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Rocky asteroids and planets display nucleosynthetic isotope variations that are attributed
to the heterogeneous distribution of stardust from different stellar sources in the solar
protoplanetary disk. Here we report new high precision palladium isotope data for six
iron meteorite groups, which display smaller nucleosynthetic isotope variations than the
more refractory neighbouring elements. Based on this observation we present a new
model in which thermal destruction of interstellar medium dust results in an enrichment
of s-process dominated stardust in regions closer to the Sun. We propose that stardust is
depleted in volatile elements due to incomplete condensation of these elements into dust
around asymptotic giant branch (AGB) stars. This led to the smaller nucleosynthetic
variations for Pd reported here and the lack of such variations for more volatile elements.
The smaller magnitude variations measured in heavier refractory elements suggest that
material from high-metallicity AGB stars dominated stardust in the Solar System. These
stars produce less heavy s-process elements (Z > 56) compared to the bulk Solar System

composition.

The protoplanetary disk from which our Solar System formed incorporated dust that was
inherited from the collapsing molecular cloud. A few per cent of this dust formed around stars
with active nucleosynthesis and retained the extreme isotopic fingerprint of its formation
environment2. This dust, which is isotopically anomalous compared to Solar System
compositions, is here termed stardust. However, it is often also referred to as presolar grains
when found in meteorites. Most stardust in primitive meteorites originates from asymptotic
giant branch (AGB) stars, the site of s-process nucleosynthesis, with only small contributions
from supernovae environments>. The majority of the dust in the solar protoplanetary disk grew
in the interstellar medium (ISM) from a well-mixed gas phase as mantles on pre-existing nuclei.
These mantles likely inherited the composition of the local ISM, i.e., a near solar isotopic

composition'.

Nucleosynthetic isotope variations, relative to Earth, are well established for a range of
elements in bulk meteorites*. These variations mostly reflect the heterogeneous distribution of
isotopically distinct dust in the protoplanetary disk. It is generally thought that this
heterogeneity was established, at least in part, due to processes occurring in the protoplanetary
disk itself. Physical sorting of grains, either by mineralogical type® or size®, and selective
destruction of stardust by thermal processing in the protoplanetary disk’ or by aqueous
alteration on parent bodies'®, have all been proposed as possible mechanisms to generate
isotope heterogeneity. While these individual processes can explain nucleosynthetic variations
for specific elements, it is debated whether a unifying explanation for all elemental trends
exists!!. Therefore, considerable uncertainty remains as to which processes were important for

dust processing in the protoplanetary disk.

Nucleosynthetic variations in bulk meteorites are mainly limited to refractory elements*. The
neighbouring refractory elements Zr, Mo and Ru display well-defined and linearly correlated
nucleosynthetic variations®!!"'4, Each meteorite group shows a distinct s-process deficit in each
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of these elements, relative to Earth, which increases with the inferred formation distance of the
meteorite parent body from the Sun®'#!°. This can be accounted for by a heterogeneous
distribution of isotopes of s-process origin in the Solar System. Moreover, no nucleosynthetic
variations are reported for more volatile elements in the same mass region, e.g., Cd'®!” and
Te'®, suggesting that the elemental condensation temperature plays a role in preserving
nucleosynthetic variations. Palladium falls between Cd, Te and the refractory elements Zr, Mo
and Ru in volatility, making it ideal for testing the link between volatility and the origin of the
nucleosynthetic s-process variations. Earlier isotope data limited to the IVB iron meteorite
group indicate that nucleosynthetic Pd offsets are smaller than predicted from Ru and Mo s-
process deficits!®. Iron meteorites are enriched in siderophile elements such as Ru, Pd and Mo
and show distinct nucleosynthetic variations for Mo'* and Ru'*!>. They are thus ideal to
constrain nucleosynthetic Pd isotope variations and their link to volatility.

