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Abstract

Precise Pt–Re–Os isotopic and highly siderophile element (HSE) data are reported for 10 drill core samples collected across

a 2.7 m thick, differentiated komatiite lava flow at Pyke Hill in Ontario, Canada. The Pt–Re–Os isotopic data for five cumulate

samples yield Re–Os and Pt–Os isochrons with ages of 2725F 33 and 2956F 760 Ma and initial 187Os/188Os = 0.10902F 16

and 186Os/188Os = 0.1198318F 18, respectively. These ages are consistent with the time of lava emplacement determined by

other geochronometers. The initial 187Os/188Os isotopic composition of the Pyke Hill source is similar to the 187Os/188Os

isotopic compositions of enstatite and ordinary chondrites and to that of PUM at 2725 Ma. Using the Pt–Os isotopic data for the

Pyke Hill source, the present-day 186Os/188Os isotopic composition of PUM was calculated to be 0.1198387F 18. The

regression of global 187Os/188Os isotopic data for terrestrial materials shown to represent Os isotopic composition of the

contemporary mantle indicates that the LILE-depleted mantle evolved from the solar system starting composition and, over

Earth’s history, was on average f 8% depleted in Re vs. Os relative to PUM. From the HSE composition of the emplaced Pyke

Hill komatiite lava, the mantle source was inferred to contain Re (0.30 ppb), Os (3.9 ppb), Ir (3.6 ppb), Ru (5.4 ppb), Pt

(6.4 ppb), and Pd (6.3 ppb) in relative proportions similar to those in average enstatite chondrites, except for Pd, which was

enriched over Pt by f 30% in the Pyke Hill source compared to enstatite chondrites. From these data, the 190Pt/188Os of PUM

was calculated to be 0.00157. If the HSE abundances in the terrestrial mantle were inherited from chondritic material of a late

veneer, the latter should have had the HSE composition of ordinary or enstatite chondrites. Alternatively, if the reenrichment of

the mantle with HSE was the result of an open-system transport of material across the core–mantle boundary, it was likely a

global event that should have occurred shortly after core formation.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The recent advances in N-TIMS and isotope

dilution ICP-MS techniques have resulted in increas-

ing use of the highly siderophile element (HSE)

isotope geochronometers in mantle geochemistry.

These provide a powerful analytical tool for studying
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time-integrated variations in Re/Os and Pt/Os ratios

within and between major terrestrial reservoirs (see

reviews in [1,2]) by utilizing the 187Re–187Os and
190Pt–186Os decay schemes. The database on Re–Os

isotope systematics of various types of modern upper

mantle materials including mantle xenoliths [3],

ophiolites [4], abyssal peridotites [5,6], MORBs

[7,8], and orogenic massif lherzolites [9–11] has

been rapidly expanding. Combined with the recently

obtained Re–Os isotope data on several Archean to

Paleozoic rock complexes shown to represent the

composition of the contemporary upper to lower

mantle [12–22], these results have demonstrated that

the mantle on average has evolved with Re/Os ratios

within 10% of those in chondrites. This has led

many workers to put forward a hypothesis of a

roughly chondritic evolution of both the convecting

upper mantle (DMM: a hypothetical upper mantle

reservoir that experienced a Re depletion as a result

of previous episodes of melt extraction) and the

primitive upper mantle (PUM: a hypothetical upper

mantle reservoir that experienced no Re depletion)

through time with DMM having some 1% to 2% less

radiogenic 187Os/188Os isotopic composition than

PUM [6]. The currently available 186Os/188Os iso-

tope data on modern upper mantle materials are

limited to those on abyssal peridotites, ophiolitic

chromitites, and Os–Ir alloys [1,6,23]. When com-

bined with the Pt–Os results for the carbonaceous

chondrite Allende [1,24], these data indicated that

the projected Pt/Os ratio of DMM has been on

average within F 30% of a chondritic Pt/Os ratio

over the Earth’s history [6]. Estimates of the modern
186Os/188Os isotopic composition for PUM are not

available, and there are currently no data with which

to constrain the 186Os/188Os evolution of both DMM

and PUM in the geological past. However, it is

important to define the 186Os/188Os evolution curves

of both DMM and PUM in the Precambrian in order

to distinguish those from mantle reservoirs that have

potentially derived their Os isotopic compositions

from the outer core [1,25,26]. This information in

turn can be used to constrain the timing of onset of

crystallization and the growth rate of the inner core,

a matter of considerable debate in global geophysics

[27,28].

Recently, Puchtel et al. [29] described a precise

technique for determining PGE abundances in Ar-

chean samples by the Carius tube digestion ID-ICP-

MS technique and reported PGE abundances for

three komatiite lava flows from the Alexo and Pyke

Hill localities in Canada. In this study, precise Pt–

Os and Re–Os isotopic data for one of the Pyke

Hill komatiite flows are presented. Additional HSE

abundance data for this flow have been obtained

that complement those reported in [29]. The Pt–Os

isotopic data for Pyke Hill komatiites are used to

define the 186Os/188Os evolution curve for PUM

and to discuss implications for models of Earth

accretion, mantle differentiation, and core–mantle

interaction. Lithophile data on the samples are

presented to show that the Pyke Hill komatiite

lavas have not been affected by crustal contamina-

tion, and to complement the HSE and Re–Pt–Os

isotopic information.

2. Sampling

The Pyke Hill area is within the Abitibi green-

stone belt (see Fig. 1 in [30]) in Munro Township,

NE Ontario. Samples analyzed in this study came

from a 2.7 m thick differentiated komatiite lava flow

(PH-II; see Fig. 1 in [29]). This flow was chosen for

this study because it had the highest Os abundances

in its cumulate part and exhibited the lowest Pt/Os

ratios, which are essential requirements for obtaining

precise initial 186Os/188Os ratios in ancient rocks.

The PH-II flow was sampled in the core S-97-07

drilled by Millstream Mines in 1997 and collared

f 100 m west along strike from the outcrop de-

scribed by Pyke et al. [31]. During the sampling, the

entire core interval was taken and split into 10

samples. These included sample PH34 from the

lower chilled margin, which was not analyzed by

Puchtel et al. [29]. The flow is divided into an upper

olivine spinifex (zone A) and a lower olivine cumu-

late (zone B) zone. Zone A is further divided into an

upper chilled margin of aphanitic komatiite (subzone

A1) underlain by a random olivine spinifex-textured

komatiite (subzone A2). Zone B is divided into a thin

B1 subzone of elongated hopper olivine, and B2 and

B4 subzones of olivine orthocumulate rock. Almost

all olivine in the flow is altered to serpentine,

chlorite, and magnetite, although clinopyroxene and

chromite are well preserved.
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3. Analytical techniques

During this study, the methodology repeatedly

evolved as we defined the best means for combining

high-precision 186Os/188Os isotopic compositions de-

termined on unspiked digestions with elemental abun-

dance ratios obtained on spiked aliquots from these

digestions. The decision to carry out the Re–Os

isotopic study was made after the Pt–Os data had

been obtained and was performed on separate diges-

tions of the same sample powder aliquots. For this

study, three separate sets of digestions were performed

for (1) HSE (PGEs and Re) abundance determina-

tions, (2) 186Os/188Os isotope analyses on unspiked

digestions and determination of Pt/Os ratios on spiked

aliquots from the unspiked digestions, and (3) Re–Os

isotope studies on spiked digestions. The sample

preparation techniques and the analytical methods

for PGE spike calibration, determination of major

elements, minor elements, and PGE abundances are

given in [29] and are only briefly described, where

necessary, below.

