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Abstract

The abundances of highly siderophile elements (HSE: Re, Os, Ir, Ru, Pt, Pd), as well as '®’Re-'870s and "8?Hf-'82W iso-
topic systematics were determined for separated metal, slightly magnetic, and nonmagnetic fractions from seven H4 to H6
ordinary chondrites. The HSE are too abundant in nonmagnetic fractions to reflect metal-silicate equilibration. The disequi-
librium was likely a primary feature, as '3’Re-'870Os data indicate only minor open-system behavior of the HSE in the slightly
and non-magnetic fractions. '**Hf-'82W data for slightly magnetic and nonmagnetic fractions define precise isochrons for
most meteorites that range from 5.2 + 1.6 Ma to 15.2 + 1.0 Ma after calcium aluminum inclusion (CAI) formation. By con-
trast, '>W model ages for the metal fractions are typically 2-5 Ma older than the slope-derived isochron ages for their respec-
tive, slightly magnetic and nonmagnetic fractions, with model ages ranging from 1.4 + 0.8 Ma to 12.6 + 0.9 Ma after CAI
formation. This indicates that the W present in the silicates and oxides was not fully equilibrated with the metal when diffusive
transport among components ceased, consistent with the HSE data. Further, the W isotopic compositions of size-sorted metal
fractions from some of the H chondrites also differ, indicating disequilibrium among some metal grains. The chemical/isotopic
disequilibrium of siderophile elements among H chondrite components is likely the result of inefficient diffusion of siderophile
elements from silicates and oxides to some metal and/or localized equilibration as H chondrites cooled towards their respec-
tive Hf-W closure temperatures. The tendency of 'S*Hf-"8?W isochron ages to young from H5 to H6 chondrites may indicate
derivation of these meteorites from a slowly cooled, undisturbed, concentrically-zoned parent body, consistent with models
that have been commonly invoked for H chondrites. Overlap of isochron ages for H4 and HS chondrites, by contrast, appear
to be more consistent with shallow impact disruption models.

The W isotopic composition of metal from one CR chondrite was examined to compare with H chondrite metals. In con-
trast to the H chondrites, the CR chondrite metal is characterized by an enrichment in 183\ that is consistent with nucleosyn-
thetic s-process depletion. Once corrected for the correlative nucleosynthetic effect on '**W, the '®*W model age for this
meteorite of 7.0 + 3.6 Ma is within the range of model ages of most metal fractions from H chondrites. The metal is therefore
too young to be a direct nebular condensate, as proposed by some prior studies.
© 2018 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Chondrites are unmelted aggregates of primitive compo-
nents that formed in different early Solar System environ-
ments. Consequently, the components of which they are
comprised were initially in chemical and isotopic disequilib-
rium. These components can include refractory inclusions
(e.g., calcium-aluminum-rich inclusions; CAI), chondrules,
matrix, and Fe, Ni metal. The H chondrites experienced a
wide range of thermal-metamorphic conditions, ranging
from petrologic type H3, with peak temperatures of 400—
600 °C, through petrologic types H4 to H6, with peak tem-
peratures ranging from 500 to 1000 °C (e.g., Keil, 2000;
Slater-Reynolds and McSween, 2005). Comparison of H4
through H6 chondrites has shown increasing degrees of
chemical equilibration of some elements (e.g., Fe and Mg
in olivine) and textural integration of chondritic compo-
nents, such as a decrease in the abundance of identifiable
chondrules, with increasing petrologic type (e.g., Rubin,
2000; Rubin et al., 2001; Huss et al., 2006, Weisberg
et al., 20006).

Some prior studies have proposed an onion-shell ther-
mal model for the parent body of H chondrites to explain
correlations between H chondrite petrologic type and clo-
sure ages for multiple temperature-sensitive systems, includ-
ing fission tracks (Pellas and Storzer, 1981; Trieloff et al.,
2003), and 2*"Pb->°Pb (e.g., Gopel et al., 1994). In this
model, the parent body is assumed to be internally heated
by the decay of now-extinct 26A1 (ti;»=0.7 Ma; Norris
et al., 1983). Those H chondrites that were located deepest
within the parent body reached the highest temperatures,
cooled slowest, and therefore, experienced the highest
degrees of thermal metamorphism. By contrast, those chon-
drites that were closer to the surface cooled more rapidly
and experienced lower degrees of thermal metamorphism.
Thus, according to this model, H chondrites of higher
petrologic type, which were deeper in the parent body,
should record the youngest closure ages for each radiogenic
isotope system.

The short-lived '*2Hf-'82W radiogenic isotopic system
(ti» = 8.9 Ma; Vockenhuber et al., 2004) is useful for con-
straining processes that occurred during the first ~50 mil-
lion years of Solar System history. It is especially useful
for constraining the timing of metal-silicate equilibration,
because W is moderately siderophile and strongly partitions
into metals, whereas Hf is lithophile and is retained exclu-
sively in silicates. The system has been widely used to con-
strain the timing of core formation on planetary bodies
(e.g., Lee and Halliday, 1995; Harper and Jacobsen, 1996;
Kruijer et al., 2014a), and may also be used as a ther-
mochronometer (Kleine et al., 2008).

Kleine et al. (2008) applied the '82Hf-'¥2W isotopic sys-
tem to H chondrite metals and silicates in order to con-
strain the cooling history of H chondrites after
metamorphic heating. That study mathematically estimated
closure temperatures of 800-875°C for H4 through H6
chondrites, using the diffusion model of Van Orman et al.
(2001), and concluded that the lower petrologic type H
chondrites have older closure ages than higher metamor-
phic grade H chondrites. Further, by combining Hf-W data

with the different closure ages of multiple other isotopic sys-
tems (Pb-Pb, Ar-Ar, and 244py fission tracks), they calcu-
lated cooling rate curves for the H chondrite parent body,
and found an inverse correlation between petrologic types
and cooling rates. The consistent relations among closure
ages, cooling rates, and petrologic types were interpreted
as strong evidence in support of an onion-shell thermal
model for the H chondrite parent body. Based on previ-
ously reported thermochronological data for H chondrites
and thermal modeling, Monnereau et al. (2013) determined
that the H chondrite parent body accreted 2 Myr after CAI
formation, likely over a duration of 0-0.2 Myr, and simi-
larly concluded that the cooling history of the parent body
was consistent with the onion-shell model.

Not all thermal models have supported the onion-shell
cooling model. Petrologic observations, along with metallo-
graphic cooling rates determined from the Ni diffusion pro-
files in H chondrite metal, have been interpreted to indicate
that parent body cooling was disrupted by one or more
impacts, and that cooling may instead have occurred in a
rubble pile (e.g., Taylor et al., 1987; Scott et al., 2014;
Ruzicka et al., 2015). The onion-shell and disrupted parent
body models, however, are evidently not mutually exclu-
sive. Blackburn et al. (2017) reported U-Pb age data for
H chondrite phosphates and proposed a model that takes
into account initially onion-shell cooling and subsequent
disruption by impact. In addition, based on thermal model-
ing using previously reported thermochronological data,
Harrison and Grimm (2010) proposed a ‘perturbed onion-
shell model,” in which the parent body was partially, but
not completely, disturbed by impacts.

In addition to conflicting evidence supporting different
models for the thermal history of the H chondrite parent
body, some early Solar System processes may have led to
complexities in the interpretation of thermochronological
data. Kleine et al. (2008) noted that some metal fractions
from the H5 chondrite Richardton have anomalous W iso-
topic compositions that cannot be readily explained by the
decay of '8?Hf in a body with an onion-shell thermal struc-
ture. They speculated that the anomalous isotopic composi-
tions could reflect an early irradiation of the metal, leading
to a modification (lowering) of its "*?W isotopic composi-
tion. Also, correlated nucleosynthetic 182w and '8*w
anomalies have subsequently been reported for some bulk
meteorites, including carbonaceous chondrites and car-
bonaceous chondrite-related iron meteorites (Budde et al.,
2016; Kruijer et al., 2014b, 2017). Consequently, nucleosyn-
thetic heterogeneity could also conceivably account for the
low '82W isotopic composition observed in Richardton
metal.

The chemical and isotopic compositions of metal found
in some or all H chondrites have been modified by thermal
metamorphism, hence, HSE abundances and '8*W isotopic
compositions of most H chondrite metals likely do not
reflect the characteristics of the metals prior to their incor-
poration in the parent body. Renazzo-like carbonaceous
chondrites (CR chondrites) commonly occur as petrologic
type 2, and are characterized by reduced silicates, high
abundances of Fe, Ni metal, volatile element depletions,
and low degrees of thermal metamorphism (Weisberg
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et al., 1995; Krot et al., 2002). Metals present in CR chon-
drites are, therefore, much less likely to have been chemi-
cally or isotopically modified subsequent to incorporation
in the parent body. Consistent with this, some prior studies
have proposed that CR chondrite metal may have formed
by condensation directly from nebular gas (Weisberg
et al., 1993), while others have concluded that CR chondrite
metal formed via re-condensation of chondrule-derived
vapor (Connolly et al., 2001), or reduction (Zanda et al.,
1994; Connolly et al., 2001). Comparison of the
1821182\ isotopic systematics of CR chondrite metal with
H chondrite metal could, therefore, provide new insights to
the timing and nature of chondrite metal formation.

In this study, the '?Hf-'3>W systematics of H chondrite
metals and oxide-silicate mixtures from seven H chondrites
are determined using new analytical techniques that achieve
higher precision than prior studies. We also examine the
corresponding highly siderophile element (HSE: Re, Os,
Ir, Ru, Pt, Pd) abundances and '*’Re-'*7Os isotopic system-
atics of the H chondrite components. The concentration
data allow an assessment of the degree of siderophile ele-
ment equilibration between metal and non-metal compo-
nents (e.g., Horan et al., 2009). The Re-Os isotopic
systematics of these components allow an assessment of
whether or not siderophile element distributions among
components have been disturbed by impact or other pro-
cesses subsequent to the first few 10s of Ma of Solar System
history. We also determine the '*?W composition of the
CR2 chondrite Acfer 395 for comparison to H chondrite
metals.

The primary goals of this study are to: (1) re-examine
the thermal history of the H chondrite parent body using
refined Hf-W measurement techniques, (2) explore diffusive
exchange of siderophile elements between metals and non-
metallic phases in chondrites during thermal metamor-
phism, (3) investigate whether processes other than 'S?Hf
decay have led to "W isotopic variability among some H
chondrite metal fractions, and (4) compare the timing and
formation mechanisms of H chondrite metal to CR chon-
drite metal.

2. SAMPLES

Seven H chondrites and one CR chondrite were investi-
gated. The H chondrites range from petrologic type 4 to 6,
and the CR chondrite is petrologic type 2. The HS chon-
drite Faucett (UCLA 416) and the CR2 chondrite Acfer
395 (UCLA 2701) were provided by the University of Cal-
ifornia Los Angeles Meteorite Collection. The H5 chon-
drite Richardton was provided by the Carnegie Institution
for Science (CIS). All other samples were provided by the
Smithsonian Institution National Museum of Natural His-
tory (SI), including the H4 chondrite Avanhandava
(USNM 6882), HS chondrites Allegan (USNM 215) and
Forest City (USNM 2774 2), and H6 chondrites Oakley
(USNM 3350) and ALHA 78115 (USNM 7318 78115,1).
Avanhandava, Richardton, Forest City, and Allegan were
observed falls, and the other chondrites are finds.

