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ABSTRACT

The origin of ubiquitous nucleosynthetic isotope anomalies in meteorites may represent spatial and/or temporal
heterogeneity in the sources that supplied material to the nascent solar nebula, or enhancement by chemical
processing. For elements beyond the Fe peak, deficits in s-process isotopes have been reported in some (e.g., Mo,
Ru, W) but not all refractory elements studied (e.g., Os) that, among the iron meteorites, are most pronounced in
IVB iron meteorites. Palladium is a non-refractory element in the same mass region as Mo and Ru. In this study,
we report the first precise Pd isotopic abundances from IVB irons to test the mechanisms proposed for the origin of
isotope anomalies. First, this study determined the existence of a cosmogenic neutron dosimeter from the reaction
103Rh(n, ﬁ*)lo“Pd in the form of excess 104Pd, correlated with excess ' 2Pt, in IVB irons. Second, all IVB irons
show a deficit of the s-process only isotope '**Pd (e '**Pd = —0.48 + 0.24), an excess of the r-only isotope ''°Pd
(e"'°Pd = +0.46 £ 0.12), and no resolvable anomaly in the p-process '*°Pd (¢ '>Pd = +1 + 1). The magnitude of
the Pd isotope anomaly is about half that predicted from a uniform depletion of the s-process yields from the
correlated isotope anomalies of refractory Mo and Ru. The discrepancy is best understood as the result of nebular
processing of the less refractory Pd, implying that all the observed nucleosynthetic anomalies in meteorites
are likely to be isotopic relicts. The Mo—Ru—Pd isotope systematics do not support enhanced rates of the
*2Ne(a,n)*’Mg neutron source for the solar system s-process.
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1. INTRODUCTION

Nucleosynthetic isotope anomalies have been reported in Ti,
Cr, Ni, Zr, Mo, Ru, Ba, Nd, Sm, W, and Os in samples of bulk
chondritic meteorites that may indicate the provenance of
protosolar material, reprocessed and incorporated during the
formation of early solar system bodies (Yin et al. 2002;
Dauphas et al. 2004; Markowski et al. 2006a, 2006b; Carlson
et al. 2007; Qin et al. 2008; Regelous et al. 2008; Schonbéchler
et al. 2008; Trinquier et al. 2009; Chen et al. 2010; Burkhardt
et al. 2011; Brennecka et al. 2012; Walker 2012; Wittig
et al. 2013a; Akram et al. 2015). Even more enigmatic is the
presence of nucleosynthetic isotope anomalies in asterodial
bodies that were large enough to melt and separate into cores
and mantles. Among these differentiated planetesimals IVB
iron meteorites exhibit the largest nucleosynthetic isotope
effects in Mo, Ru, and W, but show no measurable isotope
anomalies in Os (Qin et al. 2008; Chen et al. 2010; Burkhardt
et al. 2011; Walker 2012; Wittig et al. 2013a). The observed
nucleosynthetic anomalies in iron meteorites indicate a
systematic s-process deficit on a planetary scale, an effect best
seen in Mo and Ru isotopes (Chen et al. 2010; Burkhardt
et al. 2011). It has been suggested that these deficits are the
result of inefficient mixing of the presolar dust with
inhomogeneous distribution of presolar grains (e.g., SiC;
Dauphas et al. 2004), a late injection of fresh s-process
material from an AGB star (e.g., Vanhala & Boss 2001) or the
thermal or physical processing of the phases carrying these
isotopic anomalies (Regelous et al. 2008; Trinquier et al. 2009;
Burkhardt et al. 2012). The observed anomalies in iron
meteorites have all been described in refractory elements
(Mo, Ru, W) consistent with thermal processing. Molybdenum,

Ru, and W are known to partition into carbides, and Mo and Ru
are present in substantial amounts in presolar SiC (Kashiv
et al. 2002) that exhibit large s-process nucleosynthetic
anomalies in Mo and Ru (e.g., Nicolussi et al. 1998; Savina
et al. 2004).

To test whether carbide formation or the refractory character
are essential in explaining the s-process deficits in IVB irons,
and by inference other differentiated material, we have
analyzed the isotopic composition of Pd in 10 different iron
meteorites from group IVB. Palladium is a siderophile (iron-
loving) element, that is not refractory (50%T.: 1324 K;
Lodders 2003), condensing together with Fe, does not readily
form carbides, and is absent from presolar SiC grains (Kashiv
et al. 2002). Palladium has the p-only isotope '°*Pd, the s-only
isotope '°*Pd, the r-only isotope ''°Pd, and three isotopes
(1%3pg, 19°pd, '98pd) of mixed s- and r-process origin (Figure 1).
Thus, Pd in bulk iron meteorites would lack isotope anomalies
if SiC inherited from low-mass AGB stars (Savina et al. 2004)
is the main carrier of such anomalies. Since the largest Mo and
Ru isotope anomalies were reported in IVB irons, we chose to
focus on this group. Further, rigorous proof of an isotope
anomaly is best demonstrated by analyzing multiple members
of a single iron meteorite group, all members of which should
share the same nucleosynthetic anomaly.

