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Abstract

Precise ratios of W and Re relative to Ir determined by laser ablation ICP-MS reveal that matrix metal in
equilibrated ordinary chondrites (EOC) exhibits a correlated variation of these ratios. In unequilibrated ordinary
chondrites (UOC), the W/Ir ratio varies by over two orders of magnitude (W/Ir=0.003-0.6), and shows no
correlation with any other siderophile element. Most matrix metal in UOC is depleted in W relative to metal in EOC.
Thus, W must enter metal during metamorphism. The correlation between W/Ir and Re/lr is evident in type 4
chondrites. This implies that the abundance (and isotopic composition) of W is set in ordinary chondrite metal by
petrologic type 4, and that the reductant must be exhausted to limit further isotopic exchange, as indicated by the
I82Hf_182W ages of ordinary chondrite metal [Lee and Halliday, Science 274 (1996) 1876-1879]. This offers a means of
dating the onset of metamorphic heating of OC parent bodies. A discrepancy in ages between 'S?Hf-'82W [Lee and
Halliday, Science 274 (1996) 1876-1879] and 2’Pb—?"Pb [Gépel et al., Earth Planet. Sci. Lett. 121 (1994) 153-171] (or
1291129 [Brazzle et al., Geochim. Cosmochim. Acta 63 (1999) 739-760]) dating is real, and measures the interval of
metamorphism: the time difference between reduction of W during the onset of heating and isotopic closure of Pb (or
Xe) by cooling, e.g., ATy, =2-12 Myr for H chondrites. The '"Re-'370s and '?Hf-'32W ages are set by the same
process, metamorphic equilibration, establishing an important link between an absolute chronometer
(112["""Re] = 41.6 billion years) and a short-lived radioisotope system (¢;o['"**Hf|=9 Myr). © 2002 Elsevier Science
B.V. All rights reserved.
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1. Introduction

One of the major goals of cosmochronology is
to combine the timescales derived from long-lived
radionuclides (e.g., '¥’Sm—'**Nd, ¥"Re-'¥70s, U-
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Th-Pb) with those derived from short-lived radio-
nuclides (e.g., 2°Al->°Mg, '7pd-17Ag, 146Sm—
12Nd, 82Hf-182W) to yield a more detailed under-
standing of the sequence of early solar system
processes such as condensation, accretion, core
formation and magmatic differentiation [1-5].
Reading this record of early solar system history
is complicated by the distinct geochemical proper-
ties of these parent-daughter systems (e.g., litho-
phile or siderophile, refractory or volatile) and by
a relatively limited understanding of their behav-
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ior during subsequent metamorphic (or shock)
processes that may disturb or reset these chro-
nometers [2,6].

The ordinary chondrites (OC) constitute the
largest class of meteorites, and exhibit the entire
range of metamorphic conditions from type 3 (un-
equilibrated) to type 6 (highly equilibrated). Ordi-
nary chondrites have abundant metal and exhibit
metal-silicate fractionation, defining the major
subgroups (H, L, LL). Gopel et al. [7] determined
the U-Pb ages of phosphates formed during
metamorphism by oxidation of P from metal
and obtained a correlation between 2°’Pb—2°Pb
closure age and metamorphic grade for H chon-
drites. They obtained a spread in phosphate
207pb-20Ph ages of almost 60 Myr, with the
most metamorphosed chondrites giving the
youngest ages. The observed age spectrum of
OC is in the right range for the application of
the new 'S2Hf-'8W chronometer (71,=9 Myr
[4]). Lee and Halliday [4] determined that '$2W/
184W ratios for OC metal exhibited little variation
with metamorphic grade, and were similar to
those in iron meteorites, i.e., solar system initial
W isotopic compositions. Lee and Halliday [4]
concluded that the ’Pb->°Pb ages of [7] had
been ‘disturbed’, and that the 'S?Hf-'32W ages
provided more accurate measures of the timing
of metamorphism relative to the formation of
the solar system. Thus, these two chronometer
pairs yielded apparently inconsistent results for
the timing of OC metamorphism. A recent study
of the '®I-12Xe system, based on the decay of
11 (#,/,=15.7 Myr), in phosphates and feldspars
from OC [5] confirmed the time differences ob-
tained from the 2’Pb—2%Pb system [7]. The dis-
crepancy between time differences obtained from
OC phosphates and feldspars by 2’Pb—Pb and
129]_129Xe and those obtained from OC metal by
I82Hf-132W have not been explained.

Metamorphic processes, terrestrial or extrater-
restrial, reset radioactive chronometers by diffu-
sive equilibration at peak temperatures. During
cooling, various radioactive parent-bearing miner-
al phases reach their closure temperatures and
begin recording the passage of time [7-9]. Thus,
metamorphic ‘ages’ are measures of time elapsed
since cooling of a rock or mineral through its

closure temperature. No chronometer has yet
been described that can determine the timing of
the initiation of metamorphism. Wasserburg et al.
[10] inferred a ‘timescale of metamorphism’ of 74
Myr for the H chondrites, using differences be-
tween the initial %Sr/%Sr of phosphate from
Guarena (H6) and that of BABI evolving in a
‘chondritic Rb/St’ system. Such an interval of
metamorphism is similar to the ~ 60 Myr inferred
by 27Pb-2°Pb dating of chondritic phosphates
from unequilibrated and equilibrated ordinary
chondrites [7]. Both these methods determine an
interval of metamorphism from the difference in
closure times of a single chronometer applied to a
set of chondrites.

Since metal is abundant in OC, the siderophile
elements should be largely present in the metal
phase, at least in equilibrated ordinary chondrites.
Detailed studies of the distribution of siderophile
elements in bulk EOC metal [11-17] showed that
siderophiles were not present in chondritic pro-
portions, for reasons that were not clear. Partic-
ularly, Re/Ir ratios were noted to be higher in
metal than in bulk chondrites [12,17]. Chen et
al. [18] applied the '’Re-'¥70Os chronometer to
metal in EOC and found that Re/Os ratios were
distinctly higher in metal than in bulk chondrites,
in some cases, by a factor of two. Chen et al. [18]
observed that such a large fractionation of Re/Os
ratio was only known from magmatic iron mete-
orites. They proposed a model for chondrite for-
mation involving fractional crystallization in mol-
ten planetesimals, followed by impact disruption,
and reassembly of molten silicate (chondrules)
and metal droplets. The platinum group element
(PGE) fractionation was postulated to occur in
such a magmatic process. Previous attempts at
characterizing the trace element microdistribution
of chondritic metal succeeded in determining the
abundances of Os, Ir, Pt and Au by ion micro-
probe techniques [19]. Due to low ion yields, the
analysis of Re and W has not been possible using
the methods of [19,20].