Results

We determined Pd isotope compositions for 24 samples from the IAB, ITIAB, 11D, IIIAB, IVA
and IVB groups (Supplementary Table 1; Methods). All data are presented in g-notation, where
¢ 1s the deviation of the sample isotope ratio from the terrestrial standard NIST SRM 3138 in
parts per 10,000 (see Methods). Several iron meteorite groups show isotopic variations between
their members, most notably the IID and IVB irons (Extended Data Figure 1). These variations
are not related to nuclear field shift effects (Extended Data Figure 2; Methods), however, they
correlate with Pt isotope ratios, which are affected by exposure to galactic cosmic rays and
provide an established cosmic ray exposure dosimeter (Extended Data Figure 3; Methods).
After correction for cosmic ray irradiation, each group except the IAB irons exhibits a
nucleosynthetic composition distinct from the terrestrial standard (Figure 1; Table 1). The
negative ¢'*Pd and £!°°Pd with concomitant positive £'!°Pd values indicate an s-process deficit
in meteorites relative to Earth based on isotope yields of s-process models?® (Figure 1). When
plotting Mo, Ru and Pd isotope data together (Figure 2) we find a linear relationship that traces
the processes that generated the nucleosynthetic heterogeneities in planetary bodies.

Table 1 | The nucleosynthetic Pd isotope composition of iron meteorite groups.

Group £12pd £1%pd £106pd £110pd
IAB 0.20 +0.26" 0.01+0.12 -0.01 £ 0.02 -0.05 + 0.05
IIAB 0.46 + 0.60" -0.12 £ 0.15 -0.05 + 0.07" 0.05+0.16"
1ID 0.20 +0.38" -0.56 + 0.12" -0.08 + 0.06 0.32+0.12"
1IAB -0.05 + 0.97 -0.29 + 0.26" -0.01 £ 0.09 0.22+0.19"
IVA 0.11 +0.37" -0.13 £ 0.07" -0.02 + 0.04 0.14 + 0.09"
VB -0.52 +0.41" -0.66 + 0.22F -0.09 + 0.06" 0.39 +0.13"

“Average of unexposed samples (Supplementary Table 2). Uncertainties represent 2
standard errors of the mean for all analyses from unexposed samples calculated using
the homoscedastic method (see Methods).

fCalculated via regression against £'%Pt (Supplementary Table 2). Uncertainties
represent the 2 standard deviation of the £Pd intercept.
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Figure 1 | The nucleosynthetic Pd isotope composition of iron meteorites. (a) The nucleosynthetic
composition of the IAB, IIAB, IID, IVA, and IVB groups (Table 1). Graphs are shown for (b) £'**Pd,
(¢) €'%Pd and (d) £'%Pd versus £''’Pd normalised to '®Pd/'*Pd for the analysed meteorite groups after
correction for cosmic ray exposure. Panel (¢) and (d) also include the Pd data for the IVB group from
Ref. 19 (denoted with a *). The primary nucleosynthetic source of each is isotope (p-, s-, or r-process)
is stated above the mass in panel (a). Long dashed lines depict an s-process mixing line, while short
dashed lines reflect r-process mixing lines calculated using Ref. 20. All data agree well with the trend
predicted by the s-process mixing lines. The results favour an s-process deficit in iron meteorites relative
to the Earth over an r-process excess, based on €!%Pd. Our value for the IVB group overlaps within
uncertainty with that reported by Ref. 19. The origin denotes the composition of the terrestrial isotope
standard NIST SRM 3138. Uncertainties on data points reflect either the 2 standard error of the mean
or the 2 standard deviation of the €'Pd intercept of a regression against £'*Pt (see Table 1).



Mixing interstellar medium grown dust with stardust

The linear correlation observed for samples from different bodies in our Solar System (Figure
2) provides evidence for mixing between two isotopically distinct reservoirs, with at least one
clearly distinct from the bulk Solar System composition. Here, we propose that these two
reservoirs are stardust (isotopically anomalous) and ISM dust whose isotopic composition
closely resembles average Solar System composition. We argue that this stardust fraction
mainly carries an s-process composition, because stardust with solar p- and r-process
composition has not been unequivocally identified in meteorites. While some stardust grains

C21,22

show enrichments in p- and/or r-process isotopes, e.g. Si and nanodiamonds®*?*, their

composition does not mirror the Solar System r-process isotopic component.