The IVB irons are a well-studied group (Campbell &
Humayun 2005; Walker et al. 2008), with members recording
considerable galactic cosmic-ray (GCR) exposure (Vosh-
age 1984). Secondary neutrons produced by GCR irradiation
of these irons are captured by nuclides creating isotopic shifts
that are specific to the geometry and size of each studied
meteorite specimen and cannot be taken as representative
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Figure 1. Schematic illustration of the nucleosynthetic processes that produced
the Pd isotopes with the s-process pathway indicated by arrows. Stable isotopes
are shown in bold with abundances (%) in solid boxes; short-lived
radioisotopes are shown in italics with half-lives in millions of years (Ma),
days (d), or hours (h) in dotted outlined boxes. The long-lived 107pgq isotope is
shown separately. P-process only: 102pg. s-process only: 104pq; r-process only:
110Pd; other isotopes are mixed s, r process.

of the IVB iron group as a whole. Wittig et al. (2013a)
and Kruijer et al. (2013, 2014) found that the reaction
Yr(m, 57)'?Pt produces a substantial isotope anomaly
in £ '°?Pt that can be used as an in situ neutron dosimeter to
correct the effects of neutron capture on other nuclides. Further,
due to the high neutron capture cross-section of '®*Rh
(Mughabghab 2003), the reaction 13Rh(n, A)'%Pd has
potential to produce observable effects in ¢ '“Pd (Leya &
Masarik 2013). Among the iron meteorites, the IVB irons show
the most variability of GCR damage with Tlacotepec being the
most irradiated and Tawallah Valley being among the least
irradiated members (Kruijer et al. 2013; Wittig et al. 2013a),
which correspond to their GCR exposure ages of 945 Ma and
250 Ma, respectively (Voshage 1984).

In this study, we show the first precise Pd isotope
compositions of IVB irons. We report the discovery of a
clearly resolved cosmogenic effect on & '**Pd correlated with
the in situ neutron dosimeter € '*?Pt determined on the same
irons (Wittig et al. 2013a), and a measurable nucleosynthetic
anomaly in Pd isotopic composition as a group property of IVB
irons. The GCR neutron capture effects on Rh in these IVB
irons were modeled to examine the extent of the cosmogenic
effect in € '°*Pd, and are shown together with our new data. We
explore the consequences of the Pd nucleosynthetic anomaly in
the context of the various hypotheses to explain nuclear
anomalies reported in meteorites.

2. ANALYTICAL METHODOLOGY

Palladium aliquots of five samples (Tlacotepec, Iquique,
Tinnie, Skookum-2, Warburton Range-2) studied here were
taken from the very same digestion as used in the Pt—Os—W
isotope study by Wittig et al. (2013a), with the chemical
separation described in Wittig et al. (2013a, 2013b) following a
cleanup chemical procedure on a cation column. For the other
five samples used in this study, either additional samples, or
freshly cut pieces of iron metal adjacent to the specimens
previously studied by Wittig et al. (2013a, 2013b) were
processed in a similar manner. The chemical separation
procedure of Pd was modified from Wittig et al. (2013a)
collecting the Pd fraction off the anion column in HCI instead
of HNOj; to avoid high Pt yields in the Pd fraction. For freshly
dissolved iron meteorites, prior to separation of Pd by anion
exchange chromatography, the Fe—Co—Ni matrix was removed
with a cation-exchange column (AG® 50W-X8). Other isobaric
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and molecular interferences (Mo, Ru, Cd, Zr, Zn, Yb, Ga, and
Pt etc.) were removed using an anion-exchange column (AG®
1-X8). Isotope measurements were made during six sessions on
the Thermo Neptune ™MC-ICP-MS (at the Plasma Analytical
Facility, NHMFL) using 100 ng/mL Pd solutions in 2% HCl
with an ESI Apex™ introduction system or with an ESI
SIS™ spray chamber using Thermo SuperJet8.3 Ni sampler
and Spectron T1001Ni-X skimmer cones. The cup configura-
tion used was '°'Ru (L4), '%?Pd (L3), '“*Rh (L2), '**Pd (L1),
199pd (C), '%°Pd (H1), '°Pd (H2), ''°Pd (H3), and '''Cd (H4)
with 240 replicate measurements taken in static mode. The Pd
ratios were normalized to '"*Pd/'Pd =1.18899 (Kelly &
Wasserburg 1978) using the exponential law for instrumental
mass bias correction. The Pd isotope composition is reported in
epsilon notation referenced to the terrestrial Pd solution (Alfa
Aesar, Pd high purity standard solution). Typical within-
session reproducibility for € lode, € 104Pd, € ]06Pd, and € ''°Pd
was £0.62, +0.20, £0.10, and £0.13 € u, respectively.