Avanhandava, Richardton, and Allegan were chosen for
this study because thermochronological data have previ-

ously been reported for them (e.g., Kleine et al., 2008;
Trieloff et al., 2003; Blackburn et al., 2017), allowing com-
parisons to results from previous studies. Further, Kleine
et al. (2008) reported that Richardton metal fractions have
anomalous '8?W isotopic compositions, highlighting the
need for further study. Faucett, Forest City, Oakley, and
ALHA 78115 were chosen in order to expand the current
subset of H chondrites for which there are thermochrono-
logical data, as most studies have exclusively relied on a
limited suite of nine samples to assess the thermal structure
of the H chondrite parent body.

3. METHODS
3.1. "®’Hafnium-"%>W systematics of H chondrites

Components of all samples were separated based on
magnetic susceptibility at the University of Maryland Iso-
tope Geochemistry Laboratory (IGL). The W isotopic com-
positions, and Hf and W abundances of metal fractions
were determined at the /GL. For slightly magnetic and non-
magnetic fractions, the W isotopic compositions, and Hf
and W abundances were determined at the University of
Miinster, Institut fiir Planetologie.

3.1.1. Sample preparation

All samples from the SI and the CIS were previously
processed as part of a complementary study on
207pp-29pp dating of separated phosphates from H chon-
drites (Blackburn et al., 2017). Before being transferred to
the University of Maryland for this study, the chondrites
from that study were gently crushed using an agate mortar
and pestle and then separated by magnetic susceptibility
using an S.G. Frantz® magnetic separator. Detailed meth-
ods are provided in Blackburn et al. (2017). Two samples
(Faucett and Acfer 395) were processed from bulk chon-
dritic fragments at the /GL. They were gently crushed using
an agate mortar and pestle, and then a hand magnet was
used to separate material into highly magnetic (primarily
metal), slightly magnetic (NM-2), and nonmagnetic (NM-
1) fractions. Nonmagnetic and slightly magnetic fractions
that were separated in different sessions are denoted by A
and B suffixes.

Fractions from all samples were purified by repeated
crushing using a mortar and pestle while immersed in ultra-
pure H,O from a MilliQ® water purification system, fol-
lowed by further magnetic separation using a hand
magnet. This process was repeated until no further separa-
tion of metal from silicate was possible. A hand magnet
was used to check that all magnetic material was removed
from the nonmagnetic (NM1) fraction. Most adhering non-
magnetic dust was removed from metal fractions by cleaning
in an ultrasonic bath, however small fractions of nonmag-
netic dust could not be removed. Metal grains were sepa-
rated into >150 um and <150 pm fractions using a nylon
sieve. Conceivably, the >150 pum and <150 pum fractions
could contain variable portions of fine- and coarse-grained
metal, respectively, if coarse metal grains were broken into
grains smaller than 150 pum, or if fine metal grains were com-
bined together during repeated crushing of fractions.
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3.1.2. Separation and purification of W for isotopic
compositions

Metal fractions were combined with ~40 mL of 8 M
HCI in closed 60 mL Teflon vials and heated to 130 °C
for 48 h. The 8 M HCl efficiently digested metal but not sil-
icate, so any W from adhering, Hf-rich silicate phases was
dominantly retained in the residue. After digestion of the
metals, sample solutions were centrifuged, and the remain-
ing, undigested nonmagnetic phases were separated.
A ~ 0.5% aliquot by volume was then removed, weighed,
and spiked with ""®Hf and '*W. The remaining sample
solution was auto-oxidized in an open beaker by exposure
to atmosphere for at least one week, in order to convert
Fe?' to Fe*', so that the Fe** could be efficiently removed
by solvent extraction into diisopropyl ether (Myers and
Metzler, 1950). Tungsten was separated and purified using
the cation and anion exchange chromatography method
reported by Touboul and Walker (2012). After separation
and purification of W, all fractions were dried down with
either concentrated Teflon-distilled HNO; + quartz-
distilled HCI, or with Teflon-distilled HNO; + H,O0,
(30%) several times to destroy organics. Total analytical
blanks for W were ~1ng, and blank corrections were
insignificant.

Slightly magnetic and nonmagnetic separates were com-
bined with ~15 mL 2:1 concentrated, Teflon-distilled HF-
HNO3 and heated to 120 °C for ~30 h. After digestion,
samples were dried and then re-dissolved in concentrated
HNOj3 to remove organics. The samples were then com-
pletely re-dissolved in 6 M HCI-0.06 M HF, and a 10% ali-
quot was removed, precisely weighed, and spiked with a
mixed "S°Hf-'®W spike.

Tungsten was separated and purified using a modified
version of the two-stage anion exchange chromatography
method reported by prior studies (e.g., Kleine et al., 2004,
2012; Kruijer et al., 2012, 2015). For the first column stage,
samples were dissolved in 75 mL 0.5 M HCI-0.5 M HF and
then loaded onto pre-cleaned anion exchange columns
(4 mL BioRad AG1 x 8, 200-400 mesh). After rinsing the
sample matrix with 10 mL 0.5 M HCI-0.5 M HF, W (along
with high field strength elements) was eluted with 15 mL
6 M HCI-1 M HF. The samples were dried, and then
repeatedly re-dissolved in a few drops each of HNO; and
H,0; (30%), and dried at 80 °C to remove organics. High
field strength elements were removed using a second anion
exchange column and the method reported by Kruijer et al.
(2015). Samples were further purified of organics using
HNOj; and H,0,. Total procedural blanks for W ranged
from 29 to 123 pg, with a mean of 71 pg (n = 7). For com-
parison, the W blanks of Kleine et al. (2008) ranged from
~50-350 pg. Blank corrections were less than 1.5% for most
fractions, except for Oakley NM1, which had a blank cor-
rection of 7%. A 50% uncertainty for blank corrections is
included in each of the reported uncertainties for isotopic
compositions.

3.1.3. Mass spectrometry for W isotopic compositions
Purified W from each metal fraction was loaded onto a
previously outgassed (48 h before) Re filament using a

method slightly modified from Touboul and Walker
(2012). Twenty-four hours after loading W, a mixed activa-
tor containing 5 pg each of La and Gd was added (Touboul
and Walker, 2012).

The W isotopic compositions of the metal fractions were
measured by negative thermal ionization (N-TIMS) on the
UMd Thermo-Fisher Triton 1 using Faraday cup collection.
Tungsten was measured as WO3, and oxide production was
enhanced by bleeding O» (Po, = 1.0 x 107 mbar) into the
source. The N-TIMS method of Touboul and Walker
(2012), which allows the measurement of '$?W/!3*W to a
2SD external precision (defined as the 2SD of solution stan-
dards analyzed over the course of 9 months on Thermo-
Fisher Triton 1) of ~5 ppm, was used for two Faucett metal
fractions. For these analyses, 1839 /184W was not measured,
as the ratio was assumed to be normal and was used in a
second order fractionation correction. A new N-TIMS
method, which allowed measurement of both '32W/!3w
and '83W/'3*W to external precisions of ~5 ppm by mea-
suring in-run O isotopic compositions using 10> Q resistors
on two Faraday cups (H3 and H4), was developed during
the course of this study, and was used for all other fractions
(Archer et al., 2017). For both N-TIMS methods, instru-
mental mass bias was corrected using normalizing ratios
186w /184w = 0.92767 and '8W/!83W =1.9859 (Kleine
et al., 2004) and the exponential law. Measured signal
intensities evolved during analyses, and typically ranged
from 0.7 to 1.2V for %W,

The W isotopic compositions of slightly magnetic and
nonmagnetic separates were measured on the Thermo-
Fisher Neptune Plus multi collector-inductively coupled
plasma mass spectrometer (MC-ICPMS) in the Institut
fur Planetologie at the University of Miinster, with an
instrumental configuration similar to that wused by
Kruijer et al. (2014a) and Kruijer et al. (2015), using Fara-
day cup collection. Samples were introduced using an ESI
self-aspirating nebulizer and a Cetac Aridus II desolvating
nebulizer system. A Jet sampler and an X-skimmer cone
were used for optimal sensitivity (intensity of ~1.5-
2x 107" A for 30ng/g W Alfa Aeser laboratory stan-
dard). Each measurement consisted of 100-200 cycles,
with integration times of 4.2 s. Instrumental mass bias cor-
rections were made using '*W/'*W =0.92767 and
1869 /183W = 1.9859 (Kleine et al., 2004) using the expo-
nential law. Signal intensities varied from 0.44 to 11V
for ®*W among analyses, depending on the abundance
of W in the analyte.

Since the protocol used to measure the W isotopic com-
position of metals differed from the protocol used to mea-
sure nonmagnetic and slightly magnetic fractions, it is
critical that these two protocols produce comparable
results. Archer et al. (2017) compared the results of samples
measured using the two procedures detailed above, and
reported that the "W and '"8*W isotopic compositions
were identical within uncertainties. Mundl et al. (2018) also
compared data for NIST steel standard 129c¢ processed
using these two procedures, and found that the "W and
183W isotopic compositions were also in agreement within
uncertainties.
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3.1.4. Hafnium and W concentrations by isotope dilution

Spiked-sample mixtures from metal fractions were
equilibrated in closed 15 mL vials on a hotplate at 120 °C
for 24 h. After drying, spike-sample mixtures were
re-dissolved in 2mL of 0.5M HCI-0.5M HF. Hafnium
and W were then separated and purified using a
single-stage anion exchange chromatographic technique
(Touboul et al., 2007; Touboul et al., 2009). Purified W
and Hf from metal fractions were measured on the UMd
Nu Plasma MC-ICPMS using Faraday cup collection.
Tungsten and Hf standards were analyzed during each
analytical session to correct for instrumental bias. Blanks
for W ranged from 10 pg to 84 pg, with a mean of 51 pg
(n = 4). Hafnium blanks ranged from 15 pg to 122 pg, with
a mean of 47 pg (n = 4). Because metal fractions have low
Hf concentrations, Hf blank corrections exceeded 50% for
some samples. Uncertainties for blank corrections are
reflected in the reported uncertainties for 'SCHf/'8W.

Unlike metal fractions, the 'SCHf/'®?W of slightly mag-
netic and nonmagnetic fractions were highly variable, and
precise determinations of '*°Hf/'8*W were critical. There-
fore, care was taken to increase the abundance ratio of sam-
ple to blank. Larger (~10% by volume) aliquots were
removed and spiked with appropriate amounts of a mixed
180OHF.183W tracer. The sample-spike mixtures were equili-
brated on a hotplate in closed 15 mL vials at 120 °C over-
night. Hafnium and W were separated and purified using
a modified version of the method described in Kleine
et al., (2004). In order to remove organics, samples were
dried and then re-dissolved in several drops of HNO; and
H>O,. They were then re-dried at 80°C. After
re-dissolving in loading acid (0.56 M HNO3-0.24 M HF),
spiked Hf and W from slightly magnetic and nonmagnetic
fractions were measured on the Thermo-Fisher Neptune
Plus using Faraday cup collection. Mass bias corrections
were made using "OHE/TTHE = 0.7325 and
186w /184W = 0.92768. Blanks for W ranged from 1 pg to
20 pg, with a mean of 8 pg (n = 3). Blanks for Hf ranged
from 5 pg to 24 pg, with a mean of 11 pg (n = 3). Blank cor-
rections were <2% for the W abundances of most fractions,
except Oakley NM-1 (17.5%) and Oakley NM-2 (3%).
Blank corrections were <1% for the Hf abundances of all
fractions. A 50% uncertainty for blank corrections is
included in each of the reported uncertainties for
180 /184y

3.2. "®Rhenium-'%"0s isotopic systematics and HSE
abundances

Metal fractions (>150 pum and <150 pm) and nonmag-
netic (NM1) fractions from Avanhandava (H4), Richard-
ton (HS5), and ALHA 78115 (H6) were separately
combined with a 2:1 mixture of Teflon distilled, concen-
trated HNO; + HCI, and two isotopic spikes, one enriched
in '®Re and '°°0s, the other enriched in °'Ir, “Ru, '**Pt,
and '°Pd. Sample-spike mixtures were sealed in 8 mL
Pyrex™ Carius tubes (Shirey and Walker, 1995) and heated
to 260 °C for 72 h. After digestion, Os was removed via sol-
vent extraction using CCly, and back extraction into Teflon
distilled concentrated HBr (Cohen and Waters, 1996).