In addition, models of the weak r-process in core-collapse supernova neutrino winds do not
predict isotopic abundances close to those of the Solar System r-process component®®. Other
models for the weak r-process, such as electron capture supernovae, favour the production of
non-neutron-rich isotopes over classical r-process neutron-rich isotopes (e.g. *°Zr over *°Zr)*,
but these signatures are not observed in stardust either. Furthermore, in order to mimic the s-
process pattern identified in our data, stardust needs to contain the same proportion of p- and
r-process material as the bulk Solar System. This is an unrealistic assumption given that the p-
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Figure 2 | Correlation of e€**Mo and ¢'"Ru versus £€""'Pd for iron meteorite groups. The solid line
is the best-fit line for (a) £''°Pd— £”Mo (slope = -1.83 £ 0.58 (2 6), r* = 1) and (b) &''’Pd—&!”Ru (slope
=-2.3540.67 (2 6), r* = 1). Dashed lines represent the predicted mixing line calculated between the
isotopic composition of Earth and an s-process component defined by Ref. 20 for (a) £''’Pd—£"*Mo
(slope = -0.49) and (b) &''Pd—£'"Ru (slope = -0.85). Palladium data are internally normalised to
108pd/1%5Pd. Molybdenum data (internally normalised to *’Mo/**Mo) are from Ref. 11 and Ru data
(internally normalised to *Ru/!*'Ru) are from Ref. 13,15. Uncertainties on Pd data points the same as
in Figure 1. Uncertainties for Mo and ¢!"Ru are given as the 2 standard error of the mean and the
95% confidence interval, respectively.



process is believed to occur in core-collapse supernovae 2’, while the r-process most likely
occurs in neutron star mergers?®?°, two distinct stellar environments. A small enrichment of
supernovae derived material in the outer Solar System was proposed to account for the isotope
dichotomy between carbonaceous (CC) and non-carbonaceous meteorites (NC)*%32, If correct,
such an enrichment can only constitute a minor addition to the overall stardust and/or ISM dust
fractions (Extended Data Figure 4). Hence, contributions from p- and r-process material likely

represent only a minor fraction of the isotopically anomalous material that makes up stardust.

We therefore argue that the stardust reservoir, at first order, features an s-process composition
and predominantly consists of material from AGB stars that became C-rich via recurrent mixing
between the core and envelope (i.e., mass range 1.5 to 4 Me). These stars are the source of the
vast majority of presolar SiC grains identified in meteorites. The solar s-process component
estimated from the modelled yields of such stars?®* reproduces the nucleosynthetic variations
observed in Pd (Figure 1) and Zr’, Mo'"!* and Ru'*!> isotopes well. AGB stars with other
masses remain O-rich and are instead the source of the vast majority of oxide and silicate

t**. This dust does not contain observable s-process elements and is therefore unlikely

stardus
to significantly contribute elements heavier than Fe to stardust. Stardust contributions from the
Light Element Primary Process (LEPP) sources® and spinstars>° are also unlikely, because they
existed mainly in the early Universe. Given that the mean residence time for stardust in the
ISM is a few hundred million years®’, it is improbable that stardust from such environments
survived until the formation of the Solar System. Any s-process nuclei produced in these

environments are therefore part of the homogenised ISM dust fraction.
Thermal processing of dust