Humayun and Campbell [21] determined the
microdistribution of the refractory siderophiles
Re, Os, Ir and Pt, in EOC metal by laser ablation
inductively coupled plasma mass spectrometry
(LA-ICP-MS), and showed that Os and Ir were
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deficient in EOC metal relative to Fe, while Re/Fe
ratios were often chondritic. They further showed
that Ir/Os—Re/Os ratios in EOC metal were incon-
sistent with fractional crystallization in magmatic
iron systems, and proposed that the observed Re/
Os fractionations were caused by redox processes
during metamorphism. The experimental design
of [21] was optimized for precise Re/Os determi-
nations, and W had not been included in the list
of elements determined. Tungsten is a refractory
siderophile element, that oxidizes more readily
than Re and the PGEs, and is an essential element
to study redox-related processes in OC metal.
Here, we report precise W/Ir, Re/lr, Os/Ir and
Pt/Ir ratios determined on individual metal grains
from Weston (H4), Allegan (HS), Kernouve (H6),
Soko-Banja (LL4) and Alfianello (L6) (EOC), and
from Tieschitz (H3.4-3.6), Mez6-Madaras (L3.7),
and Parnallee (LL3.6) (UOC). These data are
used to infer the behavior of these siderophile
elements during metamorphism, with implications
for the "?Hf-'2W and '®’Re-'®’Os chronome-
ters. Preliminary results were reported by Hu-
mayun and Campbell [22,23]. In this paper, we
reconcile the apparently inconsistent results from
the 27Pb—2Ph and !S2Hf-'2W chronometers,
and provide a measure of the interval of meta-
morphism on the OC parent body. The implica-
tions of the present study to models of the Re/Os

Table 1

evolution of the Earth’s core, which have relied
on HS chondrite metal [55-57] as a compositional
analog, are presented.

2. Analytical techniques

Prior to laser ablation, thin sections and/or pol-
ished slabs of Tieschitz (H3.4-3.6), Weston (H4),
Allegan (HS), Kernouve (H6), Mezo-Madaras
(L3.7), Alfianello (L6), Parnallee (LL3.6), and
Soko-Banja (LL4), were mapped by scanning
electron microscopy, and matrix metal grains
were selected for trace element microanalysis by
LA-ICP-MS. All eight chondrites studied were
observed falls. Assignment of metamorphic type
for UOC follows [24,25]. Data were acquired us-
ing a CETAC Technologies LSX-200, 266 nm UV
laser ablation system coupled to a magnetic sec-
tor, high resolution ICP-MS, the Finnigan Ele-
ment®. The analytical procedure of [21] was
modified to include W. During the normal ana-
lytical procedure [26,27], which collects peaks
over a mass range from 'Li to '"’Au, the Ele-
ment® has a duty cycle (fraction of time on
peaks) of 50%. The low duty cycle is due to the
large number of magnet jumps required for this
mass range. To improve the duty cycle to 95% for
interelement ratio measurements, each point was

Abundances of Co, Ni and Ir, and ratios of W, Re, Os, Pt, and Au to Ir for metal from the IIA iron meteorite, Filomena

(North Chile, USNM 1334) determined by LA-ICP-MS

Sample Co Ni Ir W/r Re/lr Os/Ir Pt/Ir Au/lr
(Wt%) (Wt%0) (ppm)
Filomena ITA
F-3 0.50 6.32 3.47 0.73 0.062 0.32 6.19 0.19
F-5 0.45 5.27 3.19 0.69 0.081 0.36 6.09 0.17
F-7 0.48 5.36 3.58 0.76 0.050 0.32 6.01 0.18
F-9 0.40 - 2.93 0.79 0.075 0.35 6.14 0.18
F-11 0.48 6.51 3.86 0.83 0.080 0.34 6.28 0.19
F-49 0.50 5.45 4.67 0.70 0.065 0.38 6.49 0.16
F-51 0.49 5.88 291 0.63 0.053 0.32 5.88 0.19
F-53 0.35 4.51 3.85 0.80 0.052 0.35 6.32 0.20
F-55 0.40 3.90 2.82 0.81 0.068 0.35 6.94 0.20
Average 0.45 5.40 3.48 0.75 0.065 0.34 6.26 0.18
lo relative S.D. (%) 12 16 17 9 18 6 5 7
NAA [59,60] 0.454 5.65 3.37 0.76 0.069 0.338 6.14 0.18

Neutron activation analyses of [59], except Os from [60], are shown for comparison.
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Table 2
Abundances of Co, Ni and Ir, and ratios of W, Re, Os, and Pt to Ir for H chondrite metal determined by LA-ICP-MS
Sample Co Ni Ir W/lr Re/lr Os/Ir Pt/Ir
(Wt%) (wt%o) (ppm)
Tieschitz (H3.4-3.6)
Kamacite:
#16 0.55 4.69 2.17 0.31 0.11 0.96 1.73
#17 0.58 5.18 2.77 0.33 0.09 0.94 1.64
#18 0.76 5.66 0.01 0.85 - - 2.51
#19 0.87 6.08 7.02 0.02 0.10 1.02 2.20
#20 0.56 7.51 3.61 0.02 0.14 1.14 1.78
#21 0.70 4.04 1.66 1.21 0.07 0.98 1.49
#22 0.70 4.75 1.21 0.004 0.11 0.93 1.99
#24 0.62 3.62 6.33 0.02 0.09 0.85 1.67
Taenite:
#23 0.11 45.3 0.01 2.57 - - 34.8
#25 0.27 38.3 0.83 0.12 0.16 2.00 3.91
#26 0.84 0.03 0.16 1.85 2.50
#27 1.76 0.12 0.07 0.89 1.27
#28 0.54 0.18 0.19 1.59 3.38
#29 4.17 0.012 0.11 1.03 1.79
Bulk metal [12,14] 0.62 11.8 5.3 0.041 0.12 1.25 3.42
Weston (H4)
Kamacite:
#16 0.57 6.18 3.70 0.063 0.12 0.94 2.49
#17 0.46 6.86 12.5 0.54 0.07 1.08 1.67
#18 0.36 5.51 2.99 0.09 0.14 0.89 2.18
#19 0.46 6.28 8.01 0.21 0.08 0.57 5.40
#20 0.45 6.67 16.6 0.15 0.03 0.26 3.67
#21 0.51 7.51 3.66 0.15 0.04 0.33 2.54
#22 0.39 8.03 3.93 0.09 0.04 0.40 1.07
#23 0.49 7.21 15.4 0.27 0.07 0.74 2.39
#25 0.43 10.3 5.22 0.38 0.12 0.89 2.20
#26 0.43 10.1 9.02 0.26 0.10 1.09 2.15
Taenite:
#13 0.13 20.7 5.41 0.19 0.27 1.16 3.10
#14 0.44 20.6 2.13 10.84 - 2.06 18.15
#24 0.17 21.9 13.0 0.08 0.11 0.93 2.41
Allegan (H5)
Kamacite:
#42 0.46 7.07 1.48 0.45 0.19 1.27 2.75
#43 0.49 7.73 1.50 0.53 0.17 1.25 2.55
#48 0.47 6.79 1.45 0.61 0.13 1.28 3.26
#51 0.40 7.18 1.61 0.62 0.14 1.12 2.19
#52 0.44 5.88 1.77 0.47 0.12 1.21 2.37
#53 0.44 6.49 1.15 0.62 0.19 0.95 2.59
#54 0.50 6.12 1.64 0.43 0.11 1.20 2.41
Taenite:
H44 0.16 28.9 0.43 1.75 1.99 1.93 14.3
#45 0.16 27.6 4.56 0.18 0.14 1.80 1.98
#46 0.16 32.0 8.56 0.10 0.13 1.18 291
#47 0.13 29.2 4.31 0.19 0.24 0.91 2.99
#49 0.16 24.9 2.32 0.30 0.29 1.16 3.25
#50 0.15 29.5 5.84 0.15 0.18 1.04 1.98
Bulk metal [12,14] 0.49 8.2 3.4 0.25 0.10 1.06 2.21
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Table 2 (continued)
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Abundances of Co, Ni and Ir, and ratios of W, Re, Os, and Pt to Ir for H chondrite metal determined by LA-ICP-MS