Separated Os was purified by microdistillation from dichro-
mate into concentrated HBr (Birck et al., 1997). Ruthe-
nium, Pd, Re, Ir, and Pt were separated and purified
using an anion exchange chromatography technique
(Rehkdmper and Halliday, 1997). Blank contributions
using this method were insignificant, typically comprising
< 1% of the total element.

Osmium was measured by N-TIMS on the UMd
Thermo-Fisher Triton 1 using Faraday cup collection.
Osmium was loaded onto previously outgassed Pt fila-
ments, and a Ba(OH), activator was added (Creaser
et al., 1991). All other HSE were measured as solutions
on the UMd Nu Plasma MC-ICPMS using Faraday cup
collection. The data were corrected for instrumental bias
by repeated measurement of a Johnson Matthey in-house
reference material during each analytical session. Correc-
tions were typically <0.1%.

3.3. High-precision osmium isotopic compositions of H
chondrite metal fractions

Metal fractions from Richardton (HS5), Allegan (HS5),
and Oakley (H6) were combined with ~3 mL 8§ N HCI in
15 mL Savillex® Teflon vials and digested on a hotplate
at 130 °C for 48 h. As with the metal fractions measured
for W isotopic compositions, a residue of nonmagnetic (sil-
icate and oxide) material remained after digestion, so sam-
ple solutions were centrifuged and the nonmagnetic
material was removed. Samples and 3 mL of a 2:1 mixture
of Teflon distilled, concentrated HNOz + HCl were then
sealed in 8 mL Pyrex™ Carius tubes (Shirey and Walker,
1995) and heated to 260 °C for 24 h. Osmium separation
and purification followed the procedures described in Sec-
tion 3.2. Osmium was measured using a method similar
to that described in Section 3.2. Mass bias corrections were
made using '*?0s/'®0s =3.08271 (Allegre and Luck,
1980), which is optimal for investigating neutron capture
reactions (Walker, 2012). Signal intensities ranged from
~1 to ~1.5V for '?Os during each analysis. External pre-
cisions (2SD) for these high-precision measurements were
~=5 ppm.

4. RESULTS

4.1. Highly siderophile element abundances, '*"Re-'¥’0s
isotopic compositions, and high precision Os

In order to investigate the diffusive exchange of HSE
during thermal metamorphism, a metal fraction and a non-
magnetic (NM1) fraction from one H chondrite of each
petrologic type (H4, HS, and H6) was analyzed for HSE
abundances and Re-Os isotopic systematics (Table 1; Figs. |
and 2). The HSE characteristics of metal and nonmagnetic
fractions from the 3 H chondrites investigated here are
broadly similar to those previously reported for an H3.8
and an H4 chondrite (Horan et al., 2009). Palladium/Os
for the Avanhandava (H4) and ALHA 78115 (H6) non-
magnetic fractions are higher than the Pd/Os of Richardton
(HS) and the previously reported H3.8 and H4 chondrites.
Rhenium/Os varies systematically among the three
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Table 1
Highly siderophile element abundances (in ppb) and ¥"Re-'%"Os systematics of H chondrite metal and nonmagnetic (NM1) fragments. Aqy is
the deviation in parts per 10,000 from a primordial 4568 Ma reference isochron. Uncertainties for 187Re/'%830s, 18705/ 18803, and Ap; are 26.

Mass (g) Re Os Ir Ru Pt Pd 8705/1%0s 20 187Re/"®80s 20 AOs 2o
Avanhandava (H4)
>150 um metal  0.00761 162.3 1490 1422 2256 3197 2642 0.13654 0.00041  0.5273 0.0009 -3.3 0.7
<150 pm metal  0.01123 302.5 3652 3083 4687 6568 3621  0.12889 0.00022  0.4003 0.0007 21 0.6
NMI1 0.16794 5.747 88.92 83.03 125.8 70.74 57.61 0.12446 0.00012 0.3121 0.0009 46 0.7
Richardton (H5)
>150 pum metal  0.00575 190.2 1871 1740 2916 4036 2784 0.13401 0.00029  0.4920 0.0010 —-0.6 0.8
<150 pm metal  0.00907 607.9 6663 5785 8492 12,910 6489  0.13091 0.00016  0.4410 0.0009 8.7 0.7
NM1 0.32782  0.504 8.868 1031 13.72 8.723 2.107  0.11294 0.00012  0.2739 0.0010 -39 0.8
ALHA 78115 (H6)
>150 pm metal  0.00717  266.2 2743 2464 4003 5803 3118 0.13249 0.00025  0.4696 0.0008 1.8 0.7
<150 pm metal  0.00998 396.7 4626 3761 6214 8701 5250  0.12995 0.00026 0.4144 0.0009 20 0.7
NMI1 0.15281 10.02 149.8 146.5 187.8 213.6  86.05 0.12255 0.00007  0.3231 0.0007 18 0.5
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Fig. 1. Orgueil (CI) normalized (CI data from Horan et al., 2003) HSE abundances of: (a) Avanhandava (H4), (b) Richardton (H5), (c)
ALHA 78115 (H6) metal and nongmagnetic fractions. Metal fractions are divided into >150 m and <150 m. (d) calculated composition of
nonmagnetic fraction (gold crosses) in equilibrium with Richardton <150 pum metal; Richardton metal and nonmagnetic fractions included for

comparison. Metal/silicate D values taken from Walter et al. (2000) and references therein. Uncertainties are smaller than symbol size.

components, with >150 um metal having the highest ratio,
and nonmagnetic fractions having the lowest.

Fine- and coarse-grained metals have supra-chondritic
HSE abundances that range from ~3x to ~15x CI for
Os, which is similar to the range of previously reported
Os abundances for H3.8 and H4 chondrite metal (~3 to
~19x CI Os; Horan et al., 2009). The relative abundances
of HSE (e.g., Pt/Os) are similar to those of bulk chondrites.
For the three H chondrites, fine-grained metal fractions
have higher HSE abundances than coarse-grained metal
fractions, as was also observed for the H chondrites exam-
ined by Horan et al. (2009). The abundances of HSE in the
>150 um metal fractions increase with petrologic type. By
contrast, the HSE abundances of the <150 pm metal do
not correlate with petrologic type. The <150 um metal

fraction from Richardton (HS5) has the highest HSE abun-
dances, and the <150 pm metal fraction from Avanhandava
(H4) has the lowest.

Nonmagnetic fractions have sub-chondritic HSE abun-
dances, ranging from ~0.02-0.3x CI for Os, which is sim-
ilar to the range of previously reported Os abundances in
nonmagnetic fractions of H3.8 and H4 chondrites (~0.04
to ~0.2x CI Os; Horan et al., 2009). Abundances of the
HSE are moderately fractionated relative to bulk chon-
drites, with sub-chondritic Re/Os and Pd/Os that range
from 0.057 to 0.067 and 0.24 to 0.65, respectively, com-
pared to ratios averaging 0.084 and 1.2, respectively, for
CI chondrites (Horan et al., 2003). Nonmagnetic fractions
of Avanhandava and Richardton are also depleted in Pt
relative to Os, with Pt/Os of 0.80 and 0.98, respectively,
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Fig. 2. (a) '®Re/'®80s vs. '¥70s/'%80s for H chondrite metal and
nonmagnetic fractions from Avanhandava (H4), Richardton (HS),
and ALHA 78115 (H6). Symbols are the same as in Fig. 1. A
4568 Ma reference isochron is shown for comparison, using
parameters from Archer et al. (2014). Uncertainties are smaller
than symbol size. (b) "¥"Re-'870s vs. Ags, where Aoy is the deviation
in parts per 10,000 from the 4568 Ma reference isochron.

compared to an average CI ratio of 1.9 (Horan et al., 2003).
The abundances of HSE in nonmagnetic fractions do not
show a systematic relation with petrologic type. The non-
magnetic fraction from Richardton (H5) has the lowest
HSE abundances of the three chondrites examined, and
the nonmagnetic fraction from ALHA 78115 (H6) has the
highest.

The deviation of samples from a primordial 4568 Ma
187Re-"%70s isochron (Fig. 2a), caused by secondary remo-
bilization of Re and/or Os, can be expressed using the Ag,
notation (e.g., Becker et al., 2001; Archer et al., 2014):

Ao, = 104[ $70s/ " O gample
_ (0.09517 +£0.07908 x ¥'Re/ '880ssample)} (1)

where '¥70s/ 188Ossample and "8'Re/ 188Oss.dmple are the mea-
sured '%70s/'®80s and '"8Re/'®0s of a sample, and
0.09517 and 0.07908 are the inferred initial '*’Os/'**0s of
the Solar System, and slope of a 4568 Ma primordial iso-
chron, respectively (Archer et al., 2014), assuming a '¥'Re
decay constant of 1.666 x 10~ yr=! (Smoliar et al.,
1996). The '®7Re-'¥70s systematics of coarse-grained metal
shows little deviation from a primordial isochron (<3.3

Table 2
n'%0s and p'®°0Os values and 2o uncertainties of H chondrite
metal fractions.

Sample u'%0s 26 u'%0s 2c
Richardton (H5) -7.2 4.6 0.3 6.4
Allegan (HS) —-1.2 4.6 1.6 6.4
Oakley (H6) —-0.9 4.6 —4.7 6.4

W*Os is defined as the part per million deviation of the measured
isotopic composition of a sample from the Johnson-Matthey
internal UMd laboratory standard.

4+ 0.7 Aos units, Fig. 2b). By contrast, the Ags values of
fine-grained metal and nonmagnetic fractions deviate by
as much as 21 and 46 units, respectively.

The high-precision Os isotopic compositions of 3 H
chondrite metal fractions are reported in Table 2, and
shown in Fig. 3. The isotopic compositions are reported
in p*Os units, which is the deviation in parts per million
of the measured isotopic composition of a sample from
the Johnson-Matthey internal UMd reference material.
Allegan and Oakley have p'®°Os and p'*°Os values that
are within uncertainties of the laboratory reference material
values. By contrast, Richardton metal has a u1890s value of
—7.2 £+ 4.6, which is significantly depleted compared to the
reference material.

4.2. Hafnium and W abundances, '$?Hf-'3>W isotopic
compositions, and '83W

Hafnium and W abundances, and the '?Hf-'®W and
183W isotopic compositions of H chondrite metal, slightly
magnetic, and nonmagnetic fractions from H4-6 chon-
drites, and the CR chondrite Acfer 395 are reported in
Table 3.

