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a b s t r a c t

Tungsten isotope compositions of magmatic iron meteorites yield ages of differentiation that are within

72 Ma of the formation of CAIs, with the exception of IVB irons that plot to systematically less

radiogenic compositions yielding erroneously old ages. Secondary neutron capture due to galactic

cosmic ray (GCR) irradiation is known to lower the e182W of iron meteorites, adequate correction of

which requires a measure of neutron dosage which has not been available, thus far. The W, Os and Pt

isotope systematics of 12 of the 13 known IVB iron meteorites were determined by MC-ICP-MS (W, Os,

Pt) and TIMS (Os). On the same dissolutions that yield precise e182W, stable Os and Pt isotopes were

determined as in situ neutron dosimeters for empirical correction of the ubiquitous cosmic-ray induced

burn-out of 182W in iron meteorites. The W isotope data reveal a main cluster with e182W of ��3.6,

but a much larger range than observed in previous studies including irons (Weaver Mountains and

Warburton Range) that show essentially no cosmogenic effect on their e182W. The IVB data exhibits

resolvable negative anomalies in e189Os (�0.6e) and complementary e190Os anomalies (þ0.4e) in

Tlacotepec due to neutron capture on 189Os which has approximately the same neutron capture cross

section as 182W, and captures neutrons to produce 190Os. The least irradiated IVB iron, Warburton

Range, has e189Os and e190Os identical to terrestrial values. Similarly, Pt isotopes, which are presented

as e192Pt, e194Pt and e196Pt range from þ4.4e to þ53e, þ1.54e to �0.32e and þ0.73e to �0.20e,
respectively, also identify Tlacotepec and Dumont as the most GCR-damaged samples. In W–Os and

W–Pt isotope space, the correlated isotope data back-project toward a 0-epsilon value of e192Pt, e189Os

and e190Os from which a pre-GCR irradiation e182W of �3.4270.09 (2s) is derived. This pre-GCR

irradiation e182W is within uncertainty of the currently accepted CAI initial e182W. The Pt and Os

isotope correlations in the IVB irons are in good agreement with a nuclear model for spherical irons

undergoing GCR spallation, although this model over-predicts the change of e182W by �2� , indicating

a need for better W neutron capture cross section determinations. A nucleosynthetic effect in e184W in

these irons of �0.1470.08 is confirmed, consistent with the presence of Mo and Ru isotope anomalies

in IVB irons. The lack of a non-GCR Os isotope anomaly in these irons requires more complex

explanations for the production of W, Ru and Mo anomalies than nebular heterogeneity in the

distribution of s-process to r-process nuclides.

& 2012 Elsevier B.V. All rights reserved.

1. Introduction

The 182Hf–182W chronometer (t1/2¼8.9 Ma) is important for
dating metal-silicate fractionation events in the first 60 Ma of
solar system history (Jacobsen, 2005; Kleine et al., 2009). The

initial W isotope composition and the (182Hf/180Hf)0 ratio are
essential for calibration of this chronometer. In the first attempts
to apply the Hf–W isotope chronometer, the least radiogenic W in
solar system material was obtained from precise W isotopic
analyses of iron meteorites yielding initial e182W� �4 (Harper
and Jacobsen, 1996; Lee and Halliday, 1996). Precise Hf–W
isochrons on Allende CAIs have yielded refined values of
e182W¼�3.2870.12 (Burkhardt et al., 2008), although this value
may be compromised by metamorphism of Allende (Humayun
et al., 2007). Recently, the CAI initial e182W has been revised
(�3.5170.10 2s) to account for nucleosynthetic anomalies in the
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original data (Burkhardt et al., 2012), yielding a value similar to
that determined earlier by Kleine et al. (2005); �3.4770.09 2s.
Precise W isotope compositions of iron meteorites are used to
determine the timing of core formation (magmatic irons) or
of metal-silicate differentiation (non-magmatic irons) in their
parent bodies. Using the Allende CAI initial e182W value proposed
by Burkhardt et al. (2008), the timing of core differentiation in the
majority of magmatic iron meteorites has been bracketed from
�2.8 to þ1.4 Ma, since the time of formation of CAIs (Kleine
et al., 2009). All of the magmatic irons are systematically biased to
apparently older ages (less radiogenic initial e182W) than CAI in
the compilation of Kleine et al. (2009). Average e182W for most
magmatic iron meteorite groups (Qin et al., 2008b) are within
error of the Allende CAI initial e182W value, with the notable
exception of group IVB irons which record e182W (�3.5770.10,
excluding Tlacotepec) resolvably less radiogenic than the CAI
initial e182W (Burkhardt et al., 2008), and barely within error of
the revised Allende CAI initial e182W (Burkhardt et al., 2012).
Given the currently unsettled CAI initial e182W (Kleine et al.,
2005; Humayun et al., 2007; Burkhardt et al., 2008, 2012), and
that some magmatic iron meteorites formed within 1–2 Ma of
CAIs (Blichert-Toft et al., 2010), iron meteorites may be expected
to constrain the upper limit on the solar system initial e182W.

The e182W of iron meteorites is known to be lowered by
neutron capture reactions from secondary neutrons due to
cosmic-ray spallation of the iron masses during space exposure
as o1 m diameter objects (Kleine et al., 2005; Markowski et al.,
2006a, 2006b; Masarik, 1997; Scherstén et al., 2006). The extent
of secondary neutron capture has to be precisely determined if
iron meteorites are to be useful in examining either the initial
e182W of the solar system or small time differences between
various iron meteorite groups. The neutron fluence in an iron
meteorite is not uniformly distributed but is peaked�30–40 cm
below the pre-atmospheric exposure surface (Masarik, 1997),
while spallogenic nuclides (e.g. noble gases) are peaked in
abundance near the original exposure surface (Ammon et al.,
2009). Thus, existing noble gas measurements in iron meteorites
do not provide adequate corrections for neutron capture effects
on 182W in iron meteorites but allow upper limits to be placed on
the maximum effect on e182W (Markowski et al., 2006b; Qin et al.,
2008b). Precise knowledge of the neutron capture modification of
isotope ratios in iron meteorites has been limited by a lack of
information on the neutron fluence experienced by an iron
sample cut from a o1 m iron mass. Several elements have
isotopes with high neutron capture cross-sections that function
effectively as neutron dosimeters including B, Cd, Sm and Gd (e.g.,
Schulz et al., 2012). All of these elements are lithophile except,
possibly, Cd which has been investigated in iron meteorites
without definitive results (Kruijer et al., 2011).

