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bstract

Highly siderophile element (HSE; Ru, Pd, Re, Os, Ir, and Pt) abundances and Re–Os isotope systematics in combination with
ithophile trace element and Sm–Nd and Pb–Pb isotopic data are reported for komatiites and basalts from the Volotsk suite in
he SE Baltic (Fennoscandian) Shield. The new Sm–Nd and Pb–Pb whole-rock isochron ages of 2850 ± 84 and 2861 ± 150 Ma,
espectively, define the emplacement age of the volcanic sequence. This age is statistically indistinguishable from the emplacement
ge of the lower mafic-ultramafic sequences of the adjacent Sumozero-Kenozero greenstone belt. The Re–Os internal isochron
erived from the analysis of a whole rock B2–4 cumulate and three chromite separates yields an age of 2878 ± 81 Ma, which is
onsistent with the ages obtained from the lithophile element isotopic systems. The komatiites of the Volotsk suite were derived
rom a mantle source characterized by depletions in highly incompatible lithophile trace elements, with the magnitude of the
ime-integrated LREE depletion (initial εNd = +2.7 ± 0.2) typical of this period in the Earth’s mantle history. Yet this source had
n initial γ187Os = −0.4 ± 0.4 and, thus, evolved with a time-integrated Re/Os that was identical, within uncertainty, to that of the
arbonaceous chondritic reference. In addition, the calculated relative abundances of Os, Ir, Ru, and Pt in the komatiite source are
imilar to chondrites and may be explained by late (post-core segregation) accretion to the Earth of materials with high absolute
nd chondritic relative abundances of HSE or by re-entrainment of the core. If the former interpretation is correct, the late accreted
aterials were well homogenized within the upper mantle by 2.9 Ga. Like many other Archean komatiites, the studied rocks

ave radiogenic Nd isotopic composition, indicative of their long-term relative depletions in highly incompatible lithophile trace

lements, yet the long-term Re/Os in their source remained near-chondritic. Modeling indicates that the komatiite source must have
xperienced only a small degree of partial melting (2–3%) and extraction of basaltic melts ca. 150 Ma prior to emplacement of the
omatiitic sequences. Larger degrees of melting would otherwise have led to loss of a substantial fractionation of Re in the source,
hich would then have evolved to a subchondritic 187Os/188Os by the time of komatiite formation.
2007 Elsevier B.V. All rights reserved.
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1. Introduction
Studies of Pt–Re–Os isotope systematics, and highly
siderophile element (HSE: Ru, Pd, Re, Os, Ir, and Pt)
abundances of mantle-derived rocks provide fundamen-
tal insights into the origin and evolution of the Earth’s
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mantle, including its late accretionary history, and possi-
bly the timing of onset and the rate of core differentiation.
Komatiites, in particular, provide an important tool for
addressing these issues due to their tendency to extract
a large proportion of HSE from their mantle sources
and also because of the relatively unfractionated nature
of some emplaced komatiite lavas (e.g., Puchtel and
Humayun, 2000, 2005; Puchtel et al., 2004a,b, 2005).

Mafic-ultramafic lavas of the Volotsk suite in the
SE Karelian granite-greenstone terrane have joined the
growing number of documented occurrences of komati-
itic magmatism in the Baltic (Fennoscandian) Shield
(Kulikov et al., 1989). They are characterized by good
preservation of original chemical compositions (Puchtel
et al., 1993), which potentially makes them a valu-
able source of information about the composition of the
Archean mantle. However, the age of the Volotsk suite
has remained poorly constrained, resulting in a decade-
long debate on regional stratigraphic and geological cor-
relation models (e.g., Kulikova, 1993). In this follow-up
study, we report new Re–Os, Sm–Nd, and Pb–Pb iso-
topic data in combination with lithophile trace element
and HSE concentrations for an extended set of komatiitic
and basaltic samples from the Volotsk suite. We use these
data to establish the age of the Volotsk suite, and, on this
basis, the initial Os and Nd isotopic compositions of the
source and its trace element characteristics. In addition,
some constraints on the HSE composition of the Volotsk
komatiite mantle source are considered. We discuss these
results with respect to possible implications for the HSE
composition of the mantle and the early accretionary his-
tory of the Earth. Implications for the regional geological
and stratigraphic correlation models are also reviewed.

2. Regional geology, previous geochemical and
isotopic studies, and sampling

The southeastern part of the Karelian granite-
greenstone terrane (GGT) is composed of tonalite-
trondhjemite-granodiorite (TTG) gneisses and amphi-
bolites of the Vodla block, and of mafic-ultramafic
and intermediate-felsic volcanic, volcaniclastic, and
sedimentary lithologies and associated intrusions of
the surrounding South Vygozero (north), Vedlozero-
Segozero (west), and Sumozero-Kenozero (east) green-
stone belts (Fig. 1). Analyses of zircons from the earliest
gneisses yield U–Pb ages ranging between 3210 ± 12
and 3151 ± 18 Ma (Lobach-Zhuchenko et al., 1993). The

Sumozero-Kenozero greenstone belt consists of a num-
ber of conjugate synforms surrounded by TTG domes
(Fig. 1). Within the Kamennoozero synform, two dis-
tinct lithotectonic units were identified (Puchtel et al.,
search 158 (2007) 119–137

1999). The lower unit consists of oceanic plateau-type
submarine-emplaced mafic and ultramafic lavas, and
the upper unit is composed of island arc-type volcanic
BADR (basalt-andesite-dacite-rhyolite)-series rocks and
adakite-series subvolcanic rhyolites. These two units are
separated from the TTG gneisses of the Vodla block
by major thrust zones. The lower unit mafic-ultramafic
lavas have Sm–Nd and Pb–Pb ages of 2916 ± 117 and
2892 ± 130 Ma, respectively, and the upper unit BADR-
series felsic volcanic rocks have a U–Pb zircon age of
2875 ± 2 Ma (Puchtel et al., 1999). These ages corre-
spond to the time of emplacement of the respective units.
Radiogenic Nd- (initial εNd = +2.7 ± 0.3), mantle-like
Pb isotopic compositions (μ1 = 8.7 ± 0.2) and depletions
in highly incompatible lithophile trace elements in the
lower unit komatiites and basalts were interpreted as
representing mantle source characteristics. The BADR-
series mafic-intermediate to felsic volcanic rocks and
subvolcanic adakite-series rhyolites from the upper unit
all show intraoceanic island arc geochemical signatures
and were interpreted to represent mantle wedge-derived
and slab-derived melts, respectively, erupted in the inner
and frontal parts of an intraoceanic island arc. The coex-
istence of fragments of oceanic plateau and products
of subduction-related magmatism was reconciled via a
combined mantle plume-island arc model (Puchtel et al.,
1999). According to this model, overthickened plume-
generated oceanic crust was first intruded by mafic and
intermediate-felsic melts, coming from both subducting
slab and overlying mantle wedge, and later accreted to
and obducted onto the continental crust of the Vodla
block.

The Volotsk suite represents a large stand-alone
remnant (at least several kilometer by several tens of
kilometer) of a sequence of mafic-ultramafic volcanic
rocks separated from the Sumozero-Kenozero green-
stone belt by TTG-gneisses (Fig. 1). It is intruded by
the 2.4-Ga ultramafic Vinela Dike (Puchtel et al., 1997).
The details of field geology, petrology, and mineral-
ogy of the Volotsk lavas were previously described
(Kulikov et al., 1989; Puchtel et al., 1993) and are
only briefly summarized here. The rocks have under-
gone multiple phases of deformation and metamorphism,
in places attaining upper amphibolite facies. The docu-
mented sequence is composed of at least four komatiite
horizons separated by volumetrically dominant mas-
sive and pillowed komatiitic and tholeiitic metabasalts.
Each komatiite horizon consists of several tens of lava

flows ranging in thickness from 0.3 to 2.5 m. Although
magmatic textures of komatiite lavas were largely oblit-
erated, it was possible to distinguish individual lava flows
(Fig. 2) on the basis of regular changes in structures typ-
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ig. 1. Geological sketch map of SE Karelian granite-greenstone terr
olotsk suite outcrops with those of the Sumozero-Kenozero greensto

cal of classic differentiated komatiite lava flows (e.g.,
yke et al., 1973). The Sm–Nd age of 3391 ± 76 Ma
etermined on four basaltic and four komatiitic whole
ock samples (Puchtel et al., 1991) was interpreted to
eflect the emplacement age of the lavas. In a subse-
uent study, Puchtel et al. (1993) reported a whole rock
b–Pb isochron age of 2764 ± 150 Ma and interpreted

his as corresponding to the time of metamorphism and
losure of the Pb–Pb isotopic system. On the basis of
limited set of trace element data, these authors con-

luded that the LREE-enriched patterns observed in the
omatiitic basalt samples could have been the result of
rustal contamination. However, they noted that addi-
ional, high-quality HFSE data, were required to further
larify this issue, and maintained their interpretation of

he data as supporting an early Archean age for the
olotsk suite.