Hafnium abundances for H chondrite metal fractions
are typically low, ranging from 2 ppb to 17 ppb for most
samples. Forest City <150 pm metal is higher, with
36 ppb Hf. The presence of some Hf in the metal fractions
may be the result of silicate inclusions within the metal, as
argued by Quitté et al. (2005) for stony-iron meteorites, or
because a small amount of Hf was accessed from adhering
silicates, which could not be fully removed from the metal
fractions (see Section 3.1). The W abundances for the H
chondrite metal fractions range from 420 ppb to 960 ppb.
The abundances are consistent with prior studies
(Rambaldi, 1976; Kong and Ebihara, 1996; Humayun
and Campbell, 2002; Kleine et al., 2008). Nonmagnetic
and slightly magnetic fractions from most H chondrites
(excluding Avanhandava) have W abundances that range
from 1.8 ppb to 53.9 ppb. By contrast, nonmagnetic and
slightly magnetic fractions from Avanhandava have higher
W abundances that range from 108 ppb to 338 ppb. The Hf
abundances are similar among all nonmagnetic and slightly
magnetic fractions, and considerably higher than those of
metal fractions, ranging from 125 ppb to 208 ppb. Collec-
tively, "S°Hf/'®*W ratios range from 0.003 to 0.091 for
metal fractions and 0.578 to 140 for nonmagnetic and
slightly magnetic fractions. The fractions with the highest
180Hf/184W  probably contain a large proportion of
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Fig. 3. 1'0s vs. p'%°0s values of H chondrite metal fractions. Production and burnout model line from Walker (2012). Error bars represent
20 external reproducibility of standard analyses. Grey box represents the 2SE of standard analyses.

high-Ca pyroxene and/or ilmenite, as these are major Hf
carriers (Righter and Shearer, 2003).

The relatively high W contents of the nonmagnetic and
slightly magnetic fractions, compared to other H chondrites
examined here, are consistent with the possibility that the
Avanhandava fractions were contaminated with terrestrial
W. The low HSE abundances for Avanhandava nonmag-
netic fractions, the precise Hf-W isochron for nonmagnetic
and slightly magnetic fractions (see Section 5.3), and mod-
elling the effect of terrestrial contamination on the Hf-W
systematics of an H chondrite (see electronic annex), how-
ever, suggests that terrestrial contamination was unlikely.
Thus, the high W abundances of these fractions more likely
reflect extreme disequilibrium among metals and silicates/
oxides, and represents a primary feature (see electronic
annex).

The &'3*W values (defined as the part in 10,000 deviation
of 183W/18%W from an in-house W Alfa Aesar plasma stan-
dard) of H chondrite metal grains measured by TIMS are
within the 2SD of the standard. By contrast, some nonmag-
netic and slightly magnetic fractions measured by MC-ICP-
MS, as well as rock standards BHVO-2 and DTS-2b, which
were measured during each session (see Fig. S1 in electronic
annex), have resolvably negative €!3*W values, relative to
the Alfa Aesar laboratory standard. Similar negative '**W
values have been reported for various types of samples,
including iron meteorites, and silicate-rich samples (e.g.,
Willbold et al., 2011; Kruijer et al., 2012) measured by
MC-ICP-MS. Because terrestrial reference materials mea-
sured during this study and previous MC-ICP-MS studies
had similar deficits in '®*W, but no resolvable deficits in
82w the negative values most likely reflect analytical
artifacts only affecting '®*W, rather than the true '*W of
the samples. The reason for this analytical artifact is
currently not well understood, but could be the result of
nuclear field shift effects generated during ion exchange

chromatography, as observed for Nd isotopes (Gargon
et al., 2018), or during dry downs and re-dissolutions, as
speculated by Willbold et al. (2011) and Cook and
Schonbéchler (2016). However, the reason these effects
are either absent or too small to be observed for the metal
fractions measured by TIMS is unclear. Differences in bulk
composition (i.e., metal vs. silicate-oxide matrices) of the
samples are unlikely to be the cause, as previously reported
183W values for terrestrial, silicate-oxide dominated samples
also measured by TIMS appear to be free from these effects
(e.g., Mundl et al., 2018). We speculate that it could be due
to different column dimensions for the two procedures, or
different abundances of W in metals vs. nonmagnetic and
slightly magnetic fractions, or the formation of hydrides
within the plasma, as proposed by Breton and Quitté
(2014). Regardless of the cause, we conclude that the nega-
tive £'8*W values for some nonmagnetic and slightly mag-
netic samples measured by MC-ICP-MS are analytical
artifacts, rather than natural '**W variations, whereas the
'83W values for metal fractions analyzed by TIMS repre-
sent their natural **W isotopic composition.

The &'®*W values (normalized to 'SSW/'8w) of
>150 pm metal fractions are indistinguishable, within
uncertainties, for H4 and H5 chondrites, with a mean value
of —3.14+0.08 (2SD), except for Richardton. The
Richardton (H5) >150 um metal fraction has a lower
e!82W value of —3.42 4 0.09 (2SD). Kleine et al. (2008)
reported similar, albeit less precise &'8?W values for
Richardton coarse-metal fractions (—3.28 +£0.35 and
—3.57 £ 0.16 for >150 pum and >230 um metal fractions,
respectively). The >150 um metal fraction from H6 chon-
drite ALHA 78115 has a significantly higher ¢'%°W value
than >150 um metal fractions from H4 or HS chondrites,
with a value of —2.97 £+ 0.05 (2SD). For some H chondrites
examined here, the <150 um metal fractions have higher
£!%2W values than their respective >150 um fractions. The
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Table 3

Hafnium and W abundances (in ppb), S°Hf/'"**W, £!¥2W, and &'3*W of H chondrite metal, slightly magnetic (NM2) and nonmagnetic (NM1)

fractions. Uncertainties are 2c.

Hf W 180 £/184Ww + e W5 + e'PW, + W, +
Avanhandava (H4)
Metal >150 pm 2 834 0.003 0.001 -3.10 0.06 -3.14 0.09 —0.09 0.07
NM-1A 165.3 262.0 0.744 0.004 0.71 0.10 0.50 0.10 —0.32 0.12
NM-2A 165.3 337.5 0.578 0.003 0.55 0.10 0.33 0.10 —0.42 0.12
NM-1B 169.1 332.8 0.599 0.003 0.49 0.10 0.33 0.10 —0.20 0.12
NM-2B 193.7 107.8 2.12 0.01 1.37 0.10 1.26 0.10 —0.15 0.12
Faucett (HS5)
Metal >150 pm 7 782 0.011 0.003 —3.08 0.05 -3.09 0.06 n.d. n.d.
Metal <150 um 10 642 0.02 0.02 -3.07 0.05 —3.08 0.05 n.d. n.d.
Allegan (HS)
Metal >150 pm 12 960 0.015 0.004 -3.12 0.05 -3.13 0.06 —0.03 0.07
Metal <150 pm 12 608 0.023 0.006 -3.02 0.08 -3.10 0.11 —0.13 0.09
NM-1A 160.9 3.10 61.3 0.4 38.2 1.8 38.4 2.0 0.20 0.79
NM-2A 179.0 25.7 8.22 0.04 3.31 0.24 3.31 0.27 —0.06 0.21
NM-1B 125.0 2.62 56.3 0.4 36.37 0.62 36.37 0.79 0.09 0.57
Richardton (H5)
Metal >150 pm 9 759 0.013 0.002 —3.37 0.07 —-3.42 0.09 —0.04 0.08
Metal <150 pm 17 420 0.05 0.01 —3.11 0.05 -3.12 0.07 —0.02 0.06
NMI1 168.4 19.1 104 0.1 5.27 0.26 5.28 0.27 —0.03 0.19
NM2 179.1 30.9 6.84 0.07 2.50 0.23 2.49 0.18 —0.05 0.12
Forest City (H5)
Metal >150 um 13 594 0.026 0.005 —3.18 0.05 -3.19 0.07 0.01 0.07
Metal <150 pm 36 470 0.091 0.008 —2.78 0.05 -2.75 0.06 0.07 0.04
NMI1 164.4 24.1 8.04 0.08 2.82 0.25 2.79 0.26 —-0.03 0.12
NM2 186.0 43.4 5.06 0.03 0.98 0.21 0.97 0.19 —0.02 0.12
Oakley (H6)
Metal <150 pm 4 737 0.007 0.002 —2.81 0.07 —2.86 0.09 —0.08 0.08
Oakley NM1 207.9 1.8 140 20 48.0 2.4 47.5 2.7 -0.6 1.2
Oakley NM2 177.8 11.9 17.6 0.3 5.16 0.34 5.32 0.40 0.24 0.22
Oakley NM1.5 203 3.8 63 3 21.67 0.65 21.76 0.91 —0.10 0.82
ALHA 78115 (H6)
Metal >150 um 8 876 0.011 0.004 —2.89 0.05 -2.97 0.07 —0.08 0.06
NMI 140.6 52.8 3.14 0.02 0.67 0.10 0.60 0.10 —0.17 0.12
NM2 136.6 539 2.99 0.02 —0.32 0.10 —0.52 0.10 —0.30 0.12
Acfer 395 (CR2)
Metal (unsorted) 45 581 0.09 0.01 —2.46 0.13 —-2.11 0.16 0.57 0.15

n.d. — not determined. €*Wy, is defined as the part per 10,000 deviation of a measured sample isotopic composition from an Alfa Aesar

solution standard; subscript denotes normalizing isotopes.

difference is greatest for metal fractions from Forest
City (H5), which has &'8*W values of —3.19 +0.07 and
—2.75+0.06 for the >150 pm and <150 pm metal frac-
tions, respectively. Slightly magnetic and nonmagnetic frac-
tions from H chondrites have highly variable &!%?W,
ranging from —0.5 to +47.5. The nonmagnetic (NM1) frac-
tions from all samples, except Avanhandava, have the most
radiogenic &'®*W values, corresponding with the highest
180 /184y

In contrast to the '33W data for H chondrites, the ¢'%W
of the separated metal fraction from Acfer 395 (CR2) mea-
sured by TIMS is substantially positive with a €'3*°W value
of +0.57 + 0.15. This &'**W value is similar to previously
reported positive £'3°W values for CR chondrite magnetic
separates (Budde et al., 2018). We therefore conclude that

the positive £'8*W value is likely representative of the true
value for the metal. The &'®W value (normalized to
186w /184W) of —2.11 £0.16 for the unsorted metal of
CR2 chondrite Acfer 395 is higher than the &'%°W values
of any metals for the H chondrites examined here.

5. DISCUSSION
5.1. '¥’Rhenium-'%"Os isotopic systematics

Due to the limited spread of Re/Os in chondritic compo-
nents and the long half-life of '®"Re (41.6 Ga), the
187R e-1%70s system is not useful for precisely dating the for-
mation or isotopic equilibration of chondritic components.
However, it can be used to assess open vs. closed system
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behavior of bulk chondrites and their components since for-
mation (e.g., Becker et al., 2001; Archer et al., 2014; Walker
et al., 2018). The '*"Re-'870s isotopic systematics of the
>150 um metal fractions are generally consistent with sys-
tem closure since formation as they plot on or very near a
primordial isochron (Fig. 2). By contrast, the <150 pm
metal and nonmagnetic fractions plot beyond uncertainties
of a primordial isochron, deviating by as much as 46 Ag,
units. Similar minor disturbances of the '¥"Re-'3"Os system
are common for bulk chondrites and their components
(e.g., Becker et al., 2001; Walker et al., 2002; Brandon
et al., 2012, Archer et al., 2014; Kadlag and Becker,
2016). The most likely cause for open system behavior is
terrestrial alteration, during which relatively mobile Re,
and to a lesser extent Os, is redistributed. Rhenium and/
or Os disturbance has even been observed for some falls
(Walker et al., 2018). The open system behavior observed
here, while substantial for the isotopic systematics of some
non-metal fractions, indicates movement of a maximum of
only a few percent of Re or Os. For example, if the open
system behavior is recent, offsets from the primordial iso-
chron indicate only gain or loss of Re, or loss of Os, of
<1%. Consequently, the HSE abundances reported here
for metal and nonmagnetic fractions most likely reflect their
HSE abundances immediately following cessation of diffu-
sive exchange between metal, silicates, and oxides.