In the context of our model (Figure 3), the enrichment of s-process material in the inner Solar
System was achieved through the destruction of ISM dust in this region by thermal processing
such as photoevaporation induced by the radiation of the young Sun. Asteroids and planets
forming in the inner region inherited this enrichment. Significant processing of silicates could
occur as material accretes onto the disk®® or during FU Orionis outbursts of the young Sun®’.
In line with this, previous studies proposed silicates as the likely phase being destroyed during
thermal processing’?>!. Another attractive mechanism is the removal of ISM-grown organic-
rich icy mantles that are presumed to surround refractory dust grains*’. Refractory elements
can be implanted into such mantles by supernovae shockwaves in the ISM*!. These volatile
mantles will react to photoevaporation in the disk more rapidly than silicates and thus provide
a wider temperature range in which thermal processing takes place while preserving the
refractory stardust. Such a mechanism was previously suggested to explain volatile depletion
in the Solar System*?. Evidence for thermal processing of primitive Solar System materials is
provided by noble gases and the abundances of SiC, presolar diamond and insoluble organic
matter (IOM) in chondrites. Relative to CI chondrites, whose composition most closely
matches that of the sun, many chondrite groups contain at least one dust component that has
been processed at temperatures up to ~700 K®*. This may, at least partly, reflect thermal
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processing in the solar protoplanetary disk®. Additionally, differences in the abundance of IOM
and crystalline silicates between ISM material, primitive Solar System material such as comets
and interplanetary dust particles, and CI chondrites suggests that a significant fraction of dust
underwent thermal processing at temperatures of ~1000 K or higher in the disk**. Later mixing
between thermally processed and relatively pristine material can account for the abundances of
presolar components with different thermal susceptibilities observed in meteorites**.

AGB star explosive nucleosynthesis
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Figure 3 | Cartoon illustrating dust formation and evolution as proposed in our model (not to
scale). Stardust forms in different stellar environments with ongoing nucleosynthesis and retains the
unique isotope composition of its formation site. The trace element composition of AGB stardust
depends on the condensation temperature of individual elements and is depleted in volatile elements
compared to the bulk Solar System s-process component. Stardust in the Solar System mainly originates
from low mass AGB stars that produce grains with an s-process isotope composition (red squares). In
particular, Solar System stardust is sourced from high metallicity AGB stars that produce less heavy
elements (Z > 56) compared to the average Solar System composition. Dust from other stellar
environments (blue triangles), e.g. supernovae, contribute only a minor fraction to stardust. In dense
molecular clouds, dust condenses from the homogenised gas phase onto pre-existing grains forming
ISM dust/ice mantles around stardust (dark grey). Due to gravitational instabilities a part of the
molecular cloud collapses and forms a protoplanetary disk surrounding a proto-star. Thermal gradients
in the protoplanetary disk preferentially destroy ISM mantles in regions closer to the Sun (yellow
regions), which results in a relative enrichment of stardust, predominantly carrying an s-process
composition in the lighter elements (Z<56). It is possible that the composition of infalling material also
changed with time and/or thermal processing®®*!*>. Complete homogenisation between the inner and
outer Solar System is blocked by the formation of Jupiter’s core>>-¢, which leads to two compositionally
slightly different reservoirs.



We estimated the amount of ISM dust that was removed to recreate the 0.02 % s-process
material excess in the Earth compared to carbonaceous chondrites*. About 0.37 % of the initial
dust mass was removed in the form of ISM dust, assuming that stardust has the same isotope
composition as the bulk Solar System s-process component, that stardust accounts for 3 % of
the dust mass in the Solar System? and that the s-process accounts for 57.5 % of the Solar
System mass for elements heavier than Fe?° (see Methods for equations). This can be compared
to the scenario where p- and r-process enriched stardust is removed (analogous to Equation 6
in Methods). This requires only 0.008 % mass loss of the initial dust (~44 times less compared
to removing ISM dust). However, as discussed above, we discard this latter option because it
is improbable that different p- and r-process sources would produce dust with similar thermal

properties and in the same proportion as the solar p- and r-process component.
Incomplete condensation of elements around AGB stars