3.1. HSE analysis

The procedure for analyzing Re by ID-ICP-MS

was grafted on to the PGE procedure. The mixed

PGE spike #000531 used in our komatiite studies

(e.g., [29]) contains 185Re, the concentration of

which has been calibrated by both ICP-MS and

N-TIMS against an in-house gravimetric standard

produced by dissolving pure Re metal. The PGE

analyses were carried out at The University of

Chicago using the techniques of [29,32]. Samples

were digested in 25-ml Pyrexk borosilicate glass

Carius tubes at 240 jC for 48–72 h. Several

replicate digestions were performed at 270 jC for

48 h. After Os was extracted from the aqua regia

sample solutions, these were dried, converted into

the chloride form, taken up in 0.15N HCl, and Ir,

Ru, Pt, Pd, and Re were separated from the matrix

and further purified by cation exchange chromatog-

raphy. The resulting eluate was used directly for

ICP-MS analysis.

Measurements of Os, Ir, Ru, Pt, Pd, and Re

isotopic compositions were performed on a Finnigan

Elementk single-collector, magnetic sector, high-res-

olution ICP-MS at The University of Chicago. The

sample solutions were introduced into the ICP-MS

torch via a CETAC MCN6000 desolvating nebulizer

for the PGE measurements. Experience with the

MCN6000 showed that Re was volatilized by the

desolvation process, producing erratic Re ion beams

with significant memory effects. Consequently, an

ESIk low-flow nebulizer (100 Al/min) with ESIk

Teflon spray chamber was used for the Re measure-

ments, which produced stable Re ion beams with a

rapid (2 min) signal wash-out. Typical count rates

were 105–106 cps for PGEs and 104–105 cps for Re,

and the internal precisions of individual runs were

better than 0.5% relative (2raver). Long-term reprodu-

cibilities of 0.5 ppb in-house Ir–Ru–Pd–Pt and Re

standard solutions and a 1 ppb Os standard solution,

which characterize the external precision of the anal-

ysis, were 1–2% (2rstdev) on all isotope ratios. Mass

fractionation for Ru, Pd, Ir, Pt, and Re was corrected

using 99Ru/102Ru = 0.4044, 110Pd/106Pd = 0.4288,
191Ir/193Ir = 0.5942, 198Pt/195Pt = 0.2130, and
185Re/187Re = 0.5974 relative to those measured in

the standard solutions that were run alternately with

samples. The measured 190Os/192Os ratios in the

samples were corrected for fractionation using a linear

law and 192Os/188Os = 3.083. The total analytical

blank was 5 pg Os, 0.5 pg Ir, 3 pg Ru, 31 pg Pt,

7 pg Pd, and 10 pg Re. Blank corrections applied were

< 0.1% for Os, Ir, Ru, and Pd, f 0.3% for Pt, and

< 1.5% for Re.

3.2. Pt–Os isotopic study

Chemical treatment of the samples for the Pt–Os

isotopic study was carried out at The University of

Chicago. To obtain the amount of osmium (f 100

ng) required for the high-precision measurements of

the 186Os/188Os isotopic composition, each of the

five samples studied was processed in eight Carius

tubes. No spike was added to the initial digestions,

in which f 3 g of sample powder and f 13 ml of

inverse aqua regia were placed into 25-ml Pyrexk

borosilicate glass Carius tubes, chilled to 0 jC, and

sealed. The samples were digested at f 240 jC for

72–96 h. After the tubes were chilled and then

opened, f 5% of the aqua regia sample solution

from each of the eight Carius tubes was transferred

into a new clean Carius tube for precise determina-

tion of the Pt/Os ratio. Before the transfer proce-
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dure, the clean tube was chilled to 0 jC, and

appropriate amount of the PGE spike #000531 was

added to it, followed by f 5 ml of inverse aqua

regia after the sample solution transfer was com-

pleted. This new tube was then sealed and kept in

an oven at f 240 jC for 24 h to achieve sample–

spike equilibration. After opening the tube, the

spiked aliquot was processed using the same proce-

dure utilized in the PGE analysis with one signifi-

cant difference; without a knowledge of the precise

weight of the sample represented by the amount of

transferred solution, only the interelement ratios

could be determined. However, only the Pt/Os ratio

directly pertaining to the digested powder aliquot

was of interest here and was obtained. From the

remaining 95% of the unspiked aqua regia sample

solution, Os was extracted and purified. The clean

Os cuts from each of the eight CT unspiked diges-

tions for the sample were combined into one cut and

used for the precise measurements of the
186Os/188Os isotopic composition.

Measurements of Os and Pt isotopic compositions

from the spiked aliquots, for the determination of

precise Pt/Os ratios, were performed at The University

of Chicago by ICP-MS. To achieve sufficient preci-

sion of the data, between 1200 and 2400 isotope ratios

were collected for Os and Pt during each measure-

ment. Otherwise, procedures of Puchtel et al. [29]

were followed.

The high-precision measurements of the 186Os/
188Os isotopic compositions were performed by N-

TIMS in static mode on an eight-Faraday collector

ThermoFinnigan TritonR mass spectrometer at the

Johnson Space Center. Signals of 130–180 mV on

mass 234 (186Os16O3
�) and 235 (187Os16O3

�) were

generated for z 180 ratios to reach the desired run

precision of F 20 ppm or better (2raver) for the
186Os/188Os ratio. The interference of 186W16O3

� on
186Os16O3

� was monitored by measuring 184Os16O3
�

(184W16O3
�). The mean of 26 runs of the Johnson–

Matthey Os standard during the analytical campaign

was 0.0013092F 11 for 184Os/188Os, 0.1198462F 21

for 186Os/188Os, and 0.1137893F 45 for 187Os/188Os

(2rstdev). Each sample load was run two to four times;

the analytical uncertainties on Os isotope compositions

are reported for each run, and the errors on averages are

quoted at 2raver. To calculate the age, Pt–Os data were

regressed using the ISOPLOT program [33] and the

190Pt decay constant (k) of 1.477� 10� 12 year� 1 [34].

Error input was determined from the precision of the

averages of the individual runs. All errors on age and

initial isotopic ratios are quoted at 2raver. The initial
186Os/188Os of a particular sample was calculated from

its measured Os isotopic composition and the Pt/Os

ratio:

186Os
188Os

� �sample

i

¼

186Os
188Os

� �sample

measur

�

190Pt
188Os

� �sample

measur

� ekT � 1
� �

3.3. Re–Os isotope study

For a more direct comparison between Pt–Os and

Re–Os systematics, it was decided to also study the

Re–Os isotopic compositions of each sample used in

the Pt–Os study. Chemical treatment of the samples

for the Re–Os study was performed at The University

of Chicago. Digestion procedures of the samples, as

well as Os extraction and purification procedures,

were identical to those used in the PGE analysis.

Rhenium was recovered from the residual aqua regia

solution and purified by anion exchange chromatog-

raphy. A 2-ml glass column filled with Bio-RadR AG

1-X8 resin was used to separate Re from the bulk of

the rock matrix. A second 200-Al Teflon column was

used for purification of the Re fraction.