5.2. Siderophile element abundances

Because chondrites are aggregates of materials that
formed in different places and at different times, their com-
ponents were probably not in chemical or isotopic equilib-
rium immediately following aggregation (e.g., Humayun
and Campbell, 2002). Therefore, diffusive exchange of ele-
ments would have been required for these components to
approach chemical and isotopic equilibrium. Experimen-
tally derived, low-pressure metal-silicate distribution coeffi-
cients for the HSE are typically >10* (e.g., Kimura et al.,
1974; Newsom, 1990; O’Neill et al., 1995; Borisov and
Palme, 1995; Fortenfant et al., 2003; Brenan et al., 2016).
When metal-silicate equilibrium is achieved, the difference
in abundances between metal and silicate for each HSE
should reflect these large metal-silicate distribution coeffi-
cients (Fig. 1d). Further, the HSE in the silicates should
be highly fractionated, relative to bulk chondrites, because
of the variable metal-silicate distribution coefficients among
the HSE (Fig. 1d; Brenan et al., 2016). The concentrations
of HSE in the nonmagnetic fractions for H4, HS5, and H6
chondrites reported here, compared to their concentrations
in the metals, are too high to reflect equilibrium between
metals and silicates (Fig. 1). This observation is consistent
with the data reported for H3.8 and H4 chondrites
(Horan et al., 2009). Further, there is no correlation
between metamorphic grade and HSE abundances of met-
als and nonmagnetic fractions.

It is conceivable the lack of apparent equilibration
between metal and nonmagnetic fractions reflects incom-
plete removal of metal from the nonmagnetic fractions
(e.g., Chou et al., 1973). Because of the low abundances
of Pd in nonmagnetic fractions, metal/nonmagnetic

concentration ratios of Pd can be used to calculate a
maximum possible quantity of metal contaminant in the
nonmagnetic fractions (Horan et al., 2009). The lowest
metal/nonmagnetic concentration ratio of Pd for the three
H chondrites examined here of ~50 for ALHA 78115 indi-
cates that any metal contaminant must comprise <2% of
the nonmagnetic fraction. For Richardton, the metal/non-
magnetic Pd ratio is >2200, indicating that metal contami-
nation must comprise <0.05% of the nonmagnetic fraction.
In addition, if the HSE abundances of the nonmagnetic
fractions reflected the presence of metal contaminant, then
the relative abundance patterns of metal and nonmagnetic
fractions should be similar. However, the relative HSE
abundances of the nonmagnetic fractions (especially Pd/Os)
differ significantly from their respective metal fractions for
the H chondrites investigated here, as well as for those
investigated by Horan et al. (2009). Therefore, the compar-
atively high HSE abundances of H chondrite nonmagnetic
fractions more likely reflect the presence of nonmetallic
HSE-rich carriers, such as highly refractory condensates
or residues of metal melting, which never equilibrated with
the metal, as concluded by Horan et al. (2009). The HSE
data reported here indicate that at even high degrees of
metamorphism, the HSE carrier in the nonmagnetic frac-
tion did not fully equilibrate with the metal.

Previous studies of H chondrites have observed that
fine-grained metal fractions in H3.8-H4 chondrites have
higher HSE abundances than their respective coarse-
grained metal fractions (e.g., Horan et al., 2009). If equilib-
rium was achieved among metal grains during thermal
metamorphism, fine- and coarse-grained metal fractions
should have similar HSE abundances. However, the HSE
concentrations of H4-6 fine-grained metal fractions from
this study are significantly higher than those of their respec-
tive coarse-grained metal fractions (Fig. 1). Further, there is
also no correlation between metamorphic grade and HSE
abundance differences between fine- and coarse-grained
metal. One possible explanation for this is that the metal
fractions did fully equilibrate, but coarse-grained metal
fractions from the H4-6 chondrites examined in this study
contain secondary, impact-derived metal nodules, which
have HSE abundances that are lower than fine-grained
metal, and highly fractionated relative to bulk chondrites
(Rubin, 1999). The relative abundances of HSE in the
coarse-grained metal fractions from the H chondrites exam-
ined here are unfractionated, relative to bulk chondrites,
however, so the presence of coarse-grained impact-
generated metal nodules cannot account for the difference
in HSE abundances. Another possibility is that different
surface area/volume ratios and localized equilibration
resulted in higher HSE abundances within the fine-
grained metal fraction, as argued below to explain different
W isotopic compositions of fine- and coarse-grained metal
(see Section 5.5 for further discussion of disequilibrium
among metal fractions). Regardless of the cause, the HSE
data for metal fractions reported here indicate that, even
following comparatively high degrees of thermal metamor-
phism, metal grains were not fully equilibrated. Diffusion of
HSE among metal grains must have therefore been variable
and inefficient, even at peak metamorphic temperatures.
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Metal-silicate distribution coefficients for W are also typ-
ically high (>100) under low-pressure and temperature con-
ditions (e.g., Wade and Wood, 2005). Except for
Avanhandava, the H chondrites examined here have differ-
ences in W concentrations between magnetic and nonmag-
netic fractions that are within the range expected for metal-
silicate equilibration. However, the partitioning behavior
of W is highly dependent on both intensive and extensive
parameters (including pressure, temperature, metal compo-
sitions, silicate compositions, and fO,), and experimentally-
determined metal-silicate distribution coefficient vary by
over two orders of magnitude (e.g., Cottrell et al., 2009)
and are, at this time, only available for high T conditions
more relevant to terrestrial core formation. It is therefore
unclear whether the distribution of W among H chondrite
components reflects complete metal-silicate equilibration.
Future experimental work investigating W diffusion under
more appropriate metamorphic conditions is necessary to
further assess the degree of metal-silicate equilibration dur-
ing thermal metamorphism on the H chondrite parent body.

5.3. H chondrite Hf-W isochrons and metal model ages

Chondrite component fractions with variable Hf/W will
form an isochron on a plot of S°Hf/!8W vs. 182W/'84wW_ if
the following conditions are met: (i) all components were
initially in isotopic equilibrium at the time of system closure
(i.e., shared a common '**W/'"®*W), and (ii) the system was
not subsequently disturbed. The slightly magnetic and non-
magnetic fractions of most chondrites examined here define
precise isochrons (Fig. 4a, b, and e), however, the respective
metal fractions of these chondrites plot below the iso-
chrons, except for the <150 um metal fractions from
Richardton and Forest City (Fig. 4c and d). Thus, most
metals were either not in equilibrium with silicate-rich frac-
tions at the times of system closure recorded by the silicate-
rich fractions, or the metals were subsequently disturbed.

The Hf-W closure ages, calculated from the slopes of lin-
ear regressions of only the slightly magnetic and nonmag-
netic fractions (i.e., no metal fractions included), in
comparison to CAI, are provided in Table 4 and Fig. 5a.
Of note, the Hf-W closure age of Oakley (H6) is the young-
est (15.2 & 1.0 Ma) and Richardton (H5) the oldest (5.2
+ 1.6 Ma), although its age is within uncertainties of other
H5 chondrites. Avanhandava (H4) has a closure age of 8.7
=+ 1.7 Ma that is similar to the closure ages of the H5 chon-
drites reported here. The limited spread in 'S°Hf/'34W
(from 2.99 to 3.14) for ALHA 78115 nonmagnetic and
slightly magnetic fractions results in a slope that is not
meaningful. Consequently, the age of 23.7 £+ 2.6 Ma before
CALI formation should not be interpreted to have age signif-
icance. The well-resolved isotopic differences between the
nonmagnetic and slightly magnetic fractions for this mete-
orite most likely indicate either that the two fractions were
not in isotopic equilibrium at the time of complete system
closure, or that the fractions experienced different degrees
of open-system behavior.

The metal fractions for all of the H chondrites have low
Hf/W ratios, so their £'¥*W values approximate the initial
e!82W values of the metal when diffusive exchange of W

with surrounding silicates ceased. Correction for radiogenic
ingrowth of '8?W is insignificant (<5 ppm), even for the
metal fractions with the highest Hf/W ratios. Two stage
metal model ages of diffusive cessation are calculated using
the following equation:

182 182
€ wMelal — & WChondrite

Infl— 2
o 8I82\NCAI - 8lgz\Nchondrite ( )

1
Atcar = -7

where €'%?Wyjer is the measured &!%?W of the metal,
e!82Wea; is the currently accepted &!®W; of CAIs
(—3.49 £ 0.07), which represents the Solar System initial
value of €'®*W (Kruijer et al., 2014b), and &'%*Wcpondrite
is the £'%W value of the bulk H chondrite. For Richardton,
a measured &'%?Wpondrie f —2.79 for the bulk meteorite
was reported by Kleine et al. (2008). However, measured
€'82W cpondrite Values are currently unavailable for all other
H chondrites examined here, and so the average value for H
chondrites (—2.3), calculated from Kleine et al. (2007), was
used instead. Given the range of H chondrite £'3W cpondrite
values (—2.8 to —2.0) reported by Kleine et al. (2007), the
use of an average value for H chondrites introduces signif-
icant errors into model ages. In addition, two-stage model
ages rely on the assumption that the Hf/W of the assumed
chondritic reservoir remained constant since the time of
CAI formation. However, it is possible that chondritic
reservoirs were fractionated between the time of CAI for-
mation and parent body accretion (Hellmann et al., in
preparation). Therefore, these model ages have less certain
chronological meaning than the isochron ages. The result-
ing model ages range from 1.4 + 0.8 Ma, for one Richard-
ton metal fraction, to 12.6 + 0.9 Ma for one Forest City
metal fraction (Table 5 and Fig. 5b). Fine-grained metal
from Richardton and Forest City appear to be co-
isochronous with their respective, slightly- and non-
magnetic fractions, and have model ages that are younger
than their respective, metal-free isochron ages. By contrast,
the differences between the model ages for most of the metal
fractions and their respective, younger isochron ages for
slightly- and non-magnetic fractions indicates that not all
components were initially in isotopic equilibrium at the
time of total system closure, were subsequently disturbed,
or both.

5.4. H chondrite metal-silicate disequilibrium

One possibility for the observed non-isochronous
I2Hf.182W  behavior of >150 um metal fractions with
non-magnetic and slightly magnetic fractions is that these
fractions were disturbed by terrestrial alteration. However,
the '®’Re-'#70s systematics of >150 pm metal fractions plot
within uncertainties of a primordial reference isochron (see
Section 5.1), indicating closed system behavior of these
fractions even for Re and Os, which are susceptible to redis-
tribution on the order of a few percent during terrestrial
alteration. Further, the high W concentrations and the
low abundances of Hf in the metal suggest that alteration
was unlikely to have affected the Hf-W systematics of the
metal fractions. Finally, most metal fractions plot below
their respective isochrons rather than above, as would be
expected for open-system behavior caused by terrestrial
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Fig. 4. "8°Hf/"®*W vs. ¢!3?W for: (a) Avanhandava (H4), (b) Allegan (H5), (c) Richardton (HS5), (d) Forest City (H5), and (e) Oakley (H6;
purple) and ALHA 78115 (H6; brown) >150 pum metal (solid filled symbols), <150 um metal (shaded symbols), and slightly magnetic and
nonmagnetic fractions (open symbols). Isochrons shown are the linear regressions of data from each meteorite determined using ISOPLOT
(Ludwig, 2001). Metal fractions are not included in the linear regressions for a, b, and e. The non-metal and <150 um metal fractions are
included in linear regressions of ¢ and d. No fractions from ALHA 78115 are included in the linear regression of e.