Isobaric Ru and Cd interferences on Pd were monitored via
signals at mass 101 (**'Ru) and 111 (*''Cd). Corrections for
Cd interferences were negligible (Figures 2, 3). To assess the
degree to which isobaric interferences from Ru could be
reliably corrected, Ru-doped Pd solutions were analyzed for
their Pd isotopic composition which showed that a '°'Ru / 105pq
ratio higher than 0.009 resulted in insufficient correction of
' 2Ru on 'Pd and '"'Ru/'Pd ratios higher than 0.02
resulted in insufficient correction of '**Ru on '**Pd (Figure 3).
Possible molecular interferences from ZrO", ZnAr' and
NiAr", etc., were monitored prior to MC-ICP-MS analysis
using a single collector ICP-MS (Thermo Element2™), and an
additional cation-exchange clean-up column was applied to
lower these interferences to negligible levels before analyzing
the solutions for Pd isotope composition. For three samples
with ZrO interferences (affected masses: 106, 107, 108, 110)
additional corrections have been applied. Although the ZrO™
does not interfere with 104Pd, the mass bias correction
propagates the interference on '"*Pd to all Pd isotope ratios,
with the largest effect on € '"°Pd. '°°Pd has s- and r-process
contributions intermediate between '°*Pd and '°°Pd and,
therefore, will not show pronounced anomalies resulting from
nucleosynthetic processes. In addition, cosmogenic effects are
small and more pronounced on '®°Pd (negative) and '**Pd
(positive) than on 196p(. Therefore, with the instrumental mass
bias correction of '%*Pd/'Pd neither cosmogenic nor
nucleosynthetic effects can produce significant anomalies for
the resulting € '°°Pd. Since neither cosmogenic nor nucleosyn-
thetic processes affect € '°°Pd significantly it becomes a
sensitive monitor for ZrO™ interferences. Measurements of a
Zr-doped Pd standard solution were used to define a relation-
ship between each Pd isotope ratio and € '°°Pd due to ZrO™"
interference alone, and the € values for the three irons for which
corrections were necessary were corrected assuming &
106pq — 0 (Figure 4). The robustness and accuracy of this
correction procedure was assessed by comparison with
replicate measurements of the same sample in which no Zr
interference correction was necessary (e.g., Warburton Range-
1, Skookum-1).

3. RESULTS

The Pd isotope compositions of the 10 studied IVB iron
meteorites are given in Table 1 together with the 2 standard
errors for each set of measurements (Here, and elsewhere,
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Table 1
Pd Isotopic Data for IVB Iron Meteorites and Measured Ru/Pd Ratio after Separation

Rh/Pd*  'Ru/'®Pd  &'®Pd  2SE°  '™pd° 2SE° £'%pd 2SE e'1%qd 2SE Sample Introduction
Warburton-1 0.0134 2.1 +1.7 —0.43 +054  —0.10  +0.17 0.42 +0.19 SIS
Warburton-2 0.0013 1.7 +2.1 —0.45 +0.34 - - 0.44 +0.11 APEX
Mean 0.4 1.7 +2.1 —044  +029  —0.10  40.17 0.43 40.10
Tinnie 0.4 0.0055 1.6 +0.8 —029 4016  —0.06  +0.06 0.47 +0.14 APEX
Skookum-1 0.0078 2.6 +1.4 -028  +030  —0.19  40.11 0.45 +0.12 SIS
Skookum-2 - 0.0009 1.2 40.3 —027 4011  —0.01  +0.04 0.55 40.07 APEX
Mean 0.4 1.3 +0.3 —027 4010  —0.03  +0.03 0.53 +0.06
Tawallah Valley 0.4 0.0265 37.1 +6.9 —0.14  +0.82 0.05  +0.09 0.45 +0.15 SIS
Hoba-1a 0.0003 2.7 +1.5 —0.10  +0.39 0.04  +0.10 0.51 40.59 APEX
Hoba-1b 0.0003 2.3 +0.6 —0.09 4031  —0.01  +0.06 0.60 40.40 APEX
Hoba-2a 0.0003 1.4 +1.0 —0.23 +047  —0.17 4011 0.60 +0.62 APEX
Hoba-2b - 0.0003 2.5 40.5 —022  +0.39 0.07  +0.09 0.46 +0.46 APEX
Mean 0.6 2.3 +0.4 —0.15 +0.19  —001  +0.04 0.55 +0.25
Santa Clara 0.5 0.0051 2.4 +9.7 0.01 +1.06  —001  +03I 0.58 40.51 SIS
Dumont 0.6 0.0027 1.1 +2.2 0.18  +0.24 0.03  +0.07 0.55 +0.15 SIS
Iquique 0.6 0.0019 1.5 +1.4 0.23 +0.17 - o 0.48 +0.12 APEX
Kokomo-1 - 0.00002 1.8 +0.5 038  +0.08 0.06  +0.05 0.49 40.09 SIS
Kokomo-2a 0.00003 0.8 +0.2 047  +0.16 0.18  +0.06 0.23 +0.14 APEX
Kokomo-2b . 0.00003 0.2 0.2 036 4016  —0.02  +0.05 0.39 +0.06 APEX
Mean 0.7 0.6 +0.2 039  £0.07 0.06  +0.03 0.40 +0.05
Tlacotepec 0.6 0.0044 0.9 +2.6 1.05 +0.14 - 0.53 +0.14 APEX

Notes. Samples are listed in order of ascending '*Pt (Wittig et al. 2013a). Iralic font represents values with high Ru corrections; the missing value for '°°Pd has
been used for Zr correction, see text for further discussion. Number after meteorite names represents dissolution of separate piece of iron; letters after number represent
replicate analyses of the same sample solution. Normalized to 108Pd/lOSPd = 1.18899 (Kelly & Wasserburg 1978) using the exponential law, errors are in-run 2

standard errors.

# Elemental concentrations from Walker et al. (2008).

® Note that £ '**Pd is not GCR corrected.

¢ Propagated error, integrating the influence of the Ru correction.

errors are reported as 20). In Table 1, numbers after meteorite
names represent separate replicate analyses and digestions of
metal cuts from the same piece of iron and processed separately
through the full chemical separation procedure; letters after
numbers (a, b) represent replicate analyses of the same sample
solution processed once through the chemical separation
procedure. The average of duplicates is reported using the
error weighted mean with 2o standard deviation. In the case of
Warburton Range-1 and Tawallah Valley, the '*'Ru / 105pg
ratio is higher than 0.009 and, therefore, € 192pg could not be
adequately corrected. In this study, due to the large Ru isobaric
corrections required, &€ 12pq is not measured sufficiently
precisely to provide useful constraints on models of nucleo-
synthetic anomalies so it will not be discussed further. For
samples Warburton Range-2, Iquique, and Tlacotepec, sig-
nificant Zr contribution as *°Zr'°0 required corrections that set
e '%pd =0.