Sample Co Ni Ir W/lr Re/lr Os/Ir Pt/Ir
(Wt%o) (Wt%) (ppm)
Kernouve (H6)
Kamacite:
#15 0.55 6.44 3.02 0.42 0.15 1.13 2.33
#17 0.58 7.26 3.50 0.32 0.14 1.07 2.14
#23 0.46 6.28 6.81 0.48 0.14 0.96 2.07
#25 0.54 7.09 2.04 0.54 0.21 1.08 2.58
#27 0.51 6.87 2.89 0.35 0.11 1.03 2.06
#31 0.48 6.70 3.03 0.57 0.17 1.17 2.33
#35 0.44 6.08 4.17 1.24 0.13 1.09 2.04
#37 0.51 5.80 1.99 0.42 0.11 1.07 1.91
#39 0.50 7.48 2.82 0.41 0.14 1.09 1.92
#41 0.51 6.59 2.36 0.34 0.13 1.04 1.78
Taenite:
#19 0.20 26.9 3.41 0.26 0.15 0.96 2.45
#21 0.15 26.5 3.84 0.23 0.15 1.06 2.49
Bulk metal [12,14] 0.48 9.4 4.5 0.23 0.10 1.02 2.18
Average H3 metal [17] 0.42 10.4 3.66 0.128 0.102 1.098 2.70
Average H4-6 metal [17] 0.467 9.05 3.08 0.253 0.112 1.003 2.247
Bulk H chondrites? 0.083 1.63 0.791 0.210 0.092 1.072 1.84

4 Bulk H chondrite abundances from [30], except Os/Ir ratio and Co, Ni and Ir abundances from [61].
Metal grains with extremely low Ir abundances are italicized. Sources of meteorite specimens: Tieschitz (L3443) from the Natur-
historisches Museum, Vienna, Austria; Weston (Me 1836) and Allegan (Me 1432) from the Field Museum of Natural History,
Chicago, IL, USA; Kernouve (USNM 359) from the Smithsonian Institution, Washington, DC, USA.

analyzed twice. The magnet was settled at m/e =
182, and a 20-50 pulse laser burst was used to
measure the isotopes W, 8Re, 00s, %Ir,
and %Pt using rapid electric scanning (1 ms
switching time) by varying the accelerating vol-
tage (8.5 kV) to acquire these peaks. Then, an
additional five pulse burst was used for 'Li,
5TFe, ¥Co, %°Ni and ?*Ir measurements for metal
phase identification (the cycling of the magnet to
Li is for purposes of maintaining mass calibra-
tion stability). Thus, the precision of Co, Ni and
Ir abundances was sacrificed in favor of better
determinations of the interelemental ratios of
W-Pt. Counting times were 20 ms/peak with 20—
50 scans per point. Analyzing these two mass
ranges separately improved precision of the inter-
element ratios (typically 5%, 1o). The size of the
laser-ablated pit produced was variable, depend-
ing on metal grain size, being 25, 50 or 100 um in
diameter and ~25 pum deep. Intensities were
blank corrected, and converted to concentrations
using sensitivity factors derived from Filomena

(North Chile) ITA and Hoba IVB iron meteorites
[26,28]. All concentrations were calculated assum-
ing that Fe, Co and Ni total to 100%. Replicate
analysis of the Filomena ITA iron using a 25 um
laser spot are given in Table 1. The average of the
first five analyses in Table 1 was used to derive
sensitivity factors for that dataset. All nine anal-
yses can be used for estimating the precision, but
only the last four are useful in estimating accura-
cy. In Table 1, precision of Co, Ni and Ir abun-
dances (1o) is 10-20%, while that of the ratios is
5-10%, except where further limited by counting
statistics.

3. Results

Data for H chondrite isolated matrix metal are
given in Table 2, and data for L and LL chondrite
metal are presented together in Table 3. With few
exceptions, Os/Ir and Pt/Ir ratios are chondritic.
This is consistent with the findings of [19], from
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Table 3
Abundances of Co, Ni and Ir, and ratios of W, Re, Os, and Pt to Ir for L and LL chondrite metal determined by LA-ICP-MS
Sample Co Ni Ir W/Ir Re/lr Os/Ir Pt/Ir
(Wt%) (wt%) (ppm)
Mezo-Madaras (L3.7)
Silicate #14 0.63 7.20 24.5 4.18 0.02 0.35 1.70
Kamacite:
#4 0.37 5.44 1.4 0.03 0.11 0.96 1.61
#5 0.80 5.03 0.5 0.09 0.60 0.17 26.7
#6 0.71 5.37 13.7 0.005 0.11 0.98 1.81
#10 0.88 5.10 3.0 0.033 0.07 1.01 1.10
#11 0.94 4.73 5.1 0.022 0.11 0.97 1.39
#12 0.46 5.77 38 0.85 0.28 0.06 3.78
#13 0.41 5.73 2.4 0.96 0.18 0.99 3.37
Taenite:
#1 0.02 49.9 3.5 0.026 0.10 1.54 3.38
#2 0.75 17.4 4.0 0.005 0.20 1.31 1.45
#3 0.90 13.1 3.0 0.052 0.26 1.09 1.86
#7 0.14 49.5 14.7 0.003 0.09 1.47 1.91
#38 0.68 18.9 10.9 0.005 0.12 1.20 1.68
#9 0.59 8.07 5.5 0.005 0.11 0.96 1.96
Bulk metal [11,13] 0.62 13.2 4.6 0.063 0.10 1.09 2.39
Alfianello (L6)
Kamacite:
#2 0.75 4.89 7.28 0.25 0.11 1.30 1.87
#3 0.73 4.89 7.08 0.25 0.13 1.14 1.81
#3 0.78 5.89 5.68 0.30 0.15 1.16 1.63
#10 0.77 5.41 5.36 0.26 0.14 1.23 1.89
#12 0.66 5.01 6.40 0.25 0.12 1.19 1.59
#13 0.66 4.82 3.26 0.51 0.28 0.87 3.20
Taenite:
#1 0.36 19.9 10.2 0.16 0.10 1.19 1.56
#5 0.43 14.0 7.67 0.23 0.12 1.25 1.32
#6 0.43 26.0 11.1 0.27 0.11 1.18 1.27
#7 0.28 18.6 8.17 0.18 0.09 1.14 1.34
#9 0.29 18.9 4.56 0.39 0.21 1.54 2.11
#11 0.23 26.3 3.35 0.45 0.22 1.22 2.81
#14 0.57 12.7 7.61 0.26 0.15 1.09 2.35
#15 0.24 32.6 4.35 0.40 0.19 1.11 2.07
#16 0.33 27.2 0.78 3.84 1.12 0.49 15.3
#17 0.39 16.8 3.75 0.54 0.24 1.16 2.84
Bulk metal [11,13] 0.74 13.0 5.1 0.27 0.13 1.14 2.73
Parnallee (LL3.6)
Kamacite:
#3 0.71 7.10 3.33 0.20 0.12 0.80 1.76
#4 0.79 4.28 1.85 0.16 0.16 1.14 2.21
#5 0.78 6.28 4.99 0.05 0.13 1.18 1.45
#6 0.86 6.03 1.41 0.48 0.17 0.85 2.61
#7 0.42 7.68 2.59 0.24 - 3.80 0.98
#8 0.07 3.50 0.66 0.37 - 1.33 2.29
#1 taenite 0.18 29.1 9.28 0.18 0.19 1.36 2.87
#2 plessite? 0.63 12.1 1.68 4.72 0.24 1.58 3.22