The approach taken here has been to develop new in situ
neutron dosimeters involving siderophile elements in the W–Au
mass region that have a comparable response to secondary
neutrons as 182W so that the initial e182W of IVB irons may be
determined independently from the CAI initial value (Burkhardt
et al., 2008, 2012; Kleine et al., 2005). The neutron capture cross-
section of 189Os is comparable to that of 182W, and it produces
190Os, which has a low neutron capture cross-section creating a
positive anomaly in e190Os (Fig. 1). This reaction was successfully
exploited by Huang and Humayun (2008), and more recently by
Walker (2012), who showed the presence of anti-correlated
isotope anomalies in e189Os and e190Os in IVB irons with a
maximum effect in Tlacotepec, the iron meteorite with the lowest
e182W (�4.5 to �4.0, Horan et al., 1998; Markowski et al., 2006a,
2006b; Scherstén et al., 2006; Qin et al., 2008b). However, W
isotope compositions of most of the IVB irons analyzed for Os
isotopes were not available in the literature, and direct

measurement of W isotopes on the same aliquots analyzed for Os
isotopes is important since neutron fluence varies significantly
within a single iron meteorite. Another GCR reaction that has
potential for neutron dosimetry is the neutron capture of 191Ir to
form 192Pt, since the resulting isotope has a low natural abundance
(0.78%) and the large amplification of the neutron capture reaction
makes this a potentially sensitive neutron dosimeter (Fig. 1).

In this study, we report precise isotope compositions of W, Os
and Pt on 12 of the 13 known IVB iron meteorites (Tenera was not
obtainable for this project). From correlations of e182W with
e189Os and e192Pt, we calculate a precise and consistent value
for the pre-irradiation e182W for the IVB magmatic iron meteorite
group. We also confirm that there appears to be a small nucleo-
synthetic effect in e184W in IVB irons as reported previously (Qin
et al., 2008a, 2008b). We use the Os isotope data to evaluate
whether nucleosynthetic anomalies in Os isotopes are resolvable,
which may be expected from the isotope anomalies observed in
Mo (Burkhardt et al., 2011), Ru (Chen et al., 2010; Fischer-Gödde
et al., 2012) and W (Qin et al., 2008a, 2008b) for IVB irons. This
provides important constraints on the likely origins of nucleosyn-
thetic effects in bulk iron meteorites.

2. Analytical methods

Between 0.3 and 0.9 g of 12 IVB iron meteorites were sawn
from larger pieces using a jewellers’ handsaw with stainless steel
blades, hand-polished with Al2O3 sand paper to remove saw marks,
rinsed with DI water and immediately digested in pre-cleaned Carius
tubes with inverse Aqua Regia (iAR, HCl–HNO3 [1:3]) (Shirey and
Walker, 1995). After digestion (230 1C, 448 h), the Carius tubes were
opened and Os was removed by established solvent extraction
procedures (Cohen and Waters, 1996) and purified by micro-
distillation prior to analysis by N-TIMS or MC-ICP-MS.

After the extraction of Os, aliquots of the sample iAR solution
(�10%) were dried down and dissolved in 0.1 M HCl–0.01 M
HF–1% H2O2 and loaded onto columns with 2 mL cation resin
(AG 50W-X8 [200–400 mesh]) in order to retain Fe, Ni and other
matrix cations on the column, whereas W and Pt and other anions
were collected in the elutant (Puchtel and Humayun, 2001).
W separation procedures were modified from Kleine et al.
(2004) and Markowski et al. (2006a, 2006b). After drying down
the cation column elutant, the samples were dissolved in 0.5 mL
2 M HCl-0.5 M HF and W (and Mo) was separated in 6 M HNO3
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Fig. 1. Thermal neutron capture cross sections of W (black squares), Re (open

diamonds), Os (grey circles), Ir (grey triangles) and Pt isotopes (black diamonds)

given as sg (barns) (Mughabghab, 2003).
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from the remaining matrix using columns filled with anion resin
(2 mL Bio-RadTM AG1-X8 [200–400 mesh]), whereas Pt was
collected together with traces of Ir and Ru in 13 M HNO3. Prior
to further clean-up, the W-Mo cut was treated with HClO4 to
remove residual Os. After evaporation of the HClO4 the samples
were taken up in 0.5 M HCl–1 M HF and loaded onto a second
anion column, where matrix elements were removed in 0.5 M
HCl–1 M HF and 9 M HNO3–0.01 M HF and separation of W and
Mo was achieved in 7 M HCl–1 M HF and 1 M HCl, respectively.

While Ir is not an isobaric interference on Pt, the high
191Ir/192Pt and 193Ir/192Pt in these samples ranging between
21–47 and 35–81, respectively, requires efficient removal of Ir
(498%) in order to eliminate large Ir beams tailing onto the 192
mass during mass spectrometry. Ir3þ is eluted from anion resin in
high molarity HCl, and the Pt cut was boiled in 12 M HCl for
approximately 24 h to achieve conversion from the 4þ-form. The
samples were taken up in 0.5 M HCl–1 M HF with a trace of
ascorbic acid and loaded on an anion resin column (1 mL AG1-X8
[200–400 mesh]). This clean up procedure followed the Mo and W
separation scheme and Pt was again collected in 13 M HNO3.
Platinum was converted to chloride form and dissolved in 2% HCl
for mass spectrometry. W and Pt yields were always higher than
85% and were monitored at each step of the clean up chemistry
using a Thermo Element 2 ICP-MS.

2.1. Mass spectrometry

W, Pt and Os isotope data are reported in epsilon notation
denoting the deviation of the isotope composition of W, Os or Pt
in an iron meteorite from that of the terrestrial standards in parts
per 10,000 according to Eq. (1),

enA¼

nA=mA
� �

sample
nA=mA
� �

reference material

�1

" #
� 104

ð1Þ

where A represents the element symbol (e.g., W, Os and Pt), and n
and m are the masses of the isotopes used in the isotope ratio
(e.g., 182W/183W), and the reference material is the laboratory
standard analyzed along with the samples. For W, NIST SRM 3163
was employed as a laboratory reference material; for Os,
reagents AristarTM and HPSTM were used, while for Pt, reagent
HPSTM Pt was used as the reference material. For the purposes of
reporting isotopic deviations in non-radiogenic Os and Pt
isotopes such reagent standards should suffice for present pur-
poses, but the possibility of mass-independent isotope fractiona-
tion being widely distributed in terrestrial materials requires the
development of international standards for inter-laboratory
comparisons.