For the sample Skookum-2, mass 107 (912r160) was also
measured. Using natural isotope abundances of Zr and
observed mass bias on Pd the interferences from ZrO™ on the
masses 106, 108, and 110 could then be corrected without
assuming a value for € '°°Pd. These corrected ¢ '**Pd, £ '°°Pd,
and € ''Pd values agree with a duplicate of that sample
(Skookum-1) which had negligible Zr interferences. For the
samples Warburton Range-2, Iquique, and Tlacotepec, we used
the observed shift in a Zr-doped Pd standard solution to correct
the effect of Zr as described above. For a first order test of that
approach we compared the results with corrections based on the
Zr/Pd ratio measurements from elemental abundance determi-
nations. Using natural isotope abundances of Zr, the observed

mass bias scaled from Pd and an oxide production rate of
97r'°0" /?°Zr™ of 0.8% (as observed in Skookum-2) the
corrected values for € '**Pd and € ''°Pd agree within errors
with the previous correction approach. In addition, the
duplicate analysis, Warburton Range-1, with negligible Zr
interference is within error of the interference-corrected values
for Warburton Range-2, which demonstrates the robustness of
the interference corrections applied here. Therefore, the £ '°°Pd
of Tlacotepec and Iquique were not used and for Warburton
Range only the € '°°Pd without Zr interference was used for
calculating the mean € '°°Pd of the IVB meteorites.

The presence of a strong cosmogenic anomaly from the
neutron capture of '’Rh is seen in ¢ '®*Pd, which is well
correlated with & '**Pt from neutron capture on '*'Ir in the IVB
irons (Figure 5). For comparison, the € '®Pd versus ¢ '**Pt
calculated by the GCR model of Leya & Masarik (2013) is
shown. In this model, € 'Pd shifts have been calculated for
terrestrial initial Pd and Pt isotopic compositions at various
meteoroid depths and sizes (0.01-1.25m) with specific
compositional inputs (Rh/Pd, Ir/Pt) and exposure ages for
the IVB irons. Variations of the IVB irons in € '**Pd are well
correlated with € Pt (Figure 5), € '*°Os and € '®*W (not
shown), and define a slope that is parallel to that of the GCR
model results, but displaced to a lower intercept (€
199pqd — —0.48 + 0.24) at € "*’Pt=0. The error weighted
mean for £ '°°Pd of 8 IVB samples is 0.01 + 0.11 (Tlacotepec
and Iquique excluded). The measured IVB meteorites exhibit
an error weighted mean for ¢ ''"°Pd of 0.46 + 0.12. Both
individual e-values of ¢ '°°Pd and ¢ ''°Pd are weakly correlated
with their measured ¢ '**Pd (Figure 6(a), (b)) indicating that the
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ratio. Samples with measured IOIRu/ 105pq ratios higher than 0.03 cannot be
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Tc: Tlacotepec; SC: Santa Clara; Ti: Tinnie; TV: Tawallah Valley.

cosmogenic effect on these € values is less than 0.1 € u which is
consistent with the predictions of the GCR model of Leya &
Masarik (2013; Figure 6).

4. DISCUSSION
4.1. Cosmogenic Effects

4.1.1. Empirical Pd Isotope Data

Cosmogenic neutron capture effects have long been
discussed in iron meteorites (e.g., Masarik 1997; Leya
et al. 2000, 2003; Markowski et al. 2006a; Leya &
Masarik 2013) specifically with respect to the application of the
e '"2W chronometer. Significant effects in IVB iron meteorites

MAYER ET AL.

20
1.5F
1.0F
g 0.5 !
gﬂ_ ol
‘—w )
0.0f1pe
i
-0.5F
E S U EUR EEPUR R R R R
[ [ 2 Zr-doped Standard Solution &‘%
25F | o Zr-contaminated Samples ///
- | m  Zr-corrected Samples s
2.0} | ® Replicate Sample without Zr | .~
| | ° Samples without Zr correction
1.5}
E L
s 1.0}
Feo I )
0.5 48 iﬁ’
| [ ]
0.0F

8106Pd

Figure 4. Effect of isobaric corrections for ZrO" interferences. Measurements
of Zr-doped Pd standard solutions (triangles) have been used to define the
relationship between the Pd isotope ratios (solid line) and € 196pq due to ZrO+
interference alone. The € values for irons (Tlacotepec green, Iquique dark
yellow, Warburton Range-2 blue, and Skookum-2 red) are shown as open
squares before isobaric correction, and the corrected values are shown as filled
squares assuming € '°°Pd = 0. Note that on the left side the replicate samples
with negligible Zr interferences are plotted with a separate x-axis at the same
scale together with other IVB irons (gray dots). Replicate analyses of samples
with negligible Zr corrections, Warburton Range-1 and Skookum-1, are shown
as red and blue circles for comparison with analyses (Warburton Range-2;
Skookum-2) of the same meteorites with Zr corrections applied.