Bulk metal [11,13] 0.73 15.8 4.4 0.065 0.11 1.16 2.39
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Table 3 (continued)

Abundances of Co, Ni and Ir, and ratios of W, Re, Os, and Pt to Ir for L and LL chondrite metal determined by LA-ICP-MS

Sample Co Ni W/Ir Re/lr Os/Ir Pt/Ir
(Wt%) (Wt%0) (ppm)

Soko-Banja (LL4)

Kamacite:

#1 2.29 3.02 3.29 0.23 0.32 0.79 3.43
#2 1.85 3.66 4.08 0.10 0.31 1.31 1.64
#4 1.72 3.75 7.23 0.14 0.10 1.26 0.93
#5 1.61 3.64 6.94 0.08 0.19 1.16 1.73
#7 1.72 7.69 8.66 0.06 0.20 1.01 1.85
#3 1.67 4.47 1.29 0.52 1.70 0.84 13.4
#9 1.88 4.37 2.41 0.14 0.14 1.12 2.74
#10 1.77 3.36 4.42 0.10 0.31 1.18 2.20
#11 0.28 0.62 1.60 0.56 0.07 1.07 0.37
#12 1.89 4.15 16.3 0.02 0.12 0.92 1.44
Bulk metal [12,14] 1.11 26.2 8.2 0.078 0.11 1.06 2.32
Average L3 metal [17] 0.574 154 4.20 0.064 0.10 1.088 2.50
Average L4-6 metal [17] 0.633 15.8 4.70 0.265 0.13 1.047 2.23
Bulk L chondrites® 0.060 1.23 0.512 0.22 0.082 1.066 2.14
Average LL3 metal [17] 0.837 22.0 6.64 0.048 0.098 1.072 2.61
Average LL4-6 metal [17] 1.07 332 8.82 0.19 0.135 1.130 2.48
Bulk LL chondrites® 0.049 1.01 0.358 - 0.092 1.081 2.36

4 Bulk L and LL chondrite abundances from [30], except Os/Ir ratio and Co, Ni and Ir abundances from [61].
Metal grains with extremely low Ir abundances are italicized. Sources of meteorite specimens: Mezo-Madaras (Me 1607), Alfia-
nello (Me 1387), Parnallee (Me 1847), and Soko-Banja (Me 319) from the Field Museum of Natural History, Chicago, IL, USA.

SIMS measurements of the Os, Ir, Pt and Au
abundances in ordinary chondrite metal. Metal
from UOC exhibits three orders of magnitude
variability in W/Ir ratios, and these are shown

T
UOC metal

0.1

P
u]
001 | o -
09 °
0.001 L L 1
0 0.1 02 03

Re/lr

Fig. 1. W/Ir vs. Re/Ir for UOC metal. Metal from Alfianello
(L6; kamacite and taenite: solid triangles), with linear regres-
sion (bold curve), is shown for comparison. Tieschitz (H3.4):
open squares; Mezo-Madaras (L3.7): gray diamonds; Par-
nallee (LL3.6): open circles; Soko-Banja (LL4): open trian-
gles. Note the large range in W/Ir ratios of UOC metal com-
pared with the narrow range of EOC metal.

vs. Re/lr on a logarithmic scale in Fig. 1. Metal
from EOC exhibits a correlation between W/Ir
ratios and Re/Ir ratios (Fig. 2). Figs. 3 and 4
show histograms of the distribution of W/Ir and
Re/lIr ratios in OC metal, according to petrologic
type. Aspects of the data are discussed in further
detail below.

3.1. Tieschitz (H3.4)

In kamacite grains from Tieschitz, the W/Ir ra-
tios vary by over two orders of magnitude, and
are mostly subchondritic (Fig. 1). One analysis of
kamacite (#18) and one of taenite (#23) have Ir
contents (0.01 ppm) that are very low for chon-
dritic metals. We propose that metal with such
low Ir abundances might have formed by desul-
furization of troilite, as troilite has very low PGE
contents. The abundances of Co and Ni in Tie-
schitz metal analyses reported here are similar to
the ranges reported previously in the literature
[29]. The siderophile element composition of
bulk metal separated from Tieschitz [12,14] com-
pares well with individual metal grain analyses
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Fig. 2. W/Ir vs. Re/lr for equilibrated ordinary chondrite
(EOC) metal, with kamacite (squares) and taenite (diamonds)
shown separately. Weston (H4): open squares/diamonds; Al-
legan (HS5): solid squares/diamonds; Kernouve (H6): half-
filled squares/diamonds; Alfianello (L6): gray squares/dia-
monds; CI chondrite [31]: large open circle. Kam: regression
through H chondrite kamacite (+>=0.5); Alf: regression
through Alfianello kamacite and taenite (12=0.9); Taen: re-
gression through Allegan taenite (12 =1.0). The lower regres-
sion coefficient for H chondrite kamacite is due to larger
scatter in the Weston H4 data. Weston H4 taenite plots
along the Allegan taenite line, but Kernouve H6 taenite does
not, neither of which were included in the regression.

reported in Table 2. The abundance of Ir in Tie-
schitz metal determined by LA-ICP-MS ranges
from 0.5 to 7.0 ppm, a factor of 14, likely reflect-
ing the unequilibrated nature of this chondrite.

3.2. Equilibrated H chondrites

Isolated matrix metal grains ranging in size
from 100 to 500 wm were analyzed in Weston
(H4) and the results are presented in Table 2.
The range of Ir abundances in Weston metal is
2.1-13.0 ppm, a factor of about 6. Taenite #14,
the grain with the lowest Ir content, was a small
(=50 um) grain from a chondrule interior. It ex-
hibits very high W/Ir and Pt/Ir ratios, and even its
Os/Ir is almost twice chondritic. Allegan (HS) and
Kernouve (H6) exhibit lower ranges in their Ir

T T L T T T
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Type 4 |

0.001  0.01 0.1 0.1 0.2 0.3 0.4 0.5 0.6

Wir Wir

Fig. 3. Histograms showing the distribution of W/Ir ratios in
ordinary chondrite metal. Type 3, Type 4 and Type 5-6 are
shown in separate panels (W/Ir ratios >0.6 were omitted).
Note that (i) the W/Ir scale is logarithmic in the left panel
from 0.001 to 0.1, and linear in the right panel from 0.1 to
0.6; (ii) one component of Type 3 metal has W/Ir<0.1, an-
other has W/Ir between 0.1 and 0.3, similar to that of Type
4 metal; (iii) Type 5-6 metal is significantly enriched in W
relative to chondritic W/Ir=0.19 [31].

abundances, with kamacite from Allegan exhibit-
ing uniform Ir and a distinct kamacite—taenite
fractionation similar to that observed in iron me-
teorites. In kamacite from Allegan and Kernouve,
there is little variation with W/Ir=10.53 £0.08 (10)
and 0.43£0.09, respectively, compared with W/
Ir=0.33 in bulk H chondrites [30].