Precise isotopic compositions of Os and Re were

measured in static mode via N-TIMS on the Thermo-

Finnigan TritonR mass spectrometer at the Johnson

Space Center. Both Os and Re isotopic data were

collected using Faraday cups. The effects of fraction-

ation during Os runs were eliminated by normalizing

the Os isotope ratios to 192Os/188Os = 3.083. Measured

Re isotopic ratios were not corrected for fractionation,

which was estimated to be negligible based on the data

for the in-house Re standard (187Re/185Re = 1.6733F

19). The total analytical blank was f 10 pg Re and

f 5 pg Os. Blank corrections applied were f 0.1%

for Os and < 1.8% for Re. Analytical uncertainties on

Re and Os isotope compositions are reported for each

sample. To calculate the age, Re–Os data were

regressed using the ISOPLOT program [33]. Error

input was determined from the in-run precision of
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the individual Os isotopic analyses. All errors on age

and initial isotopic ratios are quoted at 2raver. The

initial c187Os value was calculated as the percent

deviation of the isotopic composition at the time

defined by the isochron relative to the chondritic

reference at that time [2]. The initial 187Os/188Os of a

particular sample was calculated from its measured Os

isotopic composition and Re/Os ratio:

187Os
188Os

� �sample

i

¼

187Os
188Os

� �sample

measur

�

187Re
188Os

� �sample

measur

� ekT � 1
� �

The average chondritic Os isotopic composition at

the time T defined by the isochron was calculated using

the 187Re decay constant (k) of 1.666� 10� 11 year� 1,

the starting solar system 187Os/188Os = 0.09531, and

the present-day average chondritic composition (187Re/
188Os = 0.40186, 187Os/188Os = 0.1270; [2,35]):

187Os
188Os

� �CHON

i

¼ 0:09531 þ 0:40186 ek4:558
� ekT

� �

3.4. Lithophile trace element analysis

The abundances of lithophile trace elements were

determined on an ELAN 6100 DRC ICP-MS at the

Institute of Geochemistry of Trace Elements in

Moscow. Mixed REE spike was added to the sam-

ples before digestion. Samples were digested in

closed TeflonR vials in a MultiwaveR microwave

oven at 260 jC in a mixture of double-distilled

concentrated HF, HNO3, and HClO4 acids. After

digestion, the sample solutions were split into two

parts. One part after dilution was directly used for

Table 1

Re–Os isotopic data

Sample Re

(ppb)

Os

(ppb)

Re/Os 187Re/188Os 187Os/188Os c187Os

(T )

PH29 0.4813 4.034 0.119 0.5754F 58 0.135620F 21 0.50

PH30 0.3011 7.238 0.042 0.2002F 30 0.118275F 20 0.58

PH31 0.2253 7.480 0.030 0.1449F 27 0.115730F 21 0.60

PH32 0.3786 5.902 0.064 0.3089F 40 0.123550F 16 0.79

PH33 0.3926 4.701 0.084 0.4024F 44 0.127700F 26 0.61

The data obtained by N-TIMS on separate 2-g digestions. The c187Os values for individual samples calculated at T= 2725 Ma. The Re and Os

abundances are recalculated on an anhydrous basis.

Fig. 1. Re–Os (A) and Pt–Os (B) isochron diagrams for the PH-II

lava flow. The Pt–Os age was calculated using the 190Pt decay

constant (k) of 1.477� 10� 12 year� 1 [34].
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the analysis of all trace elements, except REE. From

the second part, REE were separated and further

purified using cation exchange chromatography. The

accuracy of the analyses was estimated to be f 1%

(relative) for REE and f 3–5% for the rest of trace

elements and was determined by multiple analyses of

USGS standards BCR, BHVO, and BIR.

4. Results

4.1. Pt–Os and Re–Os isotope data

The Re–Os isotopic data for the five cumulate

samples analyzed are presented in Table 1 and plotted

on the 187Re/188Os vs. 187Os/188Os isochron diagram

in Fig. 1A. Regression of the data yields an isochron

with an age of 2725F 33 Ma and an initial
187Os/188Os of 0.10902F 0.00016, corresponding to

c187Os(T)= + 0.62F 0.15.

The precise Os isotopic compositions and the

corresponding Pt/Os ratios for the five cumulate sam-

ples analyzed are listed in Table 2 and plotted on the
190Pt/188Os vs. 186Os/188Os isochron diagram in Fig.

1B. The data define a regression line with a slope

corresponding to an age of 2956F 760 Ma and an

initial 186Os/188Os of 0.1198318F 18 using the 190Pt

decay constant of 1.477� 10� 12 year� 1 [34]. High

precision 187Os/188Os ratios determined in the Pt–Os

study differ by 0.2–8.6% from those determined in the

Re–Os study. This difference is likely a measure of

sample powder homogeneity and is similar to the

difference in the Re/Os ratios determined in the Re–

Os isotope study and in the HSE abundance study.

4.2. Highly siderophile element abundances

The PGE and Re abundances for all 10 samples

from the PH-II flow determined by IDuICP-uMS are

listed in Table 3 and plotted in the MgO variation

diagrams in Fig. 2. Also plotted are data for an olivine

separate from sample PH30. The Re and Os abundan-

ces determined separately by N-TIMS (Table 1) and

by ID-ICP-MS (Table 3) in the same samples agree to

within 1–7%, whereas the Re/Os ratios agree to

within 4% excluding PH31 (10%). The Pt/Os ratios

determined by ID-ICP-MS in the same samples for

both the HSE abundance study and the Pt–Os isotope

study agree to within 2–14%. This large range of

variation of Pt/Os ratios observed between replicate

Table 2

Precise Os isotopic data and Pt–Os abundance ratios

Sample Pt/Os 190Pt/188Os 184Os/188Os 186Os/188Os 187Os/188Os

PH29 0.0013074F 09 0.1198409F 14 0.1347940F 17

0.0013118F 11 0.1198420F 17 0.1347956F 17

0.0013096F 08 0.1198435F 12 0.1347906F 13

0.0013099F 16 0.1198425F 19 0.1347933F 22

Average 2.520F 54 0.002407F 52 0.0013097F 18 0.1198422F 11 0.1347934F 21

PH30 0.0013120F 11 0.1198410F 17 0.1192962F 17

0.0013074F 12 0.1198386F 18 0.1192957F 20

0.0013099F 12 0.1198387F 16 0.1192979F 18

0.0013116F 11 0.1198386F 20 0.1192973F 17

Average 1.371F 23 0.001310F 22 0.0013102F 21 0.1198392F 12 0.1192968F 10

PH31 0.0013099F 07 0.1198348F 15 0.1152769F 13

0.0013076F 07 0.1198366F 12 0.1152762F 12

0.0013083F 08 0.1198363F 13 0.1152755F 12

Average 1.181F 29 0.001128F 28 0.0013086F 13 0.1198359F 11 0.1152762F 08

PH32 0.0013075F 11 0.1198368F 17 0.1225529F 17

0.0013099F 12 0.1198381F19 0.1225256F 17

Average 1.582F 30 0.001511F 29 0.0013087F 24 0.1198375F 13 0.122539F 27

PH33 0.0013104F 12 0.1198409F 17 0.1277365F 34

0.0013078F 11 0.1198403F 17 0.1277231F 25

Average 2.086F 21 0.001993F 20 0.0013091F 26 0.1198406F 06 0.127730F 13

The Os isotopic compositions were determined by N-TIMS on 24-g unspiked digestions. The Pt–Os ratios were determined by ID-ICP-MS on

spiked aliquots obtained by postdissolution subsampling of the 24-g unspiked digestions.
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analyses of the same samples necessitated the deter-

mination of precise Pt/Os ratios on the same 24-g

digestions that were performed for the Pt–Os isotopic

study.

The two chilled margin samples that represent

composition of the emplaced komatiite lava contain

on average 2.4 ppb Os, have suprachondritic (Os/Ir)

N = 1.1 and are enriched in IPGEs over PPGEs [(Pd/Ir)

N = 4.3]. The Pt and Pd abundances in the lava plot on

tight trends that pass through the measured olivine

compositions and thus represent olivine fractionation/

accumulation lines. This type of correlation indicates

a strongly incompatible behavior during lava differ-

entiation that was solely controlled by olivine [29].