For this study, sixteen komatiite and four basalt sur-
ace outcrop samples were examined. The komatiite
ltic (Fennoscandian) Shield. Note the close spatial association of the
supracrustal sequences.

samples were collected from four differentiated flows
illustrated in Fig. 2. These flows are located within
komatiite horizons #1 and #3. The komatiite horizons
are interbedded with komatiitic basalts, from which sam-
ples 27/6, 28/1, and 30/1 were collected. Tholeiitic basalt
sample 25/6 was taken ∼3 km NE of the sampled komati-
itic outcrops (Figs. 1 and 2 in Puchtel et al., 1993).

3. Analytical techniques

3.1. Sample preparation and mineral separation

Between 2 and 5 kg of rock pieces collected for
each sample and containing no weathered surfaces were
crushed in an alumina-faced jaw crusher. A 200-g aliquot

of a crush was ground to a fine powder in an alumina-
faced disk mill and used for the geochemical studies.
The rest of the crushed material was used for mineral
separation.



122 I.S. Puchtel et al. / Precambrian Re
Fig. 2. Schematic sections across sampled komatiite lava flows from
the Volotsk suite.

Mineral separates of plagioclase, hornblende, and
chromite were obtained at the Institute of Geology in
Petrozavodsk using heavy liquid and magnetic separa-
tion techniques. Fractions of hornblende and plagioclase
from sample 30/1 and three fractions (A, B, and C) of
chromite from sample 04/2 were separated on the basis
of different magnetic susceptibility. All separates were
purified by handpicking.

3.2. Major and trace element analyses

The concentrations of major and minor (Cr, Ni) ele-
ments in whole-rock samples were determined on fused
glass discs by wavelength-dispersive X-ray fluores-

cence spectrometry using an automated Philips PW-1404
instrument at the Johannes-Gutenberg-Universitat in
Mainz. The concentrations of rare earth elements (REE)
were determined at the Institute of Ore Deposit Geology
search 158 (2007) 119–137

(IGEM) in Moscow by isotope dilution thermal ioniza-
tion mass spectrometry (ID-TIMS) on a single-collector
MI-1320 instrument using the method of Zhuravlev et
al. (1989). Other lithophile trace elements were deter-
mined using an upgraded PlasmaQuad PQ1 inductively
coupled plasma mass spectrometer (ICP-MS) at the Uni-
versity of Kiel following the method of Garbe-Schönberg
(1993). The accuracies are estimated as 1% (relative) for
major elements and REEs, and ∼5% for minor and trace
elements.

3.3. Sm–Nd and Pb–Pb isotopic studies

The Sm–Nd isotopic data reported by Puchtel et
al. (1991, 1993) were obtained at the Institute of
Precambrian Geology and Geochronology (IGGD) in
St. Petersburg following the procedure described by
Puchtel and Zhuravlev (1993). The new Sm–Nd iso-
tope data reported in this study were obtained at the
Max-Planck-Institut (MPI) für Chemie in Mainz follow-
ing the technique described by Puchtel et al. (1997).
In both laboratories, isotopic compositions of Nd and
Sm were measured on a Finnigan® MAT-261 mass-
spectrometer in static mode. Mass fractionation effects
were corrected by normalizing to 146Nd/144Nd = 0.7219.
Measurements of 143Nd/144Nd ratio in the La Jolla stan-
dard during the period of data collection yielded values
of 0.511836 ± 18 (2σstdev, N = 16) and 0.511854 ± 18
(2σstdev, N = 30) at the IGGD and MPI, respectively.
All 143Nd/144Nd ratios measured in the samples were
corrected for instrumental bias to a La Jolla standard
143Nd/144Nd value of 0.511860. Isochron regression
calculations followed the method of York (1966).
The initial εNd values were calculated based on the
following present-day parameters of the chondritic
uniform reservoir (CHUR): 147Sm/144Nd = 0.1967,
143Nd/144Nd = 0.512638 (Jacobsen and Wasserburg,
1980). The reported analytical uncertainties used in
the regression calculations were 0.2% for 147Sm/144Nd
and for 143Nd/144Nd, the 2σstdev value for the La Jolla
standard (±0.000018 in both laboratories), which char-
acterizes the long-term external reproducibility of the
measurements.

Lead isotopic data were obtained at the MPI für
Chemie in Mainz following the methods described by
Dupré and Arndt (1990). Small chips of rock (500 mg
per sample) were leached in hot 6N HCl for 40–60 min
to remove Pb that may have been introduced during

sample preparation or secondary processes. Lead was
separated using the method of Manhès et al. (1978). The
total analytical blank of ∼100 pg was negligible. The
Pb isotopic composition was measured on a Finnigan®
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AT-261 mass-spectrometer in static mode. The analy-
es were corrected for isotopic fractionation, which was
etermined by analysis of the standard SRM-982. To cal-
ulate the age, 207Pb/204Pb and 206Pb/204Pb data were
egressed using ISOPLOT (Ludwig, 1997) and assum-
ng an error correlation coefficient of 0.9. Error input was
etermined by multiple analysis of the standard SRM-
82 to be 0.04% per atomic mass unit. All errors on age
nd initial isotopic ratios are quoted at 2σmean.

.4. Re–Os and PGE analysis

Concentrations of PGEs in all samples were deter-
ined at The University of Chicago (UC) using a Carius

ube (CT) digestion method combined with an isotope
ilution inductively coupled plasma mass spectrometry
ID-ICP-MS) technique (Puchtel et al., 2004b; Puchtel
nd Humayun, 2005). Replicates of komatiite samples
4/2 and 04/3, four chromite separates (04/2A, B, C and
4/3 Chr), and nine replicates of the UB-N and GP-13
eference materials were also analyzed at the University
f Maryland College Park (UMCP) for 187Os/188Os iso-
opic compositions and PGE concentrations using CT
igestion in combination with isotope dilution thermal
onization mass-spectrometry (ID-TIMS) and ID-ICP-

S techniques.
At the UC, 1.5–2.0 g of rock powder, an appropri-

te amount of the UC mixed HSE spike# 000531, and
9 mL of inverse aqua regia were placed into a chilled to
◦C thick-walled Pyrex borosilicate glass Carius tube,
nd sealed. The initial digestions were performed at
50 ◦C for 48–72 h. Several replicate digestions were
arried out at 270 ◦C for additional 48 h. After open-
ng the tubes, Os was extracted from the aqua regia
olution into CCl4 (Cohen and Waters, 1996) and then
ack-extracted into HBr, followed by purification via
icrodistillation (Birck et al., 1997). The microdis-

illed Os was taken up in 1N HCl and introduced into
he ICP torch via a CETAC MCN6000 desolvating
ebulizer. The residual aqua regia solution was dried,
onverted into chloride form, taken up in 0.15N HCl,
nd Ir, Ru, Pt, and Pd were separated from the matrix
nd further purified by cation exchange chromatogra-
hy. Isotopic measurements of PGEs were performed on
Finnigan ElementTM single-collector, magnetic sec-

or, high-resolution ICP-MS. The internal precisions
f individual runs were 0.2–0.5% (2σmean). The long-
erm external reproducibilities of 0.5–1.0 ppb in-house

GE standard solutions were better than 1% (2σstdev) on
ll isotope ratios. The total procedural blank was 2 pg
s, 0.5 pg Ir, 3.2 pg Ru, 31 pg Pt, and 7 pg Pd. Blank

orrections applied were <0.1% (relative) for Os, Ir,
search 158 (2007) 119–137 123

Ru, and Pd, and 0.2–0.3% for Pt. Mass fractionations
for Ru, Pd, Ir, and Pt were corrected using a lin-
ear law and 99Ru/102Ru = 0.4019, 110Pd/106Pd = 0.4288,
191Ir/193Ir = 0.5949, and 198Pt/195Pt = 0.2130 relative to
those measured in the PGE standard that was run alter-
nately with the samples. The measured 190Os/192Os
ratios in the samples were corrected for isotope frac-
tionation using a linear law and 192Os/188Os = 3.083.

At the UMCP, ∼1.6 g of rock powder or 50–120 mg
chromite separates, an appropriate amount of Re, Os,
and PGE spikes, and 7–9 mL of inverse aqua regia were
sealed in a chilled to 0 ◦C thick-walled Pyrex Carius tube,
and digested at 250 ◦C for 72 h. The Os extraction and
purification procedures were identical to those used at
the UC. Rhenium, Ru, Pd, Ir, and Pt were separated
from the rock matrix by anion exchange chromatog-
raphy. Osmium isotopic compositions were measured
using an electron multiplier (EM) on an NBS instrument
or a Daly detector on the VG Sector 54 instrument. The
measured isotopic ratios were corrected for mass frac-
tionation using 192Os/188Os = 3.083. The 187Os/188Os
ratio in the 200 pg loads of Johnson-Matthey Os standard
measured during the period of data collection aver-
aged 0.11378 ± 04 (N = 8, 2σmean) and 0.11412 ± 11
(N = 18, 2σmean) for the Sector 54 and the NBS
instruments, respectively. The measured 187Os/188Os
in the samples were corrected for instrumental bias to
187Os/188Os = 0.11380. The measurements of the Re,
Ru, Pd, Ir, and Pt isotopic compositions were done
using a Nu Plasma ICP-MS using a triple electron mul-
tiplier configuration in static mode. Mass-fractionation
corrections were performed using the same protocol uti-
lized at the UC. The total procedural blank averaged
0.3 pg Ru, 19 pg Pd, 0.6 pg Re, 1 pg Os, 0.5 pg Ir, and
250 pg Pt. To calculate the age, the Re–Os data were
regressed using ISOPLOT (Ludwig, 1997). The error
input was determined from the external precision of the
standard measurements that were established to be 0.2%
for 187Os/188Os and 0.5% for 187Re/188Os. All errors on
age and initial isotopic ratio are quoted at 2σmean.