Fig. 2 shows that W/Ir ratios both in kamacite
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Fig. 4. Histograms showing the distribution of Re/Ir ratios in ordinary chondrite metal for each of the eight chondrites studied,
ordered by petrologic type (Re/Ir ratios >0.28 were omitted, and four ratios <0.07 in Weston were also omitted). The CI value
is Re/Ir=0.076 [31], and the mean bulk chondrite metal Re/Ir=0.10 [11-17]. Note that Re/Ir in Type 5-6 is peaked at 0.13-0.16.
There are insufficient data for Parnallee and Soko-Banja to determine the shape of the histogram for these chondrites.

and in taenite from equilibrated H chondrites are
correlated with Re/Ir ratios. The line labeled
‘Kam’ in Fig. 2 is a regression through kamacite
compositions of Weston, Allegan and Kernouve,
which defines an approximately chondritic W/Re
=2.6. For comparison, CI chondrite W/Re
=2.53 [31]. The line labeled ‘Taen’ in Fig. 2 is a
regression through taenite compositions from
Allegan, defining a W/Re =0.88. In Allegan, ka-
macite and taenite exhibit similar ranges of Re/Ir,
and at the same Re/Ir, W is preferentially concen-
trated in kamacite by a factor of three relative
to taenite, consistent with the bcc structure of
metallic W. This feature of W partitioning in Al-
legan (and partly in Weston) is not well developed
in Kernouve metal. Both Allegan and Kernouve
metal exhibit systematically higher W/Ir and Re/Ir
than bulk metal [12,14], which cannot be ac-
counted for by the presence of taenite, since taen-

ite is a minor fraction (7-14%, estimated by mass
balance) of both chondrites. Further, bulk metal
W/Ir reported by [17] is similar to that reported
by [14] for separated H chondrite metal. The pres-
ence of a low W/Ir phase in the bulk metal frac-
tion studied by [14,17] is required [21], but has not
been identified here by microanalysis. The W/Ir
(0.4-0.5) and Re/Ir (0.15) ratios of average EOC
metal determined here (Figs. 3 and 4) are about
twice CI values (W/Ir=0.19, Re/lr=0.076) [31],
largely due to a deficiency of Ir in the isolated
matrix metal. The Ir-rich complementary material
(probably low W/Ir) was apparently partially
sampled by the separated bulk metal fractions of
[12-15,17].

3.3. Unequilibrated L and LL chondrites

Fig. 1 shows that the unequilibrated L and LL
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chondrites, Mezo-Madaras (LL3.7) and Parnallee
(LL3.6), exhibit a broad range of W/Ir ratios,
similar to that of Tieschitz (H3.4). A single grain
(#5) of metal in Mezd-Madaras exhibits <1 ppm
Ir, with high Re/Ir and Pt/Ir, and low Os/Ir (Table
3). A silicate-rich portion of a chondrule was an-
alyzed (#14) where the observable metal fraction
was low. The abundances were calculated as Fe+-
Co+Ni=100%, but the ratios to Ir are not af-
fected by this normalization. The Ni content in-
dicates that the analysis is dominated by metal
grains, but the W/Ir ratio is high indicating that
lithophile W is being measured. The bulk compo-
sition of separated metal reported for Mezo-Ma-
daras [11,13] is in reasonable agreement with the
individual grain measurements in Table 3. How-
ever, for Parnallee, metal with higher W/Ir and
Re/Ir ratios than the bulk metal was oversampled
here. The range of kamacite Ir abundances is 1.4—
13.7 ppm in Mezo-Madaras metal, a factor of
about 10, similar to that observed in Tieschitz
(H3.4).

3.4. Equilibrated L and LL chondrites

Fig. 1 shows that Soko-Banja (LL4) exhibits a
behavior intermediate between the UOC and Al-
fianello (L6), which exhibits a tight W/Ir vs. Re/Ir
correlation. Fig. 2 shows that the kamacite-taen-
ite partitioning exhibited by Allegan (HS5) is not
evident in Alfianello (L6), where both kamacite
and taenite define the same trend labeled ‘Alf’ in
Fig. 2. Alfianello kamacite compositions cluster
tightly around separated bulk metal [11,13]. The
range of Ir abundances in kamacite from Alfianel-
lo is quite limited, 3.3-7.3 ppm, with higher
ranges in taenite, 3.4-11.1 ppm, compatible with
metamorphic equilibration of kamacite Ir abun-
dances. Metamorphism narrows the range of Ir
variations in EOC relative to UOC, but substan-
tial variation persists even in the most highly
equilibrated chondrites. A single grain (#11) in
Soko-Banja (LL4) exhibits low Ni, Re and Pt,
and is complementary to grains with high Re/Ir
and Pt/Ir ratios. Like the equilibrated H chon-
drites, Alfianello exhibits W/Ir and Re/Ir ratios
that are about twice chondritic (Figs. 3 and 4),
while its W/Re=2.1.

4. Discussion
4.1. Tungsten cosmochemistry

Tungsten is a refractory metal with a conden-
sation temperature from a gas of solar composi-
tion comparable to that of Re and Os, and higher
than that of Ir [32,33]. Tungsten is more easily
oxidized than Re, or the platinum group elements,
and its metal-metal oxide transformation occurs
under redox conditions between the Fe-FeO and
Co—CoO buffers [34]. In gases that are more ox-
idizing than solar composition, W will form gas-
eous oxides (WO,, WO3) that are volatile, and W
depletions have been described from metal in
some calcium-aluminum inclusions (CAls)
[33,35]. Parent body processes can also oxidize
W, which then behaves as an incompatible litho-
phile element. Thus, W partitions between metal
and silicate in planetary processes, and the metal-
silicate partition coefficient, Dy, s, has been deter-
mined as a function of temperature and oxygen
fugacity at ambient pressure [36]. One important
source of chondrite metal is the process of chon-
drule formation, where initially oxidized (FeO-
rich) material is reduced during melting [46,63].
The composition of metal in equilibrium with a
molten chondrule was calculated as a function of
pO> using data from [36], and is shown in Fig. 5.
The calculation was performed at 1573 K and
1873 K, the experimental run temperatures of
Schmidt et al. [36], who noted that W changes
its behavior at higher temperatures, perhaps due
to a change in coordination number. Similarly, W
is reduced during subsolidus processes of chon-
drite metamorphism at 7'~ 700-1200 K that pro-
duced metallic Fe by reduction of FeO-bearing
silicates, but the exact relation between W in met-
al and pO, under metamorphic conditions is not
experimentally calibrated at present.

4.2. Tungsten microdistribution in ordinary
chondrite metal

In this section, the modification of W/Ir and
Re/Ir ratios in OC metal established during chon-
drule formation (Fig. 5) by metamorphic equili-
bration is discussed. Figs. 1 and 2 show W/Ir vs.
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Fig. 5. (a) Calculated W abundance in a metal grain in equi-
librium with silicate as a function of pO, at 7=1573 K and
T=1873 K, using W metal-silicate partition coefficients from
[36]. The maximum abundance of W in Fe metal based on
bulk H chondrite W =160 ppb [30], and a metal content of
16 wt% [62] is 1 ppm. The circles indicate canonical solar
nebula pO, at those temperatures [64]. (b) W abundances in
kamacite grains calculated from W/Ir ratios and Ir abundan-
ces in Tables 2 and 3. Metal grains that plot above 1 ppm
probably formed by reduction of silicate after first-stage met-
al extraction. H5-6 chondrite metal plots close to the 1 ppm
W abundance, while Alfianello L6 has higher W abundances
reflecting the general Fe depletion of L chondrite metal rela-
tive to Ni and other siderophiles.