The Re abundances for all, but two most magnesian

cumulate samples, also plot on an olivine control line

indicating a similarly incompatible behavior during

lava differentiation. In contrast to Re, Pt, and Pd, the

abundances of Os, Ir, and Ru plot on trends with

positive slopes and well above the olivine composi-

tions. This indicates that fractionation of Os, Ir, and

Ru in the lavas was controlled by an IPGE-rich phase

and the olivine [29]. The trend for Ru has only a

slight slope, indicating that this element was little

affected during lava differentiation. The inverse be-

havior of Os and Re–Pt during magmatic lava dif-

ferentiation resulted in up to 10� variations in the

Re/Os and Pt/Os ratios (0.030–0.28 and 1.1–6.6,

respectively) over the range of MgO abundances in

the samples (Fig. 3).

5. Discussion

5.1. Pt–Os and Re–Os systematics and the initial Os

isotopic composition of the mantle source

In order to determine whether the initial Os isoto-

pic compositions of the Pyke lavas are representative

of those in their mantle source, it is necessary to

compare the ages defined by the two HSE geochron-

ometers with the existing geochronological informa-

tion on the Pyke Hill lavas. The U–Pb zircon ages of

the felsic lavas underlying and overlying the komati-

ites at Pyke Hill range between 2715F 2 and

2703F 2 Ma [36]. The Sm–Nd age of komatiites

Table 3

PGE and Re concentrations (ppb)

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

PH25 2.54 2.26 5.06 10.6 10.2 1.06 4.16 0.96

PH25a 2.58 2.33 5.45 10.8 10.6 1.05 4.19 0.98

PH25
a

0.450 2.73 2.36 5.39 11.4 10.6 1.09 0.165 4.18 0.93 25.3

PH26 1.98 1.76 4.73 10.8 10.4 1.06 5.45 0.96

PH26a 0.457 1.88 1.69 5.16 10.9 10.9 1.05 0.244 5.79 1.00 23.8

PH27 1.72 1.59 4.99 10.9 10.8 1.02 6.34 0.99

PH27
a

0.464 1.71 1.56 5.32 11.3 10.8 1.04 0.272 6.61 0.96 24.3

PH28 1.73 1.64 4.90 11.1 10.9 1.00 6.42 0.98

PH28a 0.524 1.90 1.69 5.23 11.9 11.2 1.06 0.276 6.30 0.94 22.8

PH29 4.29 3.61 5.64 9.67 9.67 1.12 2.26 1.00

PH29a 0.471 3.92 3.20 5.26 9.41 9.37 1.16 0.120 2.40 1.00 20.0

PH30 5.89 4.61 5.64 7.98 7.93 1.21 1.35 0.99

PH30a 0.291 6.97 5.45 5.48 8.26 7.75 1.21 0.042 1.18 0.94 28.4

PH31 7.61 6.00 5.69 8.11 7.93 1.20 1.07 0.98

PH31a 0.243 7.23 5.42 5.59 8.22 7.59 1.26 0.034 1.14 0.92 33.8

PH32 5.15 4.23 5.37 8.51 8.36 1.15 1.65 0.98

PH32a 0.370 5.54 4.31 5.31 8.59 8.06 1.21 0.067 1.55 0.94 23.2

PH33 4.78 3.78 5.53 8.78 9.10 1.19 1.84 1.04

PH33a 0.381 4.74 3.42 5.17 8.92 8.88 1.31 0.080 1.88 0.99 23.4

PH34 0.490 2.15 1.95 5.33 11.4 10.8 1.04 0.228 5.29 0.95 23.2

PH30 Ol 0.050 1.35 0.956 3.16 0.256 0.413 1.33 0.037 0.190 0.62 5.07

Boldfaced values—data from this study, obtained by the CT-digestion ID-ICP-MS technique. Digestions performed at 270 jC for 48 h after

preheating at 240 jC for 24 h. Data on the same samples from [29] are shown for comparison. All analyses recalculated on an anhydrous basis.
a Replicate digestions of same sample powder aliquots.
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calculated from the published data [37–39] is

2713F 29 Ma with eNd(T)= + 2.9F 0.2. Finally,

Pb–Pb isotope studies of Pyke Hill komatiites pro-

duced an isochron with an age of 2746F 56 Ma and

l1 = 8.6F 0.1 [40]. Thus, the Re–Os isochron age of

the PH-II flow is consistent with the emplacement age

of komatiite lavas at Pyke Hill derived from the

lithophile element isotope systems. This implies that

either the Re–Os system has remained closed after

the lava emplacement or it was disturbed during or

shortly after emplacement and remained intact ever

since. These two scenarios can be constrained using

the Re and Os variations in the lavas. During komati-

ite lava differentiation, Re, similarly to Pt and Pd,

behaves as an incompatible element. This is due to its

incompatibility in olivine, as evidenced by the very

low Re content in the olivine separate (DOl-Liq
Re = 0.1;

Table 3) and by the experimental data [41,42]. As

such, a magmatic behavior of Re in a given komatiite

lava flow would require that Re abundances plot on

an olivine control line, and any deviation from this

line should be treated as evidence for Re mobility.

The fact that the Re data for PH-II generally follow

the olivine control line (Fig. 2) favors the former

interpretation. Interestingly, the trend for the Pyke

Hill samples overlaps with the trend for Alexo

komatiites that we generated using the Re data of

Gangopadhyay and Walker [19]. Furthermore, Os, as

well as other PGE abundances, varies in a regular

fashion in the lava flow (Fig. 2), consistent with these

variations being controlled by magmatic differentia-

tion. This indicates that Re and Os in the flow were

immobile during secondary alteration, as was also

concluded by Puchtel et al. [29] on the basis of their

study of a larger set of samples from Pyke Hill and

Alexo. Thus, the combination of immobile behavior

of Re and Os, and the fact that the Re–Os isotopic

data yield an isochron, indicates that the initial

c187Os(T) of + 0.62F 0.15 defined by the isochron

corresponds to that in the original Pyke Hill komatiite

lavas. It should be noted that two most MgO–rich

cumulates (PH30 and PH31) plot below the olivine

control line in Fig. 2. Although Re in these samples

may have been disturbed, the fact that these samples

plot on the same isochron indicates that such distur-

bance should have occurred during or shortly after

lava emplacement.

Some komatiites are known to have assimilated

large quantities of continental crustal material (e.g.,

[43]), and this may result in a more radiogenic Os

isotopic composition of the lavas compared to that in

their source (see discussion in [17]). However, the

effects of crustal contamination can be easily detected

using lithophile element systematics (e.g., [44]). The

lithophile element geochemical characteristics of the

Fig. 3. Variation diagrams of MgO (wt.%) vs. Re/Os and Pt/Os

ratios for the PH-II lava flow. The trends are best fit lines drawn

exponential law through the data points.

Fig. 2. Variation diagrams of MgO (wt%) vs. PGEs and Re (ppb) for

the PH-II lava flow. The Re data for the Alexo surface flow from

[19] are shown for comparison. The trends are best fit lines drawn

linear law (Pt, Pd, Re) through the data points.
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PH-II flow, including high-MgO abundances (27.4%),

which are at the high-end of the range of MgO

contents observed in the emplaced Archean komatiite

lavas worldwide (26–29%; [45]), the strong depletion

in LILE, the positive Nb anomalies (Fig. A2; Table

A1), radiogenic Nd� [eNd(T)= + 2.9] and unradio-

genic Pb isotopic compositions (l1 = 8.6) are strong

evidence that these lavas are primary mantle melts that

have not experienced any contamination by material of

either continental crust or subcontinental lithospheric

mantle. Consequently, the PH-II flow initial c187Os is

considered to reflect that in its mantle source.

