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Abstract

High-precision Pt–Re–Os and Sm–Nd isotope and highly siderophile element (HSE) and rare earth element (REE)
abundance data are reported for two 2.7 b.y. old komatiite lava flows, Tony’s flow (TN) from the Belingwe greenstone
belt, Zimbabwe, and the PH-II flow (PH) from Munro Township in the Abitibi greenstone belt, Canada. The emplaced
lavas are calculated to have contained �25% (TN) and �28% (PH) MgO. These lavas were derived from mantle sources
characterized by strong depletions in highly incompatible lithophile trace elements, such as light REE (Ce/
SmN = 0.64 ± 0.02 (TN) and 0.52 ± 0.01 (PH), e143Nd(T) = +2.9 ± 0.2 in both sources). 190Pt–186Os and 187Re–187Os isoch-
rons generated for each flow yield ages consistent with respective emplacement ages obtained using other chronometers.
The calculated precise initial 186Os/188Os = 0.1198318 ± 3 (TN) and 0.1198316 ± 5 (PH) and 187Os/188Os = 0.10875 ± 17
(TN) and 0.10873 ± 15 (PH) require time-integrated 190Pt/188Os and 187Re/188Os of 0.00178 ± 11 and 0.407 ± 8 (TN)
and 0.00174 ± 18 and 0.415 ± 5 (PH). These parameters, which by far represent the most precise and accurate estimates
of time-integrated Pt/Os and Re/Os of the Archean mantle, are best matched by those of enstatite chondrites. The data
also provide evidence for a remarkable similarity in the composition of the sources of these komatiites with respect to both
REE and HSE. The calculated absolute HSE abundances in the TN and PH komatiite sources are within or slightly below
the range of estimates for the terrestrial Primitive Upper Mantle (PUM). Assuming a chondritic composition of the bulk
silicate Earth, the strong depletions in LREE, yet chondritic Re/Os in the komatiite sources are apparently problematic
because early Earth processes capable of fractionating the LREE might also be expected to fractionate Re/Os. This appar-
ent discrepancy could be reconciled via a two-stage model, whereby the moderate LREE depletion in the sources of the
komatiites initially occurred within the first 100 Ma of Earth’s history as a result of either global magma ocean differen-
tiation or extraction and subsequent long-term isolation of early crust, whereas HSE were largely added subsequently via
late accretion. The komatiite formation, preceded by derivation of basaltic magmas, was a result of second-stage, large-
degree dynamic melting in mantle plumes.
� 2009 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

Precisely determining the relative and absolute abun-
dances of the highly siderophile elements (HSE; including

Re, Os, Ir, Ru, Pt, and Pd) in the mantle is crucial for under-
standing such fundamental planetary processes as the timing
and mechanisms of Earth’s primary differentiation of its
metallic core from its silicate mantle, as well as possible con-
tinued terrestrial accretion following core formation. Abso-
lute HSE abundances, and 186Os/188Os and 187Os/188Os
ratios that reflect the time-integrated Pt/Os and Re/Os in
the mantle domains, have previously been estimated for the
relatively recent upper mantle via studies of ophiolites,
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abyssal peridotites, orogenic lherzolites, and mantle xeno-
liths (Morgan et al., 1981; Morgan, 1986; Snow and Reis-
berg, 1995; Rehkämper et al., 1997; Handler and Bennett,
1999; Brandon et al., 2000; Meisel et al., 2001; Pearson
et al., 2004; Becker et al., 2006). Most Re–Os isotopic data
for mantle materials and mantle-derived lavas suggest that
the convecting mantle, on average, has evolved with Re/Os
within the range of chondritic meteorites (Shirey and Walk-
er, 1998; Walker, 2009). The more limited Pt–Os isotopic
data are likewise consistent with average mantle bearing a
long-term Pt/Os within the range of chondritic meteorites
(Walker et al., 1997; Brandon et al., 2000, 2006).

Because the HSE have very high (>10,000) and variable
low-pressure and temperature metal-silicate partition coeffi-
cients (e.g., Jones and Drake, 1986), these elements must
have been nearly quantitatively removed from the silicate
portion of the Earth following the last major interaction be-
tween the core and mantle, leaving the latter with very low
and highly fractionated HSE abundances. The generally
chondritic relative abundances of the HSE in the mantle, as
well as the relatively high absolute abundances of HSE in
themantle, have commonly been attributed to late accretion,
a process whereby accretion of �0.5 wt.% of the Earth con-
tinued subsequent to final core segregation (Kimura et al.,
1974; Chou et al., 1983; Morgan, 1986). Alternatively, it
has also been argued that these characteristics of the HSE
might be attributable to metal-silicate partitioning at high
temperatures and pressures, such as may occur at the base
of a magma ocean (Murthy, 1991; Righter et al., 2000). Dis-
cerning which processes most affected the HSE in the mantle
will require highly accurate and precise determination of the
concentrations of HSE in the bulk mantle, the composition
most relevant to issues of planetary differentiation and possi-
ble continued accretion (Walker, 2009).Most mantle materi-
als, and the mantle sources of derivative lavas that have been
studied for HSE and Os isotopic compositions have, how-
ever, been heavily processed via prior melt extraction events
and fluid- or melt–rock interactions. Thus, constraining the
abundances of the HSE in the bulk mantle has proven prob-
lematic (Becker et al., 2006; Lorand et al., 2009).

Komatiites can potentially provide information about
HSE in their mantle source(s) and circumvent the mantle
modification issues noted above. Most komatiites likely
formed via high degrees of partial melting on ascent (Arndt
et al., 2008) leading to the extraction of large proportions
of the HSE from their mantle sources (Barnes et al., 1985).
High degrees of melting provides a mechanism for sampling
average mantle that is not possible with small, individual
mantle samples, e.g., peridotite xenoliths, or lower degree
melts. Because komatiitic magmas are superheated, have
low viscosities, and ascend rapidly (Huppert and Sparks,
1985), they undergo little to no differentiation prior to
emplacement. Collectively, these characteristics mean that
theHSEpresent in komatiites are potentiallymuchmore rep-
resentative of their mantle sources than the HSE present in
melts that are produced by lower degrees of melting and
modified by extensive pre-eruption crystal–liquid fraction-
ation, such as most basaltic melts (Rehkämper et al., 1999).
The relatively high abundances of HSE in komatiitic liquids
also made their HSE much less prone to modification by

mantle or crustal contamination. Further, Archean komati-
ites provide information about the abundances ofHSE in the
mantle at a time when the mantle was less modified by pro-
cesses of melt extraction and refertilization via crustal recy-
cling, compared to the modern mantle. Finally, komatiite
lava differentiation after emplacement produces a range in
Pt/Os, Re/Os, and HSE abundances between different parts
of lava flows. This is crucial for obtaining precise chronolog-
ical information, assess closed-system behaviour of theHSE,
and precisely determine absolute and relative HSE abun-
dances in the mantle sources of the lavas.

Several prior studies of Archean komatiites have revealed
an apparent discrepancy between their lithophile trace ele-
ment and HSE systematics. For instance, mantle sources of
the 2.7 Ga komatiites from the Pyke Hill area in Canada
and 2.9 Ga komatiites from the Volotsk area in Fennoscan-
dia had initial e143Nd = +2.9 ± 0.2 and +2.7 ± 0.2, respec-
tively (Puchtel et al., 2004a, 2007), and were derived from
sources strongly depleted in light rare earth elements (LREE)
and other highly incompatible lithophile trace elements. In
contrast, Os isotope data indicate chondritic initial
187Os/188Os and 186Os/188Os, consistent with long-term
chondritic Re/Os and Pt/Os in their mantle sources. Puchtel
et al. (2007) accounted for this apparent discrepancy via a
single-stage model, whereby the komatiite sources initially
underwent low-degree partial melting early in Earth history,
leading to the removal of the LREE. They argued that the ex-
tent ofmeltingwas sufficiently low, such that it did not lead to
a resolvable fractionation of Re or Pt from Os. The model-
lingwas based on the assumption that partitioning behaviour
ofRe duringmantlemelting was similar to that ofYb (Right-
er andHauri, 1998).More recent studies, however, have sug-
gested that the incompatibility of Re increases dramatically
with increasing oxygen fugacity, and that at oxygen fugaci-
ties typical of melting leading to formation of, for example,
MORB, Re partitioning behaviour is more similar to that
of Ti (Mallmann andO’Neill, 2007). If this is the case, the dif-
fering degree of depletion recorded by the Sm–Nd and Re–
Os isotope systematics in the mantle may not be adequately
explained by the differing behaviour during the same process
and may, thus, have a different origin.

To examine these issues in greater detail, we obtained
Sm–Nd and Pt–Re–Os isotopic and REE and HSE abun-
dance data for Tony’s flow, a differentiated komatiite lava
flow from the 2.7 Ga Belingwe greenstone belt in Zimba-
bwe. We also report additional Pt–Re–Os isotopic and
HSE abundance data for the PH-II flow from Munro
Township in the 2.7 Ga Abitibi greenstone belt, Canada,
which extend the data from the Puchtel et al. (2004a) study.
These two komatiites are particularly interesting to com-
pare because they are approximately of the same age, geo-
chemically similar, yet presumably formed far apart.

2. GEOLOGICAL BACKGROUND, SAMPLES, AND

PREVIOUS STUDIES

2.1. Belingwe greenstone belt

The upper part of the Belingwe Greenstone Belt (BGB)
consists of the Ngezi Group, an �8 km thick volcanic and
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sedimentary sequence which lies unconformably upon older
greenstones, and in part upon the 3.5–3.6 Ga Shabani Gre-
iss Complex (Bickle et al., 1975; Nisbet et al., 1993b). The
lowermost unit of the Ngezi Group is the 0–100 m thick
Manjeri Formation, consisting of shallow-water clastic sed-
iments, carbonates, and ironstones. It is conformably over-
lain by the �1 km thick Reliance Formation containing
mafic and ultramafic volcanic and volcaniclastic lithologies.
The rocks analyzed in this study come from the part of the
Ngezi Group that overlies the ancient Shabani gneisses.
Overlying the Reliance Formation is the dominantly basal-
tic, up to 5 km thick, Zeederbergs Formation, which is, in
turn, succeeded by the shallow-water sediments of the up
to 2 km thick Cheshire Formation (Bickle et al., 1975; Nis-
bet et al., 1977). Komatiites are confined to the Reliance
Formation, which consists of three main units (Nisbet
et al., 1977). The lower (up to 400 m thick) and upper (up
to 200 m thick) members contain primarily komatiitic bas-
alts and tuffs, whereas the middle member (400 m thick)
consists of a series of komatiite lava flows. A komatiite lava
flow from the center of the Reliance Formation, the Tony’s
flow, referred to hereafter as the TN flow, has been selected
for this study (Fig. 1). This flow has been sampled in a sur-
face outcrop and later intersected by the core of the SASK-
MAR drill hole. The results of the field and petrographic
studies were reported by Nisbet et al. (1987) and Renner
et al. (1994). The TN flow is completely exposed in surface
outcrop that is well correlated with the drill site area. The

flow is extremely well preserved, commonly with unaltered
primary mineralogy and even pristine glass remaining with-
in olivine grains. The flow differentiated into an upper spi-
nifex (A) zone and a lower cumulate (B) zone. The
porphyritic B2-4 subzones consist of up to 50% of solid
equant olivine microphenocrysts Fo91.3 that comprise
>95% of the cumulate grain population, and larger equant
olivine grains up to Fo94 that comprise <5% of the cumu-
late grain population; the latter have been interpreted to
be xenocrysts.

Nisbet et al. (1987) and Bickle et al. (1993) published
first lithophile trace element and Nd, Sr, and O isotopic
data for komatiites from the Reliance Formation, and vari-
ations of some PGE abundances in the Anderson’s and
Onias’s flows were studied by Zhou (1994). Walker and
Nisbet (2002) reported Re–Os isotopic data for samples
from the Tony’s and Onias’s flows. Chauvel et al. (1993)
obtained a precise Pb–Pb isochron age of 2692 ± 9 Ma
for komatiitic basalts from the Reliance Formation, which
was interpreted to reflect the emplacement age of the supra-
crustal sequences.