due to secondary neutron capture by the reaction '*'Ir(n,
£7)'9?Pt was demonstrated independently by Wittig et al.
(2013a) and Kruijer et al. (2013), with effects as large as ~50 ¢
u in € '?Pt. Since the neutron capture cross sections of Mo and
Ru isotopes are small relative to that of 103Rh, GCR damage on
those isotopes are negligible as shown by previous studies
(Chen et al. 2010; Burkhardt et al. 2011). Thus, in the mass
region between 90 and 110 the effects of GCR irradiation are
prone to strongly effect '°*Pd due to the reaction '“*Rh(n,
57)1%pd (Leya & Masarik 2013). Here, we show the first
empirical data to constrain the magnitude of the GCR
irradiation for this reaction. In Figure 5, the € 104pq correlates
well with the recently established in situ neutron dosimeter of €
192pt measured on the same irons (Wittig et al. 2013a)
highlighting that ubiquitous secondary neutron capture reac-
tions are recorded in IVB irons. Further, since € '°?Pt is also
correlated with € '®°Os and ¢ '®*W (Wittig et al. 2013a),
changes in each of these isotope ratios also correlate with €
1%4pq in IVB irons.
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measured on the same samples of IVB iron meteorites (Wittig et al. 2013a)
showing a strong cosmogenic increase in '**Pd from neutron capture on '*Rh.
Black squares represent individual measurements of IVB iron meteorites
(Table 1) and the black line is a linear regression through these data. Gray dots
represent modeled effects of GCR reactions for iron meteorites with an
exposure age of 945 Ma, Rh/Pd ratio of 0.6, and Ir/Pt of 1.03 (see the text for
further details) and the dashed line is the cosmogenic production line. Note that
the intercept for & '°*Pd at e '*?Pt = 0 is —0.48 € u while the slope of the IVB
irons is parallel to the cosmogenic production line. Kk: Kokomo; Hb: Hoba;
Sk: Skookum; WR: Warburton Range; Iq: Iquique; Dm: Dumont; Tc:
Tlacotepec; SC: Santa Clara; Ti: Tinnie; TV: Tawallah Valley.

4.1.2. Numerical Estimates of Cosmogenic Pd Isotope Anomalies

Calculations with the model of Leya & Masarik (2013) using
an exposure age of 950 Ma (Voshage 1984), a Rh/Pd ratio of
0.6 and a Ir/Pt ratio of 1.0 which is relevant to the composition
of the most irradiated IVB iron Tlacotepec (Campbell &
Humayun 2005; Walker et al. 2008), for different depths and
radii indicate a positive correlation with a slope of 0.029
(Figure 5) between ¢ '*?Pt and ¢ '**Pd. The same slope is seen
in the € 2Pt versus € '**Pd space of the IVB iron meteorites
(0.029 + 0.003). Hence, Pt and Pd record the same GCR effect
in the same samples indicating that Pd isotopes are a valuable
in situ neutron dosimeter in irons that have sufficiently high
Rh/Pd ratios. Importantly, using the correlation of ¢ '**Pt—e
14pq, the intercept of € '**Pd does not pass through the origin
at ¢ "9?Pt = 0, which indicates the presence of a nucleosynthetic
anomaly in € 194pq (discussed further below).

For '"®Pd/'*°Pd normalized ¢ values, the model also predicts
small positive anomalies of ¢ '°°Pd and ¢ ''°Pd with around the
same magnitude (for further details, see Leya & Masarik 2013).
Figure 6 shows the correlation between € '°°Pd, € ''°Pd and ¢
194pq together with model estimates. A very weak correlation
between € '°°Pd and e '®Pd is observed suggesting a some-
what lower € '°°Pd if GCR corrected than the given weighted
mean of all samples. Due to the errors of each individual
sample and the weak correlation we are not presenting GCR
corrected data for € '°°Pd. Virtually no correlation between &
"9pd and ¢ '"*Pd is observed. A nucleosynthetic anomaly in &
"%pd results in the intercept of this ratio being 0.46 € u higher
than the model prediction (Figures 2, 6), which assumed
terrestrial Pd isotopic composition as the starting composition
before cosmic-ray induced isotope shifts.
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Figure 6. Observed variation of € 110pq (above) and € '°°Pd (lower figure) with
¢ 19pd, with the modeled cosmogenic effect shown as gray dots. Note that the
IVB irons show initial negative anomalies in & '*Pd and distinct positive
anomalies in £ '"°Pd not associated with cosmogenic effects.