The Pt–Os age obtained in this study is identical,

within the analytical uncertainty, to the emplacement

age of the Pyke Hill lavas, but is significantly less

precise. The large error on the age is due to the very

narrow range in the 190Pt/188Os ratios (0.0011–0.0024)

in the samples studied (Table 2), the low atomic

abundance of 190Pt, and its extremely small decay

constant. To put this in perspective, the 190Pt/188Os

ratios in the 250 Ma Noril’sk ores, which define an

isochron precise enough to calculate the decay constant

of 190Pt [1], vary between 0.0013 and 172, i.e., by more

than five orders of magnitude. However, the error on

the calculated initial 186Os/188Os in the PH-II flow is

small due to the low 190Pt/188Os ratios in the samples

and high precision of the measurements, which resulted

in a minimal error propagation from the extrapolation

towards Pt/Os = 0 in the isochron diagram (Fig. 1).

Similarly to the Re–Os systematics, the fact that the

Pt–Os data define an isochron, coupled with the

evidence for immobile behavior of Pt and Os during

alteration, indicates that the initial 186Os/188Os of the

lava corresponds to that in its mantle source.

As the regression line obtained is effectively the

first Archean Pt/Os isochron and has an important

bearing on the evolution of the 186Os/188Os isotopic

composition of the contemporary mantle, it is im-

portant to consider various factors that could have

led to obtaining a biased result. Because secondary

alteration and contamination of the lavas have been

ruled out, other possibilities need to be addressed.

One potential concern might be that the samples

were not completely digested, and therefore not all

Os and Pt carriers were accessed. As perhaps the

most resistant phases to digest in Carius tubes

include chromite and Os–Ir alloys, which have

Pt/Os ratios lower than those in the bulk rocks

and thus contain less radiogenic Os; incomplete

digestion of these phases would result in more

radiogenic measured Os isotopic compositions.

However, as long as individual phases in the sample

are in isotopic equilibrium with the bulk rock (for

example, the isotopic system has not been disturbed

since the time of lava emplacement on the scale of

the samples), and as far as determinations of Pt/Os

ratios have been performed on the same digestions,

incomplete dissolution of resistant phases only

moves the whole rock analyses along the isochron,

having no effect on the slope of the regression line

and thus on the calculated initial isotopic composi-

tion. Furthermore, the study by Puchtel et al. [29]

and also this work provide evidence for quantitative

extraction of Os, Pt, and other PGEs during Carius

tube sample digestions. First, replicate digestions

performed at different temperatures (240 and 270

jC) gave consistent results for all PGEs (Table 3).

Second, Puchtel et al. [29] demonstrated by time/

temperature-series experiments for KAL-1 komatiite

and GP-13 peridotite standards that the Os, Ir, Ru,

Pt, and Pd abundances, obtained by methods used

herein, do not reflect incomplete digestion, and that

their data are consistent with those obtained in other

laboratories using both CT and HPA digestions. We

conclude therefore that the initial 186Os/188Os de-

rived from the Pt–Os isochron reflects that in the

source of the Pyke Hill komatiite lavas.

In Fig. 4, the 187Os/188Os isotopic compositions of

Pyke Hill komatiites from this study together with the

averages for ophiolitic chromitites [4], abyssal peri-

dotites [6], carbonaceous, enstatite, and ordinary

chondrites [24,46], estimates for PUM from the global

study on mantle xenoliths [47], and the solar system

initial [2] are plotted against time. A regression line

through SSI and the Pyke Hill source intersects the

zero time barrier at 187Os/188Os = 0.1293. This com-

position is identical to that of PUM (0.1296F 0.0008)

and requires that the Pyke Hill source evolved with a
187Re/188Os = 0.4308. This ratio is f 7% higher than

that in the chondritic reference (0.4019; [2]) and

f 9% higher than that in an average carbonaceous

chondrite (0.3932) calculated from the data of Walker

et al. [46] and Brandon [24]. However, this ratio is

within 2–4% of that in average enstatite (0.4226) and

ordinary (0.4148) chondrites. As can be also seen

from Fig. 4, abyssal peridotites, which represent the
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composition of depleted upper mantle (DMM), have

less radiogenic 187Os/188Os isotopic compositions

than the source of the Pyke Hill lavas.

One of the uncertainties in calculating the precise

initial 186Os/188Os of the source of the Pyke Hill

komatiites is the value of the 190Pt decay constant.

Three different values of this constant are currently

available. Walker et al. [1] obtained a value of the

decay constant of 1.542� 10� 12 year� 1 from a

precise isochron on Noril’sk ores. This value was

revised to 1.477� 10� 12 year� 1 by Begemann et al.

[34] using a more accurate 190Pt atomic abundance of

0.01292% from Morgan et al. [48]. Subsequently,

Cook et al. [49] obtained a value of 1.415� 10� 12

year � 1 from a Pt–Os isochron on IIIAB iron mete-

orites. Either of the last two numbers is a reasonable

representation of the value obtained by intercalibrat-

ing the U–Pb decay system with the 190Pt–186Os

decay system. In this study, we use the decay constant

of Begemann et al. [34].

The present-day 186Os/188Os and 190Pt/188Os ra-

tios for DMM were established by Walker et al. [1]

and Brandon et al. [6,25] to be 0.1198350F 10 and

0.00174, respectively, on the basis of their measure-

ments of abyssal peridotites and ophiolitic Os–Ir

alloys and chromitites. These results are very similar

to those for the Allende carbonaceous chondrite

[1,24]. This composition of modern DMM projects

to the solar system initial 186Os/188Os ratio of

0.1198232F 10. Using the value of 186Os/188Os =

0.1198350F 10 as a proxy for the present-day
186Os/188Os isotopic composition of DMM, and

calculating the mantle evolution curve, it can be

shown that an average Pyke Hill initial 186Os/188Os

ratio at 2725 Ma of 0.1198323F 9 (2raver) plots

42F 20 ppm above the DMM evolution curve (Fig.

5). At this point, it is not quite clear if the Pyke Hill

source had a more radiogenic 186Os/188Os isotopic

composition relative to chondrites, as the 186Os/188Os

isotopic data for chondrites are limited to those for

Allende (carbonaceous), Chainpur (ordinary), and

Indarch (enstatite) [1,24]. However, the elevated
186Os/188Os ratio of the Pyke Hill source, relative

to DMM, is consistent with its 187Os/188Os isotopic

composition, which is about 1.5 gamma units more

radiogenic than DMM. To put this in perspective, the

sources of the Siberian [1] and Hawaiian and Gor-

gona plumes [25,26] have 186Os/188Os isotopic ratios

that are up to 150 ppm higher than modern DMM

(Fig. 5), and their 187Os/188Os isotope compositions

are up to eight gamma units higher than in modern

DMM.