In this study, we also present new Os isotopic and
HSE abundance data for peridotite standards UB-N and
GP-13 (Table 1). These data are used to assess the accu-
racy of the analytical techniques applied at the University
of Chicago and at the Isotope Geochemistry Labora-
tory, University of Maryland. Because these standards
are widely used by the HSE community, these data
represent a contribution towards eliminating interlab-

oratory biases. Significant variations in concentrations
between individual digestions were observed for Ru and
Pt and, to a lesser extent, for Pd, Ir, and Os, which are
likely due to sample powder heterogeneity. Concentra-
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Table 1
HSE abundances and Os isotopic composition of UB-N and GP-13 reference materials

n Re Os Ir Ru Pt Pd 187Os/187Os

UB-N
1 0.227 3.41 3.21 6.27 7.56 5.66 0.12775 ± 12
2 0.215 3.89 3.93 7.21 7.43 5.60 0.12723 ± 12
3 0.207 3.92 3.25 6.94 7.61 5.66 0.12700 ± 09
4 0.202 4.18 3.92 7.29 7.26 5.88 0.12688 ± 11
Average [1] 4 0.213 ± 0.011 3.85 ± 0.32 3.58 ± 0.40 6.93 ± 0.47 7.47 ± 0.16 5.70 ± 0.12 0.12722 ± 38
UMCP [2] 4 0.205 ± 0.004 3.51 ± 0.12 3.26 ± 0.13 6.51 ± 0.33 7.00 ± 0.23 5.85 ± 0.26 0.12737 ± 25
Chicago [3] 6 0.199 ± 0.023 3.72 ± 0.35 3.62 ± 0.22 7.42 ± 0.52 7.52 ± 0.27 6.11 ± 0.23
Leoben [4] 14 0.210 ± 0.004 3.85 ± 0.13 3.38 ± 0.22 6.30 ± 0.30 7.42 ± 0.30 6.11 ± 0.18 0.12780 ± 20

GP-13
1 0.324 3.83 3.72 6.93 7.90 5.71 0.12628 ± 14
2 0.317 3.76 3.40 6.82 7.30 5.19 0.12636 ± 15
3 0.308 3.57 3.23 6.79 6.61 5.61 0.12657 ± 11
4 0.302 3.67 3.34 6.78 7.34 5.59 0.12643 ± 12
5 0.298 3.85 3.36 7.00 7.36 5.53 0.12660 ± 12
Average [1] 5 0.310 ± 0.010 3.74 ± 0.11 3.41 ± 0.17 6.86 ± 0.09 7.30 ± 0.41 5.53 ± 0.18 0.12645 ± 12
Chicago [3] 3 0.283 ± 0.003 3.70 ± 0.02 3.42 ± 0.08 7.03 ± 0.38 6.82 ± 0.48 5.34 ± 0.10
Leoben [4] 7 0.312 ± 0.023 4.06 ± 0.07 3.40 ± 0.18 6.05 ± 0.95 6.38 ± 1.09 5.80 ± 0.36
Durham [5] 8 0.330 ± 0.007 3.87 ± 0.24 3.56 ± 0.46 6.97 ± 0.33 7.00 ± 0.74 5.64 ± 0.50 0.12647 ± 42 [6]
DanLC [5] 9 0.490 ± 0.225 3.38 ± 0.19 6.92 ± 1.01 6.43 ± 0.47 5.42 ± 0.44

[1] This study, CT digestion, ID-ICP-MS (Re and PGE) and ID-TIMS (Os) techniques. [2] Becker et al. (2006), CT digestion at 345 ◦C in pressurized
uchtel a
igestion
earson,
vessels, ID-ICP-MS (Re and PGE) and ID-TIMS (Os) techniques. [3] P
et al. (2003) and Meisel and Moser (2004), high pressure asher (HPA) d
et al. (2004), CT and HPA digestion ID-ICP-MS technique. [6] D.G. P
analyses. Errors are quoted at 2σmean.

tions of HSEs obtained at the UC and UMCP generally
agree within analytical uncertainty with those obtained in
most other labs. The average 187Os/188Os ratio obtained
for the UB-N standard at the UMCP agrees well with
that reported from Leoben University. Although there
are no published 187Os/188Os data available to date for
the GP-13 standard, an average of multiple analyses
obtained at UMCP is identical to that obtained at Durham
University (0.12647 ± 42: D.G. Pearson, personal com-
munication). These results provide further support to
the notion that Carius tube digestion, when performed
at temperatures of ≥240 ◦C for 48 h or longer, is at
least as efficient in dissolving PGE carriers in peridotitic
materials as the high-pressure ashing (HPA) digestion
technique (e.g., Puchtel and Humayun, 2005). These
results also testify to the adequacy of the analytical pro-
cedures employed at the UC and UMCP for studies of
HSEs.

4. Results

4.1. Major element and lithophile trace element

data

The major and trace element data for komatiites and
basalts from the Volotsk suite are listed in Table 2 and
nd Humayun (2005), CT digestion, ID-ICP-MS techniques. [4] Meisel
ID-ICP-MS (Re and PGE) and ID-TIMS (Os) techniques. [5] Pearson
personal communication, CT digestion, ID-TIMS. n is the number of

plotted in Figs. 3 and 4. The concentrations of REE for
some of these samples have been reported by Puchtel
et al. (1993), but are repeated here for the sake of
data completeness and accessibility. In the komatiites,
concentrations of both compatible (MgO, Ni) and incom-
patible lithophile elements (Ti, Al, HFSE, REE) vary in a
systematic manner across the individual lava units, typ-
ical of differentiated komatiite lava flows (e.g., Arndt,
1986). The MgO contents of the flow tops and in the
upper part of the spinifex zone vary between 26 and 28%,
decrease to 24% in the lower half of the spinifex zone,
and then increase to ∼37% in the cumulate layer. Alu-
minum, Ti, Zr, Nb, Y, Sc, Nd, Sm, and heavy REE show
strong (correlation coefficient, r = 0.92–0.99) inverse
correlations with MgO (Fig. 3). On the other hand, some
of the traditionally more mobile elements, including Pb
(r = 0.66, not shown), U (r = 0.73, not shown), and Ce
(r = 0.87) exhibit a larger scatter about the regression
lines. The Volotsk suite komatiites are somewhat lower
in Ti, Zr, Y, and Al, and are higher in Th, at a given
MgO content, compared to komatiites from the Kamen-
noozero synform (Fig. 3), although the concentrations of

other elements, e.g., Nb, Ce, or Yb, in these two suites
of komatiites are similar.

The Volotsk komatiites have nearly chondritic ratios
of moderately incompatible elements (Al2O3/TiO2
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Table 2
Major (wt%) and trace element (ppm) abundances in the komatiites and basalts

Sample 02/5 02/6 02/8 02/9 02/9A 02/9B 02/10 02/10A 02/10B

SiO2 46.2 46.8 44.0 45.2 45.6 45.6 44.5 46.4 45.0
TiO2 0.256 0.294 0.159 0.285 0.286 0.267 0.215 0.239 0.228
Al2O3 6.24 6.94 3.98 6.79 6.39 6.12 5.49 6.00 5.51
Fe2O3 11.2 11.9 11.2 12.9 12.4 12.7 12.3 12.1 11.7
MnO 0.17 0.17 0.18 0.16 0.16 0.16 0.17 0.16 0.17
MgO 28.9 26.3 36.5 26.9 27.6 28.5 32.5 30.1 31.7
CaO 6.27 6.76 3.51 6.77 6.88 6.18 4.30 4.55 5.29
Na2O 0.65 0.64 0.19 0.79 0.43 0.29 0.23 0.28 0.22
K2O 0.09 0.12 0.05 0.10 0.13 0.14 0.07 0.11 0.09
P2O5 0.07 0.08 0.04 0.10 0.14 0.11 0.08 0.07 0.07
LOI 6.15 5.10 8.70 5.83 5.62 6.45 7.64 8.04 7.38

Cr 3137 3477 3018 3517 3502 3397 3336 3425 3242
Ni 1642 1546 2060 1573 1576 1720 1869 1785 1779
Zr 14.1 15.5 8.70 15.1 13.7 11.2 12.3
Hf 0.392 0.420 0.230 0.407 0.368 0.301 0.330
Nb 0.727 0.711 0.420 0.630 0.580 0.526 0.552
Ta 0.044 0.044 0.025 0.037 0.034 0.031 0.033
Sc 24.7 26.5 20.0 29.3 27.4 22.3 23.7
Y 6.25 6.53 3.67 6.38 5.79 4.87 5.13
Pb 2.76 2.78 1.73 3.62 2.09 1.59 2 32
U 0.056 0.068 0.021 0.042 0.053 0.048 0.042
Th 0.130 0.122 0.065 0.102 0.077 0.067 0.073
La 0.956 0.890 0.511 0.905 0.609 0.560 0.580
Ce 2.43 2.34 1.30 2.37 1.67 1.54 1.58
Nd 1.75 1.77 0.957 1.79 1.36 1.21 1.28
Sm 0.568 0.596 0.314 0.594 0.492 0.422 0.453
Eu 0.210 0.238 0.118 0.218 0.215 0.166 0.187
Gd 0.779 0.840 0.451 0.832 0.707 0.606 0.662
Dy 0.985 1.06 0.581 1.03 0.905 0.767 0.827
Er 0.645 0.694 0.396 0.652 0.593 0.511 0.543
Yb 0.654 0.689 0.424 0.625 0.593 0.520 0.541