4.2. Nucleosynthetic Effects

Nucleosynthetic isotope anomalies are a property that is
inherited from the parent asteroid from which an iron meteorite
group chemically differentiated. Thus, for magmatic iron
meteorites, it should be a property of every member of that
group. This distinguishes nucleosynthetic isotope anomalies
from cosmogenic isotope anomalies that are properties of an
individual iron meteorite, being functions of its exposure age
and depth inside the irradiated body. The GCR corrected &
194pq for IVB irons exhibits a well-resolved negative anomaly
(—0.48 4+ 0.24 € u) consistently in all IVB irons analyzed
(Figure 5). Since the isotope '**Pd is the s-only isotope for Pd
this negative anomaly indicates an s-process deficit or an
r-process excess recorded in these IVB iron meteorites. Figure 7
shows the average Pd isotope composition of IVB irons
(corrected for GCR effects) compared with predictions for
nucleosynthetic s-process deficits or r-process excesses relative
to solar abundances. Using s-process yields from AGB stellar
or galactic chemical evolution (GCE) models (Arlandini
et al. 1999; Bisterzo et al. 2011, 2014) a s-deficit of —0.48 on
¢ '9%Pd should, in turn, result in a positive anomaly of about
0.44 ¢ u for € "'°Pd and a slightly negative anomaly in ¢ '°°Pd
of —0.09¢ u (Figure 7). Modeled curves for a Pd isotope
s-process deficit or r-process excess are calculated from two
distinct estimates of the AGB stellar model s-process yields
(Arlandini et al. 1999; Bisterzo et al. 2015) which yielded
nearly identical effects (Figure 7). Variations of the input
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Figure 7. Average Pd isotopic composition for 10 IVB iron meteorites; ¢ '**Pd
after GCR correction (see Figure 5). Open squares represent average [VB irons
using an error weighted mean. Gray area around the zero line represents typical
within-session reproducibility of the terrestrial standard for each isotope (‘**Pd
and '°®Pd are used for mass bias correction and, therefore, by definition, zero)
and highlights that isotope anomalies in '°*Pd and ''°Pd are clearly resolved.
The solid line indicates expected nucleosynthetic anomalies in Pd due to an
s-process deficit of 0.005% and the dashed line due to an r-process excess of
0.005% using s-process yields from Arlandini et al. (1999; black line) and
Bisterzo et al. (2015; gray line).

parameters based on uncertainties of the Maxwellian Averaged
Cross Sections (MACS) result in differences that are negligible
in comparison to the expected anomalies. For example, there is
a 10% uncertainty from the MACS (Bao et al. 2000) that
affects the estimated yield of € '>*Pd by 0.05 ¢ u. It should be
noted that uncertainties on the solar abundances of the Pd
isotopes are annulled by the normalization procedure employed
in determining the anomalies. The 10 IVB samples show a
positive anomaly in € ''°Pd of 0.46 + 0.12 (Figure 7). This
positive anomalg/ is in good agreement with the deficit in
e 1%%Pd. For € '°°Pd, the analytical precision is not sufficient to
resolve the small deviation from the reference of about 0.01 +
0.11 € u (Figure 7). To judge whether the Pd isotope anomalies
are r-process excesses or s-process deficits requires a precise
measurement of the p-process only € '’Pd, which was not
accomplished in the present study. Due to the higher
abundances of the p-only isotopes, the precise measurement
of the p-process isotopes is easier to perform for Mo isotopes,
where it was possible to show that the nucleosynthetic isotope
anomalies were s-process deficits (Burkhardt et al. 2011).

In Figure 8, the Pd isotope anomalies are compared with
anomalies in Mo (Burkhardt et al. 2011), Ru (Chen et al. 2010),
W (Qin et al. 2008; Wittig et al. 2013a; Kruijer et al. 2014) and
Os (Walker 2012; Wittig et al. 2013a). Predictions for resulting
s-process deficits or r-process excesses are made using yields
from AGB stellar models (Arlandini et al. 1999; Bisterzo
et al. 2011) or from GCE models (Bisterzo et al. 2014). Due to
the absence of branching points for the s-process pathway
through Ru and Pd differences between yields from AGB
stellar models (e.g., Arlandini et al. 1999; Bisterzo et al. 2011)
and yields from GCE models (e.g., Bisterzo et al. 2014) are
negligible. The GCE models predict slightly lower Mo
anomalies (~0.2¢ u) than AGB stellar models that are not
currently resolvable. The model curves are calculated by
subtracting 0.010%—-0.015% or 0.005%o s-process yields from
two separate models proposed by Bisterzo et al. (2011, 2015)
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and from Arlandini et al. (1999). For a given magnitude of the
deficit, the isotope anomalies calculated from the various
models are indistinguishable for Ru, Pd, W and Os. However,
due to the branching at *°Zr, the yields for the Mo isotopes
depend on the rate of the 22Ne-neutron source (Bisterzo et al.
2015). The recommended stellar rate of the 2*Ne-neutron
source (Model B) yields Mo anomalies identical to that
obtained from Arlandini et al. (1999), but the Bisterzo et al.
(2015) Model A with its 4 x enhanced rate for the 22Ne-neutron
source yields higher “°Mo, the normalizing s-only isotope in
Figure 8 for Mo. This has the effect of diminishing the anomaly
in r-only "%’Mo and increasing anomalies in the p-process Mo
isotopes (Figure 8). Since such an effect is not observed in the
Mo-Ru correlation we conclude that observed nucleosynthetic
anomalies in meteorites exclude the 4 x enhanced rate for the
22Ne-neutron source of the main solar system s-process.

Except for Os, which shows no resolvable anomaly, all
observed anomalies could be attributed to an s-deficit with the
Ru and Mo anomalies requiring a 0.010%—-0.015% s-deficit
(Dauphas et al. 2004; Chen et al. 2010; Burkhardt et al. 2011).
Figure 8 shows that Pd possesses an s-deficit (0.05%o) that is
about half of the magnitude observed in Ru and Mo, but similar
in magnitude to the anomaly observed in W (Qin et al. 2008;
Wittig et al. 2013a). By applying different models in Figure 8,
it should also be obvious that varying stellar parameters that
control the s-process such as the neutron density or temperature
do not explain the observed difference in magnitude of the
anomalies between Pd and Ru or Mo. The half-life of '*Ru (39
days) is less than that of Szy (64 days), so any parameter that
reduces the s-process yield at Pd by branching at '®*Ru would
significantly perturb the Mo isotope composition. Thus, no
individual AGB star, or aggregate of stars, can reproduce the
analytical results compiled in Figure 8.