Re/lIr variations in H and L/LL chondrite metal.
Literature values of bulk analyses of separated
metal [11-14,17] are presented in Tables 2 and
3. The UOC metal from all chemical classes ex-
hibits a large range in W/Ir ratios, including some
analyses that are below the detection limit, 0.003,
for the analytical procedure used here. Bulk metal
W/Ir of Tieschitz, Mez6-Madaras and Parnallee
are significantly lower than those reported for Al-
legan, Kernouve and Alfianello [11-14], indicating
that metamorphism resulted in a net transfer of
W from oxidized phases to OC metal, in addition
to reducing the spread in W/Ir ratios. Fig. 3
shows that this is also observed in an histogram
of W/Ir where Type 3, Type 4 and Type 5-6 metal
are depicted separately.

Fig. 4 shows a histogram for Re/Ir for each
chondrite, and demonstrates that Re/Ir does not
increase with metamorphic grade to the same ex-

tent as W/Ir. The mean Re/Ir ratio of Type 3
chondrite metal is about 0.10 (similar to bulk H
chondrites [30]), which increases to 0.14+0.02 in
Type 5-6 metal, in both kamacite and taenite.
Metal from the Type 4 chondrites, Weston and
Soko-Banja, appears to be intermediate in W/Ir
and Re/Ir ratios (Figs. 3 and 4). Thus, the transfer
of W from silicates to matrix metal takes place
mostly in Type 3.0-4 chondrites, with no observ-
able change in Type 5-6 chondrites.

In EOC metal, there is a correlation between
W/Ir and Re/Ir ratios (Fig. 2) indicating that the
observed variations, including the Re/Ir enrich-
ment observed in EOC metal [12,17-18], are the
result of reduction of W and Re from silicate
phases during metamorphic equilibration. Since
W is more lithophile than Re, the effect is more
pronounced for W than for Re. The relative order
of the metal-metal oxide pairs in terms of chem-
ical potentials are W<Re<Os<Ir<Pt<Au
[37,38], thus W is the easiest to oxidize. The
Re-ReO; buffer has puO, =45 kJ/mol higher
than that of Ni-NiO [34,37], while W-WO, has
UO, = 5-45 kJ/mol greater than that of Fe-FeO
buffer over 700 K <7< 1700 K, and below that
of the Co-CoO buffer [34], making W only
slightly more siderophile than Fe, and less side-
rophile than both Co and Ni.

Further, in EOC metal, W/Re ratios are ap-
proximately chondritic, while Ir and Os abundan-
ces are variably depleted. It is conceivable that Ir
and Os were present in both Fe-Ni alloy and as
refractory metal nuggets in UOC, as first pro-
posed by [39]. During metamorphism, reduction
of FeO from the silicates contributed further Fe
to pre-existing metal grains, resulting in dilution
of Ir and Os abundances. The presence of W and
Re in chondritic relative proportions is possibly
related to their original presence in an oxidized
form (perhaps in silicates), which either directly
contributed to their abundances during reduction,
or facilitated the diffusive transport of these ele-
ments to the sites of incorporation into metal. The
average Ir-Os abundance in OC metal ranges
from chondritic to about a factor of two lower
than chondritic [21-23]. The superchondritic Re/
Os ratios observed by [18] in their '®’Re-'¥70s
isotopic studies of separated OC metal were
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caused by reduction of Re from the silicate to the
metal.

4.3. The nature of the reductant

Reduction during OC metamorphism plays an
essential role in establishing the W/Ir and Re/Ir
ratios of EOC metal, and the nature of the reduc-
tant is considered here. The possible reductants in
ordinary chondrites include carbonaceous materi-
al (carbides, elemental carbon or organic mole-
cules), phosphides or metal with dissolved Si, P
and Cr [46]. Ordinary chondrites contain a few
thousand ppm reduced C, including both terres-
trial contaminants and indigenous phases [40,41].
Bulk carbon contents of ordinary chondrites are
affected by terrestrial contamination and the iso-
topic composition of indigenous C in OC
(®BC=—16 to —27%0 [41]) is very similar to
that of C3 pathway organic matter, probably
the most ubiquitous source of reduced carbon
contamination. Thus, isotopic fingerprinting of
the indigenous C is not possible. Stepped combus-
tion techniques [41] yield carbon abundances that
do not show systematic trends with metamorphic
grade or petrologic type. For example, with the
exception of Sharps (C=27700 ppm), Grady et
al. [41] obtained C=2200-3700 ppm for H3
chondrites, and C=1000-3200 ppm for H4-6
chondrites. Results for LL chondrites were more
systematic with C=3000-5400 ppm for LL3.0-
3.4, and C=310-990 ppm for LL4-6. However,
the carbon contents of Type 3.0 to Type 3.9 OC
falls determined by [40] show no systematic pat-
tern with petrologic type. These results constitute
suggestive, but not compelling, evidence for C
consumption during metamorphic equilibration
in ordinary chondrites.

Certain tracers such as presolar grains and in-
terstellar organic molecules, the carriers of dis-
tinct isotopic signatures [42,43], provide better
proxy measures of the reductant consumption.
D/H ratios (a proxy for interstellar molecules) of
water extracted from UOCs were observed to de-
crease with increasing metamorphic grade [44].
Huss [25] observed that the abundances of preso-
lar diamond and SiC grains decreased during the
initial stages of OC metamorphism in UOC, gen-

erally vanishing at about metamorphic grades
3.6-3.8. This was attributed to oxidation of these
reduced phases during incipient metamorphism by
reaction with FeO in silicates [25]. A more com-
prehensive study of the abundances of presolar
diamond, SiC and graphite abundances in the ma-
trices of UOC showed that abundances of each of
the presolar grain types decreased sharply at Type
3.6-3.8, with graphite disappearing by Type 3.1
[42]. Abundance of presolar diamond was initially
about 125-177 ppm (about 3-5% of the bulk C)
in the least equilibrated UOCs, Semarkona,
Krymka and Bishunpur, decreasing by a factor
of 10° in Type 3.8 UOCs [42]. This process added
Fe to OC metal, and based on our data also
added W and Re. Likewise, [17] noted that W
and Ga were added to bulk OC metal during
metamorphism. It is essential to terminate this
reduction process, or W would equilibrate
throughout the metamorphic episode, contrary
to the findings of [4,45]. Given the evidence for
consumption of C-bearing phases (presolar grains,
interstellar organic molecules) in the earliest
stages of metamorphism (Type 3.0-3.8), it is pro-
posed here that exhaustion of the available reduc-
tant terminates the process, setting the 2Hf-182W
chronometer. This process occurs largely by Type
4 as indicated in Figs. 3 and 4. Analyses of W in
bulk metal separates [17] also shows that Type 3
metal is a factor of four lower in W than bulk
metal from Type 4-6 chondrites (Tables 2 and 3).

4.4. An interval of metamorphism

The process of metamorphic equilibration,
which results in the reduction of FeO-bearing sil-
icates to form metallic Fe, also results in oxida-
tion of highly reduced Cr-, P- and Si-bearing met-
al grains described by Zanda et al. [46] from
UOCs. The P oxidized from OC metal forms
phosphate minerals, mainly apatite and merrillite.
Goreva and Burnett [47] found that U and Th in
OCs, which initially reside in chondrule glass,
were transferred to phosphates during metamor-
phism. Likewise, oxidized W is an incompatible
lithophile, and was presumably present in chon-
drule glasses. Thus, the U-Pb chronometer is ini-
tially set during the same process of metamorphic
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equilibration that sets the '?Hf-!82W chronome-
ter. The Pb closure temperature of apatite was
estimated to be 690-750 K, while the peak tem-
peratures attained during metamorphism for Type
5-6 chondrites were estimated to be 950-1200 K
[7]. The closure temperature of kamacite or taen-
ite with respect to the diffusivity of W is not
known. Experimental determination of the diffu-
sivity of W in Fe—Ni metal at subsolidus temper-
atures is essential for a more complete interpreta-
tion of ?Hf-132W chronology in metamorphosed
chondrites.