For the present study, we analyzed 9 surface outcrop
(ZV) and 23 drill core (TN) samples from Tony’s flow
(Fig. 1). The surface outcrop samples we used in this study
are large hand specimens, parts of which were used in the
Nisbet et al. (1987) and Renner et al. (1994) studies,
whereas the drill core samples that we studied have so far
not been analyzed.

Fig. 1. Schematic sections through the TN and PH flows and location of samples analyzed in this study.
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2.2. Abitibi greenstone belt

The geology of the Abitibi Greenstone Belt (AGB) and
field petrology of mafic and ultramafic lavas from the Pyke
Hill area have been described in detail in a number of pub-
lications (e.g., Pyke et al., 1973; Arndt et al., 1977; Sproule
et al., 2002, 2005). Most of the stratigraphic, geochronolog-
ical, and geochemical evidence favors a predominantly
autochthonous model for the AGB (Sproule et al., 2002).
The latter has been subdivided into several lithotectonic
assemblages ranging in age between 2750 and 2703 Ma
based on the high-precision U–Pb zircon data (Ayer
et al., 2002). The Pyke Hill area belongs to the Kidd–Mun-
ro Assemblage, which, in addition to komatiites (�5% of
the total assemblage), also contains mafic, intermediate,
and felsic volcanic rocks and iron formations (Ayer et al.,
2002). The U–Pb zircon ages of felsic lavas that underlie
and overlie the komatiites are 2715 ± 2 and 2703 ± 2 Ma,
respectively (Ayer et al., 2002).

Regression of the available Sm–Nd data for the Kidd–
Munro Assemblage komatiites compiled by Puchtel et al.
(2004b) from the studies of Dupré et al. (1984), Walker
et al. (1988), and Lahaye and Arndt (1996) and corrected
for the instrumental bias between different laboratories
yielded an age of 2713 ± 29 Ma and an initial
e
143Nd = +2.9 ± 0.2. The first terrestrial Re–Os isochron
was obtained by Walker et al. (1988) for komatiites from
the Pyke Hill area. The age of 2726 ± 93 Ma defined by the
isochron was consistent with the emplacement age of the la-
vas, and the initial Os isotopic composition derived from the
isochron indicated that the mantle source of the Pyke Hill
komatiites evolved with time-integrated near-chondritic
Re/Os. Gangopadhyay and Walker (2003) reported a Re–
Os isochron age of 2762 ± 76 Ma and also a roughly chon-
dritic initial c

187Os = �0.1 ± 1.0 for a set of whole-rock
samples and chromite separates from a surface flow in the
nearby Alexo area. Gangopadhyay et al. (2005) also ob-
tained an initial c187Os = 0.0 ± 0.6 for a series of whole-rock
samples and chromite separates from the Dundonald Beach
area, also within the Kidd–Munro Assemblage.

The major, minor, and lithophile trace element data for
komatiite lavas from the Munro Township area have been
reported by Arndt et al. (1977) and Sproule et al. (2002)
and, more recently, for the samples used in this study, by
Puchtel et al. (2004a,b).

A 2.7-m thick differentiated komatiite lava flow, the PH-
II flow from Puchtel et al. (2004a,b), further referred to as
the PH flow, has been selected for this study (Fig. 1). De-
tails of the mineralogical and textural features of the PH
flow, given in Puchtel et al., (2004b), are very similar to
those described by Pyke et al. (1973) and also to those of
the TN flow. The PH flow is also subdivided into an upper
spinifex (A) and a lower cumulate (B) zones. Almost all
olivine is altered to serpentine, chlorite, and magnetite,
although chromite is well preserved. The composition of so-
lid equant olivine grains from the B2 subzone varies in a
narrow range between Fo93.5–94.4, with up to 52.6% MgO
(Puchtel et al., 2004b).

In this study, using sample powder aliquots from Puch-
tel et al. (2004a), we obtained more precise age and the

source HSE composition for the Pyke Hill komatiites by
analyzing additional samples, including those with higher
Re/Os and Pt/Os ratios. In order to make the results ob-
tained in the two laboratories more comparable, we also
replicated several samples analyzed by Puchtel et al.
(2004a).

3. ANALYTICAL TECHNIQUES

3.1. Sample preparation and mineral separation

The TN samples were processed using the same protocol
utilized in the study of the Abitibi komatiites (Puchtel et al.,
2004b). Each drill core sample, 400–600 g in weight, where
necessary, was split in quarters lengthwise using a diamond
saw, and one quarter was used for the chemical studies. The
quarters were hand-polished on all sides using SiC sandpa-
per to remove drill bit or saw marks, washed in Milli-Q
water, dried, and crushed in an alumina-faced jaw crusher.
A 100-g aliquot of crushed sample was ground in an alu-
mina shatter box and then finely re-ground in an alu-
mina-faced disk mill. From the hand specimens, 200–
400 g slabs were cut using a diamond saw for mineral sep-
aration and chemical studies. After removing any signs of
weathering using the diamond saw, these slabs were pro-
cessed using the same protocol applied to the drill core sam-
ples. The crush of the largest (500 g) and freshest hand
specimen, ZV10, was used for mineral separation; olivine
and chromite separates were obtained at the Institute of
Geology in Petrozavodsk using the combination of heavy
liquid and magnetic separation techniques and
handpicking.

3.2. Major and minor elements

Major and minor element analyses were carried out at
the Franklin & Marshall College on fused glass discs using
a Phillips 2404 XRF vacuum spectrometer equipped with a
4 kW Rh X-ray tube, following the protocol of Mertzman
(2000). The typical accuracy of the analyses was �1% rela-
tive for major elements present in concentrations >0.5%
and �5% relative for the rest of major and for minor ele-
ments. The details of major and minor element analysis
techniques for the PH flow were reported by Puchtel
et al. (2004b).

3.3. REE abundances and Sm–Nd isotopic systematics

The REE abundances in the TN and PH flows were
determined at the Institute of Mineralogy and Geochemis-
try of Trace Elements in Moscow. Mixed REE spike, 50–
100 mg sample powder, and 1–2 mL of double-distilled
concentrated HF, HNO3, and HClO4. were sealed in Teflon
digestion vessels and equilibrated in a Multiwave� micro-
wave oven at 260 �C for �3 h. After digestion, the sample
solutions were dried, the residues were converted into the
chloride form, and REE were first separated from the sili-
cate matrix, and then further purified using cation exchange
chromatography. The samples were run on a Perkin Elmer
ELAN 6100 DRC ICP-MS. The accuracy of the analyses
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was estimated to be �2% (relative) for all elements and was
determined by multiple analyses of the USGS standards
BCR, BHVO, and BIR.

For the Sm–Nd isotopic analyses of the TN flow,
�200 mg of sample powder, 1 mL of conc. HF, 3 mL of
conc. HNO3 (all double-distilled), and appropriate
amounts of a mixed 149Sm–150Nd spike were weighted out
into screw-cap 15 mL Teflon vessels, sealed and digested
on a hotplate at 140 �C for 24 h. The vessels were then
opened, the solutions were dried, new portions of acids
were added, and the digestion procedure was repeated for
another 24 h. The REE were first separated from the silicate
matrix using cation exchange chromatography, and then
the Nd and Sm fractions were separated and purified using
Eichrom Ln resin. The Nd and Sm cuts were run in a static
mode using Faraday cups of the Nu Plasma ICP-MS at the
Isotope Geochemistry Laboratory, University of Maryland
College Park (IGL). The effects of mass-fractionation dur-
ing Nd runs were corrected for by normalizing to
146Nd/144Nd = 0.7219. Measurements of a 200 ppb Nd La
Jolla standard solution during the period of data collection
yielded 143Nd/144Nd = 0.511873 ± 15 (2rstdev; N = 4). The
measured 143Nd/144Nd ratios in the samples were bias-cor-
rected to the La Jolla 143Nd/144Nd = 0.511860. The initial
e
143Nd values were calculated based on the present-day
parameters of the chondrite uniform reservoir (CHUR):
147Sm/144Nd = 0.1967 (Jacobsen and Wasserburg, 1980),
143Nd/144Nd = 0.512638 (Hamilton et al., 1983).

3.4. Highly siderophile elements

The details of the analytical protocol used in the HSE
analysis are given in Puchtel et al. (2004a), Puchtel et al.
(2005) and Puchtel et al. (2007) and are only briefly summa-
rized below.

3.4.1. Re–Os isotopic systematics and HSE abundances

Approximately 1.5 g of whole-rock sample powder, 2.0 g
of pure olivine, or 0.075 g of pure chromite separate, 6 mL of
purged, triple-distilled conc. HNO3, 4 mL of triple-distilled
conc. HCl, and appropriate amounts of mixed 185Re–190Os
and HSE (99Ru,105Pd,191Ir,194Pt) spikes were sealed in dou-
ble internally-cleaned, chilled 25 mL PyrexTM borosilicate
Carius Tubes (CTs) and heated to 270 �C for 96 h. Osmium
was extracted from the acid solution by CCl4 solvent extrac-
tion (Cohen and Waters, 1996), then back-extracted into
HBr, followed by purification via microdistillation (Birck
et al., 1997). Ru, Pd, Re, Ir, and Pt were separated and puri-
fied using anion exchange chromatography. Average total
analytical blanks during the analytical campaign were (pg):
Ru 0.50 ± 0.16 (±2rmean, N = 14), Pd 13 ± 7, Re 1.1 ± 0.3,
Os 0.25 ± 0.11, Ir 0.29 ± 0.07, and Pt 18 ± 7. For Os, Ir,
Ru, and Pd, the blanks, on average, constitute less than
0.1%, and for Re and Pt, less than 0.2% of the total element
analyzed, respectively. The exceptions were the chromite and
olivine separates, for which blank contributions for Re were
2.4% and 16%, for Pt 6% and 5%, and for Pd 0.8% and 4%,
respectively.

Osmium isotopic measurements were accomplished via
negative thermal ionization mass-spectrometry (NTIMS:

Creaser et al., 1991). All samples were analyzed using a sec-
ondary electron multiplier (SEM) detector of the VG Sector

54mass spectrometer at the IGL. Each Os load was run two
times for a total data collection time of �12 h. The data
from the two runs for each sample were averaged and re-
ported as the final result. The measured isotopic ratios were
corrected for mass-fractionation using 192Os/188Os = 3.083.
The 187Os/188Os in 300 pg loads of the Johnson–Matthey
Os standard measured repeatedly during the analytical
campaign averaged 0.11360 ± 22 (±2rstdev, N = 21). This
value characterizes the external precision of the isotopic
analysis (0.2%) and was used to calculate the uncertainty
on the measured Os isotopic composition for each individ-
ual sample. The 187Os/188Os ratio measured in each sample
was corrected for the instrumental bias relative to the aver-
age 187Os/188Os = 0.11378 measured in the Johnson–Mat-
they Os standard on the Faraday cups of the IGL Triton.
The correction factor of 1.00158 was calculated by dividing
this value by the average 187Os/188Os measured in the John-
son–Matthey Os standard on the SEM of the IGL Sector 54

instrument.
The measurements of Ru, Pd, Re, Ir, and Pt were per-

formed at the IGL by inductively coupled plasma mass-
spectrometry (ICP-MS) using a Nu Plasma instrument with
a triple electron multiplier configuration in a static mode.
Isotopic mass-fractionation was corrected for by interspers-
al of samples with standards. The accuracy of the data was
assessed by comparing the results for the reference materi-
als UB-N and GP-13, obtained during the ongoing analyt-
ical campaign, with the results from other laboratories.
Concentrations of all HSE and Os isotopic compositions
obtained at the IGL are in good agreement with the other
labs (Puchtel et al., 2007, 2008). Diluted spiked aliquots
of iron meteorite samples were run during each analytical
session as secondary standards. The results from these runs
agreed within 0.5% for Ir, 0.8% for Re, and 2% for Ru, Pt,
and Pd with fractionation-corrected values obtained from
measurements of undiluted iron meteorite samples using
Faraday cups of the same instrument with a signal of
>100 mV for the minor isotopes. We therefore cite ±2%
as uncertainty on the concentrations of Ru, Pt, and Pd,
±0.8% for Re, ±0.5% for Ir, and ±0.2% for the concentra-
tions of Os in the whole-rock samples. For the chromite
and olivine separates, the uncertainties on the Re concen-
trations were 1.2% and 8%, Pt – 3% and 2.5%, and Pd –
0.4% and 2%, respectively, assuming a �50% variation in
abundances in the blank. The uncertainty in the Re concen-
tration was the main source of uncertainty in the Re/Os ra-
tio. This uncertainty was, thus, estimated to be 0.8% for the
whole-rock samples, 1.2% for the chromite, and 8% for the
olivine separates. All regression calculations were per-
formed using ISOPLOT 3.00 (Ludwig, 2003) and the uncer-
tainties stated above. The initial c

187Os value was
calculated as the per cent deviation of the isotopic compo-
sition at the time defined by the isochron relative to the
chondritic reference of Shirey and Walker (1998) at that
time. The average chondritic Os isotopic composition at
the time T defined by the isochron was calculated using
the 187Re decay constant k = 1.666 � 10�11 year�1, an early
solar system 187Os/188Os = 0.09531, and the present-day
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average chondritic composition (187Re/188Os = 0.40186,
187Os/188Os = 0.1270: Smoliar et al., 1996; Shirey and
Walker, 1998).

