. Analyses of dark opaque
zircon show various degrees of discordance. Five con-
cordant points give the average of 1976 + 9 Ma.

Discussion
Mantle melting and differentiation

The geochemical features of the basalts and the Kon-
chozero sill provide some constraints on the composi-
tion and conditions of generation of their parental
magmas. The chemical similarities between the Ango-
zero lavas and the gabbro-peridotites are particularly

Table 4 Pb-isotope data (P/ plagioclase). The analyses were cor-
rected for isotopic fractionation determined by analysis of the
standard SRM-982 to be 1.00135 + 0.00036 (20) per atomic mass
unit. The p; value was calculated using a single-stage model, as-
suming 4.50 Ga as the age of the Earth and Canyon Diablo values
(Tatsumoto et al. 1973) for the starting isotopic composition

Sample 206py, 204pp,  207pp, 204py,  208pp, 204pyy
89104 17.222 15.360 36.814 8.55
89105 21.568 15.890 41.171 8.56
89105/1 21.312 15.854 40.607 8.55
9111 18.414 15.516 38.504 8.58
9112 18.422 15.494 38.466 8.53
9112/1 18.378 15.522 38.091 8.60
9112/2 18.899 15.586 38.347 8.60
9112/3 22.342 15.997 42.551 8.58
9111 Cpx 19.310 15.640 38.797 8.61
9112 Cpx 17.151 15.346 37.353 8.54
9112/3 Cpx  17.173 15.358 37.275 8.56
9112/2 P1 14.389 15.031 34.357 8.59
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evident in Figs. 5 and 6 and justify their classification as
a single volcano-plutonic association. As shown above,
the parental magma of the Onega lavas and the sill is
inferred to have had 8-10% MgO (similar to the com-
position of the chilled samples 9112/1-12/2). However, it
is not likely that these samples represent the composition
of the primary magma. As is the case for many conti-
nental flood basalt provinces, the erupting magmas
usually represent moderately evolved liquids that re-
sulted from long-term fractionation both en route to the
surface and in subcrustal lithospheric magma chambers
(e.g. Wooden et al. 1993). The pronounced Al-, Y-, Sc-,
and HREE-depletions suggest generation of the initial
melt in the garnet stability field at depths 80-100 km
(Gudfinnsson and Presnall 1996), and thus deeper than
the base of the thinned continental lithosphere (Menzies
1990). At these depths, primary mantle melts are mag-
nesian even at low degrees (5-10%) of partial melting
(e.g. Herzberg 1992, 1995). Additionally, if the degree of
melting is low, the trace element abundances in these
melts will be high. We suggest that this was the case for
the Onega plateau lavas. The lack of upward decline in
Gd/Yb ratios in the Onega rocks, normally observed in
other continental flood basalt provinces and interpreted
as a result of ascent of the site of melting, suggests that
the primary magmas separated from their source region
while still in the garnet stability field. This may imply a
large thickness of the continental lithosphere in the re-
gion. After the magmas separated from the plume source

Table 5 Th-U-Pb SHRIMP data for zircons from basalt sample #9118. The reported uncertainties correspond to 1o