A AT=60 Myr of H-chondrite metamorphism
on a parent-body scale was established from
207ph-20Ph systematics of EOC phosphates [7]
as the time difference between isotopic closure in
Type 4 and Type 5-6 chondrites. This range of
metamorphic 2°’Pb->"Pb ages is concordant with
129]_129Xe ages on phosphates and feldspars from
the same chondrites [5]. This estimate of timing is
in conflict with recent data based on the short-
lived '"2Hf-'82W chronometer that indicated that
metal separated from ordinary chondrites of all
metamorphic grades exhibited about the same
e®2W [4,45], distinct from OC silicate phases
which have radiogenic £'®?W and plot on an iso-
chron defined by whole rock, separated metal and
non-magnetic (i.e., silicate) phases [45]. Further,
the £'82W of OC metal is similar to that of iron
meteorites indicating that it was isolated from
equilibrium with lithophile Hf early in solar sys-

Table 4

tem history: B?Hf-182W ages for OC metal from
eight Type 4-6 chondrites determined against the
least radiogenic W from the IAB iron Arispe are
3-10 Myr, with metal from five chondrites of all
petrologic types in the narrower range of 3-5 Myr
[4]. This is initially surprising given the degree of
W equilibration required to progress from Type 3
chondrites with their large range of W/Ir ratios to
Type 4-6 chondrites, with their narrower ranges
of W/Ir. We propose that these seemingly contra-
dictory findings can be reconciled if: (1) the onset
of metamorphism in the OC parent body occurred
at a very early time in solar system history,
shortly after accretion, and (2) reduction took
place during the initial stages of metamorphism
(mainly prior to grade 4), and that most of the
reductant was consumed in this phase, so that
further exchange of unradiogenic W from metal
with radiogenic W in silicate was inhibited. By
contrast, the U-Pb chronometer was set during
cooling from peak metamorphic temperatures, as
phosphates reached their U-Pb closure tempera-
tures [7]. Since there is no change in coordination
number of U, Pb, I or Xe, during chondrite meta-
morphism, these systems respond exclusively to
temperature. Thus, the '8?Hf-'82W chronometer
and the U-Pb chronometer date fundamentally
different processes, the former marking the onset
of metamorphism and the latter marking its ter-
mination. The duration of metamorphism is ob-
tained from the time difference between isotopic

Intervals of metamorphism (AT},) calculated for individual chondrites as the time difference between 2’Pb-2°Pb ages [7] and

I2H{182W ages [4]

Chondrite 207pb20Ph age I2Hf182W age ATy,
(Myr) (Myr) (Myr)
Ste. Marguerite (H4) 33£0.6 4+2 —1%2
Forest Vale (H4) 5.1+0.7 3+2 242
Richardton (H5) 14.610.6 3+1 12+1
Nadiabondi (H5) 104+3.4 8+4/—-3 2+5
Allegan (H5) 15.8+0.7 8+4/—3 8+4
Kernouve (H6) 42.1£0.5 - -
Barwell (L5-6) 27.8+0.7 2+2 26+2
Tuxtuac (LL5) 224+2.1 102 123
St. Séverin (LL6) 124+0.7 52 7+2

207pb-20Pb ages are presented as the time difference between Allende CAls (4566 Myr) and OC phosphates using the Pb isotopic

composition of Canyon Diablo troilite as initial Pb [7].
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closure of the 2”Pb—2%Pb or '?°I-12Xe chronom-
eter and the "?Hf-'82W chronometer.

Table 4 summarizes the available chondrite
data, with metamorphic intervals calculated for
each individual chondrite. As an example of the
distinction between parent-body metamorphic du-
ration, estimated from the difference in timing of
isotopic closure between Type 4 and Type 5-6
chondrites [7], and the metamorphic intervals de-
fined here for individual chondrites (Table 4),
consider the three H5 chondrites Nadiabondi, Ri-
chardton and Allegan. These exhibit a range of
207pb-20Ph ages of 10-16 Myr after formation
of Allende CAI [7] which, when taken together
with the 3-5 Myr 7Pb—2%Pb ages of H4 chon-
drites and the > 40 Myr ’Pb—2"Pb ages of Type
6 chondrites, appear to be part of a layered parent
body with a regular increase in duration of meta-
morphism with petrologic type. However, the ini-
tiation of metamorphism indicated by W isotopic
closure is variable giving estimates of the individ-
ual ATy, of 2-12 Myr (Table 4). This indicates
that either: (1) thermal metamorphism did not
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Fig. 6. Schematic illustration of the interval of metamor-
phism for eight chondrites from Table 4. The upper panel
shows 2°Al abundance on the same time scale along the ab-
scissa. Five chondrites appear to have been first metamor-
phosed in a narrow time period, 2-4 Myr, while metal and
silicate in Allegan, Nadiabondi and Tuxtuac equilibrated W
isotopes until 8-10 Myr. See text for further discussion.

initiate at the same time everywhere on the H
chondrite parent body, or (2) exhaustion of reduc-
tants occurred at different rates in individual
chondrites.

Fig. 6 summarizes the '?Hf-!182W ages of EOC
metal and the *’Pb—2%Pb ages of EOC phos-
phates. The 8?Hf-!82W ages of metal from Forest
Vale (H4), Ste. Marguerite (H4), Richardton
(HS), Barwell (L5-6), and St. Séverin (LL6) define
a narrow band of 3-5 Myr after the differentia-
tion of Arispe (IAB) [4]. It should be noted that
an absolute chronology of the 'S?Hf-1%2W system
has not yet been achieved. No measurements of
e®W are available for refractory metal from
CAIs in Allende or other carbonaceous chon-
drites, which presents a source of systematic error
when comparing '"?Hf-'W ages with those
based on other short-lived chronometers, e.g.,
26A1-°Mg. We will assume for the purposes of
Fig. 6 that the time difference between formation
of Arispe and that of CAIs is negligible, and it
can be constrained as =3 Myr based on the
I2HF-132W and 7Pb—2"°Pb ages of Ste. Margue-
rite. Also depicted in Fig. 6 is the abundance of
%Al as a function of time since the formation of
Allende CAls [52,65]. The early group of '8?Hf-
182W ages (Ste. Marguerite, Forest Vale, Richard-
ton, Barwell and St. Séverin) is compatible with
metamorphism on parent bodies heated by 2°Al,
but the late metamorphism observed in Allegan,
Nadiabondi and Tuxtuac requires the operation
of additional processes, possibly including impact
heating. Further evidence for distinct expressions
of metamorphism is provided by the well devel-
oped kamacite-taenite W partitioning in Allegan
(H5) metal relative to that from Kernouve (H6)
and Alfianello (L6).