2.1.1. Acquisition of W, Pt and Os isotopes

All W and Pt isotope data, and some of the Os isotope data
(Huang and Humayun, 2008) of the IVB irons were acquired by
MC-ICP-MS using the ThermoScientific Neptune in the Plasma
Analytical Facility at the National High Magnetic Field Laboratory
(Florida State University, Tallahassee) during multiple analytical
sessions. Additional Os isotope data were acquired by negative-
ion thermal ionization mass spectrometry (N-TIMS), either at the
Johnson Space Center or at the University of Houston. Precision of
standard material is provided as epsilon deviation against the
respective session average of the standard material. Cup config-
urations used during W, Os and Pt isotope data acquisition are
given in Table 1.

The Neptune MC-ICP-MS sample introduction system com-
prised of an APEX-QTM nebulizer with a flow rate of �100 mL/min
(W, Pt) or �60 mL/min (Os). Except for the Os isotope data, which
were acquired using conventional Ni cones (50 V/ppm total Os),
all W and Pt data were generated by using Thermo SuperJet8.0 Ni
sampler cones and Spectron Ni-X skimmer cones providing a total
W and Pt signal of 550 V/ppm. This configuration of the Neptune
cones provides higher sensitivity, lower mass bias, and minimizes
mass independent fractionation in normalized W isotope ratios
(Shirai and Humayun, 2011). Each W and Pt isotope measurement
given in Table A is the average of 60 ratios (1 ‘‘block’’), whereas Os
isotope data acquired by MC-ICP-MS is the average of 140 ratios.
Integration time for W, Os and Pt isotope ratios was 4 s per peak.

For W isotopes, the samples were diluted to 25 ng/mL (2%
HNO3–trace HF). Measurements of one block were bracketed
between 25 ng/mL aliquots of SRM 3163W (3–5 blocks, 2%
HNO3–trace HF) in order to monitor drift in instrumental perfor-
mance. Potential isobaric interferences from 186Os and 184Os were
monitored at 188Os but chemical processing prior to mass spectro-
metry effectively eliminated Os from the W aliquots, thus, Os
isobars were found to be at instrumental background levels and
isobaric corrections were insignificant at the current level of
precision. Instrumental mass bias was corrected using 186W/183W
of 1.98594 (Volkening et al., 1991) using the exponential law.
Measurements of e182W and e184W of IVB iron meteorites are
accompanied by 400 W isotope measurements of SRM 3163. The
typical in-session (424 h, n¼40–100) and long term SRM3163
reproducibility (11 analytical sessions) of e182W (70.25e 2s) and
e184W (70.1e, 2s) are identical.

For the determination of Pt isotopes, the Pt cut of the IVB irons
was diluted to 100 ng/mL (2% HCl) to accommodate for the low
natural abundance of 192Pt and bracketed between 3 to 5 blocks
of 100 ng/mL reagent Pt solutions (2% HCl) prepared by dilution
from HPSTM Pt concentration standard. Pt isotope ratios were
normalized to 195Pt and 198Pt/195Pt¼0.211740 (Rosman and
Taylor, 1997) was used for mass bias corrections utilizing the
exponential law. 189Os and 199Hg were monitored for interference

Table 1
Detector assignment used during mass spectrometry.

Isotope Instrumentation L4 L3 L2 L1 C H1 H2 H3 H4 Mass bias corr.

W MC-ICP-MS – 182 183 184 185 186 187 188 190 186/183W e182W, e184W

– W W W Re W Re Os Os

Os MC-ICP-MS 182 184 186 187 188 189 190 192 194 192/188Os e189Os, e190Os

W Os Os Os Os Os Os Os Pt

Os N-TIMS 182 184 186 187 188 189 190 192 194 192/188Os e189Os, e190Os

W Os Os Os Os Os Os Os Pt

Pt1 MC-ICP-MS 189 191 192 193 194 195 196 198 199 198/195Pt e192Pt, e196Pt

Os Ir Pt Ir Pt Pt Pt Pt Hg

Pt2 MC-ICP-MS – 193 194 195 196 198 199 – – 198/195Pt e194Pt

– Ir Pt Pt Pt Pt Hg – –

Notes: Normalizing isotopes are given in bold.

N. Wittig et al. / Earth and Planetary Science Letters 361 (2013) 152–161154



Author's personal copy

corrections on 192Pt, 196Pt and 198Pt from 192Os, 196Hg and 198Hg.
Os was absent from most samples and where present (Santa
Clara, Tawallah Valley, Warburton Range) 192Os corrections con-
tributed less than 10% to the e192Pt. Traces of Hg were detected
(199Hg/195Pto0.000016), which contributed less than 0.1e to
e196Pt. This level of Hg was negligible with respect to e192Pt and
e194Pt. 193Ir/192Pt in the irons was also determined and found to
range 0.4 and 8.2, which equates to the removal of 80% to 100% of
the constituent Ir. Interferences from HfOþ were not monitored
during analysis because IVB iron meteorites contain essentially no
Hf, and all column procedures were performed on resins that
were dedicated to iron meteorite matrices, exclusively. Selected
sample cuts were monitored, using a Thermo Element 2 ICP-MS,
for Lu and Hf which were found to be below detection limit.
Reproducibilities of the HPSTM Pt standard (n¼42) for e192Pt,
e194Pt and e196Pt were 70.4e, 70.5e and 70.1e, respectively.

Os isotope mass fractionation was corrected to 192Os/188Os¼
3.083 using the exponential law. After micro-distillation, aliquots
of the IVB solutions were analyzed in three sessions using N-TIMS
at the NASA Johnson Space Center (2008) and the University of
Houston (this study), respectively, and characterized against the
Houston in-house Os standard (Brandon et al., 2005) (n¼20),
which yielded a total reproducibility of 70.06e and 70.09e for
e189Os and e190Os, respectively (2s). IVB iron Os isotope data were
also acquired by MC-ICP-MS as 1000 ng/mL replicates (in 5% HBr)
against AristarTM (n¼2) and HPSTM Os (n¼5) reagent standard
solutions. 194Pt was monitored for interference correction of 192Pt
from 192Os using a 192Pt/194Pt¼0.0237. The reproducibility of these
solutions was always better than 70.14e and 70.17e (2s) for
e189Os and e190Os, respectively.