3.4.2. Pt–Os isotopic systematics

In the present study, we followed the methodology
developed by Puchtel et al. (2004a) for determining precise
initial 186Os/188Os isotopic compositions in materials
requiring corrections for the ingrowth of radiogenic 186Os,
such as Archean komatiites. This methodology involves
determination of high precision 186Os/188Os isotopic com-
positions on un-spiked digestions combined with determi-
nation of elemental abundance ratios of Pt, Re, and Os
on small aliquots taken from the un-spiked digestions to en-
sure the representativeness of these ratios for each sample
digestion. In order to obtain the amount of Os required
for the high-precision measurements of the 186Os/188Os
and 187Os/188Os ratios (50–70 ng), each sample was digested
in 8–16 CTs. For the initial un-spiked digestions, �3 g of
sample powder and 15 mL of acids were placed into
37 mL PyrexTM CTs, chilled to 0 �C, sealed and kept in an
oven at �270 �C for 96 h. After the digestion was complete,
the tubes were chilled and opened, 0.5 mL of the acid sam-
ple solution from each CT of the batch representing a single
sample digestion were transferred into a clean 25 mL CT
for precise determination of the Re/Os and Pt/Os ratio in
each sample. Before the transfer procedure, the clean CT
was chilled to 0 �C and appropriate amounts of the mixed
185Re–190Os and HSE (99Ru, 105Pd, 191Ir, 194Pt) spikes were
added to it, followed by �5 mL of acid after the sample
solution transfer was completed. The CT with the spiked
sample solution was then sealed and kept in an oven at
�270 �C for 24 h to achieve sample-spike equilibration.
After opening the CT, the spiked aliquot was processed
using the same procedure utilized in the Re–Os and HSE
analysis, except that, without a knowledge of the precise
weight of the sample represented by the amount of trans-
ferred solution, only the inter-element ratios of interest di-
rectly pertaining to the scope of this part of the study (i.e.,
Re/Os and Pt/Os) were determined. From the remaining
part of the un-spiked acid sample solution, Os was ex-
tracted and purified using the same protocol utilized in
the Re–Os study. The Os cuts from the batch of CTs con-
taining a single sample digestion were combined into one
cut and used for the precise measurements of the
186Os/188Os and 187Os/188Os ratios.

Measurements of Re, Os, and Pt isotopic compositions
from the spiked aliquots, for the determination of precise
Re/Os and Pt/Os ratios, were performed using the same
protocol utilized in the Re–Os and HSE study outlined
above.

The high-precision measurements of the 186Os/188Os and
187Os/188Os ratios were performed by N-TIMS in a static
mode on either a nine-Faraday collector ThermoFinnigan

Triton� mass spectrometer at the NASA Johnson Space
Center (JSC), or on a nine-Faraday collector Triton� mass
spectrometer at the IGL. Signals of 100–180 mV on mass
234 (186Os16O3

�) and 235 (187Os16O3
�) were generated to

reach the maximum in-run precisions. The possible isobaric
interference of 186W16O3

� on 186Os16O3
� was assessed by

measuring 184Os/188Os (modified if 184W16O3
� present)

and monitoring mass 231 (183W16O3
�). Although a signal

of �50 cps was normally measured at mass 231, its size in
comparison to other potential isotopes of W indicated it
was not W, and, therefore, no W corrections were made. In-
stead, the small signals typically observed at mass 231 are
consistent with the expected amount of 198Pt16O17O that
is produced from the Pt filaments during ionization. This
was indicated from the mass scan profiles from mass 226
(194Pt16O2) to mass 230 (198Pt16O2), that clearly show all
of the PtO2 isotopes in their expected proportions in the
spectrum, and no evidence for WO3 production at mass
230 or 231. The mean of the Johnson–Matthey Os standard
runs during the period of data collection was
0.0013071 ± 54 and 0.0013086 ± 57 for 184Os/188Os,
0.1198475 ± 11 and 0.1198454 ± 17 for 186Os/188Os, and
0.1137921 ± 42 and 0.1137840 ± 48 for 187Os/188Os
(2rstdev) at the JSC (N = 6) and at the IGL (N = 16),
respectively. The measured 186Os/188Os at the IGL were
bias-corrected to the JSC 186Os/188Os standard value of
0.1198475 using a correction coefficient of 1.0000175. Each
sample load was run two to four times; the reported results
represent averages of all individual runs, and the errors on
the averages are quoted at 2rmean. To calculate the age, the
Pt–Os data were regressed using ISOPLOT 3.00 and the
190Pt decay constant k = 1.477 � 10�12 year�1 (Begemann
et al., 2001). Error input was determined from either the
uncertainty of the standard measurements, or the uncer-
tainty of the individual runs, whichever was greater. All er-
rors on age and initial isotopic ratios are quoted at 2rmean.
The initial e186Os values were calculated as part per 10,000
deviation of the 186Os/188Os of the sample at the time rela-
tive to the chondritic reference of Brandon et al. (2006) at
that time using an early solar system 186Os/188Os =
0.1198269 and 190Pt/188Os = 0.00174.

4. RESULTS

4.1. Major, minor and trace elements in the emplaced

komatiite lavas

The major, minor, and REE data for the TN and PH
flows are presented in Tables 1 and 2 and plotted on varia-
tion diagrams in Fig. 2. The primitive mantle-normalized
REE abundances in the lavas are also plotted in Fig. 3.
The concentrations in both flows vary in a manner typical
of differentiated komatiite lava flows elsewhere (e.g., Arndt,
1986). In the TN flow, the upper chilled margin contains
24% MgO, compared to 28% in the PH flow. In the TN
flow, the MgO content ranges between 24% and 17% in
the A-zone and between 26% and 31% in the B-zone, com-
pared to 28–27% and 27–35%, respectively, in the PH flow.
The PH flow is, therefore, somewhat more MgO-rich, and
exhibits a narrower range in the MgO content, likely due
to the fact that it is a thinner flow. Both compatible and
incompatible elements in the TN and PH flows vary in a
regular fashion. When plotted against MgO, the data for
incompatible Al2O3, TiO2, CaO (TN only), V, and REE de-
fine tight trends with negative slopes intersecting the MgO
axes at 50.2 ± 0.5% and 52.6 ± 0.7% (2rmean) for the TN
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and PH flows, respectively. These projected MgO abun-
dances are consistent with the average MgO contents of
cores of olivine microphenocrysts crystallized in the B zones
of the TN (50.8 ± 0.6%: Renner et al., 1994) and PH
(51.6 ± 0.2%: Puchtel et al., 2004b) flows and, thus, indicate
that the trends for these elements represent olivine control
lines, also testifying to the immobile behaviour of these
components. The CaO data for the PH flow plot on a stee-
per trend that does not pass through the olivine composi-
tion but, instead, intersects the MgO axis at 42.9 ± 1.9%.

This implies CaO mobility during alteration of the PH flow,
most likely the olivine-rich, cumulate portion of it, on the
scale of drill core samples.

The Ni vs. MgO data for both flows define trends with
positive slopes indicating the typical compatible behaviour
of Ni during lava differentiation. However, although the
PH flow trend passes near the cumulate olivine composi-
tion, indicating olivine control over the variations of this
element, the TN trend has a slightly steeper slope than
the olivine control line, as defined by the average Ni content

Table 1

Major (wt.%) and minor (ppm) element data for the TN flow.

Sample SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 LOI Cr V Co Ni

TN1 46.9 0.366 7.29 12.7 0.215 24.0 7.22 0.54 0.140 0.022 6.61 2332 156 97 1391

TN2 48.1 0.410 8.08 12.9 0.210 20.2 8.48 1.05 0.095 0.021 4.18 2367 179 83 985

TN3 48.3 0.419 8.27 13.1 0.220 20.3 7.86 0.97 0.084 0.021 3.85 2455 183 79 1006

TN4 47.6 0.384 7.77 12.9 0.208 21.6 7.85 1.05 0.052 0.021 2.98 2383 174 77 1254

TN5 48.4 0.417 8.26 13.1 0.209 19.5 8.48 1.12 0.073 0.021 3.30 2369 184 82 880

TN6 48.6 0.436 8.76 13.4 0.218 18.1 8.58 1.25 0.083 0.021 2.95 2191 188 84 758

ZV14 49.4 0.463 9.28 13.4 0.216 16.5 9.02 1.16 0.062 0.021 2.79 2024 203 74 541

ZV80 46.3 0.310 6.23 12.4 0.165 26.7 6.44 0.70 0.010 0.010 2.69 2286 138 90 1788

TN7 45.7 0.311 6.15 12.1 0.197 27.8 6.26 0.80 0.021 0.021 2.81 2287 136 90 1823

TN8 45.5 0.300 5.99 12.2 0.197 28.3 6.03 0.77 0.021 0.010 2.56 2336 132 106 1822

TN9 45.8 0.299 5.96 12.1 0.196 28.3 6.01 0.78 0.021 0.021 2.47 2269 129 99 1802

TN10 45.5 0.304 5.77 12.1 0.199 28.8 6.04 0.65 0.010 0.010 3.75 2260 130 99 1901

ZV11 46.2 0.310 6.11 12.2 0.196 27.7 6.01 0.60 0.021 0.010 2.86 2258 135 98 1889

TN11 45.4 0.290 5.78 11.9 0.196 29.1 5.83 0.78 0.010 0.021 2.40 2227 126 86 1784

ZV78 46.1 0.312 6.07 12.3 0.198 27.9 5.89 0.56 0.021 0.010 3.63 2329 141 109 1812

TN12 45.3 0.280 5.54 11.9 0.187 29.8 5.61 0.66 0.021 0.010 3.03 2287 124 103 2003

ZV10 46.2 0.308 6.19 12.2 0.195 27.5 6.11 0.66 0.021 0.021 2.16 2284 137 108 1804

TN13 45.5 0.279 5.46 11.8 0.186 30.1 5.43 0.67 0.021 0.010 2.59 2237 123 104 1998

TN14 45.4 0.270 5.41 11.8 0.187 30.2 5.45 0.63 0.021 0.010 2.88 2221 122 100 2141

TN15 45.3 0.268 5.35 11.8 0.186 30.4 5.43 0.62 0.021 0.010 2.18 2226 123 108 2068

ZV77 46.5 0.318 6.33 12.3 0.195 26.6 6.39 0.75 0.021 0.021 2.10 2247 143 93 1782

TN16 45.0 0.259 5.18 11.9 0.186 31.0 5.21 0.61 0.010 0.010 3.07 2247 116 114 2245

TN17 44.7 0.261 5.05 11.9 0.188 31.3 5.35 0.58 0.021 0.010 3.95 2276 113 102 2209

TN18 45.2 0.262 5.27 11.9 0.189 30.4 5.50 0.64 0.021 0.010 4.35 2244 123 114 2320

ZV9 46.0 0.310 6.04 12.3 0.197 27.5 6.15 0.80 0.031 0.010 2.76 2304 136 109 1883

TN19 45.3 0.279 5.32 11.8 0.186 30.3 5.48 0.63 0.010 0.010 2.68 2223 122 96 2131

TN20 45.5 0.278 5.43 11.7 0.195 29.9 5.49 0.77 0.021 0.010 2.25 2234 124 105 2093

ZV76 46.3 0.319 6.31 12.4 0.196 26.7 6.37 0.84 0.021 0.021 2.52 2248 140 98 1765

TN21 45.5 0.283 5.62 12.0 0.189 29.6 5.51 0.55 0.021 0.021 4.27 2267 126 99 2033

TN22 45.8 0.303 5.83 12.1 0.198 28.8 5.83 0.51 0.010 0.021 3.56 2226 129 97 1972

TN23 46.7 0.313 6.19 12.3 0.198 27.8 5.25 0.63 0.021 0.010 3.37 2226 133 100 1857

ZV74 46.3 0.330 6.56 12.4 0.196 26.1 6.57 0.87 0.041 0.021 2.31 2279 143 99 1668

Note. The analyses are re-calculated on an anhydrous basis.