Concordance

%

2()7Pb /
206Pb

Age

/

208Pb
232Th

207Pb/
206Pb

04pp)
206Pb

2

Uppm Thppm Th/U

Label

0.1039 £ 15
0.1007 + 14
0.0985 + 14
0.1020 + 14
0.1014 + 14

0.3745 £+ 49
0.3683 + 49
0.3500 + 46
0.3641 + 48
0.3680 + 49

0.5082 + 17
0.8121 + 22
0.8193 + 27
0.4905 £+ 17
1.2771 + 42

0.12127 + 49
0.12109 + 48
0.12053 + 68
0.12189 + 47
0.12150 £+ 59
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region, they passed through the continental lithospheric
mantle and crust. As is evident from petrography and
chemistry of the rocks, their differentiation en route to
the surface was controlled by two major liquidus phases,
clinopyroxene and olivine. According to the experi-
mental data on komatiites and basalts, at 1 atm pressure
clinopyroxene starts to crystallise from a liquid con-
taining 7.5-8.5% MgO (Kinzler and Grove 1985; Thy
1995). Moreover, some authors argue that clinopyrox-
ene joins olivine on the liquidus at low pressure in even
more magnesian magmas (e.g. represented by MORB
glasses with 10-12% MgO, Grove and Bryan 1983), and
increasing pressure extends the clinopyroxene stability
field towards the more magnesian compositions
(O’Donnell and Presnall 1980; Elthon and Scarfe 1984).
This evidence suggests that the Onega parental magmas
probably differentiated in subcrustal magma chambers
and then the evolved Ol+ Cpx mush was erupted either
as thin picrobasalt flows, which solidified before any
substantial differentiation had occurred, or were em-
placed as shallow-level sills. One of these, the Koncho-
zero sill, represents a large and slowly cooled body, in
which differentiation probably continued after em-
placement, when it mostly crystallised olivine.

Isotope-geochronological data and the timing
of formation of the volcanic sequence

The Sm-Nd mineral and Pb-Pb whole-rock isochron
ages of 1975 £ 24 and 1980 £+ 57 Ma correspond to the
time of emplacement of the sill and to the eruption of the
Ludikovian lavas. The age of these rocks coincides also
with the Sm-Nd, Pb-Pb and U-Pb zircon ages of pic-
robasalts from the Pechenga-Imandra belt and ko-
matiites and basalts from the Karasjok-Kittild belt
(listed earlier). This implies contemporaneous outpour-
ing of large volumes of mafic-ultramafic magmas over
the vast territory in the Baltic Shield and together with
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evidence for their formation deep in the asthenospheric
mantle suggest to us that the Karasjok-Pechenga-Onega
magmas are the melting products of a mantle plume.
Below we will provide more arguments to support this
model.

The SHRIMP U-Pb zircon age of 1976 + 9 Ma for
the Jatulian lava sheet is somewhat contradictory with
respect to the previously published age data and general
opinion about the age of the Jatulian rocks (see review in
“Regional geology”). Several possible interpretations of
this age may be proposed. Firstly, this unit may not
correlate with the Jatulian, but is part of the Ludikovian
sequence. This is possible, though the Hirvas locality is
regarded as stratotype area of the Jatulian within the
Onega plateau (Svetov 1979) and is lithologically similar
to the Jatulian elsewhere in the shield. Secondly, the
sampled body may represent a hypabyssal sill rather
than a lava. As mentioned above, there exist a number
of hypabyssal mafic rocks in the Hirvas area; in addi-
tion, Vuollo et al. (1992) published a U-Pb zircon age of
1965 £ 10 Ma for a diabase dike generation cutting
Jatulian metasediments in northern Karelia. The studied
rock comes from a single body overlain by terrigenous
sediments and it is certainly possible that it represents a
sill. Nevertheless, this “sill” is chemically and isotopi-
cally very similar to the lavas overlying the metasedi-
ments; it is most probable that they had a related origin
and that the entire sequence was emplaced simulta-
neously. We would suggest that the Jatulian sequence
studied is correlative with the uppermost part of the
Jatulian rocks developed over the Karelian province,
and this part is contemporaneous with the Ludikovian
lavas and sills. However, in order to reconcile these in-
consistencies, direct reliable isotope datings of the
Jatulian rocks within their reference areas are highly
desirable.

The bulk-rock data show an excessive slope in a Sm-
Nd isotope plot (Fig. 7). The rocks from the two suites
most likely had distinct initial Nd-isotope compositions.
The negative eNd(T) values in the Zaonega lavas suggest
that their parental magmas were derived, at least in part,
from a source region with a long-term LREE-enrich-
ment. This kind of source could have been continental
lithospheric mantle and/or ancient felsic crust. The xe-
noliths of underlying schists and xenocrystic zircons in
the basalts are direct evidence for crustal contamination.
This xenolithic material was probably inherited from
felsic wallrocks assimilated during ascent of the basaltic
melts. The isotope data on xenocrystic zircons suggest
that the host crustal rocks were at least 2.7 Ga old. This
is an age commonly found in the underlying granitoids
(Kulikov et al. 1990).