Sample 04/3 04/3A 04/3B 04/3E 04/3 G 04/2 04/3J 25/6 27/6 28/1 30/1

SiO2 44.7 45.5 46.0 45.4 45.0 44.7 46.2 48.2 49.2 48.3 49.5
TiO2 0.283 0.314 0.324 0.257 0.248 0.197 0.247 1.00 0.629 0.722 0.577
Al2O3 6.45 7.23 7.58 5.52 5.66 5.13 5.60 14.1 12.4 14.4 13.8
Fe2O3 11.9 12.7 12.7 13.1 12.7 12.1 11.9 14.0 12.6 13.1 12.3
MnO 0.18 0.18 0.18 0.18 0.17 0.18 0.17 0.19 0.18 0.18 0.18
MgO 27.8 25.3 24.4 29.9 31.0 33.9 29.6 8.44 12.3 10.0 10.9
CaO 7.87 7.91 7.86 5.38 4.91 3.42 5.83 11.1 10.2 10.3 10.6
Na2O 0.56 0.55 0.79 0.12 0.27 0.25 0.37 1.70 1.66 1.64 1.55
K2O 0.14 0.13 0.10 0.09 0.09 0.03 0.06 1.08 0.60 1.22 0.47
P2O5 0.10 0.14 0.13 0.09 0.08 0.04 0.08 0.21 0.21 0.20 0.20
LOI 4.49 4.53 4.56 6.64 7.05 8.72 6.83 1.60 1.51 1.76 1.22

Cr 3391 3435 3601 3205 3308 3118 3311 471 409 495 740
Ni 1517 1343 1293 1884 1996 2148 1773 159 352 265 143
Zr 14.7 16.9 12.9 10.5 51.8 46.4 47.1 37.6
Hf 0.391 0.452 0.346 0.281 1.37 1.35 1.25 1.09
Nb 0.656 0.843 0.623 0.469 1.55 2.16 2.04 1.71
Ta 0.039 0.049 0.036 0.028 0.104 0.143 0.126 0.112
Sc 29.2 29.3 25.5 21.1 51.1 40.1 45.8 45.1
Y 6.08 7.17 5.52 4.56 22.7 15 17.6 15.6
Pb 2.19 2.54 2.03 2.06 8.49 1.46 2.04 1.31
U 0.046 0.047 0.044 0.029 0.05 0.227 0.19 0.239
Th 0.082 0.107 0.075 0.059 0.105 0.851 0.705 0.577
La 0.700 0.878 0.670 0.530 2.07 5.42 4.44 4.15
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Table 2 (Continued )

Sample 04/3 04/3A 04/3B 04/3E 04/3 G 04/2 04/3J 25/6 27/6 28/1 30/1

Ce 1.93 2.36 1.82 1.43 6.01 11.8 10.4 9.48
Nd 1.50 1.83 1.43 1.14 5.23 6.43 6.52 5.53
Sm 0.539 0.643 0.510 0.394 1.94 1.73 1.89 1.54
Eu 0.203 0.275 0.172 0.142 0.701 0.571 0.617 0.52
Gd 0.786 0.922 0.703 0.579 2.93 2.16 2.40 2.02
Dy 0.978 1.16 0.866 0.732 3.66 2.46 2.82 2.45
Er 0.610 0.754 0.545 0.484 2.34 1.56 1.77 1.63

asis.
Yb 0.586 0.740 0.550

Here, and in Tables 4–6, analyses are re-calculated on an anhydrous b

= 23 ± 1, (Gd/Yb)N = 1.0 ± 0.1), and, hence, can be
referred to as the Al-undepleted type of Nesbitt et al.

(1979). On the basis of their large ion lithophile ele-
ment (LILE) distribution patterns, the Volotsk lavas are
subdivided into two groups (Fig. 4). The first group,
which comprises the majority of samples, is moder-

Fig. 3. Variation diagrams of selected major and trace elements in the
Volotsk suite komatiites. The data for the Sumozero-Kenozero (S-K)
komatiites from the Kamennoozero synform (Puchtel et al., 1999) are
shown for comparison.
0.492 2.24 1.53 1.73 1.65

ately depleted in light REE ((La/Sm)N = 0.82 ± 0.03),
has a Nb/Nb* ratio close to unity (0.98 ± 0.02), and
in this respect is similar to Kamennoozero komatiites
((La/Sm)N = 0.70 ± 0.02, Nb/Nb* = 1.1 ± 0.2). The sec-
ond group, which includes samples from flows 11/3,
12/3, and a chilled margin sample from flow 5/3,
exhibits near-flat REE patterns ((La/Sm)N = 1.00 ± 0.06)
and distinct negative Nb anomalies (Nb/Nb* = 0.79
± 0.04).

The mafic lavas from the Volotsk suite are
komatiitic basalts (MgO = 10–12%) and tholeiites
(MgO ∼ 8%). The komatiitic basalts are enriched in
LREE ((La/Sm)N = 1.7 ± 0.2) and have characteristic
strong negative Nb anomalies (Nb/Nb* = 0.39 ± 0.03).
The only available tholeiitic sample is depleted in
LREE ((La/Sm)N = 0.67) and in Th relative to Nb
((Nb/Th)N = 2.0). These latter parameters are similar to
those observed in tholeiites from the Kamennoozero syn-
form (Puchtel et al.,1999).

4.2. Pb–Pb isotopic data

Lead isotopic compositions were measured in
strongly leached samples in order to minimize the possi-
ble role of U mobility during interaction with seawater. In
the previous study (Puchtel et al., 1993), data for sam-
ple 25/6 plotted well above the regression line in the
206Pb/204Pb versus 208Pb/204Pb diagram and led to a high
MSWD. This sample has an anomalously high Pb con-
tent (8.5 ppm versus 1.3–2 ppm in the other komatiitic
basalt samples: Table 2), with most Pb being likely intro-
duced during postmagmatic processes. In the present
study, additional pieces of this sample were analyzed
after being subjected to a more aggressive leaching in
hot HCl and HNO , and the results are presented in
3
Table 3 and plotted in Fig. 5 together with those previ-
ously obtained for other samples (Puchtel et al., 1993).
In this study, we also present data for acid leachates from
the samples, which were not included in Puchtel et al.
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ig. 4. Abundances of selected major and trace elements in the Volots
antle values of Hofmann (1988).

1993) study. In the 206Pb/204Pb versus 207Pb/204Pb dia-
ram, data for the leached komatiite and basalt samples
efine a line with a slope corresponding to an age of
861 ± 150 Ma. In the 208Pb/204Pb versus 206Pb/204Pb

lot, the data also define a linear trend. From this cor-
elation, the 232Th/238U ratio in the volcanic rocks is
alculated at 3.3 ± 0.2. Regression of the analytical data

ig. 5. Pb–Pb diagrams for the acid-leached Volotsk suite komatiite
nd basalt samples. The mantle curve was drawn assuming a single-
tage model, 4.50 Ga as the age of the Earth, and μ1 = 8.75.
omatiites, komatiitic basalts and the tholeiite normalized to primitive

for the acid leachates (not plotted in Fig. 5) yields an age
of 2673 ± 100 Ma.

4.3. Sm–Nd isotopic data

The Nd isotopic composition and Sm and Nd concen-
tration data from this study along with those from Puchtel
et al. (1993) are presented in Table 4 and plotted on the
Sm–Nd isochron diagrams in Fig. 6. The data for all
whole rock samples define a linear trend with a slope cor-
responding to an apparent age of 3353 ± 60 Ma, which is
similar to the age of 3391 ± 76 Ma reported by Puchtel et
al. (1991, 1993) for a smaller set of samples. Data for the
komatiite samples alone define a regression line with a
slope corresponding to a younger but statistically indis-
tinguishable age of 3197 ± 143 Ma. The scatter about
both lines somewhat exceeds that from the estimated
analytical uncertainty, as indicated by MSWD = 4.2 and
2.8, respectively. Regression of the Sm–Nd data only for
the LILE-depleted komatiite samples yields an isochron
with an age of 2850 ± 84 Ma and an initial εNd of
+2.7 ± 0.2. These samples show very little scatter, as
evidenced by MSWD = 0.2 (Fig. 6).