Table 2

REE (ppm) data for the Tony’s flow.

Sample Ce Nd Sm Eu Gd Dy Er Yb (Ce/Sm)N (Gd/Yb)N

TN1 2.02 1.93 0.710 0.301 1.11 1.39 0.906 0.881 0.69 1.02

TN3 2.37 2.27 0.831 0.332 1.27 1.54 1.05 1.02 0.69 1.01

TN4 2.18 2.06 0.782 0.329 1.19 1.53 0.979 0.963 0.67 1.00

TN6 2.57 2.38 0.912 0.367 1.36 1.72 1.13 1.05 0.68 1.05

ZV14 2.77 2.57 0.950 0.397 1.44 1.79 1.18 1.13 0.70 1.03

ZV10 1.80 1.67 0.613 0.250 0.969 1.18 0.795 0.761 0.71 1.03

TN16 1.50 1.42 0.543 0.213 0.784 1.02 0.674 0.644 0.66 0.98

TN19 1.54 1.49 0.558 0.227 0.822 1.02 0.667 0.665 0.67 1.00

Note. Normalizing values (N) are from Hofmann (1988). The analyses are re-calculated on an anhydrous basis.
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in the cumulus olivine, and may indicate the presence of a
minor Ni-rich phase on the liquidus, in addition to olivine.
The Cr data for most samples from the TN flow plot on an
essentially horizontal trend that passes well above the
cumulate olivine composition. In addition, samples from
the spinifex zone exhibit a distinct positive correlation of
Cr vs. MgO. These relationships indicate fractionation of
minor chromite in the TN flow. In contrast, the Cr data
for the entire PH flow plot on a trend that passes through
the cumulate olivine composition, indicating that Cr varia-
tions in the flow were controlled solely by olivine
fractionation.

The average primitive mantle (PM)-normalized (Hof-
mann, 1988) Al2O3/TiO2 and Gd/Yb are 0.88 ± 0.01 and
1.01 ± 0.02 (TN) and 0.92 ± 0.01 and 0.96 ± 0.01 (PH),
respectively (2rmean). These values are consistent with the
composition of the komatiite type that was classified by
Nesbitt and Sun (1976) as Al-undepleted, or Munro-type

lavas. The PM-normalized CaO/Al2O3 in the TN flow
and in the presumably alteration-free A-zone of the PH
flow are 1.27 ± 0.02 and 1.26 ± 0.07, respectively, i.e., these
ratios are �30% higher than that in the PM. Finally, both
flows are depleted in LREE relative to PM (Fig. 3), with
average (Ce/Sm)N = 0.68 ± 0.01 (TN) and 0.52 ± 0.01
(PH).

Accurate determination of the MgO contents of the em-
placed komatiite lavas is important for evaluating the po-
tential mantle temperature of magma generation, and,
ultimately, for calculating the absolute and relative litho-
phile and HSE abundances in their mantle sources. We used
several independent techniques to calculate the MgO con-
tents of the emplaced komatiite lavas for the TN and PH
flows. First, we used the compositions of upper chilled mar-
gins that are usually good proxies for the liquid composi-
tion from which they formed. These are represented by
samples TN1 and PH25, which contain 24.0% and 27.8%

Fig. 2. Variations of selected major, minor, and trace element abundances in whole-rock komatiite samples and olivine separates from the TN

and PH flows. Except for the MgO, Ni, CaO, and Cr contents, which are from Renner et al. (1994), the abundances in the olivine separates

were calculated using the composition of the emplaced lava and the olivine-silicate melt partition coefficients of Green (1994).
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MgO, respectively. Second, we used a well-established rela-
tionship between the composition of cumulate olivine and
that of the liquid it crystallized from (Roeder and Emslie,
1970; Beattie et al., 1991). The average MgO and FeO con-
tents of the cores of olivine microphenocrysts (not xeno-
crysts, which were not included into the calculations) in
the TN flow are 50.8 ± 0.6% and 7.7 ± 0.8% (2rmean), as
compiled from Renner et al. (1994). These olivine composi-
tions can be shown to be in equilibrium with a komatiite li-
quid containing 24.7 ± 2.1% MgO. In the PH flow, the
average MgO and FeO contents of the cores of olivine
phenocrysts are 51.6 ± 0.2% and 6.3 ± 0.2% (2rmean),
respectively; these olivines can be shown to be in equilib-
rium with a komatiite liquid containing 27.0 ± 1.0%
MgO. Finally, we extrapolated the differentiation trends
for the elements that are absent from olivine crystal lattice
towards their intercepts with the MgO axis to calculate the
average MgO content of olivine that crystallized from the
emplaced lava. We then used this composition to calculate
the MgO content of the emplaced lava from the relation-
ship between the composition of the olivine and the liquid
it crystallized from. The linear regressions give average
intercept values of 50.2 ± 0.5 and 52.6 ± 0.7% for the aver-
age MgO content in the olivine from the TN and PH flows,
respectively, which are calculated to be in equilibrium with
komatiite liquid containing 24.8 ± 2.3% (TN) and
29.0 ± 2.5% MgO (PH). The average MgO contents in the
emplaced lavas are, thus, calculated to be 24.5 ± 0.5%
and 27.9 ± 1.2% for the TN and PH flows, respectively
(2rmean). Our results for the TN flow are consistent with
those of Nisbet et al. (1993a) who concluded that the most

MgO-rich erupted komatiitic liquids known from the Reli-
ance Formation contained �26% MgO.

4.2. HSE abundance data and HSE composition of the

emplaced komatiite lava

The HSE abundances obtained in this study for the TN
and PH flows are presented in Table 3 and plotted as CI
chondrite-normalized (using average Orgueil values from
Horan et al., 2003) abundances in Fig. 4. These new HSE
data together with those from the Puchtel et al. (2004b)
study are also plotted against MgO contents in Fig. 5.

The olivine and chromite separates from the TN flow ex-
hibit similar CI chondrite-normalized patterns with enrich-
ments in IPGE (IPGE = Os, Ir, and Ru: Barnes et al.,
1985), especially Ru, relative to PPGE (PPGE = Pt and
Pd) andRe, albeit the chromite has about an order of magni-
tude higher Os, Ir, and Pt and about two orders ofmagnitude
higher Ru, Pd, and Re contents compared to the olivine. The
similarities in the pattern shape between the olivine and chro-
mite may suggest that the HSE budget of the olivine may be
in part controlled by the presence of micron-sized chromite
inclusions that are observed in thin sections.

In whole-rock samples of both lava flows, all HSE show
strong correlations with the indices of magmatic differenti-
ation, such as MgO contents, which is evidence for their
immobile behaviour during post-magmatic processes. Os
and Ir strongly, positively correlate with the MgO content,
which indicates compatible behaviour of these elements
during lava differentiation. This is typical of the so-called
Munro-type lava flows of Puchtel and Humayun (2005).
The olivine compositions plot well below the trends for
either flow, indicating the presence of an Os and Ir-rich
phase on the liquidus. Because of the minimal variance
(e.g., Figs. 4 and 5), it appears that the bulk differentiation
partition coefficients for Ru were close to unity for both
flows, with the Ru concentrations across the lava flows
being mostly controlled by olivine, possibly with a small
proportion of chromite in the case of the TN flow. Re,
Pt, and Pd display negative linear correlations with MgO,
testifying to their typical incompatible behaviour during
komatiite lava differentiation. Data for Re from both flows
define two almost indistinguishable trends that pass
through the olivine compositions and, thus, represent oliv-
ine control lines. There are several TN samples that plot
above the regression line, including TN7 and ZV14. Appar-
ently, in these samples Re was mobilized during alteration.
Both the Pt and Pd data for each lava flow define separate
trends that pass either through, or close to the respective
olivine compositions. As such, these regressions represent
olivine control lines, providing evidence that both Pt and
Pd were immobile during alteration, and that their varia-
tions in the lava flows were controlled solely by olivine.

The HSE abundances in the emplaced lavas at both
localities, calculated from the ISOPLOT regressions for
each element using the MgO content in the emplaced lavas
(Fig. 5), are presented in Table 4. The emplaced lava of the
TN flow contained (ppb): 0.52 Re, 1.5 Os, 1.3 Ir, 5.3 Ru, 9.3
Pt, and 8.7 Pd, as compared to 0.46 Re, 2.4 Os, 2.1 Ir, 5.2
Ru, 10.8 Pt, and 10.3 Pd in the PH flow. The emplaced la-

Fig. 3. Primitive mantle-normalized (Hofmann, 1988) REE abun-

dances in the TN and PH flows.
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vas of the TN and PH flows, thus, have identical Os/Ir
(1.14 ± 0.11 and 1.15 ± 0.11), and similar Re and Ru con-
centrations. The absolute Os and Ir concentrations, how-
ever, are �60% higher, and Pt and Pd �20% higher in the
emplaced lava of the PH flow.

4.3. Re–Os isotopic data

The Re–Os isotopic data for the TN and PH flows ob-
tained in this study are presented in Table 5. These new data,
together with the Re–Os data for the PH flow from Puchtel
et al. (2004a) are plotted on Re–Os isochron diagrams in
Fig. 6. The Re–Os data for twenty four whole-rock samples,
including 10 replicates, and olivine and chromite separates
from the TN flow, define a regression line with a slope corre-
sponding to an age of 2689 ± 16 Ma, and an initial

187Os/188Os = 0.10836 ± 32 (c187Os = �0.22 ± 0.30). Three
samples collected from just above and right below the B1

subzone in the TN flow plot well below the regression line
and, thus, contain some excess Re not supported by respec-
tive ingrowth of 187Os. These samples also have Re concen-
trations that plot above the olivine control line in Fig. 5,
indicating some later movement of Re, likely due to second-
ary alteration, and were not included into the regression cal-
culations. Some Re mobility in several other samples is also
inferred from the scatter of the data about the regression line
that cannot be accounted for by the analytical uncertainty, as
indicated by the MSWD = 13. This regression line does not
meet the robust criteria for an isochron, since theMSWDva-
lue exceeds themaximum expected value of 1.6 calculated for
the given degree of freedom (26) using the protocol ofWendt
and Carl (1991).

Table 3

HSE abundances (ppb) and elemental ratios in the TN and PH flows.