Table 4

Hafnium-W isochron slopes, closure ages, and initial £'®*W of H chondrites calculated from regressions of slightly- and non-magnetic

fractions. Atca is the closure age relative to CAls. e'82W i is the calculated initial €'*W value. Slope = initial 1821 £/180Hf value.

H Chondrite Slope 2c Atcar 2c &2 Wi 26
Avanhandava NM + SM (H4) 52x107° 0.7 x 107° 8.7 Ma 1.7 Ma 0.005 0.09
Allegan NM + SM (H5) 59 %1073 0.1 x107° 7.0 Ma 0.3 Ma -23 0.3
Forest City NM + SM (H5) 53x107° 0.9 x107° 8.4 Ma 2.3 Ma -2.1 0.7
Richardton NM + SM (H5) 6.8 x 107> 0.8 x 107° 5.2 Ma 1.6 Ma -2.9 0.8
Oakley NM + SM (H6) 3.1 x107° 0.3 x107° 152 Ma 1.0 Ma -1.0 0.7
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Fig. 5. Hatnium-W ages for H and CR chondrites, in Ma since CAI formation. (a) Slope-derived ages for linear regressions of H chondrite
nonmagnetic and slightly magnetic fractions (open symbols). (b) Model ages for H chondrite >150 pm (solid fill) and <150 pm (shaded) metal
fractions, calculated by comparing the &'3*W of each metal fraction to the £'®*W of bulk chondrites and the £'%?W; of CAls (Eq. (2)). The
model age for Acfer 395 metal has been corrected for nucleosynthetic effect using the £'**W value. Grey bars are the 2SE uncertainty for
Atcar =0, calculated using the reported uncertainties for the CAI initial 182H£/180Hf and £'%*W for (a) and (b), respectively (from Kruijer

et al., 2014b).

Table 5

Model '®2W ages for H and CR chondrite metal fractions (in Ma
since CAI formation). The model age for Acfer 395 metal has been
corrected for nucleosynthetic effects (see Section 5.8).

Metal fraction Model age Atcar 20
Avanhandava (H4) (>150 pm) 4.5 0.9
Faucett (H4) (>150 um) 5.3 0.6
Faucett (H4) (<150 um) 54 0.5
Allegan (H5) (>150 pm) 4.6 0.6
Allegan (HS) (<150 pm) 5.1 1.2
Forest City (H5) (>150 pm) 3.7 0.7
Forest City (H5) (<150 pm) 12.6 0.9
Richardton (HS5) (>150 pm) 1.4 0.8
Richardton (H5) (<150 pm) 9.5 0.7
ALHA 78115 (H6) (>150 pm) 7.4 0.8
Oakley (H6) (<150 pm) 9.7 1.2
Acfer 395 (CR2) (Unsorted) 7.0 3.6

weathering. The minimal scatter about the isochrons for the
slightly magnetic and nonmagnetic fractions of individual
H chondrites, coupled with their Hf-W closure ages
(5-15 Ma after CAI formation), which are broadly similar

to the range of previously reported Hf-W closure ages for
H chondrites (Kleine et al., 2008; see additional comparison
in Section 5.6), indicate that the Hf-W systematics of these
fractions were also not significantly disturbed as a result of
open system behavior caused by terrestrial weathering.
Given the observed minor disturbance in '*"Re-'%70s sys-
tematics of nonmagnetic fractions, 1821182y systematics
of silicates-oxides must be less susceptible to redistribution
by terrestrial alteration. This is consistent with observations
made by previous studies that '*"Re-'370Os systematics of
Allende CAIs typically reflect secondary alteration pro-
cesses (Archer et al., 2014), whereas the 182 £ 182W system-
atics of Allende CAIs appear to reflect CAI formation
(Kruijer et al., 2014b). Combined, these observations sug-
gest that late-stage alteration is unlikely to be the cause of
the non-isochronous behavior of most metal fractions ver-
sus silicate/oxide fractions, and in general, that
1821182\ systematics are less susceptible to terrestrial
alteration than '®’Re-!'®’0Os systematics. Therefore, the
82Hf 182\ characteristics more likely reflect differing effi-
ciencies of W diffusion between oxides and silicates, as com-
pared to diffusion between oxides-silicates and most metals.
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Although there has not yet been an experimental study
to explore W isotopic exchange between metals and sili-
cates, some prior studies have explored W diffusion in H
chondrites and other materials that are geochemically rele-
vant to H chondrites. For example, Humayun and
Campbell (2002) measured W and other siderophile element
abundances in H chondrite metal grains of different petro-
logic types (H3-6). The in situ analytical technique they
applied allowed the authors to investigate siderophile ele-
ment abundances of individual metal grains of varying size,
major element compositions, and petrographic context.
They reported that the W/Ir of H chondrite metal grains
increases with increasing petrologic type, up to HS, so that
H3 < H4 < HS = H6. They interpreted this increase as evi-
dence for W diffusion from the matrix to metal. However,
Humayun and Campbell (2002) also reported heteroge-
neous W abundances among HS and H6 chondrite metal
grains. For example, they reported W abundances for Ker-
nouve (H6) kamacite grains that range from ~800 to
>5000 ppb. Therefore, even at high degrees of thermal
metamorphism, W was not fully equilibrated among metal
grains. This observation is consistent with the lack of HSE
equilibration among metal grains.

Cherniak and Van Orman (2014) reported experimental
data for W diffusion in olivine over a range of temperatures
and fO, conditions relevant to H chondrites. Using these
data, they modeled diffusive loss of W from olivine into
metal over a range of conditions. Of particular relevance
to this study, they modeled the diffusive transport of W
from olivine to metal following presumed multi-stage cool-
ing during fragmentation and re-accretion of the H chon-
drite parent body, as proposed by Ganguly et al. (2013).
In their three-stage model, H chondrites initially cool from
peak temperatures of ~750 to ~850 °C, at 50 °C/ka. Dur-
ing a second stage, H5 and H6 chondrites cool more slowly
at 15°C/Ma. In a final stage, H6 chondrites cool at
3°C/Ma. Cherniak and Van Orman (2014) argued that
during such a cooling history, H4 chondrite olivine grains
would undergo less than 2% loss of W, even for the smallest
grains (1-2 pm). Small olivine grains (~2 um radius) in the
H5 and H6 chondrites would lose 17% and 18% of their W,
respectively, while olivine grains that were 50 um and larger
would lose <1%. It should be noted, however, that olivine is
not a major carrier of either Hf or W in H chondrites, so the
experimental data from Cherniak and Van Orman (2014)
only highlight the possibility that W retention by silicates/
oxides may have played a role in the disequilibrium between
metal grains and silicates/oxides.

Yokoyama et al. (2009) reported experimental data for
chemical equilibration and isotopic exchange of Os, a
HSE, between iron meteorites and basalts under high pres-
sure and temperature conditions. They reported that
despite the apparently efficient diffusion of Os from silicates
to metal nuggets, complete isotopic equilibration did not
occur. They interpreted this to indicate that isotopic
exchange occurred at a slower rate than chemical equilibra-
tion under their experimental conditions. Osmium, however
undoubtedly differs from W in metal-silicate diffusion rates.
A study using a similar experimental design to that of

Yokoyama et al. (2009) could be useful for exploring iso-
topic exchange of W among H chondrite components.

5.5. Disequilibrium of metal fractions

In contrast to the other H chondrites studied, the
>150 um and <150 pm metal grains from Faucett and Alle-
gan have similar &'3°W values, within uncertainty. There-
fore, the metal grain fractions in these two meteorites
may have reached and maintained equilibrium with each
other on the parent body. By contrast, the higher &'%*W val-
ues for some <150 pm metal fractions, compared to their
respective >150 pm metal fractions in the other H chon-
drites studied, indicate that some metal grains from individ-
ual chondrites were not in equilibrium with each other
following complete cessation of diffusive exchange of W
among chondrite components. It is possible that in these
meteorites the <150 pm metal grains continued to efficiently
exchange W with surrounding silicates/oxides at lower tem-
peratures than >150 um metal grains, possibly due to hav-
ing larger surface area to volume ratios. Another possibility
is that grain boundary diffusion resulted in less efficient dif-
fusion of W from silicates/oxides to coarse-grained metal
than fine-grained metal, even when both <150 um and
>150 um metal grains were above their respective Hf-W
closure temperatures.

Quitté et al. (2005) modeled lattice diffusion of W
through metal and silicates during thermal metamorphic
conditions, and showed that diffusion in silicates occurs at
smaller length scales than in metals at the given thermal
conditions for mesosiderites and pallasites, during cooling
on their respective parent bodies. Using previously reported
diffusion parameters for W diffusion in metal (Jost 1960),
olivine (Cherniak and Van Orman 2014), and high Ca-
pyroxene (Kleine et al., 2008), we calculated diffusion dis-
tances of W within these phases during cooling of the H
chondrite parent body (see electronic annex). For example,
assuming a cooling rate of 10 °C/Myr for H6 chondrites
(Kleine et al., 2008), calculated W diffusion distances for
high Ca-pyroxene and olivine diminish to <0.5 mm below
900 °C and 910 °C, respectively. At 880 °C, only 5 °C above
the Hf-W closure temperature of H6 chondrites, calculated
W diffusion distances are only ~0.3 mm for both olivine
and high-Ca pyroxene. Therefore, as H chondrites
approached their Hf-W closure temperatures, equilibration
became progressively more localized. As >150 um metal
grains contain greater volumes of metal and higher total
abundances of W, localized equilibration likely resulted in
only limited overprinting of the original W isotopic compo-
sitions of >150 pm metal grains. By contrast, smaller metal
grains would have been more easily overprinted during
localized equilibration, because of their smaller volumes
and lower total abundances of W. Therefore, traditional
lattice diffusion at progressively lower temperatures may
account for at least some of the variability in W isotopic
compositions among H chondrite metal grains. We note
that it is possible, albeit not required, that <150 um metal
and >150 um metal reached equilibrium at some point,
and then subsequent diffusion of radiogenic W to
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<150 um metal grains during cooling resulted in differential
abundances of '%?W.

In addition to lattice diffusion, grain-boundary diffusion
of W could also have played a role in producing isotopic dis-
equilibrium among different metal grains. Hayden and
Watson (2007) reported experimental results for grain-
boundary diffusion of highly and moderately siderophile ele-
ments (including W) through polycrystalline MgO. Under
high pressure and temperature conditions, siderophile ele-
ments were transported from initially siderophile element
enriched ‘source’ metal particles to initially siderophile ele-
ment depleted ‘sink’ metal particles through grain-
boundary pathways. There are several reasons why the
experimental data from Hayden and Watson (2007) are par-
ticularly relevant to H chondrites. First, as W is incompati-
ble in the silicate/oxide phases of H chondrites, grain
boundaries were likely to be the primary pathway for W dif-
fusion, rather than lattice diffusion. Second, like the experi-
mental setup, siderophile elements were initially
heterogeneously distributed among metal grains in H chon-
drites (i.e., prior to thermal metamorphism; Humayun and
Campbell, 2002), indicating that grain boundary diffusion
between metal grains was required to approach equilibrium.
Finally, even though high Ca-pyroxene also acted as a
‘source’ phase in H chondrites, in addition to metal, grain
boundary diffusion was still the primary pathway for W dif-
fusion from that source.