Two sets of hypotheses have been postulated to account for
the observation of isotopic anomalies in meteorites and their
components. The first set of hypotheses maintains that these
anomalies represent lateral or temporal isotopic heterogeneity
in the solar accretion disk potentially due to supernovae input
(e.g., into the interstellar medium) of the r-process during star
formation (e.g., Qian & Wasserburg 2001; Yin et al. 2002;
Brennecka et al. 2012) and/or to winds from an AGB star
(Vanhala & Boss 2001). The second set of hypotheses exploits
the thermal processing of presolar grains in a solar accretion
disk that is initially homogeneous at a bulk isotopic scale, to
create enhancements or deficits of potential host phases that
then impart the observed isotope anomalies to the various
meteorites accreted from dust in the disk (Dauphas et al. 2004;
Regelous et al. 2008; Trinquier et al. 2009; Burkhardt
et al. 2012). These hypotheses will be evaluated using the
new Pd isotope data, below.

The classical r-process is now viewed as the combined
contributions from multiple neutron-rich astrophysical envir-
onments (Lattimer & Schramm 1974; Meyer et al. 1992; Qian
& Wasserburg 2001). Previously, r-process yields from core-
collapse supernovae were thought to dominate over neutron
star mergers (NSM; Argast et al. 2004), but more recent studies
estimate that NSM combined with Jet-SN can reproduce the
r-process abundances observed in old stars (Wehmeyer
et al. 2015). The neutrino wind-driven alpha particle process
is regarded as the key r-process site for the synthesis of
elements with A <100 (Woosley & Janka 2005; Roberts
et al. 2010). However, the neutrino-driven wind models do not
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Figure 8. Comparison of nucleosynthetic isotope anomalies observed in
IVB iron meteorites for Mo (Burkhardt et al. 2011), Ru (Chen et al. 2010), Pd
(this study), W (Qin et al. 2008; Wittig et al. 2013a), and Os (Walker 2012;
Wittig et al. 2013a) isotopes, together with a prediction for uniform s-process
deficits. For Os, data from Warburton Range, that has the least GCR damage, is
shown. The solid black line shows the pattern for a 0.005% s-process deficit
based on Arlandini et al. (1999) and the dashed gray line is based on the high
22Ne(a,n)stg production rates in Model A of Bisterzo et al. (2015). Yields
for the s-process deficit using model B in Bisterzo et al. (2015) are similar to
Arlandini et al. (1999) and are, thus, not shown here. The white band with the
solid black line represents an area of predicted nucleosynthetic anomalies
caused by 0.010%—-0.015% s-process deficits that fits the Mo and Ru data based
on Arlandini et al. (1999). The dark gray band with the dashed—dotted line
represents a case with high **Ne(a,n)*’Mg production rates (model A in
Bisterzo et al. 2015) and the light gray band with no lines represents the case
with slightly lower 22Ne(oz,n)stg rates (model B in Bisterzo et al. 2015). Note
that anomalies based on Arlandini et al. (1999) would fall on the same light
gray band. Observed nucleosynthetic Pd isotope anomalies are smaller than
those in Mo and Ru, while the predicted effects in Os are too small to clearly
resolve.

produce adequate prediction for abundances of A > 100,
critical to the nucleosynthesis of Ru and Pd, due to physical
aspects like magnetic fields or rotation that have not been
included in the models (Woosley & Janka 2005). Brennecka
et al. (2012) observed a distinct break between isotope
anomalies in nuclides with A < 140 and higher mass nuclides
for Ca—Al-rich inclusions (CAls) implying that distinct
r-process components (e.g., Wasserburg et al. 1996) may have
been added to the solar system between the time of formation
of CAlIs and that of bulk chondrites and planetary bodies. This
idea has support from astrophysical observations of old stars
containing distinct r-process elemental abundances (e.g., Burris
et al. 2000; Sneden & Cowan 2003) and from the distribution
of r-process radionuclides ('*°I/'®2Hf) in the solar system
(Wasserburg et al. 1996; Qian et al. 1998). However, Lugaro
et al. (2014) upwardly revised the s-process yields of '**Hf, so
the ratio ]291/ "82Hf no longer provides evidence of multiple
r-process sources.

In this light, the lower slope of the Pd-Mo correlation does
not indicate a need for invoking different r-process sites—
which are usually assumed to be in the mass region A > 110;
A>129 (i.e.,, L and H events Ott & Kratz 2008; CPR and
heavy r-nuclei Qian & Wasserburg 2007)—at lower mass range
between Ru and Pd. If Mo and Ru acquired additional r-process
contributions from core-collapse supernovae one would see the
distinct signature of this r-excess in the isotopic compositions
of Mo and Ru. R-process excesses can be distinguished from
s-process deficits due to coupling of the r- and p-process
anomalies in Mo and Ru that is not observed in the meteoritic
anomalies (Chen et al. 2010; Burkhardt et al. 2011). If, on the
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other hand, between A <100 and A > 100 different “r-
processes” are accountable for Mo, Ru, and Pd yields iron
meteorites might record the observed lower anomaly in Pd in
comparison to Mo and Ru. In this context, though, it is
important to note, that such r-process is thought to have
different r-process yields at IOSPd, 106Pd, 108Pd, and '"°Pd
(Hoffman et al. 1997; Roberts et al. 2010), than the solar
system r-process average (Arlandini et al. 1999; Bisterzo
et al. 2011). This would decouple € '**Pd and ¢ ''°Pd, which is
not observed in the IVB iron meteorites.