Whereas the 187Os/188Os isotopic composition of

the primitive upper mantle (PUM) has been recently

established [47], a complementary study on the
186Os/188Os isotopic composition of mantle xenoliths

has yet to be performed to characterize the Pt–Os

isotopic systematics of PUM. As the mantle source of

the Pyke Hill komatiites had 187Os/188Os isotopic

composition identical to that in PUM, the Pt–Os

isotopic data for the Pyke Hill source might be used

to infer the 186Os/188Os composition of PUM, pending
186Os/188Os measurements on mantle xenoliths. The
190Pt/188Os ratio of the source for the Pyke Hill

komatiites calculated from the HSE data is 0.000157

(Table 5). Taking the initial from the isochron of

0.1198318F 18 and allowing the source to evolve

to the present, gives a present-day 186Os/188Os ratio of

Fig. 4. Evolution diagram of 187Os/188Os vs. time for selected

mantle-derived materials and chondrites. The dotted line represents

the regression line through the SSI composition [2] and that of the

Pyke Hill source. The solid line represents the best fit line through

the compositions of mantle-derived materials: 1—Greenland

peridotites, 2—Pilbara komatiites, 3—Commondale boninites,

4—Olondo peridotites, 5—Ruth Well komatiites, 6—Alexo komati-

ites, 7—Kambalda komatiites and sulfides, 8—Pyke Hill komati-

ites, 9—Vetreny Belt komatiites, 10—Finnish Lapland komatiites,

11—Onega plateau peridotites, 12—Vietnam komatiites. See text

for references.
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the source of 0.1198387F 18. Alternatively, taking

the average initial at 2725 Ma of 0.1198323F 9

(Table 4), it can be shown that the source at present

would have a nearly identical 186Os/188Os ratio of

0.1198386F 9. Hence, the present-day 186Os/188Os

isotopic composition of PUM derived from the Pt–Os

isotope systematics of the Pyke Hill komatiites is

0.1198387.

5.2. Implications for the 187Os/188Os isotopic evolu-

tion of the terrestrial mantle

Recent advances in the negative thermal ioniza-

tion mass spectrometry technique have resulted in a

rapid expansion of high-quality 187Os/188Os isotopic

database for various types of mantle-derived materi-

als including mantle nodules [47], abyssal perido-

tites [5,6], ophiolites [4], and mafic–ultramafic

lavas (e.g., [17,18,26,50]). Among these materials,

ophiolites and komatiites range in age between 3.8

and 0.08 Ga and thus cover more than two-thirds of

the Earth’s history. A quick examination of the

available database reveals a bimodal distribution of
187Os/188Os isotopic compositions. The majority of

rocks scatter along the chondritic reference line of

Shirey and Walker [2] indicating their derivation

from sources that evolved with time-integrated near-

chondritic Re/Os ratios. There are however some

notable excursions from this trend. Some plume-

derived mafic–ultramafic lavas have radiogenic
187Os/188Os isotopic compositions that indicate that

their respective sources evolved with time-integrated

suprachondritic Re/Os ratios (e.g., [25,50–55]).

These radiogenic Os isotopic compositions plot on

or near the model outer core evolution curve and

are largely interpreted to have been derived from

the outer core [56], although some enrichments are

attributed to the contribution of radiogenic Os from

recycled oceanic crust (e.g., [57]). On the other

hand, some materials reveal unradiogenic Os isoto-

pic compositions [16,58] that were inferred to have

been derived from sources that evolved with time-

integrated subchondritic Re/Os ratios, e.g., from

subcontinental lithospheric mantle.

In order to trace the 187Os/188Os isotopic evolution

of the mantle over geological time, the available

database for mafic–ultramafic lavas and related rocks

was filtered to select the well-studied localities, for

which accurate Os isotopic compositions unambigu-

ously shown to reflect those of contemporary mantle

have been determined. These include (in the order of

decreasing age) 3.8-Ga spinel peridotites of SWGreen-

land and 3.46-Ga komatiites of Pilbara region in W.

Australia [18], 3.33-Ga boninites from the Common-

dale greenstone belt in S. Africa [21], 3.0-Ga perido-

tites from the Olondo ophiolite in the Aldan Shield

[59], 2.88-Ga komatiites from the Ruth Well area in

Australia [3], 2.72-Ga komatiites from the Alexo and

Pyke Hill areas in Canada ([14,19]; this study), 2.70-

Ga komatiites from Kambalda in Australia [13],

komatiites from the 2.43-Ga Vetreny belt in the Baltic

Shield [17], 2.0-Ga komatiites from Finnish Lapland

[22], peridotites from the 2.0-Ga Onega plateau in the

Baltic Shield [15], and 0.27-Ga komatiites from Viet-

nam [20]. On the 187Os/188Os vs. time diagram in Fig. 4,

these data plot along a well-defined trend (r= 0.995),

which gives intercepts at 187Os/188Os = 0.09565F

0.00038 (T= 4558 Ma) and 0.1271F 0.0005 (T= 0

Ma). The lower intercept is identical within uncertainty

to the SSI of 0.09531F0.00011 [2]. The present-day

intercept of 0.1271F0.0005 is identical to the chon-

dritic reference of 0.1270 [2]. These data indicate that

the upper mantle over the Earth’s history evolved from

the SSI 187Os/188Os composition with 187Re/188Os =

0.4020. It was therefore f 8% depleted in Re vs. Os

relative to PUM.

Fig. 5. Average 186Os/188Os isotopic composition of Pyke Hill

komatiites recalculated at the time of the lava emplacement (2725

Ma) using a 190Pt decay constant of Begemann et al. [34]. The

evolution trend for the 186Os/188Os isotopic composition of DMM

was calculated using the present-day 186Os/188Os= 0.1198350F 10

and 190Pt/188Os= 0.00174 [1,6,25], and a 190Pt decay constant of

Begemann et al. [34]. The data for the Siberian [1], Hawaiian [25],

and Gorgona plumes [26] are shown for comparison.
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5.3. HSE composition of the Pyke Hill source and

LILE and Re depletions in the mantle

The 187Re–188Os and 190Pt–188Os isotope sys-

tematics of the Pyke Hill komatiites indicate that the

mantle source of the lavas evolved with time-inte-

grated near-chondritic Re/Os and Pt/Os ratios. How-

ever, the instantaneous values of these ratios cannot

be constrained in this manner, as any changes in the

Re/Os and Pt/Os ratios of the source shortly before

the komatiite lava formation will not be detectable

due to the very slow radiogenic ingrowth of the

daughter isotopes. Therefore, we calculated the HSE

abundances in the Pyke Hill source using those in

the emplaced Pyke Hill komatiite lava. The techni-

ques and assumptions applied in this modeling were

outlined by Puchtel et al. [29]. In short, the abun-

dances of Pt and Pd were constrained from the

regressions with MgO (Fig. 2) and assuming that

the MgO in the source (38.3%) was similar to that

in an average depleted spinel lherzolite (ADSL;

[29]). This was possible due to incompatible behav-

ior of Pt and Pd during high degrees of partial

melting and magma differentiation. The Ru abun-

dance and the Os/Ir ratio in the source were inferred

from the partitioning behavior to be identical to

those in the emplaced komatiite lava, and the Ru/Ir

ratio was taken to be chondritic, so that the absolute

IPGE abundances in the source were determined by

Ru. Here, similarly to the Pt and Pd abundances in

the source, the concentration of incompatible Re in

the source was calculated from the Re vs. MgO

regression (Fig. 2). The results of the calculations

are summarized in Table 5 and plotted in Fig. 6.

The calculated Pyke Hill source has near-CI-chon-

dritic relative abundances of Re, Os, Ir, Ru, and Pt

and is f 50% enriched in Pd. As expected, the

calculated mantle residue left after f 50% melting

and extraction of the Pyke Hill komatiite (Fig. 6A)

was depleted in Re, Pt, and Pd and was slightly

enriched in Os and Ir. From the inferred Pt and Os

abundances in the Pyke Hill source, the 190Pt/188Os

ratio of PUM was calculated to be 0.00157.

The Pyke Hill komatiites and hence their mantle

source are characterized by strong LILE depletions

(Table A1). These depletions and the radiogenic Nd

isotopic composition of the lavas (initial eNd=+ 2.9)

indicate that the Pyke Hill mantle source has experi-

enced previous episodes of melt extraction long before

the formation of the komatiite magmas. To assess the

impact of the earlier melting events on the source

composition in terms of its Re/Os and Pt/Os ratios,

the evolution of the Sm–Nd and Re–Os isotope

systems in the source were modeled. The abundances

of Sm and Nd in the source (Table 5) were calculated

from the abundances of these elements in the Pyke Hill

lava using the regressions in Fig. A1 as outlined above.