Of importance to this study, Haydon and Watson (2007)
reported that ‘sink’ metal particles from individual experi-
ments received disproportionate amounts of siderophile ele-
ments, indicating variations of diffusion efficiencies through
different grain boundary pathways. They argued that grain
coarsening of the polycrystalline MgO during experimental
runs, which decreased grain-boundary areas and altered or
removed grain-boundary pathways, was associated with a
decrease in the diffusion of siderophile elements from
‘source’ particles. They also reported that ‘sink” metal closer
to ‘source’ metal received greater proportions of siderophile
elements and effectively shielded ‘sink’ metal farther away.

The experimental results of Hayden and Watson (2007)
support disproportionate grain boundary diffusion as one
likely mechanism that contributed to the variability in W
isotopic compositions among H chondrite metal grains.
In H chondrites, disproportionate diffusion may have been
the result of several different processes. First, <150 um
metal grains may be spatially associated with finer-
grained silicates/oxides, and therefore, higher densities of
grain boundaries and lattice defects than >150 um metal
grains, which resulted in more efficient diffusion pathways
and higher fluxes of radiogenic W to <150 um metal grains.
Second, metal grains <150 pm in size may also be more
often located closer to the sources of radiogenic W, high
Ca pyroxene and ilmenite (Righter and Shearer, 2003),
and they may have effectively shielded >150 um metal
grains from incorporation of radiogenic '¥*W. Finally, dis-
proportionate diffusion may have occurred because of the
larger volumes of coarse-grained metal, and the effective
metal shielding described by Hayden and Watson (2007).
Metal grain shielding would have resulted in localized

equilibration between metals and silicates/oxides, rather
than bulk-scale equilibration.

The afore mentioned possibilities are not mutually exclu-
sive, and each, or a combination of them, can potentially
account for different £'%*W values for >150 um versus
<150 pm metal grains. There currently are not sufficient
experimental data to assess this issue further. In addition,
as stated above, some H chondrites do not show a clear dif-
ference in &'®*W values between >150 pm and <150 pm
metal grains, whereas other H chondrites do. Future work,
combining diffusion experiments with isotopic analyses of
metal fractions with more diverse grain sizes (i.e., more than
2 grain sizes), will be required to provide further constraints
on the true cause(s) of non-isochronous behavior and vari-
able W isotopic compositions of H chondrite metal grains.

5.6. Onion-shell structure of the H chondrite parent body?

In the onion-shell thermal model (e.g., Pellas and
Storzer, 1981; Trieloff et al., 2003), the H4 chondrites either
reached the closure temperature for any given ther-
mochronological system (e.g., Ar-Ar) earlier than H5 and
H6 chondrites, as they were the fastest to cool, or they were
never heated to temperatures above the closure tempera-
ture, as proposed by Kleine et al. (2008) for the Hf-W ther-
mochronometer. In either case, the H4 chondrites should
record the oldest closure ages. The H6 chondrites reached
the highest peak temperatures, cooled the slowest, and,
therefore, should record the youngest closure ages.

The onion-shell thermal model has largely been based
upon evidence from members of a suite of nine H chon-
drites originally measured by Pellas and Storzer (1981) for
244py fission closure ages, and Trieloff et al. (2003) for both
Ar-Ar and **Pu fission track closure ages. Subsequent
studies (e.g., Kleine et al., 2008; Harrison and Grimm,
2010; Henke et al., 2012; Monnereau et al., 2013) focused
on the same suite of H chondrites to build a consistent,
comprehensive thermochronometric dataset. Of the five H
chondrites examined by Kleine et al. (2008) for Hf-W iso-
topic systematics, four were from the same suite of H chon-
drites examined by Trieloff et al. (2003). They reported that
the H chondrite metal-silicate data produced precise Hf-W
isochrons within the +0.3-0.4 ¢ unit external precision of
their measurements, and that metals and silicates appeared
to have been in equilibrium at the time of system closure.
They also reported an inverse correlation between meta-
morphic grades and Hf-W closure ages, consistent with
the onion-shell thermal model. The least metamorphosed
H chondrite examined by that study, Ste. Marguerite
(H4), had the oldest Hf-W closure age (1.7 = 0.7 Ma after
CAI formation), and the most metamorphosed H chon-
drites, H6 chondrites Estacado and Kernouvé, had the
youngest ages (combined, 9.6 £ 1.0 Ma after CAI forma-
tion). Kleine et al. (2008) combined the Hf-W data with
previously reported closure ages for other systems with
varying closure temperatures (Pb-Pb, Ar-Ar, **Pu fission
tracks) for the same samples to produce cooling rate curves
for different portions of the H chondrite parent body. Sup-
porting the onion-shell model, the H4 chondrites cooled the
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fastest (55 °C/Ma), and the H6 chondrites cooled slowest
(~10 °C/Ma).

Of the H chondrites examined here, the H6 chondrite
Oakley has the youngest isochron closure age of all samples
(Fig. 5a). The HS chondrites Allegan and Forest City have
closure ages that are similar to each other and older than
the H6 chondrite Oakley. The HS5 chondrite Richardton
appears to have a slightly older age than Allegan and Forest
City, however secondary processes may have modified
Richardton, and it may not have originated from the same
parent body (see Section 5.7). The H4 chondrite Avanhan-
dava has an age that is similar to those of the HS chondrites
Allegan and Forest city, and younger than Richardton (HY).

The HS chondrite Richardton was measured in this study
and by Kleine et al. (2008). The closure ages determined are
similar, with 5.6 &= 1.1 Ma and 5.2 & 1.6 Ma for Kleine et al.
(2008) and this study, respectively. However, the nonmag-
netic and slightly magnetic fractions from the two studies,
when regressed together, do not form a precise isochron
(MSWD = 5.6). This discrepancy may be the result of the
lower blank corrections of this study (see Section 3.1), or dif-
ferential modification of W by cosmic rays (see section
5.7), which has been previously observed within different
pieces of the same meteorite (e.g., Markoswi et al., 2006a).
As discussed in section 5.3, combined H chondrite metal-
silicate data from this study do not form precise Hf-W iso-
chrons for most H chondrites. The lack of isochronous
behavior for all fractions differs from the findings of
Kleine et al. (2008), but is probably the result of the
improved analytical precision and lower, and therefore more
precise, blank corrections of this study. This makes compar-
isons of isochron ages between the two studies problematic.

The H6 chondrite Oakley is ~5 Ma younger than the H6
chondrites reported by Kleine et al. (2008). The H5 chon-
drites Allegan and Forest City have closure ages that
appear to be slightly younger than the H5 chondrites
reported by Kleine et al. (2008), although they are within
uncertainties. The closure age of Avanhandava is ~7 Ma
younger than the closure age of the H4 chondrite Ste. Mar-
guerite measured by Kleine et al. (2008). However, Ste.
Marguerite has been identified as an anomalous H4 chon-
drite by Scott et al. (2014), as it has a metallographic cool-
ing rate >10,000 °C/Myr, which cannot be generated during
cooling in an onion-shell thermal structure. As for the other
H chondrites, the general differences between ages reported
here and by Kleine et al. (2008) is likely the result of a bias
caused by inclusion of non-isochronous metal fractions in
the isochrons of Kleine et al. (2008). We therefore only con-
sider the more precise data reported here in assessing the
onion-shell thermal model.

Consistent with previous studies supporting an onion-
shell model, the observation that the Hf-W isochron ages
of H5 and H6 chondrites reported here are all inversely cor-
related with metamorphic grades supports an onion-shell
thermal model (Fig. 5a). By contrast, the lack of substantial
variation in Hf-W isochron ages for Avanhandava (H4)
and the HS5 chondrites reported here are inconsistent with
an onion-shell thermal model. Therefore, the H chondrites
investigated by the study are mostly, but not completely,
consistent with the onion-shell thermal model.

One possible model to explain the expanded Hf-W clo-
sure ages for H chondrites is a modified version of the
onion-shell thermal model that also includes partial disrup-
tion of the outer portion of the H chondrite parent body
(e.g., Harrison and Grimm, 2010; Blackburn et al., 2017).
In this model, the H chondrite parent body accreted at
~2 Ma after CAI formation, and formed with a
concentrically-zoned onion-shell thermal structure. The
deeper portions of the parent body, from which HS and
H6 chondrites originated, remained undisturbed until they
cooled below their respective Hf-W closure ages. The shal-
lower portions of the H chondrite parent body, from which
H4 chondrites originated, however, were continuously dis-
rupted shortly after accretion by impacts.

The Hf-W data for H5 and H6 chondrites reported here
are consistent with preservation of an onion-shell thermal
structure, and therefore consistent with this model. By con-
trast, the data for the H4 chondrite reported here are incon-
sistent with an onion-shell thermal model. Instead, the
comparatively young age for this H chondrite may reflect
isotopic resetting either by reheating due to impacts, or
excavation followed by reburial and reheating above the
Hf-W closure temperature at ~9 Ma after CAI formation.
We note that in the case of reheating after reburial, the
H4 chondrite would have to have been reburied to a depth
similar to the depths of burial of the H5 chondrites in order
for sufficient reheating to reset the Hf-W system at ~9 Ma
after CAI formation. In either case, the Hf-W data for this
H4 chondrites is consistent with partial disruption of the
shallowest portions of the H chondrite parent body, and
consistent with this model.

The results of several prior studies support this modified
onion-shell thermal model. Blackburn et al. (2017) reported
that Pb-Pb ages for H5 and H6 chondrites are consistently
inversely correlated with metamorphic grade, indicating
that the portions of the parent body from which these sam-
ples originated remained undisturbed below the Pb-Pb clo-
sure age. However, they also reported a Pb-Pb closure age
for Avanhandava (~60 Ma after CAI formation) that is too
young to be consistent with an onion-shell thermal model.
They argued that a disruption event that occurred around
60 Ma after CAI formation reheated some H4 chondrites,
including Avanhandava, and re-buried them to depths
within a rubble pile that were greater than their depths
within the original, concentrically zoned H chondrite par-
ent body. Blackburn et al. (2017) also argued that impact-
driven erosion of the surface of the H chondrite parent
body could account for early Pb-Pb closure ages (5-7 Ma
after CAI formation) and fast metallographic cooling rates
(1037104 °C/Ma; Scott et al., 2014) for some other H4 chon-
drites. Scott et al. (2014) reported metallographic cooling
rates for some H4 chondrites of >5000 °C/Myr, which
are ~50x higher than the highest cooling rates expected
for the onion-shell thermal structure. They argued that
these cooling rates must reflect excavation of H4 chondrites
by impacts on the H chondrite parent body. Harrison and
Grimm (2010) compared previously published closure ages
and cooling rates with computational models for an onion-
shell thermal structure, and found that an onion-shell
thermal model could account for most, but not all, H
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chondrites studied. In order to account for the subset of
samples with closure ages and cooling rates that were incon-
sistent with an onion-shell thermal model, they argued for a
‘perturbed onion-shell model,” in which the parent body was
partially, but not completely, disturbed by impacts. There-
fore, based on combined observations from Hf-W, Pb-Pb,
metallographic cooling rate data, and thermal modelling,
we conclude that much of the H chondrite parent body
retained an onion-shell thermal structure, but the outer por-
tion of the parent body from which H4 chondrites origi-
nated were continuously disturbed following accretion.