In order to estimate the age of metamorphism of the
sequence, mineral separates of hornblende and plagio-

clase from the komatiitic basalt samples 28/1 and 30/1
were analyzed. The Sm–Nd data for the six separates and
the two whole-rock samples from which these separates
were obtained define an internal isochron with an age of
2653 ± 29 Ma (εNd(T) = −0.7 ± 0.2).
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Table 3
Pb isotopic data

Sample 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb

Komatiites
02/5 18.545 15.851 37.708
02/6 18.647 15.776 37.587
02/9 18.161 15.751 37.103
02/9A 18.261 15.802 37.116
02/9B 18.307 15.802 37.171
02/10 18.863 15.897 37.560
02/10A 18.181 15.776 37.034
02/10B 18.316 15.844 37.239
Replicate 18.260 15.815 37.141

Basalts
25/6 14.687 15.009 34.044
Replicate 14.662 15.017 34.071
27/6 20.498 16.151 39.122
Replicate 20.577 16.197 39.281
28/1 16.873 15.636 35.462
Replicate 16.854 15.623 35.358
30/1 14.805 15.033 34.282
Replicate 14.680 15.001 34.063

HCl leachates
02/9 6N 18.429 15.857 37.420
02/10 6N 18.603 15.862 37.474
25/6 6N 14.750 15.099 35.108
27/6 0.5N 27.434 17.412 42.041
27/6 2N 22.935 16.612 41.640
27/6 6N 21.362 16.332 41.050
28/1 6N 17.749 15.758 36.051
30/1 0.5N 17.730 15.655 36.817
30/1 2N 17.408 15.518 36.278
30/1 6N 17.187 15.545 36.588

Replicate analyses were performed on separately dissolved chips from Fig. 6. Sm–Nd diagrams for the Volotsk suite komatiites, basalts and

The PGE concentrations in 14 samples and five repli-
cates are listed in Table 6 and are plotted on MgO
variation diagrams in Fig. 8. Six replicate analyses of
the upper chilled margin samples 02/9 and 04/3 show
the same sample. Boldfaced values from this study; rest of data from
Puchtel et al. (1993).

4.4. Re–Os isotopic and PGE abundance data

The Os isotopic data and Re and Os concentra-
tions in samples 04/2, 04/3, and chromite separates
are listed in Table 5 and plotted on the isochron dia-
gram in Fig. 7. Data for the whole rock 04/2 and the
three chromite separates from this sample define a sin-
gle line, although the scatter about the line exceeds that
expected to be caused by analytical issues, as indicated
by MSWD = 21. If interpreted as an isochron, this regres-
sion yields an age of 2878 ± 81 Ma and a near-chondritic
initial γ187Os = −0.4 ± 0.4. Both Al sample 04/3 and
the chromite separate plot well below the regression
line and were not included into the regression calcu-

lation. Regression of the data for the 04/3 pair alone
yields an apparent age of 2395 ± 122 Ma and an initial
γ187Os = −5.6 ± 0.6.
metamorphic mineral separates. Parameters of chondritic undepleted
reservoir (CHUR) and depleted mantle (DM): 143Nd/144Nd = 0.512638
and 0.513151, 147Sm/144Nd = 0.1967 and 0.2135, respectively
(Jacobsen and Wasserburg, 1984).
Fig. 7. Re–Os diagram for Volotsk suite whole-rock komatiite samples
and chromite separates.
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Table 4
Sm–Nd isotopic data

Sample Sm (ppm) Nd (ppm) 147Sm/144Nd 143Nd/144Nd εNd(T)

Komatiites
02/5 0.5698 1.753 0.1965 0.512721 ± 8 1.7
02/6 0.5980 1.763 0.2051 0.512895 ± 8 2.0
02/8 0.3164 0.9512 0.2011 0.512819 ± 10 1.9
02/9 0.5974 1.814 0.1991 0.512796 ± 7 2.2
02/9B 0.5018 1.373 0.2211 0.513235 ± 7 2.7
02/10 0.4223 1.217 0.2097 0.513023 ± 11 2.8
04/3 0.4965 1.396 0.2150 0.513125 ± 6 2.8
04/2 0.3987 1.105 0.2182 0.513181 ± 9 2.7
04/3B 0.5891 1.693 0.2104 0.513034 ± 6 2.7
04/3E 0.4811 1.359 0.2140 0.513107 ± 9 2.8

Basalts
25/6 1.980 5.352 0.2236 0.513326 ± 8 3.6
27/6 1.718 6.373 0.1630 0.511966 ± 10 −0.73
28/1 1.908 6.625 0.1741 0.512198 ± 10 −0.28
30/1 1.554 5.589 0.1682 0.512099 ± 7 −0.04

Metamorphic mineral separates
28/1 Hbl 2.875 9.477 0.1834 0.512369 ± 10 −0.70
28/1 PI 0.4662 1.973 0.1429 0.511658 ± 20 −0.75
30/1 Hbl* 1.474 5.166 0.1725 0.512176 ± 11 −0.77
30/1 Hbl** 3.828 13.17 0.1757 0.512257 ± 1l −0.25
30/1 PI* 0.1166 0.8117 0.08683 0.510688 ± 11 −0.53
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30/1 PI 0.1098 0.7970

oldfaced values from this study; rest of data from Puchtel et al. (199
ineral separates at 2650 Ma.

ery similar PGE concentrations. On average, they con-
ain (in ppb): Os 1.6 ± 0.1, Ir 1.3 ± 0.1, Ru 5.1 ± 0.1,
t 10.8 ± 0.2, and Pd 10.6 ± 0.4, and, thus, have moder-
tely fractionated PGE patterns with (Pd/Ir)N = 6.9 ± 0.5
nd suprachondritic (Os/Ir)N = 1.18 ± 0.05 (2σmean).
smium, Ir, and Ru (= IPGEs: Barnes et al., 1985) abun-
ances exhibit strong positive correlations with MgO
Fig. 8), whereas Pt and Pd (= PPGEs: Barnes et al.,
985) show inverse correlations with MgO. Except for
wo cumulate samples that plot below the regression

ine, the correlation for Pt is good and coincides with
he olivine control line, assuming that the Pt content in
he olivine that crystallized from the Volotsk komatiite
as similar to that crystallized from the Abitibi komati-

able 5
e–Os isotopic data for Volotsk suite komatiites

ample Re (ppb) Os (ppb) 1

4/2 WR 0.0431 3.430
4/2AChr 0.4829 9.059
4/2B Chr 0.3994 8.751
4/2C Chr 1.050 8.755
4/3 WR 0.0755 1.606
4/3 Chr 6.081 28.95

he initial γ187Os values calculated at 2878 Ma as defined by the isochron.
0.08328 0.510613 ± 14 −0.78

al εNd values for whole rock samples calculated at 2850 Ma, and for

ite. In contrast, Pd data plot with substantial scatter, most
of which is observed among the cumulate samples.

5. Discussion

5.1. Element mobility

Volotsk suite lavas have undergone seafloor alteration
and polyphase metamorphism, in places attaining the
upper amphibolite facies. These processes are known

to have an effect on the original magmatic abundances
of major and trace elements in komatiites (e.g., Jolly,
1982). Hence, for the purposes of this study, it is essen-
tial to consider the mobility of the components that are

87Re/188Os 187Os/188Os γ187Os(T)

0.0603 ± 3 0.10969 ± 9 −0.5
0.2566 ± 13 0.12018 ± 12 0.3
0.2196 ± 11 0.11736 ± 12 −0.7
0.5787 ± 29 0.13507 ± 15 −0.6
0.2263 ± 11 0.11370 ± 10 −4.4
1.015 ± 51 0.14580 ± 16 −11
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Table 6
PGE abundances (ppb) in the Volotsk suite komatiites

Sample Os Ir Ru Pt Pd (Os/Ir)N (Pd/Ir)N

Komatiite flow 5/3
02/9 1.54 1.31 5.09 10.6 10.5 1.16 6.84
Replicate 1.48 1.26 5.06 10.5 10.6 1.16 7.20
02/9A 1.42 1.19 5.13 11.0 11.2 1.19 8.09
02/9B 2.12 1.45 5.22 9.79 8.00 1.45 4.74
02/10 3.09 1.88 5.47 8.45 7.23 1.63 3.31
02/10A 2.46 1.77 5.46 8.02 6.14 1.38 2.98
02/10B 2.51 1.57 5.13 8.62 9.23 1.58 5.05

Komatiite flow 11/3
02/8 3.94 2.37 6.06 6.48 6.69 1.64 1.33

Komatiite flow 4/1
04/3 1.56 1.27 5.20 10.6 11.5 1.22 7.83
Replicate 1.61 1.34 5.15 11.0 10.6 1.19 6.81
Replicate 1.65 1.42 5.13 10.9 10.4 1.15 6.27
Replicate* 1.61 1.36 5.13 10.9 9.96 1.17 6.30
04/3A 1.18 0.983 4.85 11.2 11.3 1.19 9.86
04/3B 1.02 0.890 4.73 11.9 12.1 1.13 11.7
04/3E 2.15 1.52 5.68 9.27 7.46 1.40 4.21
04/3 G 2.43 1.75 5.68 7.31 5.43 1.38 2.67
04/2 3.25 2.14 5.64 7.72 6.79 1.50 2.73
Replicate* 3.43 2.17 5.79 7.40 6.60 1.57 2.62
04/3J 2.37 1.65 5.31 9.71 10.5 1.42 5.49

erform
ng at 25
All analyses but replicate* perfomed at UC. Replicate* (italisized) p
Replicate digestions were performed at 270 ◦C for 48 h after pre-heati

further involved in geochemical modeling. To accom-
plish this, we utilized the technique introduced by Arndt
et al. (1977) that has been since applied in numerous
studies of komatiites (e.g., Arndt, 1986; Barnes et al.,
1988). Examination of the variation patterns of major
and trace elements indicates that the behavior of alkalies,
Si, and Ca was essentially controlled by postmagmatic
processes. The irregular behavior of some LREEs and
U, Th, and Pb in samples 02/5, 02/6, 02/8, and 02/9
are evidence of some postmagmatic re-distribution of
these elements in those particular samples. Osmium, Ir,
Ru, and Pt form well defined trends in the MgO vari-
ation diagrams, similar to those reported by Puchtel et
al. (2004b) for Abitibi komatiites, and appear to reflect
magmatic behavior. Palladium in some of the B2–4 cumu-
lates plots with significant scatter and essentially below
an olivine control line, indicating that these samples
lost part of their Pd inventory after lava emplacement.
It is noteworthy that the two samples where Pd devi-
ates the most from the regression line, are the only ones
which also show the deviation from the MgO versus

Pt regression line. This is the first suite of samples, of
the five early Precambrian suites we have analyzed to-
date, for which Pd (and to some degree Pt) mobility is
documented.
ed at UMCP. All samples were initially digested at 250 ◦C for 48 h.
0 ◦C for 48 h.