The Pd isotope evidence presented here is a challenge to the
first set of models, i.e., heterogeneity in supernovae and AGB
star input, since the models predict comparable isotope
anomalies in all elements with A < 140, which includes Mo,
Ru and Pd. The offset in the magnitude of the anomaly between
Mo-Ru and Pd (Figure 8) is not consistent with a solar system
scale variation of A < 140 nuclides versus A > 140 nuclides.
From this, we infer that the magnitudes of the nucleosynthetic
isotope anomalies in Mo, Ru and Pd are not controlled by the
stellar inputs, but must have been affected by subsequent
nebular processing.

Bulk meteorites show a correlation of the nucleosynthetic
isotope anomalies for the refractory and carbide-forming Ru
and Mo (Dauphas et al. 2004; Chen et al. 2010; Burkhardt
et al. 2011). The presence of large Ru and Mo isotope
anomalies in presolar SiC grains (Nicolussi et al. 1998; Savina
et al. 2004) suggests that circumstellar refractory carbides are
important carriers of these anomalies. The variations in Ru and
Mo nucleosynthetic isotope anomalies of different iron
meteorite groups and chondrites have been attributed to the
inhomogeneous distribution of their particular (SiC) carrier in
the solar nebula (Dauphas et al. 2004). If this were correct, then
no Pd isotope anomalies would be predicted to occur in iron
meteorites since Pd is not known to form carbides. Kashiv et al.
(2002) analyzed trace elements in presolar SiC by synchrotron
X-ray fluorescence using a 24.5 keV beam, energetic enough to
have excited Pd X-rays (Pd Ka = 24.35 KeV). They found Mo
and Ru but did not detect Pd, confirming that presolar SiC is
not the carrier of Pd isotope anomalies. Further, Pd is not
concentrated in refractory-enriched metal (e.g., Campbell
et al. 2003). Therefore, processing of SiC or refractory metal
carriers cannot account for the relative magnitudes of the
nucleosynthetic anomalies in Mo, Ru, and Pd (Figure 8).

Trinquier et al. (2009) observed that correlated isotopic
anomalies between nuclides that were created in different
astrophysical settings (**Cr, *°Ti, *°Ti) in bulk chondrites
indicated a thermal process imparting selective loss of unstable
presolar grains (Trinquier et al. 2009). The observed anomalies
in Pd isotopes are consistent with thermal processing of
presolar grain carriers that partially obliterated the nucleosyn-
thetic anomalies in Pd relative to those of Mo and Ru. We
conclude that the isotope anomalies for elements beyond the Fe
peak observed in bulk meteorites are also relicts that reflect
solar system processing.

5. CONCLUSIONS

The new Pd isotopic compositions reported in this study
for IVB irons establish the presence of substantial cosmogenic
and nucleosynthetic effects, both of which proved to be of
utility. The effects of the reaction 103Rh(n, 67)104Pd are
well correlated with isotopic effects produced by the reaction
r(n,3)'*?Pt. Model cosmogenic anomaly predictions starting
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with terrestrial Pd isotopic composition agree with the slopes of
the Pd isotopic compositions of IVB irons. Thus, Pd isotopic
composition may prove useful as an in situ cosmogenic neutron
dosimeter in other irons with sufficiently high Rh/Pd ratios.

The intercepts (Figure 5) reveal the presence of clearly
measurable nucleosynthetic effects in the 10 IVB irons reported
here, with € '**Pd = —0.48 £ 0.24, ¢ '°°Pd = 0.01 £ 0.11, and
e '"""Pd =0.46 + 0.12e-units. These nucleosynthetic effects
are consistent with s-process deficits, however, the magnitude
of the isotope anomaly in Pd is about half that observed in Mo
and Ru. Increasing the rate of the **Ne-neutron source affects
the isotope anomalies of Mo, but not those of Ru and Pd, so
that the recommended rates of Bisterzo et al. (2015; Model B)
are consistent with the observed isotopic anomalies in Mo—Ru—
Pd. On the other hand, the enhanced 22Ne(a,n)zSMg-neutron
source rate used by Bisterzo et al. (2015; Model A) gives
s-process results that are not consistent with the observed Mo—
Ru-Pd isotopic anomalies. The observed Mo—Ru-Pd relation-
ship implies that nebular processing of the presolar carriers
must have selectively reduced the anomaly due to the less
refractory character of Pd carriers, either metal or sulfides. The
presence of a nucleosynthetic isotope anomaly in Pd
demonstrates that isotope anomalies are not restricted to
exclusively refractory elements, but must have been pervasive
for all elements with A > 60 between planetary bodies in the
early solar system. The new Pd isotope data imply that the
survival of isotope anomalies is controlled, at least partially, by
the properties of the element and that the chemical processing
experienced by (presolar) dust in the early solar system appears
to control the magnitude of the observable anomalies. Elements
that occur in chemically volatile phases (e.g., Fe, Zn, Cu;
Moynier et al. 2007) are unlikely to exhibit nucleosynthetic
anomalies at the planetary scale, while Ni (Regelous et al.
2008) and Pd (this study) retained nucleosynthetic isotope
anomalies.
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