Sample Re Os Ir Ru Pt Pd Re/Ir Os/Ir Ru/Ir Pt/Ir Pd/Ir

TN flow

TN1 0.543 1.72 1.55 5.29 9.64 8.47 0.350 1.11 3.41 6.22 5.46

TN3 0.565 0.489 0.510 4.88 11.0 10.2 1.11 0.959 9.56 21.6 20.0

TN5 0.566 0.601 0.576 4.82 10.3 9.68 0.983 1.04 8.37 17.9 16.8

TN6 0.653 0.380 0.439 4.36 12.0 10.2 1.49 0.866 9.93 27.2 23.3

ZV14 0.767 0.351 0.451 3.96 13.0 11.4 1.70 0.779 8.78 28.8 25.4

TN7 0.903 2.02 1.66 5.94 7.62 7.88 0.545 1.22 3.59 4.60 4.76

TN10 0.432 2.10 1.76 5.82 8.09 7.72 0.245 1.19 3.30 4.59 4.38

TN12 0.372 2.21 1.80 5.95 6.85 6.92 0.207 1.23 3.31 3.81 3.85

TN14 0.379 2.66 2.17 6.08 6.86 6.66 0.175 1.23 2.80 3.16 3.07

TN15 0.368 2.34 1.94 5.73 6.94 6.64 0.190 1.21 2.96 3.58 3.43

TN16A 0.370 3.27 2.63 6.08 6.25 6.64 0.141 1.24 2.53 2.38 2.53

TN16B 0.344 3.75 3.09 5.94 6.24 6.34 0.111 1.21 1.92 2.02 2.05

TN17A 0.348 2.62 2.17 5.96 6.31 6.38 0.160 1.21 2.75 2.91 2.94

TN17B 0.342 2.98 2.45 6.01 6.14 6.31 0.140 1.22 2.45 2.51 2.58

TN18A 0.352 3.15 2.56 5.96 6.48 6.39 0.138 1.23 2.33 2.53 2.50

TN18B 0.353 3.43 2.84 6.05 6.46 6.43 0.124 1.21 2.13 2.27 2.26

TN18C 0.361 3.46 2.82 5.79 6.39 6.42 0.128 1.23 2.05 2.26 2.27

TN19A 0.394 2.60 2.17 5.80 7.43 6.84 0.181 1.20 2.67 3.42 3.15

TN19B 0.505 2.74 2.27 5.62 7.13 6.87 0.223 1.21 2.48 3.14 3.03

TN19C 0.527 3.09 2.53 5.69 7.12 6.81 0.208 1.22 2.25 2.81 2.69

TN20 0.374 2.41 2.00 5.75 6.57 6.68 0.187 1.21 2.88 3.29 3.35

TN21A 0.457 2.99 2.50 6.01 7.94 7.67 0.182 1.20 2.40 3.17 3.06

TN21B 0.440 2.85 2.43 5.70 7.81 7.04 0.181 1.17 2.35 3.22 2.90

TN21C 0.441 2.47 2.16 5.35 7.91 7.24 0.204 1.14 2.47 3.66 3.35

TN21D 0.432 2.65 2.33 5.88 8.17 7.44 0.186 1.14 2.53 3.51 3.20

ZV10A 0.482 2.39 1.96 5.72 9.04 8.16 0.246 1.22 2.92 4.62 4.17

ZV10B 0.471 2.15 1.79 5.38 9.09 7.78 0.264 1.21 3.01 5.09 4.36

ZV10 Chr 0.591 22.0 15.3 336 3.89 17.4 0.0387 1.44 22.0 0.254 1.13

ZV10 Ol 0.00349 3.61 2.63 6.51 0.193 0.132 0.00133 1.37 2.47 0.0733 0.0500

PH flow

PH25A 0.465 2.60 2.17 5.09 10.9 9.70 0.214 1.20 2.35 5.02 4.47

PH25B 0.462 2.67 2.22 5.10 10.7 9.62 0.208 1.20 2.29 4.81 4.33

PH26 0.471 2.01 1.72 4.75 10.3 10.2 0.274 1.16 2.76 5.98 5.89

PH28 0.548 1.97 1.71 4.94 11.2 10.5 0.320 1.15 2.89 6.53 6.17

PH30A 0.304 6.93 5.38 5.29 8.19 7.33 0.0564 1.29 0.98 1.52 1.36

PH30B 0.304 6.26 4.82 5.27 8.06 7.31 0.0630 1.30 1.09 1.67 1.52

PH30C 0.309 6.43 4.95 5.24 8.04 7.32 0.0623 1.30 1.06 1.62 1.48

PH31A 0.252 6.75 5.21 5.16 7.64 6.81 0.0483 1.30 0.99 1.47 1.31

PH31B 0.252 7.40 5.54 5.08 7.83 6.94 0.0455 1.34 0.92 1.41 1.25

PH31C 0.254 6.93 5.21 5.03 7.91 7.06 0.0487 1.33 0.96 1.52 1.36

Note. The analyses are re-calculated on an anhydrous basis.

6376 I.S. Puchtel et al. /Geochimica et Cosmochimica Acta 73 (2009) 6367–6389



The cumulate sample ZV10, its two replicates, and pure
olivine and chromite fractions separated from this sample
define a well-constrained (MSWD = 0.4) and precise inter-
nal isochron with an age of 2690 ± 16 Ma and an initial
187Os/188Os = 0.10875±17, corresponding to an initial
c
187Os = +0.14 ± 0.16. Both Re–Os ages are identical to
the Pb–Pb isochron age of 2692 ± 9 Ma interpreted to rep-
resent the emplacement age of the Reliance Formation
(Chauvel et al., 1993). This initial ratio represents our best
estimate of the initial 187Os/188Os in the source of the TN
flow. Using an early solar system initial 187Os/188Os =
0.09531 (Shirey and Walker, 1998) and the 187Re decay con-
stant k = 1.666 � 10�11 year�1 (Smoliar et al., 1996), it is
calculated that the source of the TN flow would have
evolved from T = 4558 Ma to its initial 187Os/188Os =
0.10875 at 2690 Ma with a time-integrated, chondritic
187Re/188Os = 0.407 ± 5.

The initial 187Os/188Os = 0.10875±17 obtained in this
study is �2.5% lower than the initial 187Os/188Os =

0.11140±84 obtained by Walker and Nisbet (2002). In their
study, these authors analyzed both whole-rock samples and
olivine and chromite separates from the Onias’s and Tony’s
flows. The whole-rock Re–Os data showed a highly dis-
rupted, open-system behaviour, with initial c187Os ranging
between �2.1 and �410, which was interpreted to be the re-
sult of Re-remobilization due to intrusion of Proterozoic
dolerites, likely associated with a major flood basalt event
in Zimbabwe. As a result, only data for olivine and chro-
mite separates were used for regression calculations by
these authors. These data plot with a substantial scatter,
unaccounted for by the analytical uncertainty (MSWD =
18), about the regression line with a slope corresponding
to an age of 2721 ± 21, consistent with the accepted
emplacement age of the lavas, but yielded an initial
c
187Os = +2.8 ± 0.8. At present, the source of the discrep-
ancy is not clear. In contrast to the results of Walker and
Nisbet (2002), our whole-rock Re–Os data show much less
scatter and essentially immobile behaviour of Re during
secondary alteration. This could be due to the fact that in
the present study, we homogenized substantially larger rock
volumes during sample preparation stage, and also used
better preserved drill core samples, which may have aided
in negating the effects of small-scale Re-redistribution dur-
ing the Proterozoic thermal event. Second, due to the sub-
stantial improvements in the analytical techniques over the
past decade, the total analytical blanks in this study were
about an order of magnitude lower than those in Walker
and Nisbet (2002). Due to the very low Re concentrations
in the chromite separates analyzed by Walker and Nisbet
(2002), the calculated Re blank contributions were between
100% and 4000%. Such large uncertainties on the Re abun-
dances may have resulted in over-correction of Re abun-
dances and for the 187Os ingrowth in the separates; the
extremely low Re concentrations in the chromite separates
analyzed by Walker and Nisbet (2002), compared to that
from our study, support this conclusion.

TheRe–Os data for 10 whole-rock samples, including five
replicates, from the PHflow are approximated by awell-con-
strained (MSWD = 0.5) and precise isochron with an age of
2737±16Maand an initial 187Os/188Os =0.10860±12, corre-
sponding to an initial c187Os = +0.32±0.10. This age and the
initial ratio are identical to those we calculated using ISO-
PLOT 3.00 for the set of five samples from the Puchtel
et al. (2004a) study (2719 ± 54 Ma, c

187Os = +0.61 ±
0.28). Regression of the data from the present study, together
with those fromPuchtel et al. (2004a), produces a statistically
indistinguishable, albeit more precise, isochron
(MSWD = 1.8) with an age of 2733 ± 20 Ma and an initial
187Os/188Os = 0.10873 ± 15, corresponding to a
c
187Os(T) = +0.40 ± 0.14. This represents our best estimate
of the initial 187Os/188Os in the source of the PH komatiites.
The source of the PH flow is calculated to have evolved to its
initial 187Os/188Os = 0.10873 at 2733 Ma with a time-inte-
grated, chondritic 187Re/188Os = 0.415 ± 5.

4.4. Pt–Os isotopic data

The new Pt–Os isotopic data for the TN and PH flows,
together with those for the PH flow from the Puchtel et al.

Fig. 4. CI chondrite-normalized (Horan et al., 2003) HSE abun-

dances in whole-rock samples from the TN and PH flows and

olivine and chromite separates from the TN flow.
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(2004a) study, are given in Table 6 and are plotted on Pt–Os
isochron diagrams in Fig. 7. Four samples from the TN
flow define an isochron with an age of 2805 ± 277 Ma
and an initial 186Os/188Os = 0.1198315 ± 7, corresponding
to an initial e

186Os = 0.00 ± 0.06. Since the initial
186Os/188Os ratio calculated from the isochron is strongly
influenced by the uncertainty on the isotopic composition
of the single sample (ZV10) that controls the slope of the
isochron, a more accurate way of estimating the initial
186Os/188Os ratio of the source of the lavas is to average
the initial 186Os/188Os ratios for each sample, calculated
for the emplacement age of the lavas, and using the mea-
sured Pt/Os and 186Os/188Os ratios. The average initial

186Os/188Os ratio, calculated in this way, is 0.1198318 ± 3
(initial e186Os = 0.01 ± 0.03) and represents our best esti-
mate of the initial 186Os/188Os in the source of the TN kom-
atiites. Using an early solar system initial
186Os/188Os = 0.1198269 (Brandon et al., 2006) and the
190Pt decay constant k = 1.477 � 10�12 year�1 (Begemann
et al., 2001), it is calculated that the source of the TN flow
would evolve from T = 4558 Ma to its initial
186Os/188Os = 0.1198318 at 2690 Ma with a time-inte-
grated, chondritic 190Pt/188Os = 0.00178 ± 0.00011, equiva-
lent to Pt/Os = 1.86 ± 0.12.

The Pt–Os data for three samples from the PH flow ana-
lyzed in this study define an isochron with an age of

Fig. 5. Variations of HSE abundances as a function of MgO content in whole-rock komatiite samples and olivine separates from the TN and

PH flows. Data for the PH flow also include those from Puchtel et al. (2004b).

Table 4

Calculated HSE abundances (ppb) and MgO (wt.%) in emplaced komatiite lavas and mantle sources of the TN and PH flows. The PUM

estimate from Becker et al. (2006) is provided for comparison.

Re Os Ir Ru Pt Pd MgO

Emplaced lavas

TN 0.52 ± 0.08 1.5 ± 0.1 1.3 ± 0.1 5.3 ± 0.1 9.3 ± 0.8 8.7 ± 0.5 24.5 ± 0.5

PH 0.46 ± 0.07 2.4 ± 0.2 2.1 ± 0.2 5.2 ± 0.1 10.8 ± 0.5 10.3 ± 0.6 27.8 ± 0.5

Sources

TN 0.24 ± 0.04 2.8 ± 0.4 2.5 ± 0.4 5.8 ± 0.5 4.1 ± 0.4 4.3 ± 0.3 38.0

PH 0.24 ± 0.04 2.8 ± 0.4 2.4 ± 0.4 5.7 ± 0.5 6.4 ± 0.3 6.1 ± 0.4 38.0

PUM 0.35 ± 0.12 3.9 ± 1.0 3.5 ± 0.8 7.0 ± 1.8 7.6 ± 2.6 7.1 ± 2.6 38.0

Note. The uncertainties are 2rmean.
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2630 ± 406 Ma and an initial 186Os/188Os = 0.1198315 ±
13. In this study, we replicated samples PH30 and PH31
analyzed by Puchtel et al. (2004a). Data for sample PH31
from Puchtel et al. (2004a) overlap within analytical uncer-
tainty with those from this study, whereas the data for sam-
ple PH30 do not. The replicate of PH30 from this study
plots on the regression line obtained by Puchtel et al.
(2004a), whereas the previously analyzed sample PH30
plotted well above the regression line. Regression of all
the Pt–Os data with the exception of the single outlier yields
an isochron with an age of 2728 ± 443 Ma and an initial
186Os/188Os = 0.1198316 ± 9, corresponding to an initial
e
186Os = 0.00 ± 0.08. The average of initial 186Os/188Os ra-
tios of all samples is calculated to be 0.1198316 ± 5 (initial
e
186Os = 0.00 ± 0.04). This initial ratio represents our best

estimate of the initial 186Os/188Os in the source of the PH
komatiites. The source of the PH flow would have evolved
from the early solar system to its initial 186Os/188Os =
0.1198316 at 2733 Ma with a time-integrated, chondritic
190Pt/188Os = 0.00174 ± 0.00018, which is equivalent to a
Pt/Os = 1.82 ± 0.19. The Pt–Re–Os data, thus, indicate
that both the time-integrated Re/Os and Pt/Os in the
sources of the TN and PH flows were identical within
uncertainties.