As indicated by recent models [48], the time-
scale of the accretion disk phase of the solar sys-
tem is short (<1 Myr) compared with metamor-
phic timescales of chondrite parent bodies.
Further, to avoid partial melting of the ordinary
chondrite parent bodies by heat generated from
the decay of °Al (¢, =0.7 Myr), these would
have formed >2 Myr after Allende CAls, as ar-
gued by Woolum and Cassen [49]. The timescale
over which 2°Al releases its thermal energy is ~ 5—
6 Myr (Fig. 6). Thus, using the five chondrites
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with early '8?Hf-!82W ages, the inferred timescales
of metamorphism for the ordinary chondrite par-
ent bodies are consistent with thermal energy de-
rived from 2°Al decay, a conclusion supported by
26 A1-°Mg systematics of Al-rich chondrules from
OCs [50,65]. Cooling through the Pb closure tem-
perature of phosphates for the Type 4 chondrites,
Forest Vale and Ste. Marguerite, indicates that
this had occurred by AT =5 Myr. This is consis-
tent with the presence of Mg excesses correlated
the Al/Mg ratios in feldspar grains from Ste. Mar-
guerite and Forest Vale, which yield AT~ 6 Myr
for cooling through the Mg closure temperature
of feldspar [51,52]. Based on 2°Al-*Mg system-
atics of a larger set of OC chondrites, Huss et al.
[65] similarly concluded that metamorphism of
Type 4 OCs was completed by 5-6 Myr after
CAI formation.

The existence of a chemical reaction (i.e., C
reduction of WO,/WQOs3) that is initiated by meta-
morphic heating, but turned off by the exhaustion
of one of the reactants (C) before reaching peak
temperature, is of fundamental significance to cos-
mochronology. That such a reaction can set a
chronometer, in this case the 32Hf-!32W chro-
nometer, is identified here for the first time to
our knowledge. All known metamorphic geo-
chronometers are based on the closure tempera-
ture concept [8,9] that record the time since cool-
ing through a closure temperature from peak
temperatures. Thus, this is also the first instance
known where a chronometer is set by the onset of
metamorphism, and can thus yield a more direct
measure of the duration of metamorphism when
combined with one of several available metamor-
phic geochronometers based on closure tempera-
ture, including “*Ar—*Ar, ¥Rb-¥'Sr or 23¥23¥U-
207.206pp_ 1t is important to observe here that the
187Re~1870s chronometer in ordinary chondrites is
also set by the reduction process, and that '’Re—
18705 ages of ordinary chondrites [18] must reflect
the initiation of metamorphism, as well. Thus, the
short-lived '8?Hf-'82W and the long-lived '®’Re—
18705 are contemporaneous.

The application of the 3?Hf-!132W chronometer
is presently limited to cosmochronology, and it is
probably further limited by instances where avail-
able reductant is almost completely consumed

early in the metamorphic process. Otherwise, W
would probably continue to be reduced from the
silicate phases where '®2W was being produced by
radioactive decay of its parent '8?Hf, and added
to the metal phase. Thus, we would predict W
isotopic equilibration of metal and silicate from
metamorphosed carbonaceous chondrites or ure-
ilites and other materials in which reductant re-
mained in excess of that which is consumed by
FeO reduction. A potential analog of this system
may be found in the '®’Re-'%"0Os chronology of
reduced terrestrial sediments, where $7Re—!870Os
ages may reflect the onset of metamorphism
rather than its termination. Existing '®’Re-'%"0s
studies of terrestrial sediments have been re-
stricted to determining the timing of deposition
of black shales [53,54], rather than the ages of
metamorphism. Black shales are very C-rich, but
metasediments of lower C content are far more
common and their '¥Re—!87Os systematics poten-
tially could be used to determine the timing of
initiation of metamorphism in major mountain
belts. This remains to be explored further.

4.5. Ordinary chondrite metal composition as a
proxy for RelOs of the Earth’s core

Recent work on the '¥’Re-'370Os systematics of
terrestrial basalts has revealed the presence of ex-
cess radiogenic '%70s/!%30s in ocean island basalts
[55,56]. One set of models for this observation
postulates that Os from the terrestrial outer core
is physically entrained in [55,57], or isotopically
exchanged [58] with, the mantle sources of OIB
at the core-mantle boundary. Models for the iso-
topic evolution of '370s/'%80s in the Earth’s core
have used the Re/Os of HS chondrite metal as
representative of bulk core [55-57], rather than
CI chondrite values (Re/Os=0.075 [31]), on the
argument that the Earth accreted from volatile
depleted material like H-chondrites [55,56]. Since
the Re/Os ratio used in these models (0.083-0.088
[55-57]) is a factor of 1.1-1.2 X CI the amount of
fractional crystallization required to achieve a
model outer core Re/Os ratio is lower for given
values of the solid metal-liquid metal partition
coefficients for Re and Os. Fig. 4 shows that in-
dividual metal grains in Allegan H5 and Ker-
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nouve H6 exhibit a range of Re/Ir ratios, mostly
1.7XCI or higher. From data in Table 2, mean
Re/Os ratios of 0.147 and 0.133 were calculated
for metal from Allegan H5 and Kernouve H6,
respectively. These high Re/Os ratios are a specific
feature of EOC metal due to metamorphic pro-
cesses, calling into question the choice of HS
chondrite metal composition as a proxy for that
of the Earth’s bulk core. The use of CI values for
bulk core (e.g., [58]) is recommended.

5. Conclusions

The processes that formed ordinary chondrite
matrix metal occurred under conditions where W
was initially lithophile, and produced a large
range in the initial W/Ir ratios of chondrite metal,
with initial Re/Ir ratios of ~0.10. Metamorphic
equilibration reduced the grain to grain variability
of the metal, and added Fe, W and Re from non-
metallic phases. Thus, the W/Ir and Re/Ir ratios
of EOC metal are about twice that of CI chon-
drites. This is due in large part to a factor of two
deficiency of Ir in the metal, which is present else-
where in the chondrites. The metamorphic equil-
ibration, occurring mainly in petrologic Type 34,
involved reduction of oxidized Fe, W, and Re by
carbonaceous material in the matrix, the process
being terminated by consumption of the available
reductant. For a Type 5-6 chondrite, this would
occur while the chondritic material was heated
past Type 4 conditions. There is no dependence
on chemical class, with these results being similar
for H, L and LL chondrites. The implications of
this process for the B?Hf-'32W and ®’Re-'3"0s
chronometers are that the chronometers were set
during the initial stages of metamorphic equilibra-
tion (Type 3.0-4) rather than during cooling from
peak temperatures, and hence give ages that are
earlier than those obtained from isotopic closure
of 207Pb—2%Pb or P1-1Xe systems in chondritic
phosphates, thus resolving the discrepancy be-
tween these chronometers. The recognition of
isotopic closure during reduction for the two
siderophile element chronometers allows the
determination of an interval of metamorphism

derived from the time difference between the
IB2Hf 132W age and the 2*’Pb->°Pb (or '*’I-
129Xe) age. The understanding of the behavior
of Re and W in metal during OC metamorphism
presented here reconciles the apparent contradic-
tion between ages derived from different chro-
nometers, and couples a short-lived with a long-
lived chronometer from which absolute ages can
ultimately be derived. Further, "?Hf-182W ages of
some ordinary chondrite metal indicate the initia-
tion of OC metamorphism at 3-5 Myr during
which 2°Al was a viable heat source.

The use of Re/Os ratios of HS metal as a proxy
for that of the Earth’s core is shown here to be
incorrect, since ordinary chondrite metal has Re/
Os ratios significantly different from that of bulk
chondrites. This does not invalidate the core—
mantle interaction hypothesis, but requires an up-
wards revision of the solid metal-liquid metal par-
tition coefficients used to derive the inferred ra-
diogenic Os isotopic composition of the outer
core.
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