Crustal contamination
Assimilation of even small amounts of felsic crustal

rocks results in a sharp increase in the abundances of Ba,
Pb, U, Th, and LREE, but should have little effect on
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the concentrations of Ta, Nb, Y, Ti and HREE. This
produces negative Ta-, Nb-, and Ti-anomalies in con-
taminated rocks. In contrast, the average subcontinental
lithospheric mantle (Fig. 6) is enriched in Nb and Ta
relative to Th and La. Consequently, mixing with ma-
terial from the continental lithospheric mantle will not
produce such anomalies in mantle melts. The effect of
crustal contamination is clearly seen in magnesian rocks,
which have low levels of highly incompatible elements.
Such magmas, being characterized by high liquidus
temperatures and low viscosities, are very susceptible to
contamination (e.g. Huppert and Sparks 1985). Con-
tamination, however, will have much smaller effect on
flood basalts, which have one to two orders of magni-
tude higher concentrations than komatiites and sub-
stantially lower liquidus temperatures. Nevertheless, as
can be seen in Fig. 10, distinct positive correlations exist,
for example, between Nb/Th and Nb/La and negative
correlations are observed between Nb/La or ¢éNd and
La/Sm. These trends can be explained by mixing of a
mantle-derived magma with a component of the upper
Archaean continental crust having low eéNd(1975), Nb/
Th, and Nb/La ratios.

The upper crust in the adjacent Vodla and Bel-
omorian Blocks, which form the basement for the Onega
plateau, consists of TTG-gneisses and mafic and felsic
granulites with ages of 3.1-2.6 Ga (Kulikov et al. 1990;
Bogdanova and Bibikova 1993; Lobach-Zhuchenko
et al. 1993; Timmerman and Daly 1995; Bibikova et al.
1996). The average Nd-isotopic parameters of these
rocks (***Nd/'"Nd = 0.51093, '*'Sm/'*Nd = 0.1011,
n = 49) were compiled from the data of these authors.
Trace element data for these rocks are not available, and
so, in order to evaluate the extent of contamination of
the primary basaltic magmas, we used a trace element
composition similar to that of the average mafic and
felsic Archaean granulite reported by Rudnick and
Fountain (1995).

The composition of the asthenospheric magmas that
gave rise to the Onega plateau lavas can be estimated
using the compositions of plume-derived rocks in oce-
anic settings, because there is no reason to suspect that
distinct types of mantle plume ascend beneath the
oceans and the continents. Shown in Fig. 11 are (Nb/
Th)y versus (Nb/La)y data for basalts from the Ontong
Java oceanic plateau, oceanic island basalts, and several
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continental flood basalt provinces. The data sources used here and
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continental flood basalt provinces including the Siberian
Traps, Deccan Traps, Coppermine River, Karoo and
Parana plateau. The Angozero rocks plot within the
fields of the Ontong Java and OIB lavas and are prob-
ably the best estimates of the plume composition. In
contrast, the data for the Zaonega lavas straddle the
trend towards the composition of the continental crust,
and plot within the fields of crustally contaminated
continental flood basalts. We chose sample 9112/2 from
the upper chilled margin of the Konchozero sill as the
parental endmember in the contamination model. The
Nd-isotope compositions of the crustal endmember and
the Onega plateau rocks were recalculated for the time
of the mixing event (1975 Ma). The results of the mixing
calculations are shown in Fig. 12 and the trace element
and Nd-isotope data support the binary mixing model.
The estimated degrees of contamination are consistent
for different trace element and isotope ratios and de-
crease up through the sequence from 30 to 10% in the
Zaonega suite samples to 4% in one of the Angozero
samples, in which several xenocrystic zircons were
found; the uppermost Angozero lavas and the sill are
regarded as representing uncontaminated mantle com-
positions. This decline in the degree of contamination up
the volcanic sequences is a common feature of most
continental flood basalt provinces (e.g. Wooden et al.
1993) and is probably attributable to the fact that the
later portions of magma on their way through the crust

147

used the same channels, which by that time were already
covered with basalt.