4.5. Sm–Nd isotopic data

The Sm–Nd data for the TN flow are presented in Table
7. The Sm/Nd ratios in the six A1-3 and B2-4 samples ana-
lyzed are identical within 1.1%. Since both Sm and Nd

Table 5

Re–Os isotopic data for the TN and PH flows.

Sample Re (ppb) Os (ppb) 187Re/188Os 187Os/188Os c
187Os(T)

TN flow

TN1 0.5091 1.617 1.527 0.17771 ± 16 �0.8

TN3 0.5443 0.4707 5.751 0.37241 ± 27 0.3

TN5 0.5478 0.5818 4.652 0.32159 ± 26 �0.1

TN6 0.6347 0.3693 8.664 0.48358 ± 37 �20

ZV14 0.7463 0.3413 11.16 0.57965 ± 56 �37

TN7 0.8780 1.961 2.164 0.15335 ± 09 �50

TN10 0.4163 2.024 0.9945 0.15355 ± 07 �0.6

TN12 0.3613 2.145 0.8136 0.14530 ± 06 �0.5

TN14 0.3688 2.589 0.6874 0.13799 ± 10 �1.9

TN15 0.3603 2.294 0.7584 0.14233 ± 26 �0.9

TN16A 0.3588 3.171 0.5456 0.13301 ± 09 �0.5

TN16B 0.3333 3.636 0.4419 0.12891 ± 09 0.1

TN17A 0.3347 2.521 0.6406 0.13782 ± 07 �0.1

TN17B 0.3292 2.868 0.5536 0.13403 ± 07 0.1

TN18A 0.3376 3.023 0.5385 0.13372 ± 15 0.4

TN18B 0.3382 3.284 0.4964 0.13125 ± 15 �0.1

TN18C 0.3460 3.321 0.5025 0.13171 ± 09 0.1

TN19A 0.3838 2.533 0.7317 0.14230 ± 12 0.2

TN19B 0.4918 2.664 0.7011 0.14072 ± 10 0.0

TN19C 0.5137 3.010 0.6179 0.13710 ± 09 0.2

TN20 0.3658 2.355 0.7498 0.14146 ± 14 �1.4

TN21A 0.4379 2.869 0.7367 0.14125 ± 12 �1.0

TN21B 0.4220 2.733 0.7455 0.14254 ± 16 �0.2

TN21C 0.4230 2.365 0.8643 0.14825 ± 15 0.0

TN21D 0.4147 2.542 0.7877 0.14485 ± 13 0.1

ZV10A 0.4721 2.337 0.9769 0.15338 ± 06 0.0

ZV10B 0.4615 2.107 1.059 0.15739 ± 10 0.2

ZV10 Chr 0.5915 22.03 0.1291 0.11462 ± 18 0.1

ZV10 Ol 0.003495 3.606 0.004659 0.10900 ± 10 0.2

PH flow

PH-25A 0.4350 2.430 0.8649 0.14877 ± 09 0.1

PH-25B 0.4326 2.500 0.8358 0.14762 ± 09 0.3

PH-26 0.4405 1.876 1.137 0.16172 ± 12 0.4

PH-28 0.5154 1.852 1.349 0.17135 ± 10 0.2

PH-30A 0.2787 6.352 0.2112 0.11852 ± 10 0.4

PH-30B 0.2784 5.741 0.2335 0.11960 ± 11 0.4

PH-30C 0.2833 5.896 0.2313 0.11951 ± 11 0.4

PH-31A 0.2306 6.187 0.1792 0.11687 ± 13 0.2

PH-31B 0.2311 6.782 0.1639 0.11626 ± 10 0.3

PH-31C 0.2325 6.350 0.1761 0.11673 ± 10 0.2

Note. A–D are separate digestions of the same sample powders. The initial c187Os were calculated for the ages of 2690 (TN) and 2733 Ma

(PH). The Re and Os concentrations are not re-calculated on an anhydrous basis.
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are characterized by similarly low partition coefficients be-
tween olivine and komatiite liquid (e.g., Arndt and Lesher,
1992), and as olivine was the only major fractionating min-
eral phase in the TN flow, these results are consistent with
closed-system post-emplacement behaviour. The initial
e
143Nd values calculated for the emplacement age of
2692 Ma are nearly identical for all samples and average
+2.9 ± 0.1 (2rmean). This indicates that the source of the
Belingwe komatiites evolved with a time-integrated supra-
chondritic Sm/Nd, e.g., it was depleted in highly incompat-
ible lithophile trace elements, such as LREE, long before
the formation of the Belingwe komatiite. Since the Pyke
Hill komatiites have identical initial e

143Nd = +2.9 ± 0.2
(Puchtel et al., 2004a), the remarkable similarity between
the sources of the two komatiite systems in terms of the
Pt–Re–Os systematics, thus, also extends to the lithophile
element isotope systematics.

5. DISCUSSION

5.1. Origin of the Belingwe and Abitibi komatiite sources

The TN and PH komatiites are characterized by (Ce/
Sm)N = 0.68 ± 0.01and 0.52 ± 0.01, respectively, indicating
that their mantle sources were strongly depleted in highly
incompatible trace elements, and, thus, presumably also
water. McDonough and Ireland (1993) concluded, on the
basis of their study of trace element abundances in glass
inclusions in olivines from Belingwe komatiites, that they
are ancient analogues of modern, plume-derived, anhy-
drous magmas. Canil (1997) reported data for V partition-
ing between glass inclusions and host olivine in Belingwe
komatiites that indicate that the oxidation state of these la-
vas, as well as several other komatiites, such as those from
Abitibi and Kambalda, was very similar to that of present-
day plume-derived oceanic island basalts. Using our V data
for the TN flow, we calculate a bulk differentiation solid–li-
quid DV = 0.04 ± 0.02, which is identical to that of Canil
(1997). Finally, studies of the oxidation state of iron in melt
inclusions from the Belingwe komatiites indicated deriva-
tion from a dry source, similar to that of MORB (Berry
et al., 2008). Based on these cumulative data, we conclude
that both the TN and PH lavas formed via anhydrous melt-
ing. As such, using the compositions of the emplaced TN
and PH komatiite lavas and the protocol of Nisbet et al.
(1993a) and Abbott et al. (1994), we calculate the liquidus
temperatures of these lavas to be 1525 ± 20 �C and
1565 ± 20 �C, respectively. This compares with the average
liquidus temperatures of �1520 �C calculated by Nisbet
et al. (1993a) for the komatiites sampled in the SASKMAR
drill core. These liquidus temperatures are translated into
potential mantle temperatures of 1740 ± 20 �C and
1780 ± 20 �C, using the protocol of McKenzie and Bickle
(1988) and Abbott et al. (1994), with the depths of melting
initiation of �250 and 375 km for the TN and PH komat-
iites, respectively. These sources were, thus, �220 �C and
260 �C hotter than the temperature of the contemporary
ambient mantle predicted by secular cooling models (ca.
1520 �C: Richter, 1988). Such conditions, whereby the
ascending material is >200 �C hotter than the ambient man-
tle, are consistent with those projected for mantle plumes
(e.g., Herzberg et al., 2007). Our data are, therefore, most
consistent with a mantle plume origin for both the TN
and PH komatiites.

5.2. HSE abundances in the Belingwe and Abitibi komatiite

sources

Constraints on the absolute and relativeHSE abundances
in themantle sources of theTNandPHflows can be obtained
from the Pt–Re–Os isotope systematics and HSE abun-
dances in the lavas. The Pt–Re–Os isotope systematics of
the lavas afford time-integrated Pt/Os and Re/Os ratios in
the sources, whereas the HSE abundances in the lavas pro-
vide clues regarding absolute HSE concentrations in the
mantle sources at the time of formation of the lavas.

In order to calculate the absolute abundances of the
HSE in the komatiite sources, we used a projection tech-

a

b

c

Fig. 6. Re–Os isotopic data for the TN whole-rock samples and

olivine and chromite separates (a and b) and for the PH whole-rock

samples (c). Data for the PH komatiites from this study obtained at

the IGL and those obtained at the JSC (Puchtel et al., 2004a) are

shown by separate symbols.
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nique that has been previously applied to the Abitibi, Kos-
tomuksha, and Volotsk komatiites (Puchtel et al., 2004a,
2004b; Puchtel and Humayun, 2005; Puchtel et al., 2007),
with some modifications. The technique is based on the
assumption that a mineral phase behaves similarly during

low-pressure partial melting in the mantle source and crys-
tallization of the lava after emplacement, i.e., the last resid-
ual mineral phase that enters the melt would be the first to
crystallize. Thus, if an HSE was incompatible with the low-
pressure residual mineral assemblage during melting that
produced the lava, it was also likely similarly incompatible
with the liquidus mineral assemblage during differentiation
of an emplaced komatiite lava. For a specific komatiite lava
suite, the abundances of elements that are incompatible
with the residue (i.e., the mineral hosts of these elements
have been exhausted during melting) should plot on the liq-
uidus lines of descent drawn through the data for the lavas,
and source HSE concentrations can be calculated for a gi-
ven MgO content in the source. Since the MgO content
of the mantle is little affected by previous melt extractions,
Puchtel et al. (2004b) used MgO = 38% in an average de-
pleted spinel peridotite (ADSL), which is also the accepted
MgO content in the putative Primitive Mantle of McDon-
ough and Sun (1995). It should be noted, however, that
the S content at saturation of a mafic lava increases with
decreasing pressure, so magmas become undersaturated
during adiabatic ascent (Mavrogenes and O’Neill, 1999).
As a result, the bulk HSE partition coefficients of the first
phases to fractionate could differ from those that last enter
the melt during partial melting. This limitation can only be
lifted if there is no sulfide left in the source after melting.
Therefore, one of the pre-requisites for our protocol to be
applicable for calculating the HSE composition of the man-
tle source of a lava from its HSE abundances is the com-
plete exhaustion of sulfide in the source during partial
melting. This can only be attained if the degree of melting
exceeds �25% (Barnes et al., 1985; Hamlyn et al., 1985;
Keays, 1995). Therefore, this protocol cannot be applied
to relatively low-degree melts, such as MORB, which form
via <30% melting. The only exceptions are melts formed
under relatively high oxygen fugacity. For example, Mun-
gall et al. (2006) reported high, unfractionated HSE concen-
trations in small-degree partial melts such as meimechites.

Table 6

Precise osmium isotopic data and Re/Os and Pt/Os ratios for the TN and PH flows.