3. Results

The average values of W, Pt and Os isotope data for each of the 12
IVB iron meteorites analyzed in this study are presented in Table 2,
together with the 2 standard error of the mean of the n runs (2sm),
which is used in this contribution to signify uncertainties unless
stated otherwise. The number of mass spectrometric replicate ana-
lyses performed was different for each element and is also given in
Table 2. The W, Os and Pt isotope data of individual replicate
measurements are provided in Table A (supplementary material)
which also shows the source for each sample. The long-term e182W
reproducibility of individual measurements of 60 blocks of SRM 3163

is characterized by an external precision of 70.25e. Samples with
fewer replicate analyses yield slightly lower e182W precision40.14e,
whereas more thoroughly characterized irons have smaller e182W
uncertainties o0.10e. Notable exceptions are Iquique (�3.5570.03,
n¼3) and Cape of Good Hope (�3.6870.05, n¼2), where the
realistic errors are better represented by 70.25/On.

Overall, the W isotope data are in good agreement with previously
published data for IVBs (Markowski et al., 2006a, 2006b; Qin et al.,
2008b; Scherstén et al., 2006). The W isotope data of the IVB irons
reveal a cluster (n¼8) around e182W��3.670.1, with four outliers
(Fig. 2). Resolved from this cluster is Tlacotepec, which has substan-
tially lower e182W¼�4.2170.13, and the newly characterized
sample Dumont, e182W¼�3.8570.06, which is intermediate
between the IVBs of the cluster and Tlacotepec. Weaver Mountains
(�3.3370.12) and Warburton Range (�3.4270.16) are marked by
the least radiogenic e182W which distinguishes them from the cluster.
The existence of the cluster in IVB e182W explains why, after
exclusion of the obviously deviant Tlacotepec, an average IVB
composition of �3.670.1 was used by Burkhardt et al. (2008) to
represent IVB irons. This IVB composition was well-resolved from
other magmatic iron meteorites and plots to the more unradiogenic
side of the CAI value (Burkhardt et al., 2008).

The variability of e184W in the IVB irons is limited but appears
resolved from the terrestrial standard data with an average deficit
of �0.14e70.08e based on 60 measurements (Fig. 2). This deficit
is consistent with small e184W deficits in the IVB iron meteorites

Table 2
W, Os and Ir-Pt isotope data of IVB iron meteorites.

e182W 2sem e184W 2sem e189Os 2sem e190Os 2sem raw ratios e192Pt 2r e192PtIr e194Pt 2r e196Pt 2r

n n 193Ir/192Pt 193Ir/195Pt meas. corr.

Cape of Good
Hope

�3.60 0.18 �0.13 0.10 3 �0.32 0.11 0.11 0.06 4 8.23 0.19 26.7 0.8 24.6 1.01 0.10 0.27 0.19

Dumont �3.85 0.06 �0.13 �0.13 9 �0.23 0.07 0.26 0.01 2 2.67 0.06 24.3 0.3 23.6 0.89 0.11 0.42 0.08

Hoba �3.61 0.09 �0.17 0.05 8 �0.06 0.03 0.00 0.00 4 0.47 0.01 13.8 0.4 13.7 0.29 0.11 0.19 0.11

Iquique �3.55 0.03 �0.12 �0.12 3 �0.25 0.05 0.18 0.03 3 4.61 0.11 25.4 1.0 24.3 0.91 0.11 0.03 0.24

Kokomo �3.55 0.12 �0.16 0.04 3 �0.25 0.06 0.15 0.03 5 0.45 0.01 31.9 0.8 31.8 0.61 0.12 0.22 0.19

Santa Clara �3.64 0.06 �0.16 �0.16 5 �0.34 0.01 0.14 0.10 2 2.65 0.06 14.4 0.4 13.8 0.96 0.11 0.04 0.09

Skookum �3.59 0.17 �0.15 0.13 3 �0.16 0.00 0.19 0.03 2 4.10 0.09 7.3 0.6 6.3 �0.32 0.12 �0.11 0.09

Tawallah Valley �3.72 0.17 �0.08 0.15 2 �0.24 0.10 0.06 0.05 4 0.64 0.01 8.8 0.5 8.6 0.28 0.10 �0.20 0.11

Tinnie �3.57 0.07 �0.15 0.06 9 �0.05 0.03 0.03 0.02 1 0.46 0.01 6.4 0.3 6.3 0.12 0.10 0.15 0.08

Tlacotepec �4.21 0.13 �0.18 0.06 3 �0.64 0.06 0.39 0.07 4 0.81 0.02 53.0 0.4 52.8 1.54 0.10 0.73 0.08

Weaver
Mountains

�3.33 0.12 �0.12 0.08 6 �0.03 0.01 0.06 0.03 2 0.61 0.01 4.4 0.3 4.4 0.17 0.11 0.13 0.07

Warburton Range �3.42 0.16 �0.12 0.08 6 0.02 0.06 0.05 0.08 2 6.33 0.15 7.5 0.5 5.9 �0.06 0.07 �0.09 0.13

Notes: Epsilon notation given as deviation in parts of 10,000 from terrestrial standards. Uncertainties of all W and Os isotope data are given as standard error of the mean

(2sem) derived from replicate measurements of the same digestions (n). Uncertainties of Pt isotopes are given as in-run standard deviation (2s).

-0.4

-0.2

0.0

0.2

-4.5 -4.0 -3.5 -3.0

18
4

W

182 W

this study
Qin et al. (2008b)

Fig. 2. Comparison of e184W and e182W of IVB irons from this study (black

squares) and literature values (open squares, Qin et al., 2008a, 2008b). Uncertain-

ties are given as 2sem.
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observed by Qin et al. (2008a, 2008b), who attributed this to a
nucleosynthetic effect. There appears to be no correlation
between e184W and e182W (Fig. 2) or e192Pt indicating that
cosmogenic effects are negligible consistent with the e184W being
a nucleosynthetic anomaly.