Composition of the mantle sources
and tectonic setting of the Onega plateau

Using geological and geochemical data we can place
some constraints on the composition of the mantle
source of the Onega lavas, which we interpret to repre-
sent a relict of a once areally extensive province of
continental flood basalts. In the Karelian Province,
Jatulian and Ludikovian volcanic rocks cover an area of
~50,000 km? at the present erosion level, and in places
attain a thickness of 4500 m. In Norway and adjacent
parts of northern Sweden and Finland (e.g. Karasjok-
Kittild belt), as well as in the Pechenga-Imandra belt of
the Kola Province, at least the upper parts of the
Jatulian and Ludikovian successions can be correlated
with those of the Onega plateau. Moreover, these rocks
have similar ages and reveal substantial overlap in terms
of chemical and isotope compositions (Figs. 6 and 10). If
they were parts of a single flood basalt province, as
proposed by Eskola (1963), this province would have
covered a total area of ~600,000 km?, comparable with
the distribution of Phanaerozoic continental flood ba-
salts (Coffin and Eldholm 1994).

The Onega plateau contains a wide range of basalt
types. The Angozero rocks have high Nb/Th, Nb/La,
and Ce/PDb ratios similar to those found in recent oceanic
plateau basalts and modern OIB (Fig. 11). We interpret
compositions of the Angozero rocks as being represen-
tative of their mantle source. The positive eNd(1975)
values of +3.2 £0.1 imply long-term LREE-depletion
in the source although the magmas are enriched in these
elements. As pointed out above, the Onega magmas
could have been the result of relatively low degrees of
partial melting that could explain their LREE-enrich-
ment. However, both the Pechenga and the Karasjok
magmas also show enrichment in LREE. Because the
Karasjok magmas are komatiitic in composition, and
probably formed by higher degrees of melting of perhaps
10 to 20% (Barnes and Often 1990), we suggest that the
mantle sources for all magmas, which were related to the
1.98 Ga event in the Baltic Shield, have been enriched in
incompatible elements shortly before the magmatic
event.

The eNd(T) values in the uncontaminated Onega ro-
cks are lower than the range of +4.0 to + 5.3 determi-
ned for depleted MORB from the contemporaneous
Purtuniq ophiolite (Hegner and Bavier 1991), but plot
on the PREMA (prevalent mantle) evolution line pos-
tulated by Stein and Hofmann (1994), which leads to the
composition of plume-derived magmas from the recent
Pacific oceanic plateaux (+3.3 at 1975 Ma). There is,
however, no direct match between the Onega rocks and
modern oceanic volcanics in terms of trace element and
REE concentrations (Fig. 13). The former are distin-
guished from OIB by lower abundances of moderately
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Fig. 12 Diagrams illustrating the postulated mixing model between
the primary Onega plateau magma and Archaean continental crust

(4CC)

and highly incompatible elements and subdued frac-
tionation of HREE, and from oceanic flood basalts by
higher concentrations of incompatible elements and by
HREE-fractionation (most OFB have flat patterns). A
better match is found when the Onega rocks are com-
pared with continental flood basalts (CFB). The Ango-
zero basalts plot together with the Gudchikhinsky
picrites from the Siberian province, and share similar
characteristics with non-contaminated flood basalts
from other areas, whereas the Zaonega lavas are similar
to contaminated Siberian Trap volcanic rocks (Fig. 13).
Moreover, when the entire sequence is considered and
the geological context is taken into account, a compar-
ison with CFB is most appropriate.