Sample 187Re/188Os 190Pt/188Os 184Os/188Os 186Os/188Os 187Os/188Os c
187Os(T) e

186Os(T)

TN flow

TN16b 0.5834 0.002010 0.0013125 ± 10 0.1198399 ± 13 0.1351753 ± 13 �0.15 ± 0.13 0.02 ± 0.11

TN18a 0.5856 0.001909 0.0013153 ± 35 0.1198389 ± 21 0.1355657 ± 32 0.12 ± 0.12 �0.04 ± 0.18

TN19a 0.6775 0.002639 0.0013078 ± 32 0.1198423 ± 33 0.1396180 ± 31 -0.04 ± 0.14 0.01 ± 0.28

ZV10b 1.0491 0.003898 0.0013131 ± 09 0.1198476 ± 13 0.1568930 ± 14 0.17 ± 0.23 0.03 ± 0.11

PH flow

PH25a 0.8322 0.003959 0.0013135 ± 34 0.1198468 ± 20 0.1476556 ± 18 0.52 ± 0.18 -0.06 ± 0.17

PH29 0.002407 0.0013097 ± 18 0.1198422 ± 11 0.1347934 ± 21 0.07 ± 0.09

PH30 0.001309 0.0013102 ± 21 0.1198392 ± 12 0.1192968 ± 10 0.19 ± 0.10

PH30b 0.2264 0.001196 0.0013070 ± 10 0.1198365 ± 15 0.1190932 ± 14 0.25 ± 0.05 0.01 ± 0.12

PH31 0.001128 0.0013086 ± 13 0.1198359 ± 11 0.1152762 ± 08 �0.02 ± 0.09

PH31b 0.1469 0.001057 0.0013070 ± 07 0.1198355 ± 10 0.1154453 ± 10 0.30 ± 0.03 �0.04 ± 0.08

PH32 0.001511 0.0013087 ± 24 0.1198375 ± 13 0.122539 ± 27 �0.02 ± 0.11

PH33 0.001993 0.0013091 ± 26 0.1198406 ± 06 0.127730 ± 13 0.08 ± 0.05

Note. The uncertainties on the Re/Os and Pt/Os ratios are 0.5% relative. Boldfaced values – present study; the high-precision measurements

were performed at either the IGL (a), or at the JSC (b). The rest of the data are from (Puchtel et al., 2004a). The initial e186Os were calculated

for the ages of 2690 (TN) and 2733 Ma (PH).

a

b

Fig. 7. Pt–Os isotopic data for the TN (a) and PH (b) flows. The

data for the PH flow from Puchtel et al. (2004a) are shown by

separate symbols.
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They showed that these melts can be produced via relatively
low-degree melting that takes place at moderately high oxy-
gen fugacity, which will reduce the amount of sulfide due to
the formation of sulfate and will also destabilize residual
monosulfide solid solution by driving sulfide melts into
the spinel-liquid di-variant field. These authors argued that
magmas formed at high oxygen fugacity by small degrees of
mantle melting can be important agents for the transfer of
chalcophile elements from the upper mantle to the crust and
may be progenitors of significant ore deposits of Pt, Pd, and
Au. The degrees of partial melting estimated for the TN
and PH komatiites on the basis of the incompatible trace
element data are 35% and 50%, respectively. Under these
conditions, sulfide in the sources would likely have been
completely exhausted. Thus, to estimate the abundances
of the incompatible HSE (Re, Pt, and Pd) in the sources
of these komatiites, we extrapolate the trends of each of
these elements to an MgO content of 38 wt.%. Using this
protocol, the concentrations of incompatible Re in both
TN and PH sources were calculated to be 0.24 ± 0.04
ppb. The Pt abundances were calculated to be 4.1 ± 0.4
and 6.4 ± 0.3 ppb, and Pd abundances to be 4.3 ± 0.2 and
6.1 ± 0.4 ppb in the sources of the TN and PH flows,
respectively (Table 4).

The concentrations of compatible Os were obtained
using the calculated Re contents in the sources and the
time-integrated 187Re/188Os derived from the initial
187Os/188Os. The calculated Os concentrations are
2.8 ± 0.4 for both the TN and PH sources. The Ir abun-
dances in the sources were calculated from the Os contents
and the Os/Ir in the emplaced lavas, which have been
shown to have retained the Os/Ir ratios of the sources dur-
ing high degrees of partial melting (Puchtel and Humayun,
2000; Puchtel et al., 2004b). The Ir contents are calculated
to be 2.5 ± 0.4 and 2.4 ± 0.4 for the TN and PH sources,
respectively. Finally, to calculate the Ru abundances in
the sources, we used the compositions of emplaced komat-
iite lavas and the observation that the bulk solid–liquid par-
tition coefficient during komatiite melting and
differentiation is close to unity (DRu = 1.1±0.1: Puchtel
et al., 2004b). The Ru abundances are, thus, calculated to
be 5.8 ± 0.5 and 5.7 ± 0.5 ppb in the TN and PH sources,
respectively. It should be noted that, because the Os abun-
dances were calculated from the time-integrated Re/Os of
the sources of the lavas, these calculated Os (and Ir) abun-
dances in the sources represent time-integrated Os abun-
dances, not abundances at the time of melting. However,
because of the very compatible nature of Os (and Ir) during

low-degrees of partial melting, such as that involved in gen-
eration of basalts, the melting residue left after basalt
extraction that ultimately gave rise to the komatiite mag-
mas would have had virtually unchanged Os (and Ir) abun-
dances and would, thus, approximate the Os (and Ir)
abundances at the time of melting.

The CI chondrite-normalized HSE concentrations in the
TN and PH komatiite sources are plotted in Fig. 8, together
with those for the Primitive Upper Mantle (PUM) estimate
of Becker et al. (2006). Although we acknowledge the
purely hypothetical nature of the PUM reservoir, which
likely does not exist in real world, we find it useful to com-
pare the HSE abundances in the komatiite sources with a
theoretical HSE composition for this putative reservoir, be-
cause it presents a certain standard against which the vari-
ability created in natural mantle sources by billions of years
of geological processes can be tested. The IPGE and Re
abundances estimated for the komatiite sources overlap
with the PUM estimate, although they are at the lower
end of the range for PUM. The PPGE abundances in the
PH source overlap with those in the PUM estimate,
whereas Pd, and especially Pt, abundances in the TN source
are resolvably lower than those in the PUM.

5.3. The lithophile vs. highly siderophile element systematics

There is a potential conflict between the strong deple-
tions in highly incompatible lithophile trace elements, such
as, e.g., LREE, and the generally chondritic Re/Os in the
sources of komatiites throughout most of geologic history.
For instance, the sources of the 3.3 Ga Commondale (Wil-
son et al., 2003), 2.9 Ga Volotsk (Puchtel et al., 2007),
2.0 Ga Lapland (Gangopadhyay et al., 2006), 250 Ma Viet-
nam (Hanski et al., 2004), and 89 Ma Gorgona komatiites
(Walker et al., 1999) have basically the same features:
near-chondritic time-integrated Re/Os and strong long-
term depletions in LREE. Thus, solving this problem using
high-precision HSE komatiite data will have relevance to
the evolution of the entire mantle throughout geologic
history.

The time-integrated subchondritic Nd/Sm in the sources
of both the TN and PH komatiites indicate that these
sources underwent episodes of melting and melt extraction
a minimum of several hundred Ma prior to formation of
the komatiite sequences. As a result, the mantle domains
that gave rise to the TN and PH komatiites were depleted
in Nd vs. Sm and, by the same token, should have been de-
pleted in other incompatible elements relative to less incom-

Table 7

Sm–Nd isotopic data for the TN flow.

Sample Sm, ppm Nd, ppm 147Sm/144Nd 143Nd/144Nd e
143Nd(T)

TN1 0.6386 1.735 0.2226 0.513240 ± 7 +2.8

TN3 0.7659 2.092 0.2214 0.513228 ± 6 +3.0

TN4 0.7419 2.010 0.2231 0.513253 ± 6 +2.9

TN6 0.8603 2.327 0.2235 0.513260 ± 6 +2.9

TN19 0.4945 1.340 0.2230 0.513252 ± 6 +2.9

ZV10 0.5911 1.596 0.2239 0.513268 ± 6 +2.9

Note. Initial e143Nd were calculated for the emplacement age T = 2690 Ma. The Sm and Nd concentrations are not re-calculated on an

anhydrous basis.
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patible. Re is generally incompatible with terrestrial mantle
residues and Os is normally strongly compatible, so it might
be expected that the melt extraction events that generated
the subchondritic Nd/Sm, would also have produced sub-
chondritic Re/Os in the residue, which would then have re-
sulted in retardation of the ingrowth of 187Os in the latter,
compared to ambient mantle. Yet, the time-integrated Re/
Os in the sources of the TN and PH komatiites remain well
within the range of chondritic meteorites. An attempt to
reconcile this apparent paradox for the Pyke Hill and Vol-
ostsk komatiite sources was made by Puchtel et al. (2004b)
and Puchtel et al. (2007) via utilizing a model whereby the
sources experienced low degrees of partial melting and melt
extraction several hundred Ma prior to the emplacement of
the lavas. Their modelling showed that Re/Os was not suf-
ficiently modified by low extents of melting such that its ef-
fect would be isotopically resolvable from chondritic
evolution. Their modelling was based on the assumption
that Re partitioning during mantle melting was similar to
that of Yb, based on the results of experimental work per-
formed at a very low oxygen fugacity (Righter and Hauri,
1998). These redox conditions, however, have been recently
argued to be inappropriate for generation of most terres-
trial magmas (Mallmann and O’Neill, 2007). Mallmann
and O’Neill (2007) have shown that the crystal-silicate melt
partition coefficients for Re decrease by several orders of
magnitude, as its oxidation state changes from +4 (com-
mon for MORB) to +6 (typical of island arc basalts,
IAB). They argued that even at its lowest oxidation state,
Re4+ partitioning behaviour is more similar to that of
Ti4+ than Yb. Therefore, Re may be more strongly incom-
patible than previously believed. If so, this may invalidate
the modelling of Puchtel et al. (2004a).

To further investigate the apparent discrepancy between
lithophile trace element and the HSE behaviour in komati-
ite sources over the Earth’s history, the evolution of the
Sm–Nd and Re–Os isotope systematics of the TN and PH
komatiite sources are modelled here using the new Re par-
titioning data. The assumptions and parameters used in the
modelling are as follow: (1) the mantle reservoir that was
subjected to the initial melting and melt extraction had a

composition consistent with that of model PUM. The
REE and HSE parameters of this model PUM reservoir
were compiled from the data of O’Nions et al. (1977), Jac-
obsen and Wasserburg (1980), Hamilton et al. (1983), Hof-
mann (1988), Meisel et al. (2001), and Becker et al. (2006).
(2) The model PUM reservoir had a composition of spinel
lherzolite (65% Ol, 24% Opx, 10% Cpx, 1% Sp, 0.3% Sulf)
and the melting was described by the batch melting equa-
tion of Shaw (1970). (3) The bulk DSm and DNd during
melting are calculated to be 0.037 and 0.023, respectively,
using the above modal mineral composition and crystal–li-
quid D from Green (1994). (4) The bulk DRe during batch
melting of this model reservoir under redox conditions
appropriate for the formation of dry komatiite magmas is
conservatively estimated to be 0.2 (Fonseca et al., 2007;
Mallmann and O’Neill, 2007), as compared with the value
of 0.3 used in the prior model of Puchtel et al. (2004a).
Using this bulk DRe, a Re content in a typical MORB lava
formed by 8% batch melting of this model PUM reservoir is
calculated to be ca. 1.3 ppb, which is consistent with the
average Re content of MORB glasses (e.g., Escrig et al.,
2005). The bulk Os partition coefficient for low-degree melt-
ing was defined to be 50 (e.g., Roy-Barman et al., 1998; Esc-
rig et al., 2005).

We model evolution of the Sm–Nd and Re–Os isotopic
systematics for two mantle melting scenarios. The first sce-
nario considers the latest possible (youngest), single-stage,
maximum-degree of melting events that would appropri-
ately fractionate the Sm/Nd in the PUM reservoir from
the chondritic value to those calculated for the komatiite
sources and bring the e

143Nd values of these reservoirs to
+2.9 by the time of komatiite formation at 2.7 Ga. The col-
lateral effects on the Re–Os isotope system resulting from
the Nd isotope-based constraints are then considered using
parameters gleaned from the Sm–Nd modelling. In the sec-
ond scenario, we consider the effects of an early, global dif-
ferentiation event that is consistent with recent hypotheses
based on the short-lived 146Sm–142Nd isotope system (e.g.,
Boyet and Carlson, 2006). This scenario requires the mini-
mum-degree of melting (or other process) that would lead
to fractionation of Sm/Nd in the PUM reservoir from the
chondritic value to that required to bring the e

143Nd of
the reservoir to +2.9 by the time the komatiites formed
(2.7 Ga).