Fig. 3 shows the Pt isotope data for IVB irons compared with
predictions from a cosmogenic production model. The range of
e192Pt, e194Pt and e196Pt in the IVB iron meteorites extends from
þ4.4 to þ53, �0.32 to þ1.54 and �0.20 to þ0.73, respectively
(Fig. 3). All e192Pt values of these irons are positive and well resolved
from the terrestrial standard. The e192Pt and e194Pt deviation of IVB
iron meteorite from the terrestrial standards is most pronounced in
Tlacotepec (þ53e), whereas Weaver Mountains and Warburton
Range show the smallest offset. The remaining samples have Pt
isotope systematics between Tlacotepec and Weaver Mountains. In
e192Pt–e194Pt space, the IVB irons are positively correlated, although
some scatter is apparent (Fig. 3). These data are in good agreement
with model predictions for galactic cosmic ray (GCR) effects. In
e192Pt–e196Pt space the IVBs are also correlated but the magnitude of
the variation is lower, with Tlacotepec being distinct from the other
IVB irons (0.73e). The change in e196Pt is produced exclusively by
neutron capture on 195Pt, and is independent of the Ir/Pt ratio of the
meteorite, which varies by about a factor of 2 in these irons

(Campbell and Humayun, 2005; Walker et al., 2008). However, the
e192Pt is dependent on the Ir/Pt ratio. This dependence is not
apparent in Fig. 3A because both e192Pt and e194Pt are similarly
dependent on the Ir/Pt ratio. Thus, in Fig. 3B, the distinct predictions
of the nuclear model for neutron capture effects appear as two
limits, the lower limit that of the high Ir/Pt irons exemplified by
Cape of Good Hope, and the upper limit that of low Ir/Pt irons
exemplified by Warburton Range. The fact that most of the IVBs
follow the Cape of Good Hope compositional line is due to the
higher neutron dosages experienced by the least fractionated IVB
irons (Ir/Pt�1), particularly Tlacotepec (Fig. 3B).

Fig. 4A shows the effect of deliberately adding Ir to an aliquot
of HPSTM Pt standard solution. There is an apparent increase in
the e192Pt due to peak tailing from 191Ir and 193Ir that flank the
192Pt peak (Table 1). The inset in Fig. 4A shows that the Ir memory
effect is trivial for the purposes of these measurements. Fig. 4B
shows the e192Pt for IVB irons plotted against the (193Ir/195Pt)raw

ratio. Both corrected and uncorrected data are given in Table 2,
and shown in Fig. 3. The maximum correction applied is 2e units
for Cape of Good Hope, and �1e units for Iquique and Skookum,
with the remaining samples having corrections that are compar-
able to or smaller than the analytical errors. The extent of
the correction implies an abundance sensitivity of about 20 ppm
for the Neptune in the Ir–Pt mass range. Peak tailing effects
are negligible on 194Pt because of its higher intensity, e.g.,
(193Ir/195Pt)rawo0.19, and so no corrections were applied to e194Pt.

The Os isotope data of the IVB irons are shown in Fig. 5 where
e189Os anti-correlates with e190Os. This figure also reveals a cluster

Fig. 3. Comparison of e194Pt (A) and e196Pt (B) against e192Pt. Here, and elsewhere,
195Pt is the denominator isotope. In panel (A), Os- and Hg-interference corrected

data are given with (black squares) and without (black circles) Ir-tailing correc-

tions. A linear regression line (dashed) through the data is shown. Uncertainties

are given as 2sm. The Pt isotope variation predicted by the nuclear model due to

GCR reactions for compositions of Cape of Good Hope (thick grey line, GCRcogh)

and Warburton Range (thin black line, GCRwbr), the two compositional extremes,

is also provided.
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(n¼5) with slight 189Os deficit/e190Os excess (e189Os¼�0.2670.08e;
e190Os¼þ0.1770.06e, Fig. 5) relative to terrestrial standards. Tlaco-
tepec (e189Os¼�0.64e; e190Os¼þ0.39e) and Dumont have stronger
189Os deficit/e190Os excesses whereas Hoba, Warburton Range, Tinnie
and Weaver Mountains are identical within analytical uncertainty
(189Os¼�0.0370.06; 190Os¼þ0.0370.06, 2s) with the terrestrial
value.

4. Discussion

4.1. Isotope systematics and relevant neutron capture reactions in

the mass range between W and Au

Iron meteorites have experienced an extended period of
exposure to GCR ranging from a few Ma to over 2000 Ma
(Eugster, 2003; Herzog, 2007; Lavielle et al., 1999; Voshage,
1984; Voshage and Feldmann, 1979). Primary GCRs produce
secondary neutrons in iron meteorites and these neutrons are
captured by siderophile element nuclei transmuting them (Leya
et al., 2003; Masarik, 1997). This is a particular concern for e182W,
since 182W is the first major nuclide in the W-Au mass region and
it has no source for production; it is simply destroyed by neutron
capture resulting in cosmogenic burn-out of 182W (Leya et al.,
2003; Masarik, 1997). W isotope chronology of the early solar
system is impacted by the GCR reactions (Markowski et al.,
2006a; Qin et al., 2008b) given in reaction 1,

182Wþn-183W
183Wþn-184W
185Reþn-186ReðECÞ-186W
186Wþn-187W b�ð Þ-187Re ðreaction1Þ

Aside from W, the isotopic changes induced in other nuclei in
the W–Au region have not been explored previously. For this
study, we have calculated a detailed neutron capture model for
nuclei in the W–Au region for meteoroids ranging in size from
10–120 cm modifying an earlier model for the calculation of
nuclide production rates from charged particle capture (Ammon

et al., 2009). Details of this model are provided in the supple-
mentary material.