Using the arguments introduced by Morgan (1971)
and Duncan (1978) and further developed by Campbell
and Griffiths (1990) and McKenzie and Bickle (1988),
we suggest that the formation of the studied flood basalt
province was controlled by the interaction between a
mantle plume and continental crust. A plume model has
been tentatively proposed by Hanski (1992) and Walker
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et al. (1997) for the formation of the Pechenga mafic-
ultramafic sequences and for the origin of the Karasjok-
Kittild komatiites by Barnes and Often (1990). These
komatiites are pillow lavas and volcaniclastic lithologies
erupted into shallow water, and are interpreted to rep-
resent primary liquid composition (Barnes and Often
1990).

Using the method of Nisbet et al. (1993) and Abbott
et al. (1994) we estimate that average liquidus tempera-
ture of the Karasjok magma was 1520 £ 20 °C. In fact,
the Karasjok komatiites represent the most magnesian
and high-temperature magmas so far reported for the
Proterozoic. These high liquidus temperatures imply
that the source of the Karasjok komatiites was much
hotter than the ambient mantle (1470 °C at 2.0 Ga,
Richter 1988). The liquidus temperature is directly re-
lated to the potential mantle temperature (McKenzie
and Bickle 1988), and we calculate the latter to be
1730 £+ 30 °C. Therefore, the ascending material that
gave rise to the Karasjok komatiites was some 250 °C
hotter than the surrounding mantle; this can be ac-
counted for by their origin in a mantle plume. The
Karasjok komatiites share the same Al- and HREE-
depletion characteristics with the Onega lavas and Pe-
chenga picrites suggesting that their melting also
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occurred in the garnet stability field (Barnes and Often
1990). Using the method of McKenzie and Bickle (1988)
and Abbott (1996) we estimate that the depth of melting
initiation of these komatiites was 240 + 40 km. Similar
calculations for the Angozero parental magma give a
depth of initiation of ~100 km. We argue that the
Karasjok komatiites were formed in a hot plume tail,
while the Onega plateau and Pechenga-Imandra basalts
are probably the products of melting in a cooler plume
head similar to the mechanism proposed by Campbell et
al. (1989). Taking into account the present areal distri-
bution of these belts, we estimate that this fossil plume
head might have had a diameter of ~2000 km, compa-
rable to the head size of the largest extant plumes such as
the Iceland plume (Gill et al. 1995).

On the southwestern margin of the postulated Baltic
continental flood basalt province there is a 1.95 Ga
ophiolite belt running from the Outokumpu district in
northern Karelia as far as the vicinity of Jormua in the
Kainuu schist belt (Peltonen et al. 1996). This ophiolite
is interpreted as part of an ocean basin, and its em-
placement was possibly triggered by a reorganization of
plate motion related to the 1.98 Ga plume. The time
interval involved (~30 Ma) is comparable to modern
areas showing interaction between rifting and plume
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activity like the Red Sea-Gulf of Aden, even though we
are aware that not all plumes cause rifting and not all
rifts require plumes to initiate them.

Flooded Precambrian continents: fact or fiction?