For scenario (1), we first calculate the maximum
147Sm/144Nd ratios in the TN and PH komatiite sources
to be 0.2306 and 0.2674, respectively, based on the REE
data for the respective lavas, and using the projection tech-
nique of calculating incompatible element abundances in
komatiite sources outlined above. On the basis of these ra-
tios, modelling establishes that prior melting events could
have generated the initial e143Nd values of +2.9 at 2.7 Ga
via removal of �1.4% melt from a PUM reservoir at �3.4
Ga for the TN source, and via removal of �5% melt at
�3.2 Ga for the PH source. Using these extents and times
of melting, and applying the bulk DRe = 0.2, we calculate
that the melting events that produced these LREE deple-
tions would have reduced the 187Re/188Os by 7% in the
PUM for the TN source (i.e., from 0.424 to 0.396), and
by 26% in the PUM for the PH source (i.e., from 0.424 to

Fig. 8. CI chondrite-normalized (Horan et al., 2003) HSE abun-

dances in the calculated mantle sources of the TN and PH

komatiites and in the PUM estimate of Becker et al. (2006). The

uncertainties are 2r.
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0.336). The projected minor reduction in Re/Os in the
PUM for the TN source would allow generation of the ob-
served 187Os/188Os from a source with a long-term Re/Os
that is slightly higher (0.436) than the PUM estimate
(0.424), albeit just within the range of chondritic meteorites
(see Fig. 9). However, the projected major reduction in Re/
Os in the PUM for the PH source would not allow the gen-
eration of the observed chondritic 187Os/188Os from any
source which had long-term Re/Os within the range of
chondritic meteorites.

Is it possible that a komatiite source prior to initial melt-
ing could have had a long-term suprachondritic Re/Os? The
observation that the abundances of the HSE in the mantle
are considerably higher than would result from low-pres-
sure metal-silicate partitioning has led to speculation that
mantle HSE abundances were established at high pressures
and temperatures at which the HSE may not be so highly
siderophile, such as at the base of a magma ocean (e.g.,
Murthy, 1991; Righter et al., 2000), or as a result of contin-
ued (late) accretion of materials with average chondritic
compositions following cessation of core segregation (Kim-
ura et al., 1974; Chou et al., 1983; Morgan et al., 2001). The
most recent high-temperature metal-silicate Os partitioning
data of Brenan and McDonough (in press) require very low
Os abundances in the silicate portion of the Earth following
core formation. These data, when considered together with
the high-temperature partitioning data for Re (Ohtani and
Yurimoto, 1996) and Pt (Cottrell and Walker, 2006) require
very suprachondritic Re/Os (�8000) and Pt/Os (�40,000)
in the silicate Earth following core segregation. The high
absolute and generally chondritic relative abundances of
the HSE in the mantle, therefore, indicate that the HSE sig-
nature imparted to the silicate Earth as a result of last equil-
ibration between metallic core and silicate portion of the
Earth has been lost.

On the other hand, Os isotopic data for some lunar im-
pact melt rocks, formed as a result of basin-forming events,
indicate that at least some sizable impactors had Re/Os as
much as 20% greater than the currently known range of
chondritic meteorites (Fig. 9). It is also known that the imp-
actors that created the largest impact basins on the surface
of the Moon, and presumably the Earth, too, were tens of
km in diameter (Ryder, 2002; Strom et al., 2005) and, thus,
once assimilated by the mantle, would be capable of gener-
ating large HSE heterogeneities. These heterogeneities
could have persisted for several hundred million years in
the mantle following the impacts and could have been
tapped by plumes that gave rise to komatiites. The major
shortcoming of this scenario is that it requires a set of very
specific circumstances, whereby mantle sources with vari-
ably enriched Re/Os each evolved in a specific way to match
the chondritic reference at exactly the time when each kom-
atiite was formed. Although not impossible, this scenario is
considered highly unlikely.

For scenario (2), we assume that a melting event occurred
within 100 Ma of the Earth’s accretion. Using an extrapo-
lated chondritic 143Nd/144Nd = 0.506829 at 4.50 Ga, it is cal-
culated that the sources of theTNandPHflowswould evolve
from this value to their initial 143Nd/144Nd at 2.7 Ga with
time-integrated 147Sm/144Nd = 0.2092 ± 2 and 0.2095 ± 2,

respectively. This modest change in 147Sm/144Nd from the
chondritic ratio of 0.1967 by partial melting would require
only �0.4% melting and removal of the resulting melt. At
the same time, this degree of melting and melt extraction
would have decreased the 187Re/188Os in the residue by only
�2% (from 0.424 of PUM to 0.416). The resulting
187Re/188Os would be, thus, well within the range permitted
by the chondritic requirements for the sources of the TN
and PH komatiites calculated from their Re–Os isotope
systematics.

Consideration of this type of early-Earth differentiation
event affecting the Sm–Nd isotope system has recently
gained attention as a result of 142,143Nd/144Nd studies of a
wide range of terrestrial rocks and chondritic meteorites
(Boyet et al., 2003; Boyet and Carlson, 2006; Caro et al.,
2006; Bennett et al., 2007). For example, Boyet and Carlson
(2006) suggested that both oceanic and continental crust
might have been derived from a mantle reservoir that had
been depleted in highly incompatible elements very early
in Earth history. The highly incompatible elements would
have been incorporated into a hidden reservoir (proto
crust?) shortly after the Earth’s formation. The resulting de-
pleted reservoir would have persisted likely throughout
Earth’s history, and would currently occupy between 75
and >90% of the mantle (Carlson and Boyet, 2008). Boyet
and Carlson (2006) noted that both the 142Nd and 143Nd
isotopic systematics of the depleted mantle (with a pres-
ent-day e

143Nd value of +8.5 to 11) can be accounted for
by an early differentiation event if it left a depleted mantle
with a 147Sm/144Nd ratio of 0.209–0.216 within 5–60 Ma of
the start of the solar system. The projected 147Sm/144Nd in
both TN and PH komatiitic sources are within this range.

Although the 142,143Nd data are consistent with a global
differentiation event that took place within several tens of
million years after accretion, the mechanism of differentia-
tion remains very poorly constrained. The initial differenti-
ation event could have occurred as a result of partial
melting and melt removal from a large portion of the man-
tle over a relatively short period of time, or formation and
subsequent solidification of a terrestrial magma ocean. The
Re–Os isotopic results are consistent with this interpreta-
tion if the depleted reservoir formed via shallow melting fol-
lowed by melt removal. The effects of magma ocean
differentiation on the Re/Os systematics, however, are cur-
rently difficult to project. As discussed below, however, this
may not matter.

This scenario (2), single-stage early melting model, how-
ever, does not resolve all issues with our data. First, in or-
der for the komatiite sources to acquire the elevated
147Sm/144Nd ratios of 0.2306 (TN) or 0.2674 (PH) calcu-
lated from the REE data for the lavas, a second depletion
event would be required. This can be envisaged as a deple-
tion event that occurred very shortly before or during the
melting that ultimately produced the TN and PH komati-
ites, so that it would not have had any effect on their Nd
and Os isotopic systematics. Since in Archean greenstone
belt sequences komatiites are usually associated with tholei-
ites, this second-stage melting might have involved first for-
mation and removal of tholeiitic basalts, followed by
melting of the further depleted source to produce the
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komatiites, similar to the dynamic melting in a mantle
plume head model proposed by Campbell et al. (1989)
and Arndt et al. (1997). Hence, this observation is not dif-
ficult to account for.

A second problem relates to the timing of the putative
depletion event in relation to subsequent events that could
have overprinted residual HSE abundances. Although the
results of Boyet and Carlson (2006) allow the 142,143Nd data
to be explained by extraction events occurring within 60 Ma
of Solar System formation, the best solution is within
10 Ma, potentially long before the addition of the HSE to
the upper mantle via continued accretion of planetesimals
(late veneer). It has been generally accepted that the Moon
formed via the giant impact of a Mars-sized body onto the

proto-Earth (Canup and Asphaug, 2001). The similarity of
182W isotope compositions between the Earth and Moon
(Touboul et al., 2009) suggests that this event occurred at
least 50 Ma following Solar System formation, thus, poten-
tially postdating the hypothesized initial differentiation
event. The lunar-forming impact would have led to consid-
erable (complete?) melting of the mantle, a rain of metal
through the molten mantle, and fresh extraction of HSE
into the newly merged cores of the Earth and impactor.
Thus, the establishment of HSE abundances in the terres-
trial mantle by late accretion likely did not occur until long
after the initial differentiation event (e.g. Walker, 2009).
Hence, the HSE in the komatiite sources may not have been
established by the initial differentiation event projected by

Fig. 9. Variations of Re/Os vs. Ru/Ir, Pd/Ir, and Pt/Os in the calculated sources of the TN and PH komatiites as compared to those in

chondritic meteorites (Walker et al., 2002; Horan et al., 2003; Brandon et al., 2005a, 2005b), PUM estimates (Meisel et al., 2001; Becker et al.,

2006), and lunar impact melt breccias, IMB (Puchtel et al., 2008). The uncertainties are 2r.
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the Nd isotopic data, but by later mantle fractionation or
late accretionary processes. This interpretation, however,
is permissible, as long as the secondary giant impact event
did not lead to mixing of the incompatible element-enriched
reservoir back into the depleted mantle.

5.4. The significance of the suprachondritic CaO/Al2O3 in the

TN and PH komatiites

Both the TN and PH komatiites belong to the so-called
Al-undepleted type of lavas that are characterized by chon-
dritic Al2O3/TiO2, Ti/Y, Zr/Y, or Gd/Yb, indicative of a
complete lack of garnet in their mantle source residues.
However, the CaO/Al2O3 in these lavas are �30% higher
than that in the PM. This suprachondritic Ca/Al has been
argued by some authors to reflect the transient feature of
the primitive convecting mantle derived by 10–15% crystal
fractionation of an assemblage comprised by Mg-perov-
skite, Ca-perovskite, and ferropericlase in the proportions
93:3:4 from a magma ocean with bulk silicate Earth compo-
sition (Walter et al., 2004). This primitive convecting man-
tle would also have been expected to acquire
suprachondritic Sm/Nd and Lu/Hf during the differentia-
tion event, and with time develop radiogenic Nd and Hf
isotopic compositions, as discussed by Caro et al. (2005)
and Shirey et al. (2008). This scenario is consistent with
the observed very early LREE-depletions in the TN and
PH komatiites. From the Re–Os standpoint, however, this
scenario is presently difficult to evaluate due to the lack of
Re partitioning data for the mineral phases that are stable
at the bottom of a magma ocean conditions.

6. CONCLUDING REMARKS

The unique properties of komatiites make HSE from
komatiitic lavas potentially much more representative of
their mantle sources than the HSE from basalts or mantle
xenoliths. Archean komatiites in particular provide infor-
mation about the HSE abundances in the mantle at a time
when the mantle was undoubtedly less modified by pro-
cesses of melt extraction and refertilization via crustal
recycling, compared to the modern mantle. The precise
Pt–Re–Os isotopic and HSE abundance data, together
with the Sm–Nd isotopic and REE data obtained in this
study for well preserved 2.7 Ga komatiite lavas from the
Belingwe (TN) and Abitibi (PH) greenstone belts, charac-
terize their respective mantle sources. These parameters by
far represent the most precise estimates of time-integrated
Sm/Nd, Pt/Os, and Re/Os of the Archean mantle and pro-
vide evidence for the remarkable similarity of the two
sources with respect to both REE and HSE. The emplaced
komatiite lavas contained �25% (TN) and �28% (PH)
MgO and were likely derived via dry melting of mantle
plume sources that were >200 �C hotter than the ambient
mantle, and were characterized by strong, long-term
depletions in LREE. Yet, the calculated HSE abundances
in their mantle sources were generally within the range of
the PUM estimates, and the precise time-integrated Re/Os
and Pt/Os in their sources are best matched by those in
enstatite chondrites. The apparent discrepancy between

the highly siderophile and lithophile trace element and iso-
tope systematics of the two komatiite sources are best rec-
onciled via a two-stage melting model. The initial
moderate depletions in LREE were created as a result of
very early magma ocean differentiation or extraction and
isolation of early crust, consistent with the recent
142Nd–143Nd isotopic data obtained for a wide range of
terrestrial rocks and chondritic meteorites. These events
either had a negligible effect on the HSE budget of the
mantle, or their effects were overprinted by subsequent
late accretion of materials with chondritic bulk HSE abun-
dances. The second, larger-degree melting events that pro-
duced the more pronounced LREE depletions in the
sources tapped by the TN and PH komatiites, must have
occurred nearly contemporaneously with the formation of
the komatiites, likely as a result of dynamic melting in
mantle plumes. These results might have relevance to the
evolution of the entire mantle throughout geologic history.
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