Calculations show that in order to increase the
147Sm/144Nd ratio in the source of Pyke Hill komatiites

by f 30% from the PM value of 0.1967 to its

calculated value of 0.2670, the early extracted melt(s)

should have formed by f 3% partial melting; that is,

it should have been basaltic in composition. For these

calculations, a batch melting equation was used; it was

assumed that the residue had a composition of garnet

lherzolite (65% Ol, 20% Opx, 10% Cpx, 5% Gar), and

the bulk partition coefficients for Nd (0.025) and Sm

(0.047) were calculated using the compilation of Green

[60]. Furthermore, this melting event is calculated to

have taken place f 300 Ma before the formation of

the Pyke Hill komatiites (i.e., at f 3025 Ma) to allow

the source to evolve to the radiogenic Nd isotopic

composition with eNd=+ 2.9 by 2725 Ma. At the same

time, this melting event is calculated to have decreased

the 187Re/188Os ratio in the source by < 10%. The bulk

Re partition coefficient was assumed to be similar to

that of Yb, as inferred by Hauri and Hart [61] (0.29;

calculated in the same manner as those for Nd and

Sm), and the bulk Os partition coefficient was assumed

to be >50. Such a decrease in the Re/Os ratio of the

source over the time span of 300 Ma will lower its
187Os/188Os isotopic composition by f 0.3 gamma

Table 4

Pt–Os isotopic compositions of Pyke Hill komatiites and the mantle

Sample 190Pt/188Os 186Os/188Os Initial [1]

PH29 0.00241 0.1198422 0.1198325

PH30 0.00131 0.1198392 0.1198339

PH31 0.00113 0.1198359 0.1198313

PH32 0.00151 0.1198375 0.1198314

PH33 0.00199 0.1198406 0.1198326

Average 0.1198323F 9

DMM 0.00174 0.1198350F 10 0.1198280F 10

The initial 186Os/188Os isotopic compositions were calculated at

T= 2725 Ma using a 190Pt decay constant of 1.477� 10� 12 year� 1

[34]. The parameters for DMM from [1,6,25].
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units. This < 10% difference in the Re/Os ratio is about

equivalent to the difference in the Re/Os ratio of PUM

(0.4346) and that obtained in the previous section for

the mantle averaged over the f 3.8 Ga Earth history

(0.4020). The results of modeling thus indicate that the

mantle Re–Os systematics are much less sensitive to

the extraction of low-degree partial melts than the

Sm–Nd systematics due to a less incompatible behav-

ior of Re compared to Nd. They also indicate that

extraction of high-degree partial melts (komatiites)

from the mantle will lead to a substantial depletion

of the sources in Re (Fig. 6). These sources with time

will tend to develop highly unradiogenic 187Os/188Os

isotopic compositions, which are subsequently ob-

served in samples of subcontinental lithospheric man-

tle (e.g., [10]). This argument can be also applied to the

Pt–Os systematics, keeping in mind that this system

has two distinct features. First, Pt is only incompatible

during high-degree melting, and therefore the Pt/Os

ratio in the source is even less affected by extraction of

low-degree melts than the Re/Os ratio. Second, due to

the very slow rate at which the Pt–Os isotopic system

evolves, very large changes in the Pt/Os ratio (two

orders of magnitude larger compared to the Re/Os

ratio) in the source are required to develop detectable

differences in the 186Os/188Os isotopic composition

over the same time interval. Thus, it is concluded here

that prior melting events have had no effect on the Pt/

Os ratios in the Pyke Hill source.

5.4. Implications for the models of earth accretion

and differentiation

The HSE and Pt–Re–Os isotopic data for the

Pyke Hill komatiites, and compilation and modeling

Table 5

PGE, Sm–Nd isotope, and trace element data for Pyke Hill

komatiites and their inferred mantle source as compared to PUM

Parameters Pyke Hill

komatiite

Pyke Hill

source

PUM

MgO (wt.%) 27.4 38.3 37.8

Re (ppb) 0.47 0.30 0.25

Os 2.38 3.9 3.33

Ir 2.13 3.6 3.30

Ru 5.31 5.4 4.89

Pt 11.1 6.4 6.79

Pd 10.6 6.3 3.84

Nd (ppm) 1.54 0.812 1.19

Sm 0.658 0.385 0.387

Yb 0.868 0.521 0.414

(La/Sm)N 0.42 0.41 = 1

(Gd/Yb)N 0.98 0.93 = 1

Nb/Nb* 1.1 1.1 = 1
147Sm/144Nd 0.259 0.267 0.197
190Pt/188Os 0.00447 0.00157 0.00157
187Re/188Os 0.9510 0.4308 0.4396

Major and trace element data for PUM from [67]. The PGE

abundances and the Pt/Os ratio in the Pyke Hill source were

calculated from those in the lavas; the Re/Os ratio in the source was

obtained from the Re–Os systematics.

Fig. 6A. CI chondrite-normalized HSE abundances in the calculated

mantle source of the Pyke Hill komatiite and in the mantle residue

left after the melt extraction. The composition of lunar melt breccias

from [62] are shown for comparison. (B) CI chondrite- and Ir-

normalized HSE abundances in carbonaceous (C2-3), ordinary (H),

and enstatite (EH, EL) chondrites from [63]. Composition of the

primitive mantle (broken line) is calculated assuming an Ir content

of 3.3 ppb [65] and CI chondrite relative abundances of Anders and

Grevesse [66], which were also used as normalizing values.

I.S. Puchtel et al. / Earth and Planetary Science Letters 224 (2004) 157–174 169



presented in the previous sections indicate that since

the Archean, the mantle, on average, evolved with

near-chondritic Re/Os and Pt/Os ratios and has had

HSE abundances similar to those found in the

modern mantle. These data can be reconciled with

two hypotheses. The HSE pattern in the Pyke Hill

source is similar to that in enstatite chondrites (Fig.

6), including the CI-suprachondritic Os/Ir and Pd/Ir

ratios. Furthermore, the Re–Os isotope systematics

of the Pyke Hill source, too, are similar to those in

enstatite and ordinary chondrites. An ordinary or

enstatite chondrite veneer as a source of the HSE

in the Earth’s mantle has been recently proposed by

Brandon et al. [6] in their study of abyssal perido-

tites, by Meisel et al. [47] in their study on mantle

xenoliths, and by Norman et al. [62] in their study

of lunar impact melts. The latter also have HSE

patterns similar to that calculated for the Pyke Hill

source (Fig. 6). It should be noted however that

although the Pd/Pt ratio in average enstatite chon-

drites (0.71; [63]) is similar to that in ADSL (0.65),

it is f 30% lower than that in the Pyke Hill source

(0.99), and average ordinary chondrites have a Pd/Pt

ratio (0.56; [63]) that is actually similar to that in

CI-chondrites.

Alternatively, the reenrichment of the mantle with

HSEs after core separation, observed in the source of

the Pyke Hill lavas, could be the result of an open-

system transport of material across the core–mantle

boundary. To account for the generally chondritic Os

isotopic composition of the mantle, it must be as-

sumed that such transport was a global event that

occurred before any substantial inner core crystalli-

zation had taken place. Current models for the

Earth’s thermal history place the onset of inner core

crystallization between 3.8 and 1.0 Ga depending on

the presence of radioactive elements in the core

[28,64]. The relatively early (z3.5 Ga) onset of inner

core crystallization is required to explain the radio-

genic 187Os/188Os isotopic compositions of the Ar-

chean Kostomuksha and Belingwe komatiites [50,55],

provided that these radiogenic signatures were de-

rived from the outer core, after inner core segrega-

tion and subsequent ingrowth of radiogenic Os, as

proposed by these authors. As such, the chondritic

HSE pattern must have been imprinted very early in

Earth history, perhaps at about the time of core

formation.