Fig. 6 uses this model to predict e182W as a function of depth
from the surface and meteoroid size, assuming an initial
e182W¼�3.42 and an exposure age of 945 Ma relevant for
Tlacotepec (Voshage and Feldmann, 1979; Voshage, 1984). For
bodies smaller than 25 cm, the cosmogenic burn-out of e182W is
o0.1. The cosmogenic burn-out increases with depth and reaches
a maximum effect (e182W¼�4.8) for 65–85 cm bodies, and then
gradually diminishes in larger bodies (100–120 cm) due to
increased shielding. This model predicts little influence of sec-
ondary neutrons on the e184W (o0.03e). The effect on W is
largely controlled by the neutron energy distribution and is nearly
independent of chemical composition of the iron meteoroid; the
exception is the branching decay of 186Re which decays by
electron capture to 186W (7%) (reaction (1)) and 186Os (93%),

Fig. 5. e189Os vs. e190Os of the IVB irons is shown together with the predictions of

a nuclear model for GCR reactions on the compositions of Cape of Good Hope

(thick grey line, GCRcogh) or Warburton Range (thin black line, GCRwbr). A linear

regression line (dashed) through the data is shown. Uncertainties are given as

2sem. Also shown is the nuclear model prediction for Cape of Good Hope if a small

nucleosynthetic effect on e189Os (þ0.17e, thick light grey line) is assumed.
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and has a negligible influence (0.02e) on the e182W via its impact
on the normalizing 186W/183W ratio.

In the case of Os isotopes, the neutron capture reaction given
in reaction (2) is utilized to characterize the effects of GCR.

189Osþn-190Os ðreaction2Þ

Here 190Os, which has a relatively insignificant cross section,
accumulates the burn-out signal from 189Os. The even Os isotopes
(excluding 184Os) have lower neutron capture cross sections (sg)
than the odd Os isotopes (Fig. 1), so that normalization to
192Os/188Os is not compromised by cosmogenic neutron capture.
The situation for e189Os is very similar to that for e182W (Fig. 6)
with the maximum extent of 189Os burn-out occurring in
65–85 cm bodies (e189Os¼�0.9) being only slightly smaller than
the comparable effect in e182W (a relative change of �1.4). The
model predicts an anti-correlation between e189Os and e190Os
(Fig. 5) with a weak dependence on the chemical composition
(Re/Os and Ir/Os ratios) due to neutron capture on 187Re forming
188Os, and neutron capture on 191Ir which decays by an electron
capture branch (5%) to 192Os. These effects are propagated to the
other isotopes by mass bias correction using the 192Os/188Os ratio.
This dependence on chemical composition is shown in Fig. 5 by
two model curves representing the end member compositions of
Cape of Good Hope (Re/Os¼0.067, Ir/Os¼0.64) and Warburton
Range (Re/Os¼0.083, Ir/Os¼0.92).

Platinum has six isotopes, including four high abundance
isotopes (194Pt [32.9%], 195Pt [33.8%], 196Pt [25.3%], 198Pt [7.2%])
generated predominantly by the r-process, and two low abun-
dance isotopes, p-process 190Pt [0.01%] and s-process 192Pt
[0.79%]. Neutron capture reactions pertaining to Pt isotopes
involve Ir (reactions (3) and (4)) as well as higher mass Pt isotopes
(reactions (5) and (6)).

191Irþn-192Ir b�ð Þ-192Pt ðreaction3Þ

193Irþn-194Ir b�ð Þ-194Pt ðreaction4Þ

194Ptþn-195Pt ðreaction5Þ

195Ptþn-196Pt ðreaction6Þ

Neutron capture on 191Ir, the nuclide with the largest sg in the
W–Au region, produces 192Ir which decays via b� to 192Pt with a
branching decay (95%), and this is a prominent effect. Fig. 6 shows
the accumulation of e192Pt expected for a IVB iron with the
composition of Cape of Good Hope (Ir/Os¼1.03), with the effect
being a factor of two smaller for Warburton Range (Ir/Os¼0.46).
Neutron capture on 193Ir forms 194Pt, but due to the higher
natural abundance of 194Pt, the maximum e194Pt¼1.5 for Cape
of Good Hope, with a similar dependence on Ir/Pt ratio. The
neutron capture of 195Pt to 196Pt is not dependent on the chemical
composition since the normalizing isotopes (195Pt and 198Pt) are
not produced by reactions on any other element. The maximum
e196Pt¼0.9 in the center of an 85 cm body is similar to the effect
in e189Os.

The size of the parent meteoroid and the depth of burial of five
of the IVB irons were estimated from 41K–40K dating (Voshage,
1984; Voshage and Feldmann, 1979). Comparing with new
measurements of e192Pt for these irons and the model presented
above, using published Ir/Pt ratios (Campbell and Humayun,
2005; Walker et al., 2008), we find that Cape of Good Hope and
Hoba agree reasonably well with the earlier estimates of size and
depth. However, Skookum, Tlacotepec and Weaver Mountains
require larger bodies (440 cm; 465 cm; 450 cm, respectively).
The largest effect in e192Pt is observed in Tlacotepec (53e)
requiring burial in the center of a 65 cm body, or 44–50 cm burial

depth in an 85 cm body (Fig. 6), compared with 34 cm burial
depth in a 45 cm body previously estimated (Voshage, 1984).

4.2. Pre-GCR e182W derived from correlated W–Os–Pt isotope

systematics

The W isotope data set of the group IVB irons is the most
extensive of its kind yet published. One advantage of this
comprehensive approach to sample coverage is that it is now
apparent that IVB irons exhibit a wider range of e182W than
previously recognized (Markowski et al., 2006a, 2006b; Qin et al.,
2008b; Scherstén et al., 2006). The newly characterized samples
Iquique, Kokomo and Tinnie have e182W akin to the majority of
previously characterized samples, whereas Weaver Mountains
has the highest e182W (�3.3570.12) among these irons similar
to Warburton Range (�3.4270.16) and within error of the most
recent CAI values, �3.2870.12 and �3.5170.10 (Burkhardt
et al., 2008, 2012). Qin et al. (2008b) adopted two approaches to
recognizing cosmogenic effects in irons, (i) the irons with the
lowest e182W were corrected for the maximum cosmogenic effect
which was then taken as an upper bound on the pre-irradiation
e182W, and (ii) the irons with the highest e182W were taken as the
lower bound on the pre-irradiation e182W. Adopting their second
approach here, we average the e182W of Weaver Mountains and
Warburton Range to obtain the lower bound of the pre-irradiation
e182W of the IVB irons as �3.3970.10 in contrast to �3.4870.02
(Qin et al., 2008b).