5.2. Composition and differentiation of the
emplaced komatiite lava

The abundances of Al, Ti, REE, and HFSE all exhibit
inverse correlations with MgO. The intersections of
these regression lines with the MgO axes at the ele-
ment content defined by solid–liquid DOl (Beattie, 1994)
determine the MgO content of olivine, which is cal-
culated at 51 ± 1% (Fig. 3). Chromium also shows an
inverse correlation with MgO and, thus, behaved incom-
patibly, although not nearly to the same degree as in
the komatiites of the adjacent Kamennoozero synform
(Fig. 3). Still, this type of behavior indicates that crystal-
lization of olivine in the flows was not accompanied by
any perceptible accumulation of chromite, i.e., olivine
was the only major fractionating phase in the Volotsk
flows. Hence, the MgO content of the emplaced lava can
be calculated on the basis of the average MgO content
(51 ± 1%) of the fractionating olivine (for algorithm, see
Arndt, 1986). These calculations give 27 ± 1% MgO.
Chilled margin samples should represent the compo-

sition of the emplaced komatiite lava, unless they are
affected by postmagmatic processes. The two upper
chilled margin samples, which have an average MgO
content of 27.4%, plot on the regression lines in the



I.S. Puchtel et al. / Precambrian Re

Fig. 8. PGE vs. MgO variation diagrams for the Volotsk suite komati-
ites. Data for the Abitibi olivine composition and the average depleted
s
l
T
O

M
i
a
s
I
1
P
f
s

b
s
d
t
i
s
u
e
T
t
p

b
c

pinel lherzolite (ADSL) from Puchtel et al. (2004b). The two cumu-
ate outliers in the MgO vs. Pt plot are not included into the regression.
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gO variation diagrams for the majority of elements of
nterest, including PGEs, and were, thus, not affected by
lteration. These samples are further considered as repre-
enting the composition of the emplaced komatiite lava.
n terms of PGEs, the emplaced lava contained (ppb): Os
.6 ± 0.1, Ir 1.3 ± 0.1, Ru 5.1 ± 0.1, Pt 10.7 ± 0.2, and
d 10.7 ± 0.4. Thus, the emplaced lava had a moderately
ractionated PGE pattern with (Pd/Ir)N = 7.0 ± 0.5 and a
uprachondritic (Os/Ir)N = 1.18 ± 0.02.

In the MgO versus Pt diagram (Fig. 8), all samples,
ut two B2–4 cumulates, plot on a trend with a negative
lope, indicating that Pt was incompatible during lava
ifferentiation. This trend passes through the composi-
ion of the Abitibi olivine that was presumably similar
n composition to that crystallized from the Volotsk lava
ince both lavas had similar major element compositions
pon emplacement. Thus, Pt behavior during lava differ-
ntiation was controlled entirely by olivine fractionation.
he behavior of Pd was also broadly incompatible, but

he majority of cumulate samples, due to Pd mobility,

lot with a significant scatter.

The IPGEs exhibit compatible behavior, as evidenced
y the positively sloping trends in Fig. 8, and by the cal-
ulated bulk fractionation D ranging from 1.5 for Ru to
search 158 (2007) 119–137 131

3.2 for Ir, and to 4.8 for Os. This behavior of IPGEs
is typical of the so-called Munro-type komatiitic lavas
(Puchtel and Humayun, 2005) and was argued to result
from the presence of an Os–Ir–Ru-rich phase on the liq-
uidus during the komatiite lava differentiation (Puchtel
et al., 2004b).

5.3. Timing of emplacement of the Volotsk suite
lavas

The new Nd, Pb, and Os isotopic constraints, com-
bined with the new lithophile trace element data, warrant
re-consideration of the early Archean age of the Volotsk
suite supracrustal sequence. We argue that this suite rep-
resents remnants of the supracrustal sequences of the
adjacent Sumozero-Kenozero greenstone belt. First, the
new Sm–Nd, Pb–Pb, and filtered Re–Os isochron ages
of the Volotsk suite lavas agree within analytical uncer-
tainty. This is strong evidence that these data reflect
the time of the emplacement of the lavas rather than
a metamorphic event or effect of crustal contamina-
tion, or combination of both. These ages also agree with
the U–Pb zircon age of 2875 ± 2 Ma for the lavas from
the Kamennoozero synform of the Sumozero-Kenozero
greenstone belt. Second, komatiites from the Volotsk
suite and the Kamennoozero synform both have iden-
tical initial Nd-isotopic compositions (εNd(T) = +2.7).
Third, the LILE-depleted komatiites of the Volotsk suite
have trace element characteristics similar to those of
komatiites from the Kamennoozero synform. Finally, the
remnants of the Volotsk suite occur in close proximity
to the southeastern outcrops of the Sumozero-Kenozero
greenstone belt (Fig. 1). Therefore, we argue that their
similarity in age and geochemical characteristics and
close spatial association are more than just a coincidence.

The age of 3353 ± 60 Ma calculated from the regres-
sion of the data for all komatiite and basalt samples
is 500 Ma too old. On the basis of the new data, we
argue that this regression does not have geological sig-
nificance, but rather represents a mixing line between
two endmembers with different initial Nd isotopic com-
positions (e.g., Chauvel et al., 1985). The mixing could
have occurred as a result of assimilation-fractional crys-
tallization processes during ascent and emplacement of
the komatiite magma, and/or as a result of interaction
of consolidated komatiite lava with LILE-enriched flu-
ids released from the surrounding TTG gneisses during
metamorphism and granite formation. In order to assess

these possibilities, we have performed mixing calcula-
tions using lithophile trace element and isotope ratios
that are very different in mature continental crustal rocks
and komatiites, and are, thus, crucial indicators of crustal
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igin of
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Fig. 9. Diagrams illustrating the proposed mixing model for the or
Compositions of the LREE-depleted chilled margin sample 04/3 and
were used as endmembers.

contamination in the latter. As can be seen in Fig. 9,
distinct positive correlations exist between 143Nd/144Nd
and Nb/Th and Nb/La ratios, and negative correla-
tions are observed, for instance, between La/Sm and
143Nd/144Nd or Nb/Th. On the other hand, Pb isotopic
compositions of the rocks show a completely irregular
behavior and do not correlate with any indices of crustal
contamination. The calculated Pb isotopic composition
of the source of the Volotsk lavas is substantially more
radiogenic than that of the contemporary upper mantle,
as can be seen in Fig. 5. The Volotsk suite lavas also
have very high Pb abundances, some 10–50 times in
excess of the Pb content in the primitive mantle (Table 1).
However, the lack of correlation between the Pb isotopic
compositions and the indices of crustal contamination
indicates that, although the Pb isotopic composition of
the Volotsk lavas is almost certainly dominated by crustal
Pb, as is the case with crustally contaminated komatiites
and basalts elsewhere (e.g., Dupré and Arndt, 1990),
this Pb was likely derived from the surrounding TTG
gneisses during metamorphism and not during assimi-
lation of crustal rocks by mafic-ultramafic magmas en
route to the surface and/or after emplacement.
The correlations between 143Nd/144Nd and Nb/La,
Nb/Th or La/Sm ratios in komatiites and basalts are likely
to have resulted from mixing between a LILE-depleted
primary magmas and upper continental crustal mate-
LILE-enriched patterns in the Volotsk suite komatiites and basalts.
erage Archaean continental crust from Rudnick and Fountain (1995)

rial with low Nb/Th and Nb/La ratios and unradiogenic
Nd isotopic composition. The only known crustal seg-
ment that was around in the area when the lavas erupted,
and with which they could have interacted, is the Vodla
block. It consists mainly of TTG-gneisses with ages of
3.0–3.2 Ga (Kulikov et al., 1990; Lobach-Zhuchenko et
al., 1993). For the purpose of mixing calculations, the
Sm–Nd data for these rocks (143Nd/144Nd = 0.51046,
147Sm/144Nd = 0.0923) were compiled from the data of
these authors. As for the trace element composition of the
contaminant, which is not available for the Vodla Block
TTG gneisses, we used several averages, including aver-
age compositions of upper and total continental crust
from Rudnick and Gao (2003) and an Archean upper
continental crust estimate from Rudnick and Fountain
(1995). The latter provides the best fit for our data set.