6. Conclusions

1. For the purposes of the HSE abundance and Os

isotopic study, the emplaced Pyke Hill komatiite

lava represents a pristine mantle melt that was

not affected by secondary alteration or crustal

contamination.

2. The mantle source of Pyke Hill komatiites was

characterized by initial c187Os = + 0.62F 0.15 and
186Os/188Os = 0.1198318F 18. The Re–Os isoto-

pic composition is similar to those of enstatite and

ordinary chondrites [46].

3. The present-day Re–Os isotopic composition of the

Pyke Hil l source (187Os/188Os = 0.1293,
187Re/188Os = 0.4308) is identical to that estimated

for PUM (0.1296F 0.0008, 0.4346). Using the Pt–

Os isotopic data for the Pyke Hill komatiite source,

the present-day 186Os/188Os isotopic composition

of PUM was estimated to be 0.1198387.

4. The regression of global 187Os/188Os isotopic data

for terrestrial materials, unambiguously shown to

represent Os isotopic composition of contemporary

mantle, indicates that the LILE-depleted mantle

averaged over Earth’s history evolved from the solar

system starting composition and was on average

f 8% depleted in Re vs. Os relative to PUM.

5. The much smaller depletions in Re/Os and Pt/Os

compared to Nd/Sm in terrestrial mantle sources are

attributed to a more compatible behavior of Re and

Pt vs. LREE during low degrees of partial melting.

6. The Pyke Hill komatiite source was calculated to

contain, in ppb: Re = 0.30, Os = 3.9, Ir = 3.6,

Ru = 5.4, Pt = 6.4, and Pd = 6.3. All HSE occur in

relative proportions similar to those found in average

enstatite chondrites [63] except for Pd, which is

enriched over Pt by f 30%. From these abundan-

ces, the 190Pt/188Os of PUM was inferred to be

0.00157.

7. The HSE abundance and Os isotope data for the

Pyke Hill komatiites imply a mantle HSE compo-

sition that is consistent with both the models of the

accretion of a late veneer and interaction of the

mantle with the core after the initial core

separation. If the reenrichment of the mantle with

HSE was the result of an open-system transport of

material across the core–mantle boundary, it was

likely to be a global event that should have

occurred at about the time of core formation.
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Appendix A. Major, minor, and lithophile trace

elements

Major, minor, and lithophile trace element data for

the studied samples are listed in Table A1 and plotted

on MgO variation diagrams in Fig. A1 and as prim-

itive mantle-normalized abundances in Fig. A2. The

average MgO content of the upper and lower chilled

margins (PH25 and PH34) that represent the compo-

sition of the emplaced komatiite lava is 27.4%. The

MgO abundances range between 27.4% and 26.8% in

the olivine spinifex-textured samples and between

30.6% and 34.7% in the olivine cumulates. Most

major, minor, and lithophile trace elements reported

in Table A1 show strong correlations with MgO and

vary in a manner entirely consistent with fraction-

Table A1

Major (wt.%), minor, and trace element (ppm) data

Sample PH25 PH26 PH27 PH28 PH29 PH30 PH31 PH32 PH33 PH34

SiO2 44.8 45.2 44.4 45.4 45.2 44.6 44.9 45.2 45.3 45.8

TiO2 0.330 0.331 0.352 0.350 0.310 0.261 0.250 0.270 0.279 0.351

Al2O3 6.93 6.82 7.06 7.25 6.35 5.27 5.15 5.57 5.87 7.22

Fe2O3 12.3 11.8 13.0 11.9 11.3 10.6 10.1 10.4 10.8 11.7

MnO 0.17 0.19 0.19 0.18 0.15 0.11 0.11 0.12 0.12 0.17

MgO 27.8 27.4 26.8 26.8 30.6 34.4 34.7 33.1 31.8 26.9

CaO 6.58 7.49 7.18 6.96 5.09 3.75 3.74 4.40 5.07 6.99

Na2O 0.43 0.27 0.38 0.50 0.33 0.30 0.29 0.28 0.24 0.40

K2O 0.05 0.02 0.03 0.06 0.03 0.03 0.09 0.05 0.04 0.03

P2O5 0.02 0.01 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01

LOI 6.88 6.98 6.72 6.11 7.52 9.04 9.11 8.50 7.64 6.19

Total 100.8 100.8 100.6 100.4 101.0 101.0 101.1 101.0 100.8 100.8

Cr 2759 2670 2812 2782 2494 2390 2349 2409 2450 2887

Ni 1489 1332 1400 1310 1738 2006 1996 1926 1799 1330

Zr 16.2 16.1 17.4 17.6 14.6 12.3 11.9 12.8 14.0 17.2

Nb 0.413 0.421 0.438 0.439 0.360 0.304 0.310 0.322 0.348 0.444

Y 8.18 8.35 8.76 8.72 7.43 6.14 6.08 6.44 7.03 8.56

Ga 6.80 6.95 7.07 7.45 6.20 5.22 4.80 5.30 5.81 7.36

Th 0.042 0.043 0.044 0.043 0.035 0.029 0.028 0.031 0.034 0.042

La 0.434 0.439 0.464 0.458 0.383 0.321 0.327 0.344 0.369 0.443

Ce 1.39 1.44 1.51 1.44 1.23 1.06 1.04 1.08 1.19 1.43

Nd 1.49 1.57 1.64 1.63 1.36 1.11 1.12 1.18 1.29 1.58

Sm 0.639 0.653 0.682 0.666 0.590 0.491 0.464 0.519 0.544 0.678

Eu 0.268 0.269 0.282 0.297 0.227 0.216 0.195 0.212 0.217 0.265

Gd 1.01 1.03 1.08 1.09 0.938 0.753 0.734 0.796 0.875 1.08

Dy 1.30 1.32 1.38 1.38 1.16 0.968 0.936 1.03 1.13 1.41

Er 0.857 0.879 0.929 0.911 0.801 0.654 0.629 0.673 0.749 0.911

Yb 0.847 0.873 0.892 0.904 0.791 0.646 0.635 0.665 0.715 0.888

(La/Sm)n 0.43 0.42 0.43 0.43 0.41 0.41 0.44 0.42 0.43 0.41

(Gd/Yb)n 0.97 0.95 0.98 0.97 0.96 0.94 0.93 0.97 0.99 0.99

Nb/Nb* 1.11 1.12 1.11 1.13 1.12 1.14 1.18 1.12 1.13 1.19

Abundances are recalculated on an anhydrous basis. Major and minor (Cr, Ni) element data for all samples, except PH34, from [29].
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ation/accumulation of olivine, the only major liquidus

phase. When plotted against MgO, the data fall on the

olivine control lines that intersect the MgO axes at

f 52% MgO and pass through the calculated liquidus

olivine compositions, indicating that these elements

were immobile during alteration on the scale of the

drill core samples. The rocks are strongly depleted in

highly incompatible LILE, including LREE and Th

[(La/Sm)n = 0.42, (Th/La)n = 0.70], exhibit positive

Nb anomalies (Nb/Nb* = 1.1), and have near-chon-

dritic ratios of moderately incompatible elements [(Al/

Ti)n = 0.92, (Gd/Yb)n = 0.98].
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