Cosmogenic noble gas signatures were previously used to
assess GCR effects in iron meteorites using correlations between
3He abundances and e182W (Markowski et al., 2006a, 2006b).
These correlations showed that the W isotope variation of IVB
irons in the range of e182W �3.3 to �4.3 does not reflect
chronological information. Although the co-variation of noble
gas – e182W has been used for GCR correction (Markowski et al.,
2006a), the pre-irradiation e182W group average (�3.670.1)
remained resolved from the CAI initial e182W of Burkhardt et al.
(2008) but indistinguishable from the revised CAI initial e182W of
Burkhardt et al. (2012).

In this study, in situ neutron dosimeters based on stable Os and
Pt isotope systematics are coupled to e182W measured on the same
sample. In Fig. 7, the e182W data determined in this study show a
correlation with e189Os, e190Os and e192Pt with Tlacotepec and
Weaver Mountains representing the two extremes. The dashed
black line in Fig. 7 is a linear regression fit to the correlation. Back-
projection of the linear regression to the pre-irradiated Pt and Os
isotopic compositions, here assumed to be 0-epsilon, indicates pre-
GCR irradiation values of e182W of �3.4270.15 (2s, e192Pt),
�3.4370.14 (2s, e190Os) and �3.4270.12 (2s, e189Os). The
e189Os and e190Os anomalies result from the same neutron capture
reaction (reaction (2)) and are treated here as two measurements
of the same quantity, yielding the average Os-derived e182W
intercept �3.4370.09 (2s). Combining the average e182W
acquired in this manner from the Os–W correlation with that
obtained from the Pt–W correlation, the average pre-irradiation
e182W of the group IVB iron meteorites is �3.4270.09 (2s). The
value of �3.4270.09 (2s) representing the complete dataset
agrees well with the average value of e182W (�3.3970.10, 2s)
for the two least irradiated IVB irons. Both values of e182W are
within error of the new CAI initial e182W¼�3.5170.10
(Burkhardt et al., 2012). In the first few million years (Ma) of solar
system history, the rate of e182W evolution is �0.10e/Ma. Thus, the
time difference represented by the pre-irradiation IVB iron initial
e182W (�3.4270.09, 2s) and the CAI initial e182W (�3.5170.10;
Burkhardt et al., 2012) is þ0.971.3 Ma.

N. Wittig et al. / Earth and Planetary Science Letters 361 (2013) 152–161158



Author's personal copy

4.3. Comparison between nuclear models and empirical correlations

Figs. 3, 5 and 7 show the correlations predicted by the nuclear
model employed here and the empirical correlation defined by
the data. Since the nuclear model prediction depends on the
chemical composition, two end member compositions, for the
high Ir/Pt end represented by Cape of Good Hope, and for the low
Ir/Pt end represented by Warburton Range, have been used. In
Fig. 3, the correlation between e192Pt and e194Pt is well repre-
sented by the nuclear model, where it depends weakly on Ir/Pt
ratio and on the exposure age. The model outputs were calculated
for Tlacotepec with an exposure age of 945 Ma (Voshage, 1984).
The correlation between e192Pt and e196Pt is strongly dependent
on the Ir/Pt ratio but Tlacotepec is represented accurately by the
nuclear model for the Cape of Good Hope composition, since it
shares the high Ir/Pt ratio of Cape of Good Hope. In Fig. 5, good
agreement is observed for the correlation between e189Os and
e190Os, and the correlation is weakly dependent on the Re/W
ratio. In Fig. 7, the agreement between model predictions and
data is poorer for correlations between e182W and the three in situ
neutron dosimeters and compositional dependence is not the
issue here. The nuclear model over-predicts the extent of e182W
burn-out (�4.6 vs. �4.25). The cause of the discrepancy is not
known. Redetermination of the neutron capture cross sections of
the W isotopes, particularly of 182W, will be a first step towards
resolving this discrepancy. The discrepancy between nuclear
models and empirical correlations demonstrates the value of
employing empirical corrections by in situ neutron dosimeters
vs. exclusive dependence on the nuclear models, which together
with spallogenic noble gases were the only tools available prior to
this study.

4.4. Evidence for nucleosynthetic effects in W, Os and Pt isotopes

in IVB irons

Nucleosynthetic anomalies in bulk chondrites and their acid lea-
chates, and in differentiated meteorites, have been observed in Mo and
Ru with carbonaceous chondrites and IVB irons showing systematic
r-process excesses or s-process deficits (Burkhardt et al., 2011; Chen
et al., 2010; Dauphas et al., 2002a, 2002b; Yin et al., 2002). In contrast,
Brandon et al. (2005) showed that Os isotope anomalies were restricted
to acid leachates of bulk chondrites and that there were no nucleosyn-
thetic anomalies in bulk chondrites. This was confirmed by subsequent
work (Reisberg et al., 2009; van Acken et al., 2011; Walker, 2012;
Yokoyama et al., 2007, 2010). Irisawa et al. (2009) reported

e184W¼�0.3970.14 for multiple measurements of the Allende CV3
chondrite, but could not resolve the effect in another CV3 chondrite, or
in other carbonaceous chondrites. Qin et al. (2008a, 2008b) reported
e184W¼�0.0870.01 (2s) in their IVB average (n¼6). Both these
effects were attributed to a nucleosynthetic effect. In this study, the
presence of a nucleosynthetic anomaly in e184W from IVB irons is clearly
shown by the data in Fig. 2. All irons, including the least irradiated
members of IVB, Warburton Range and Weaver Mountains, record an
e184W of �0.1470.06 (2s). This result complements the determina-
tions of Mo (Burkhardt et al., 2011; Dauphas et al., 2002b) and Ru (Chen
et al., 2010; Fischer-Gödde et al., 2012) isotope anomalies in IVBs.

Are there nucleosynthetic anomalies in Os and Pt isotopes?
For Pt isotopes, this is difficult to determine in the IVB irons since
the s-only isotope, 192Pt, is dominated by GCR burn-out of 191Ir, and
the remaining isotopes are dominated (495%) by the r-process
peak centered at 195Pt (Arlandini et al., 1999), and have e-level
contributions from secondary neutron capture. [The p-process 190Pt
(0.013%) was not determined here.]