The results of model mixing calculations are pre-
sented in Fig. 9. The upper chilled margin sample
04/3, which was least affected by crustal contamina-
tion judging by its lithophile trace element and Nd
isotopic characteristics, was chosen as a komatiite parent
endmember. The calculated degrees of contamination,
consistent for a number of trace element and isotope

ratios, are close to zero in the LILE-depleted komati-
ites, do not exceed 1.5% in the komatiitic samples with
flat LREE distribution patterns, and are between 4 and
8% in the komatiitic basalts. The observed correlations,
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owever, are unlikely to be the result of crustal contam-
nation at the magmatic stage of lava evolution alone.
or instance, in flow 5/3, the upper chilled margin sam-
le 02/9 has a flat LREE pattern, whereas the rest of
he samples from this flow are to a various degree
REE-depleted. This observation obviously cannot be

econciled with a magmatic model for crustal contam-
nation, in which digested material would have been

ixed vigorously with komatiite magma before it even
eached the surface due to its low viscosity and tem-
eratures some 600 ◦C higher than the solidus of upper
rustal rocks. More likely, these relationships, at least
n part, are the result of interaction with the surround-
ng TTG gneisses during metamorphism, which is also
resumed here to be the reason for a radiogenic Pb iso-
opic composition of the samples. This conclusion is
upported by geological evidence according to which
he most affected flows 11/3 and 12/3 are located closer
o the contact with TTG gneisses.

These results have some implications for the tectonic
nvironment of the lava emplacement. A tectonic model
or the formation of the Sumozero-Kenozero greenstone
elt implied that overthickened plume-generated oceanic
lateau crust, of which the lower unit mafic-ultramafic
ocks are remnants, formed in an intraoceanic environ-
ent (Puchtel et al., 1999). If supacrustal sequences of

he Volotsk suite are part of the Sumozero-Kenozero
reenstone belt, the new data may indicate that the for-
ation of the oceanic plateau took place not as far away

rom sizable continental mass, as previously thought.

.4. Constraints on the composition of the source

.4.1. Lithophile trace elements
The lithophile trace element composition of the

ource of the Volotsk suite lavas is deduced from the
omposition of the LILE-depleted komatiites which
ppear to be unaffected by crustal contamination. These
avas are characterized by εNd(T) = +2.7 ± 0.2. This
mplies that they were derived from a mantle source
hat was depleted in LREE long before the formation
f the Volotsk suite. This conclusion is supported by the
ILE-depleted nature and the calculated Th/U value of
.3 ± 0.2 (primitive mantle Th/U ∼3.8) of the komati-
tes and the tholeiite. These parameters are similar to
hose found in many Precambrian uncontaminated vol-
anic sequences worldwide (e.g., see review in Puchtel
t al., 1998). In these volcanic sequences, initial εNd

alues for late Archean rocks range between +2.4 and
3.1 almost irrespective of age and are accompanied
y Th/U = 3.0–3.5 and Pb isotopic compositions sim-
lar to those projected for the contemporary depleted
search 158 (2007) 119–137 133

mantle (Tilton, 1983). These observations provide strong
evidence for the uniformly LILE-depleted nature of
Archean mantle sources of komatiites.

5.4.2. Highly siderophile elements
The information about the highly siderophile ele-

ment composition of the mantle source for the Volotsk
sequence can be derived from the Re–Os isotope sys-
tematics and HSE abundances of the komatiite lavas.
When considering the Re–Os systematics, two obser-
vations concerning Volotsk komatiites should be taken
into account. First, it is important to emphasize that Os
was immobile during secondary alteration, as evidenced
by the regular variations in Os concentrations across the
lava flows as a function of MgO content (Fig. 8). Second,
the Re–Os isochron obtained, although using a filtered
set of samples, defines an age that is consistent with
ages derived from the lithophile element isotopic sys-
tems. This indicates that, although Re was most likely
mobilized during secondary alteration processes judging
by about an order of magnitude lower Re content in 04/2
compared to the similarly MgO-rich Abitibi cumulates
in which Re was immobile (0.03 ppb versus 0.35 ppb:
Puchtel et al., 2004a), and a slightly elevated Re/Os ratios
in the chromites, this evidently happened not long after
the lava emplacement and the system remained largely
undisturbed thereafter. These two observations allow us
to conclude that the initial 187Os/188Os = 0.10969 ± 42
(γ187Os = −0.4 ± 0.4) derived from the Re–Os isochron
reflects that of the mantle source of the Volotsk suite
komatiites.

To calculate abundances of incompatible highly
siderophile elements in komatiitic mantle sources,
Puchtel et al. (2004b) proposed to use correlations
of MgO versus incompatible elements. This technique
is based on experimental data indicating that at high
degrees of partial melting in the spinel peridotite sta-
bility field, among major phases, only olivine and some
orthopyroxene remain in the mantle residue (e.g., Arndt,
1976). Therefore, for a specific komatiite lava suite,
the abundances of residue-incompatible elements in the
source should plot on the olivine ± orthopyroxene con-
trol lines drawn through the data for the lavas and can be
calculated provided the MgO abundance in the source is
known. As nearly all komatiites have chemical compo-
sitions indicative of their derivation from LILE-depleted
mantle sources, Puchtel et al. (2004b) compiled chemi-
cal data on LILE-depleted mantle xenoliths worldwide

and used these data to calculate the average depleted
spinel lherzolite (ADSL) composition as a proxy for a
LILE-depleted komatiite mantle source. The MgO con-
tent of ADSL (38.3%) was assumed to be representative
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Table 7
Comparison of calculated compositions of emplaced komatiite lava and mantle sources

Sample Os Ir Ru Pt Pd MgO TiO2 Al2O3

Emplaced komatiite lava
[1] 1.6 1.3 5.2 10.7 10.7 27.4 0.28 6.6
[2] 2.3 2.1 5.6 10.7 10.7 27.2 0.35 7.3
[3] 1.9 1.8 5.8 10.7 10.6 27.4 0.43 7.4

Komatiite lava differentiation: solid–liquid partition coefficients
Bulk [1] 4.8 3.2 1.5 0.05 0.07 1.9 0 0.03
Ol [2] 0.68 0.56 0.70 0.05 0.05 1.9 0.01 0.01

Abundances in mantle sources and in ADSL
[1] 4.4 ± 0.4 3.8 ± 0.4 5.6 ± 0.5 5.9 ± 0.5 38.3 0.15 3.6
[2] 3.9 3.6 5.4 5.7 5.7 38.3 0.19 4.1
[3] 4.2 3.9 5.8 5.9 5.4 38.3 0.23 4.0
[4] 3.9 3.6 5.4 7.1 4.8 38.3 0.22 4.0
[5] 3.9 ± 0.5 3.5 ± 0.4 7.0 ± 0.9 7.6 ± 1.3 7.1 ± 1.3

uchtel
) from B
[1] This study; [2] Abitibi (Puchtel et al., 2004b); [3] Kostomuksha (P
from Puchtel et al. (2004b); [5] Earth’s primitive upper mantle (PUM

of the depleted mantle, as this value is little affected by
variations in the degrees of melting.

The results of calculations for the incompatible HSEs
are listed in Table 7. The Pt content in the source of
the Volotsk komatiite calculated from the trend drawn
through all the data points, but two cumulate outliers,
is 5.9 ± 0.5 ppb. This is similar to the Pt content in the
sources of Abitibi and Kostomuksha komatiites (5.7 and
5.9 ppb, respectively: Table 7). Another incompatible
PGE measured in the lavas is Pd. However, its mobil-
ity during alteration and, as a result, substantial scatter
of the data on the MgO variation diagram, does not allow
us to calculate Pd concentration in the source with any
reasonable degree of precision.

Because of the compatible behavior of IPGEs even
during high degrees of partial melting, a different tech-
nique needs to be applied to calculate the abundances of
these elements in komatiite mantle sources from those
in the lavas. Ruthenium does not fractionate much dur-
ing komatiite differentiation; its bulk fractionation D
averages 1.1 ± 0.1 (Puchtel et al., 2004b; Puchtel and
Humayun, 2005; this study). The mean Ru content in
the emplaced komatiite lava is 5.1 ± 0.1 ppb. Using the
average D = 1.1 ± 0.1, the Ru abundance in the source
is calculated at 5.6 ± 0.5 ppb. The Pt/Ru ratio is there-
fore calculated at 1.05 ± 0.20. This is within the range
of those in the average carbonaceous (1.30 ± 0.10), ordi-
nary (1.34 ± 0.10) and enstatite (1.36 ± 0.10) chondrites
(Horan et al., 2003). Further, to calculate the content

of Os and Ir in the komatiite sources, Puchtel et al.
(2004b) assumed that both the Ru/Ir and Os/Ir ratios in
the komatiite sources were CI-chondritic. Although this
was the weakest link in the chain of assumptions made by
and Humayun, 2005); [4] Average depleted spinel lherzolite (ADSL)
ecker et al. (2006).

these authors, we have no better means of calculating the
Os and Ir abundances in this particular komatiitic source.
Here, however, we use not CI, but an average chondritic
Ru/Ir ratio (1.49: Horan et al., 2003). Further, we assume
that the Os/Ir ratio in the calculated emplaced komati-
ite lava composition (1.18 ± 0.05) closely mimics that in
the source. Again, this is within the range for the average
carbonaceous (1.07 ± 0.08) and ordinary (1.11 ± 0.05)
chondrites and slightly higher than in enstatite chondrites
(1.09 ± 0.02). The Os and Ir abundances in the source
of the Volotsk komatiite are calculated at 4.4 ± 0.4 and
3.8 ± 0.4 ppb, respectively (Table 7).