From the petrography and field relations it is evident
that the rocks from the middle and upper stratigraphic
levels within the Onega, Karasjok-Kittild and Pechenga-
Imandra successions were erupted in a submarine envi-
ronment. If it is accepted that some of these magmas
were contaminated with, and thus erupted onto conti-
nental crust, this raises the question of why the continent
in this part of the world was submerged during the
Palaeoproterozoic. In fact, this is a general problem that
relates to many Archaean greenstone sequences. In the
Kambalda region of Western Australia, for example, the
entire volcanic sequence is clearly submarine, but the
magmas appear to have travelled through continental
crust on their way to the surface (Arndt and Jenner
1986; Compston et al. 1986). Post-3.2 Ga volcanic se-
quences of the Pilbara, also in Western Australia (Nel-
son et al. 1992), the komatiitic and tholeiitic lavas of the
Belingwe Belt in Zimbabwe (Bickle et al. 1994), and
komatiitic basalts of the Vetreny belt in the Baltic Shield
(Puchtel et al. 1997a) also appear to have erupted under
water in basins within older continental crust. There is
thus an interesting contrast between the Phanaerozoic
situation, for example, in the Deccan, Parana or Sibe-
rian continental flood basalt provinces where most lavas
erupted subaerially (Saunders et al. 1992), and the Pre-
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cambrian settings. Furthermore, in the well-documented
Tertiary North Atlantic province, the arrival of a mantle
plume head beneath the continental lithosphere caused
the uplift of the continent some 20 Ma before the sub-
aerial eruption of picrites and basalts (Skogseid et al.
1992; Nadin and Kusznir 1995). With thermal relaxation
and the opening of the North Atlantic the continent then
subsided beneath the ocean to form the dipping reflector
sequence (Saunders et al. in press). The North Atlantic
situation fits with modern plume theory: the plume ar-
rives, uplifts the continent, erupts basalts, and then with
thermal relaxation, the continent submerges. What
happened at Onega and in Archaean greenstone se-
quences, and why were large portions of the continents
submerged in the Precambrian during the eruption of
lavas? If the total amount of water in the oceans was not
significantly greater than at present (and there is no
reason to believe otherwise), this suggests that the ca-
pacity of ocean basins was less, leading to the submer-
gence of at least the rifted parts of the continents. There
are several possible reasons why this might be so. Many
of the relevant arguments have already been aired dur-
ing the discussion of continental freeboard (Galer 1991;
Galer and Mezger in press). There is an interplay be-
tween the volume of the continents and the average
depths of the oceans. A large proportion of flooded
continental crust implies either that the volume of con-
tinental crust was large, or that the average ocean depth
was less, perhaps because the oceanic ridges were more
extensive, more active, and shallower or because a
greater portion of the ocean basins was filled by volcanic
plateaux. In the case of the Onega province, a large
volume of continental crust is quite credible: the prov-
ince formed after the late Archaean, a period accepted
by most authors as a period of rapid crustal growth. For
the mid to late Archaean greenstone belts the situation is
more delicate. Either the continental crust was already
extensive, or a smaller volume of continental crust was
compensated by far more extensive shallow oceanic
crust. Below we treat this problem in some more detail.

Nb-Th-U-Pb data: evidence for the early formation
of the continental crust

The initial isotope composition of the lead in the An-
gozero rocks can be estimated using simplified lead-
evolution models assuming 4.50 Ga as an “effective’” age
of the Earth (actually, the age of core formation) ad-
vocated by some authors (Allégre et al. 1995; Galer and
Goldstein 1996). This view is consistent with the recog-
nition that the Earth accretion probably lasted several
tens of million years. A single-stage model then yields a
pp of 8.57 + 0.03. This value implies an unradiogenic
Pb composition of the Angozero rocks. It is even lower
than those in the Pacific Ontong Java (8.63), Manihiki
(8.62), and Caribbean (8.71) oceanic plateaux, which
originate far away from any sizable continental masses.
We suggest therefore that no older felsic crust was in-

volved in the petrogenesis of the Angozero rocks and
their Th-U-PDb relationships reflect those in their mantle
sources.

Although U is thought to be more mobile than Th
because of its much greater solubility under oxidizing
conditions, the Th/U ratio estimated from the slope
of the linear correlation in the 2°*Pb/***Pb versus
200pp209pp  diagram (3.4 + 0.3) is indistinguishable
from that calculated from the trace element data
(3.5 £ 0.4). This suggests an essentially immobile be-
haviour of U in the Angozero rocks. Nevertheless, in
order to be safe, we calculate “real” U concentrations
from the measured Th abundances and Pb-isotope data.
Further on, using estimated U concentrations we cal-
culate Nb/U ratios in the uncontaminated Angozero
rocks. These values range between 48 and 60 with an
average of 53 + 4 (Table 1).