Noteworthy, the s-process deficits in Pd are smaller than predicted from the s-process depletion
of Mo and Ru isotopes in the same meteorite groups (Figure 2), in agreement with a previous
study of IVB irons'®. This implies that the relative abundance of Pd, compared to Zr, Mo and
Ru, in stardust is 3-4 times lower than in the bulk s-process composition of the Solar System.
Furthermore, Cd and Te concentrations must be even more depleted in stardust because of the
absence of nucleosynthetic variations in these elements in bulk meteorites'®!®. Changes in
stellar parameters including initial mass and metallicity do not affect the relative yields of Zr,
Mo, Ru, Pd and Cd (Figure 4; Extended Data Figure 5) and can therefore not explain the
reduced abundance of Pd and Cd in stardust. Likewise, enhanced rates of the ?Ne neutron
source during AGB nucleosynthesis are unable to reduce the Pd yields relative to the
neighbouring elements'®. Therefore, the Pd depletion in stardust is not a consequence of stellar
yields. We propose that it reflects incomplete condensation of elements into stardust around
AGB stars as a function of the elemental condensation temperature (Figure 3). Incomplete
condensation refers to the scenario where only a fraction of the elements in the gas phase
condense into dust, while the gas phase is lost. The typical temperature of dust forming regions
around AGB stars is ~1000 K*7, and hence a fraction of the elements with lower condensation
temperature will likely be retained in the gas phase. Astronomical observations identified a
distinct correlation between elemental abundances in the ISM gas phase and elemental
condensation temperature®, indicating that more refractory elements are preferentially
incorporated into dust. Evidence that the trace element composition of stardust depends on the
elemental condensation temperature is provided by presolar SiC grains that have been shown
to favourably incorporate refractory elements*®-*®. Additionally, it has been inferred that shock
processing of dust in the ISM increases the concentration of volatile elements in the gas phase®.
This suggests that dust enriched in more volatile elements is preferentially destroyed. Material
that enters the ISM gas phase, either by direct transport from stellar environments or by the
destruction of dust, is homogenised and anomalous isotopic signatures are lost. Therefore,

8



incomplete condensation of elements around AGB stars and potential destruction of more labile
stardust in the ISM can explain the smaller nucleosynthetic Pd variations relative to the more
refractory Zr, Mo and Ru (Figure 2) and the lack of nucleosynthetic variations in more volatile
elements such as Cd and Te.

Disconnect between light and heavy nuclides

Nucleosynthetic deficits smaller than those in Zr, Mo and Ru are reported for a number of

heavier elements, e.g., Ba, Nd and W, while no variations are detected in Pt and Os**°

. Many
of these elements are highly refractory and therefore these observations cannot wholly reflect
incomplete condensation around AGB stars. For example, the condensation temperatures of
ZrC, MoC, HfC and WC at C/O ratios typical of low mass AGB stars are all within the same
range*®. Instead, we propose that this trend was determined by the initial metallicity of the AGB
stars that contributed the majority of stardust to the protoplanetary disk. The production of
elements heavier than, and including, Ba (Z > 56; a magic neutron number) in AGB stars
decreases as the metallicity increases, relative to Zr, Mo, Ru and Pd (Figure 4). This is a well-
known feature of the '*C neutron source in AGB stars®! (Extended Data Figure 5), because Fe
seeds are more abundant in higher metallicity stars and capture more neutrons, which reduces

the production of heavier s-process elements. Meanwhile, the production of SiC and silicate
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(37 %*), Pd (53 %*) and Cd (70 %%*), relative to Mo (58 %*), are largely unaffected by the initial
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solar masses, CI values from Ref. 58. These trends are independent of the initial mass and are present
in all current AGB datasets (see Extended Data Figure 5).* Estimated s-process contribution to the solar
abundance from Ref. 20.



dust increases as a function of metallicity’>*}. Hence, most s-process stardust in the solar
protoplanetary disk likely originated from AGB stars with high metallicities, which was also
suggested to account for the isotopic composition of SiC grains®*. Models predicting the
contribution of silicate and SiC stardust from AGB stars with different metallicities to the Solar
System also support this hypothesis®’. As a result, the concentrations of heavier elements (Z >
56) in stardust, relative to Zr, Mo and Ru, are lower than in the bulk Solar System s-process
component. The heavier elements are predominantly carried by ISM dust that incorporated
homogenised material from AGB stars with a wide range of metallicities. This leads to the

smaller or non-detectable nucleosynthetic offsets in the heavier (Z > 56) refractory elements.
Origin of the NC-CC dichotomy