5.7. Richardton: an anomalous H chondrite

The £'**W value of Richardton >150 pm metal reported
here (—3.42 £ 0.09) is in good agreement with some values
reported by a previous study (—3.47 +0.19 and —3.32 +
0.19; Kleine et al., 2008), although a wide range of &'**W
values were reported for Richardton >150 um metal by that
study (—3.06 + 0.18 to —3.47 £ 0.19). These metal fractions
have the lowest &'8?W values of any H chondrite metal frac-
tions, and are comparable to values reported for IIAB,
IIIAB, and IVA magmatic iron meteorite groups (Kruijer
et al., 2014a). These metal data are, thus, inconsistent with
the metal data from other H5 chondrites, as well as metal
data for any other H chondrite examined in this study.
Therefore, it is important to assess whether the &'8*W of
Richardton metal solely reflects the early isolation of the
metal from '32Hf, or if it instead reflects another process.
Prior studies have reported low &'®*W values in certain
meteorites. Some anomalies are evidently the result of
inheritance of W from carrier phases with presolar, mass-
independent nucleosynthetic isotopic anomalies
(Burkhardt et al.,, 2012; Kruijer et al., 2014b; Breton
et al., 2015). Other anomalies have been attributed to the
burnout of '®2W by neutron capture reactions during cos-
mic ray exposure (e.g., Kleine et al., 2005; Markowski
et al., 2006a,b). These two processes can affect the relative
abundances of W isotopes in different ways, and can be dis-
tinguished by examining &'3*W vs. £'®*W relations.

Excesses of nucleosynthetic s-process carriers result in
correlated deficits of '*W and %W, with a slope of 1.41
+0.06 when &'%3W is plotted vs. e!®2W (Kruijer et al.,
2014b; Burkhardt and Schonbéchler, 2015). If the low
¢!%2W of Richardton >150 um fractions were caused by
s-process carrier excesses, a corresponding deficit in #*W
would be expected. However, the measured 'BW of
—0.04 + 0.08 is indistinguishable from the standards within
uncertainties. Thus, we conclude that nucleosynthetic
effects cannot account for the low &!%°W of Richardton.

Kleine et al. (2008) suggested that the low &'®*W of
Richardton metal might be the result of cosmic
irradiation-induced W isotope anomalies, which have been
reported for iron meteorites (e.g., Kruijer et al., 2012).
These anomalies occur because of the burnout and produc-
tion of W nuclides during neutron-capture reactions
(Markowski et al., 2006a,b). While all W isotopes are
affected by these reactions to varying degrees, the overall
effect is a decrease in measured &'$?W (Kleine et al.,
2005). Cosmogenic %W anomalies strongly correlate with

the isotopic abundances of Os and Pt (Kruijer et al.,
2013; Wittig et al., 2013) that are also susceptible to modi-
fication during irradiation by cosmic rays. Therefore, Pt or
Os isotopes can be used as dosimeters to identify cosmo-
genic effects and make corrections to &'%?W to determine
a ‘pre-exposure’ £'5*W. Although no prior studies have
reported cosmogenic Os, Pt, or W effects in bulk chondrites
or their components, the u'%0s value (Fig. 3) of Richard-
ton metal is consistent with minor neutron capture and
burnout effects, as reported by previous studies for some
iron meteorites (Walker, 2012; Wittig et al., 2013; Qin
et al., 2015). The relation between u'*°Os values and
¢!82W values allows cosmogenic '*?W anomalies to be cor-
rected using empirically-derived slopes, which appear to be
similar for different iron meteorite groups (e.g., Worsham
et al., 2017; Qin et al., 2015). For example, using the slope
(1.5 £ 0.5) derived from IAB iron meteorites (main group,
sLL, and sLM; Worsham et al., 2017), and the magnitude
of the measured p'®Os deficit, the pre-exposure &'32W
value of the Richardton >150 pm metal fraction (—3.3
4 0.1) is within uncertainty of Forest City >150 um metal.
However, the p'%0s-¢!3?W correlation may be specific to
different meteorite groups and their parent bodies, as iron
and chondritic bulk compositions moderate neutrons differ-
ently. Therefore, this correction is not precise and can only
serve to highlight the possibility of cosmic ray irradiation.

It is conceivable that the W and Os isotopic composi-
tions of silicates and oxides were similarly affected by cos-
mic rays. When plotted together, the nonmagnetic and
slightly magnetic fractions from Richardton reported here
and by Kleine et al. (2008) do not form a single, precise iso-
chron (MSWD = 5.6). One possibility is that the two differ-
ent pieces of Richardton separately examined by Kleine
et al. (2008) and this study experienced differential modifi-
cation of '8?W by cosmic rays due to different degrees of
shielding within the parent body. Such differences in cosmo-
genic W effects within the same meteorite on the cm scale
have been reported previously (e.g., Markowski et al.,
2006a). However, using the Os dosimeter to correct for such
effects in the silicates and oxides would be challenging
because of the low abundances of Os (~9 ppb) in the non-
magnetic fraction, and the relatively large quantity (75—
100 ng) of Os required for a high-precision analysis. Future
work is necessary to assess the magnitude of cosmogenic
effects in Richardton silicates and oxides.

Prior studies have typically reported cosmogenic effects
in W and Os in iron meteorites, some of which have expe-
rienced high neutron fluences, consistent with their old
exposure ages (hundreds of Ma). The possible W and Os
cosmogenic effects suggested here for Richardton metal
would be surprising, given that most cosmic ray exposure
(CRE) data indicate that chondrites have relatively low cos-
mic ray exposure ages (<100 Ma, and typically less than
50 Ma), compared to iron meteorites, and therefore should
have negligible neutron capture effects. Consistent with
these general observations, Richardton has a cosmic ray
exposure age (23.4 Ma; Graf and Marti, 1995) that is con-
siderably younger than iron meteorites with reported W
cosmogenic effects (>60 Ma; Kruijer et al., 2012), and
within the normal range of H chondrites. Therefore, it
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seems unlikely that Richardton experienced a single-stage
irradiation history similar to most iron meteorites. Instead,
a more complicated irradiation history must be envisioned.
Because '82W effects increase with depth (Markowski et al.,
2006a), one possibility is that during an initial stage of irra-
diation, this sample was shielded at depth from primary
cosmic rays (which determine the apparent exposure age),
but not from thermal or epithermal neutrons, which result
in "W burnout.

One additional complexity involving Richardton comes
from Mo isotopes. Worsham at el. (2017) reported that
HS5 chondrites Allegan and Richardton have nucleosyn-
thetic anomalies in p°’Mo, corresponding to s-process
depletions, but that Richardton has a larger s-process deple-
tion than Allegan. This likely reflects a genetic difference
between Richardton relative to other H chondrites. If so,
it could mean that Richardton formed on a different parent
body and that thermochronological data for it should not be
considered within the framework of data for other H chon-
drites. Alternatively, Richardton could have formed on an
H chondrite parent body characterized by the heteroge-
neous distribution of Mo-rich s-process carrier phases that
never fully equilibrated, which would be consistent with
the general chemical and isotopic disequilibrium of sidero-
phile elements observed by this study. For this scenario,
thermochronological data for Richardton would be relevant
to the cooling history of the H chondrite parent body.

Since the origin of Richardton is particularly murkys, it is
safest to omit thermochronological data for it when assess-
ing the cooling history of the H chondrite parent body. It
does, however, highlight the diversity of H chondrites,
and the need for further expansion of the H chondrite ther-
mochronological dataset.

5.8. Formation of CR2 chondrite metal

The measured €!8?W (normalized to '*W/'®*W) of
Acfer 395 metal is —2.11 4 0.16, which is much more radio-
genic than the H chondrite metal fractions. Also, unlike the
H chondrite metal fractions, the CR chondrite metal frac-
tion has a positive £'**W value, which is consistent with
previously reported data for CR chondrite separates
(Budde et al., 2018). Budde et al. (2018) argued that the
positive €'®*W values were the result of nucleosynthetic
effects. This complicates determining a precise formation
age from &'%2W, because & '8?W is likely also abnormal as
a result of a nucleosynthetic effect. However, the measured
e'®W and the slope of the &**W-¢'**W correlation
reported by Budde et al. (2016) for Allende components
can be used to calculate a nucleosynthetic-corrected &'**W
value of -2.8 +0.2 for Acfer 395 metal, which overlaps
within uncertainties of most H chondrites measured here.
The calculated model age for the metal using the corrected
e!82W value is 7.0 + 3.6 Ma (Table 5, Fig. 5b). Even after
the large correction for a nucleosynthetic effect, the age
does not overlap with CAI formation, indicating that CR
chondrite metal did not form by direct condensation from
nebular gas, as proposed by some previous studies of CR
metal (e.g., Weisberg et al., 1993). Instead, the metal must
have formed by a later process, such as reduction of FeO,

or localized evaporation followed by condensation during
chondrule formation (e.g., Zanda et al., 1994; Connolly
et al., 2001; Wasson and Rubin, 2010; Humayun, 2012).

Prior studies have suggested that the CR chondrites may
share a genetic link with the primitive achondrite Tafassas-
set, based on Cr and O isotopic data (Gopel et al. 2009).
However, in contrast to the '**W anomalies reported here
for CR chondrite metal, previously reported &'®*W values
for Tafassasset metal range from —0.06+0.17 to
0.02 0.2 (Breton et al., 2015). These observations are
inconsistent with a genetic link between Tafassasset and
CR chondrites, and these meteorites most likely originated
from different parent bodies.

6. CONCLUSIONS

The Hf-W systematics and HSE abundances of metal
and silicate fractions indicate that diffusion of siderophile
elements among H chondrite components was limited.
There is no clear correlation between metamorphic grade
and extent of HSE equilibration. Combined metal-silicate
Hf-W data do not form precise linear regressions for most
H chondrites. Some size-sorted metal fractions have differ-
ent W isotopic compositions and HSE abundances, indicat-
ing that some metal fractions were not in equilibrium when
diffusive exchange of siderophile elements ceased. Most
metal fractions plot below linear regressions of nonmagnetic
and slightly magnetic fractions, indicating that equilibration
between silicate/oxide phases and metal may have been
incomplete. Combined metal-silicate Hf-W data, therefore,
do not have clear chronological meaning for most H chon-
drites. By contrast, the slightly magnetic and nonmagnetic
fractions form precise isochrons for most H chondrites,
and therefore provide chronological evidence for the ther-
mal history of the H chondrite parent body or bodies.

The Hf-W data for H5 and H6 chondrites reported here
are consistent with an undisturbed onion-shell thermal
model for the deeper portions of the H chondrite parent
body. However, the Hf-W data for the H4 chondrite Avan-
handava are more consistent with disruption of shallower
portions of the H chondrite parent body, likely by impact.
This scenario is supported by previously published Pb-Pb
ages (Blackburn et al. 2017), metallographic cooling rates
(Scott et al. 2014), and computational modelling
(Harrison and Grimm, 2010) of H chondrites.

Metal from Richardton (H5) has the lowest €!%?W of
any H chondrite measured here. Richardton metal also
has different Os and Mo (Worsham et al., 2017) isotopic
compositions from other H chondrite metal fractions.
Richardton metal may have therefore experienced a large
neutron fluence, modifying the W and Os isotopic compo-
sitions. Further, the Mo isotopic compositions (Worsham
et al., 2017) indicate that Richardton may sample material
that has a different population of nucleosynthetic s-process
carrier phases, either because of heterogeneities on the H
chondrite parent body, or because Richardton formed on
a separate parent body.

The W isotopic composition of metal from CR chon-
drite Acfer 395 is consistent with a nucleosynthetic
s-process depletion. The nucleosynethic-corrected model
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age for Acfer 395 does not overlap with CAI formation,
and therefore the metal does not appear to have formed
by condensation from nebular gas. Instead, CR chondrite
metal must have formed by a later process.
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