Hofmann et al. (1986) and Hofmann (1997a) pro-
posed that Nb/U systematics in ancient mafic-ultramafic
lavas can be used to deduce the history of continental
crustal growth. This is attributed to the fact that the
Nb/U ratio has changed from the primitive value of ~30
before continent formation to ~47 in the present-day
mantle (Hofmann 1997b) due to the removal of the
continental crust. However, it remains unclear whether
it has grown continuously ever since (Moorbath 1997) or
was formed in the early Archaean and then was main-
tained in a steady-state through continuous recycling
back into the mantle (Armstrong 1981). The high Nb/U
ratios (~47) recently detected in lavas from the Arch-
aean Kambalda and Kostomuksha provinces (Sylvester
et al. 1997; Puchtel et al. in press) provide an argument
in support to the latter model. Moreover, the Onega
plateau lavas show Nb/U ratios that are even higher
than the average value of ~47 observed in modern
MORB and OIB. This implies that the source regions of
the Onega plateau lavas have experienced the degree of
continental material extraction comparable to that
found in the modern mantle. This suggests in turn that
by 2.0 Ga and possibly as early as 2.8 Ga the volume of
continental crust similar to the present-day value already
existed. However, as stated by Hofmann (1997a), great
caution must be exercised while extending this conclu-
sion and accepting it as a general constraint on the
evolution of the terrestrial continental mass. Further
detailed studies of even older rocks from various conti-
nents are of utmost importance in order to clear up this
issue.

Concluding remarks

1. Mafic lavas and the Konchozero peridotite sill con-
stitute the upper part of the Onega plateau, a fragment
of the major flood basalt province in the SE Baltic
Shield.

2. The parental magmas contained 8-10% MgO and
were derived from melts formed in the garnet stability
field at depths 80-100 km in a mantle plume. Their



differentiation occurred in subcrustal magma chambers
and was controlled by two major liquidus phases, clin-
opyroxene and olivine. The basalt was then erupted as
lava flows and emplaced as sills.

3. The Sm-Nd mineral and Pb-Pb whole-rock isochron
ages of 1975 £ 24 and 1980 + 57 Ma for the Angozero
lavas and the sill and the SHRIMP U-Pb zircon age of
1976 + 9 Ma for the Jatulian basalt reflect the time of
emplacement of the Onega plateau lavas and suggest
that the formation of the entire sequence occurred
within a short time span. These ages coincide with those
of picrites and komatiites from the upper part of the
Pechenga-Imandra basin in the Kola Peninsula and the
Karasjok-Kittild belt in Lapland. The data suggest that
the arrival of a mantle plume head was accompanied by
simultaneous catastrophic eruption of vast volumes of
basaltic, picritic and komatiitic magmas in the SE Baltic
Shield. These probably covered ca. 600,000 km? and
represent a major contribution of juvenile material to
the existing continental crust 2.0 Ga ago.

4. The uppermost Suisaarian suite rocks (Angozero
area) have high Nb/Th, Nb/La and Ce/Pb ratios, high
positive eéNd(T) values, and unradiogenic Pb-isotope
characteristics. They represent primitive compositions
comparable with those of modern plume-derived lavas
such as oceanic island and oceanic plateau volcanic
rocks. These parameters are regarded as source charac-
teristics. The lowermost Zaonega suite volcanic rocks,
on the other hand, have low Ce/Pb, Nb/Th and Nb/La
ratios and negative eNd(T) due to contamination with
10 to 30% felsic crust and thus have much in common
with contaminated flood basalts from several CFB
provinces.

5. The Nb/U ratios in the uncontaminated Angozero
rocks are similar to those found in the modern mantle.
This provides evidence that by 2.0 Ga the volume of
continental crust similar to the present-day value already
existed.

6. The Onega plateau represents a sequence of flood
basalts erupted through and onto submerged continental
crust. In this respect it represents a type of activity
common in the Precambrian but rare in the Phanaer-
0zoic.
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