The expected nucleosynthetic isotopic anomalies in W, Os and
Pt isotopes were calculated by recombining the s-process and r-
process abundances with a small deficit of s-process and then
comparing the resulting ratios against solar system abundances
using data from Arlandini et al. (1999) with updated cross-
sections for the s-process (Bao et al., 2000; Humayun and
Brandon, 2007). The s-process deficit (1.7e) was selected to yield
isotope anomalies in Mo and Ru that agreed with observed IVB
iron anomalies (Burkhardt et al., 2011; Chen et al., 2010). The
expected effect in e184W (�0.31) is twice as large as that
observed here. A small positive effect (þ0.17) is predicted in
e189Os. Fig. 5 shows a model curve featuring a cosmogenic
deficiency in e189Os anti-correlated with e190Os that originates
from the calculated nucleosynthetic anomaly. This curve is dis-
placed from the measured data indicating that an isotope anom-
aly of the magnitude predicted is not present in e189Os. An
average of the four least irradiated IVB irons (Table 2) yields
e189Os¼�0.0370.08 (2s), inconsistent with an anomaly even
half the magnitude of the predicted anomaly. We conclude that
an r-process excess or s-process deficit of the kind observed in
e184W is absent in e189Os. The predicted effect in e192Pt is �1.6e
which cannot be observed in the present data since all the IVBs
show small positive e192Pt effects due to cosmogenic isotope
effects. Moving the e192Pt intercept from 0 to �1.6 has little
impact on the GCR-corrected e182W (0.02e). The predicted effect
on e194Pt (�0.03) is negligible, and the predicted effect on e196Pt
(�0.15) is near the detection limit of the current set of

Fig. 7. Correlation of e182W with in situ neutron dosimeters in IVB iron (A) e192Pt, (B) e189Os, and (C) e190Os. Data were generated from the same digestions (W, Os and Pt

isotopes) or from the same sample stock (Os isotopes, ca. 1 cm3) and Ir-corrected (black squares) and Ir-uncorrected e192Pt (open circle) are shown in panel

(A). Uncertainties are given as 2sem (W and Os isotopes) and 2s (Pt isotopes). The grey bands show the e182W of the two most recent CAI initial determinations

(CAI1, -3.2870.12e, Burkhardt et al., 2008 and CAI2, �3.5170.10e, Burkhardt et al., 2012). In each panel, a dashed linear regression line is shown projecting at the x-axis

intercept of 0 yielding the pre-GCR e182W of the IVB iron meteorite group (black bar, 2s). The isotope correlation predicted by the nuclear model due to GCR reactions for

compositions of Cape of Good Hope (thick grey line, GCRcogh) and Warburton Range (thin black line, GCRwbr), the two compositional extremes, are also provided.
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measurements (Table 2). The intercept of e196Pt in Fig. 3 is
�0.1170.15 (2s); the average e196Pt of the five samples with
e192Pt o10 is �0.0270.30 (2s), both of which just fall short of
resolving the effect. The impact of the e184W anomaly observed
on the e182W is negligible (Qin et al., 2008a, 2008b). The absence
of observable Os isotope anomalies in bulk chondrites and iron
meteorites argues against large-scale Os nucleosynthetic anoma-
lies in the solar nebula, a conclusion also reached by Walker
(2012). Instead selective inheritance of isotopic anomalies due to
nebular processing of the presolar dust and/or disequilibrium
melting of an isotopically heterogeneous ‘‘chondritic’’ precursor
provide alternative mechanisms to induce the observed isotopic
anomalies in Mo, Ru and W.

5. Conclusions

This study presents new W, Os, and Pt isotope data for 12 of
the 13 known IVB iron meteorites and establishes correlations
between e182W and e189Os and e192Pt, which are used as in situ
neutron dosimeters. The largest cosmogenic neutron capture
effect is observed in e192Pt where all IVBs show some effect
(44e) while Tlacotepec exhibits the largest effect (53e). By
comparison, the range in e189Os is �0.6e, and the variation in
e182W within the IVB group is �0.9e making e192Pt a very
sensitive indicator of cosmogenic neutron dosage in high Ir/Pt
iron meteorites.

The two least irradiated IVB irons (Weaver Mountains, War-
burton Range) yield e182W¼�3.3970.10, within error of the
currently accepted initial e182W of Allende CAIs. Correlations
between in situ neutron dosimeters and e182W for the IVB irons
yield an initial e182W¼-3.4270.15 (2s) from e192Pt; e182W¼ -
3.4370.14 (2s) from e190Os; and e182W¼�3.4270.12 (2s) from
e189Os. The three values of initial e182W are mutually consistent
and are averaged to yield a pre-irradiation e182W¼�3.4270.09
(2s) for the IVB irons. After cosmogenic correction, this value of
e182W is higher than the recent CAI initial of �3.5170.10 by
�2s, corresponding to an age difference of þ0.971.3 Ma.

A nuclear spallation model provides reasonable agreement
with the empirical neutron dosimeters for intra-element isotope
variation, but over-predicts the e182W burn-out by a factor of
about two for reasons that need to be explored further. This
establishes the value of empirical neutron dosimeters for estimat-
ing pre-irradiation e182W. The nuclear model provides estimates
of the depths and sizes of the meteoroids from which the IVB
irons were derived that agree for Cape of Good Hope and Hoba
with previous work using 41K–40K dating and spallogenic noble
gases (Voshage, 1984), but requires deeper burial in larger bodies
than predicted by published models for Skookum, Tlacotepec and
Weaver Mountains.

This study confirms the presence of small negative anomalies
resolved in e184W (�0.1470.06, 2s) in IVB irons, similar to
results from Qin et al. (2008a, 2008b). The presence of nucleosyn-
thetic effects in Mo and Ru in IVB irons (Chen et al., 2010;
Burkhardt et al., 2011; Fischer-Gödde et al., 2012) indicates that
the effect in e184W is likely due to nucleosynthesis, and shows no
correlation with e182W or e192Pt from cosmogenic processes. If
this was caused by s-process deficit inherited from an hetero-
geneous solar nebula, then the predicted variations in e189Os
(þ0.17) are not found in our study, nor in that of Walker (2012),
while predicted effects in Pt isotopes are not resolved from
cosmogenic spallation effects at the current level of precision.
Possible mechanisms giving rise to such isotopic anomalies in Mo,
Ru and W, but not in Os, involve disequilibrium melting of
isotopically heterogeneous precursors, and/or nebular processing
of pre-solar grains.
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