5.5. The origin of the HSE systematics in the source
of the Volotsk komatiite

The near chondritic initial γ187Os = −0.4 ± 0.4 of the
source of the Volotsk suite komatiites indicates that this
source evolved with the time-integrated Re/Os ratio sim-
ilar to that of the carbonaceous chondritic reference of
Shirey and Walker (1998). The Pt/Ru and Os/Ir ratios
in the source are within the range of major chondritic
groups (Horan et al., 2003). In addition, the absolute
concentrations of Ru, Os, Ir, and Pt in the Volotsk source
are within 15% of those in ADSL (Table 7) and overlap
within uncertainty with abundances of these elements
in the primitive upper mantle estimate of Becker et al.
(2006).

The chondritic relative HSE abundances in the man-

tle and the absolute HSE concentrations that are two to
three orders of magnitude higher than those that should
be expected if the silicate portion of the Earth was in equi-
librium with its metallic core, have been noticed some



rian Re

3
v
o
a
e
t
t
a
i
p
e
i
e

b
ε

g
f
o
g
L
e
i
w
t
l
s
p
l
o
l
A
e

t
e
o
a
t
O
f
t
c
Y
s
p
d
s
l
i
p
i

I.S. Puchtel et al. / Precamb

0 years ago (Kimura et al., 1974). The so-called “late
eneer hypothesis” is currently the widely accepted the-
ry that brings together pieces of this puzzle (Morgan et
l., 1981; Morgan, 1985, 1986). Recently, an early core
ntrainment hypothesis was also put forward to explain
his phenomenon (Rushmer et al., 2005). Irrespective of
he mechanism of the HSE replenishment of the mantle
fter it was last equilibrated with the core, possibly dur-
ng the giant impact that completely melted the Earth and
roduced the Moon, this event must have occurred rather
arly in Earth’s history, as indicated by the Re–Os stud-
es of oldest known mantle-derived rocks (e.g., Bennett
t al., 2002).

The Volotsk komatiite source is characterized
y long-term suprachondritic Sm/Nd ratios (initial
Nd = +2.7 ± 0.2) indicating that this source has under-
one episodes of melt extractions long before the
ormation of the Volotsk volcanic sequence. As a result
f these melt extraction events, the mantle domain that
ave rise to Volotsk suite komatiites was depleted in
REE and presumably in other highly incompatible
lements relative to less incompatible. Because Re is
ncompatible in the mantle residue compared to Os,
hich is normally compatible, it might be expected that

he same melt extraction events would have resulted in
ong-term depletions in Re relative to Os in the Volotsk
ource. However, despite depletions in highly incom-
atible lithophile elements, its Re/Os ratio has been
ong-term chondritic, as was the Re/Os ratio of many
ther sources of LREE-depleted komatiitic and basaltic
avas worldwide (e.g., Pilbara: Meisel et al., 1995;
bitibi: Puchtel et al., 2004a; Lapland: Gangopadhyay

t al., 2006; Vietnam: Hanski et al., 2004).
To assess the influence of melt extraction events on

he Sm/Nd and Re/Os ratios of komatiite sources, the
volution of the Sm–Nd and Re–Os isotope systematics
f the Volotsk source was modeled. For this modeling,
batch melting equation was used. It was assumed that

he residue had a lherzolitic composition (65% O1, 20%
px, 10% Cpx, 5% Gar); the bulk partition coefficients

or Nd (0.025) and Sm (0.047) were calculated using
he compilation of Green (1994). The bulk Re partition
oefficient (0.29) was assumed to be similar to that of
b (Hauri and Hart, 1997) and was calculated in the

ame manner as those for Nd and Sm. The bulk Os
artition coefficient was assumed to be ≥50 for low-
egree melting. The abundances of Sm and Nd in the
ource (0.341 and 0.888 ppm, respectively) were calcu-

ated from regressions of abundances of these elements
n the lavas against MgO (Fig. 3), as described in the
revious section. In order to increase the 147Sm/144Nd
n the mantle from its chondritic value of 0.1967 to that
search 158 (2007) 119–137 135

calculated for the komatiite source (0.2324), which is
an 18% increase, the early melting events should have
extracted 1.5–2% of basaltic melt. This melting event is
calculated to have occurred −150 Ma prior to the for-
mation of the Volotsk komatiites to allow the source to
evolve to the radiogenic Nd isotopic composition with
εNd(2875) = +2.7. At the same time, this melting event is
calculated to have decreased the 187Re/188Os ratio in the
source by 5%. Over the time span of 150 Ma this would
result in the retardation of the ingrowth of 187Os/188Os
by only 0.1 gamma unit (0.1%), which is well within the
uncertainty of determination of the initial Os isotopic
composition. This result emphasizes the fact that the
Re–Os systematics is much less sensitive to low-degree
melting than the Sm–Nd systematics due to an order of
magnitude less incompatible behavior of Re compared
to Nd. However, higher degree partial melting will tend
to extract progressively larger proportions of Re, leav-
ing behind a residue substantially depleted in Re. With
time, 187Os/188Os system in these regions in the mantle,
if isolated from the convecting upper mantle in the form
of rigid subcontinental lithospheric keels, will evolve at a
much slower pace resulting in subchondritic Os isotopic
composition. These unradiogenic Os isotopic composi-
tions are often observed in samples of subcontinental
lithospheric mantle (e.g., Walker et al., 1989).

6. Conclusions

(1) The ultramafic lavas of the Volotsk suite represent
yet another example of late Archean komatiitc vol-
canic activity on Earth. These rocks were derived
from a mantle source characterized by long-term
depletions in highly incompatible lithophile trace
elements typical of this period of time in the Earth’s
mantle history. They are similar to komatiites of
the adjacent Sumozero-Kenozero greenstone belt
in terms of emplacement age and lithophile trace
element and Nd and Pb isotope characteristics
and are considered to be fragments of supracrustal
sequences of the latter.

(2) The Volotsk komatiites belong to the Munro-type
lava flows characterized by compatible behavior
of IPGEs during differentiation upon emplace-
ment. The emplaced komatiite lava contained (in
ppb): Os 1.6 ± 0.1, Ir 1.3 ± 0.1, Ru 5.1 ± 0.1, Pt
10.8 ± 0.2, and Pd 10.6 ± 0.4. Whereas concentra-
tions of PPGEs in the emplaced Volotsk lava are

similar to those in komatiites at Abitibi and Kos-
tomuksha, IPGEs are 20–30% lower as a result of
lower degrees of partial melting during the formation
of the Volotsk sequence.
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(3) The absolute Os, Ir, Ru, and Pt abundances in the
source of the Volotsk komatiite were calculated to
be generally similar to those in the average depleted
spinel lherzolite. The mantle source of the Volotsk
lavas evolved with a time-integrated chondritic
Re/Os that is identical, within uncertainty, to that in
the carbonaceous chondritic reference as evidenced
by their near-chondritic γ187Os = −0.4 ± 0.4. Addi-
tionally, Pt/Ru and Os/Ir ratios in the source are
within the range for the major groups of chon-
drites. The chondritic relative HSE abundances and
the relatively high absolute HSE concentrations in
the Volotsk source might be explained by the “late
veneer” or core entrainment hypotheses. If the “late
veneer” hypothesis is correct, our data imply that
most meteoritic material accreted early and was well
homogenized within the upper mantle by 2.9 Ga.

(4) Like many other Archean komatiites, the studied
rocks have a radiogenic initial Nd isotopic com-
position indicative of long-term depletions of their
source in highly incompatible lithophile trace ele-
ments. Yet, the time-integrated Re/Os in the source
remained chondritic. Our modeling indicates that
komatiite sources must have experienced only small-
degree partial melting (2–3%) prior to formation
of the komatiitic sequences. Larger degree melt-
ing results in substantial fractionation of Re from
Os in the source, which with time will evolve to
unradiogenic Os isotopic compositions. These unra-
diogenic Os isotopic compositions are not seen in
komatiites.
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Dupré, B., Arndt, N.T., 1990. Pb isotopic composition of Archean
komatiites and sulfides. Chem. Geol. 85, 35–56.

Garbe-Schönberg, C.-D., 1993. Simultaneous determination of thirty-
seven trace elements in twenty-eight international rock standards
by ICP-MS. Geostand. Newslett. 17, 81–97.

Gangopadhyay, A., Walker, R.J., Hanski, E., Solheid, P., 2006.
Origin of Paleoproterozoic Ti-enriched komatiitic rocks from
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