An extension to our model can account for the isotopic dichotomy noted between CC and NC
meteorites®2, whereby CC groups are enriched in supernova derived material. A small pervasive
enrichment of supernova derived material in the CC reservoir (Figure 3) recreates the
enrichment of light neutron-rich isotopes (e.g., *°Ti or **Cr) as well as the negative shift in
£”’Mo without changing the slope of the £”?Mo-&!°°Mo correlation (Extended Data Figure 4)
in agreement with meteorite data'!. This can be attributed to a compositional change in the
material infalling to the protoplanetary disk with time and/or by thermal processing®®*!, with
complete homogenisation between the two reservoirs (CC and NC) prohibited by the formation
of Jupiter’s core®>%, Therefore, a change in the composition of the infalling material is a viable

addition to the model presented here (Figure 3).
Conclusions

Our study represents a novel attempt to combine the nucleosynthetic variations identified in
planetary bodies with data for presolar grains, results from astronomical observations on the
origin and evolution of dust, and state-of-the-art nucleosynthetic models, to explain the origin
of planetary isotopic heterogeneity in our Solar System. We present the first model that can
simultaneously explain the origin of two prevalent nucleosynthetic features observed in rocky
bodies: the subdued isotope variations in (1) more volatile elements and (i1) heavier (Z > 56)

elements.
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METHODS

Samples. A total of 24 meteorites from the IAB, IIAB, IID, IIIAB, IVA and IVB iron meteorite
classes were selected for Pd isotope analyses (Extended Data Figure 1; Supplementary Table
1). Platinum isotope data were collected from the same sample aliquots and are published in
Ref. 50,59,60, except new Pt isotope data for the IVB iron meteorites Tlacotepec and Hoba,
the IVA iron meteorite Muonionalusta and the IID iron meteorite Rodeo (Supplementary Table
1). Four samples from the IID iron meteorite Carbo were analysed to evaluate the effects of
cosmic ray exposure (CRE). These samples were taken from a cross section through Carbo and
the CRE magnitude of each sample, inferred from offsets in £'32W/!**W and *He concentration,

increases in the order Carbo J > Carbo G > Carbo Y > Carbo A. Sampling locations are adjacent
to those of Ref. 61.

Chemical separation and isotope measurement by MC-ICP-MS. Palladium and Pt were
separated from a single sample aliquot using the methods described in Ref. 60,62. All Pd and
Pt isotope measurements were performed at ETH Ziirich using a Thermo Scientific Neptune
Plus multi collector-inductively coupled plasma mass spectrometer (MC-ICPMS) coupled with
a Cetac Aridus II desolvating introduction system and standard H cones. Results are reported

in epsilon notation (g), i.e. the deviation of the sample isotope ratio from the average of the
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Extended Data Fig. 1 | Palladium isotope composition of iron meteorites from the IAB, IIAB, 1ID,
IIIAB, IVA and IVB groups. All epsilon values are reported relative to '°°Pd and internally normalised
to 98Pd/!%Pd. Uncertainties on data points reflects the 2 standard error of the mean.
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bracketing NIST SRM 3138 (Pd) or NIST SRM 3140 (Pt) standards, given in parts per 10 000
relative to '®Pd or '">Pt. Palladium isotope determinations follow Ref. 62. Samples were
bracketed by the NIST SRM 3138 Pd standard matched to within 15 % of the sample
concentration. Sample solutions were diluted to ~100 ng ml"' Pd to achieve an ion beam
intensity between 5 and 7 x 107! A for 1Pd. All ratios were internally normalised to '*Pd/!*Pd
= 1.18899 (Ref. 63) using the exponential law. Additional normalisations are available in
Supplementary Table 1. Platinum isotope analyses followed the method outlined by Ref. 60.
Data were corrected for instrumental mass bias using the exponential law, and were internally
normalized to '*8Pt/!%3Pt = 0.2145 (Ref. 64). Sample solutions were diluted to give ion beam
intensities of between ~2 x 107'° and 4 x 1071° A for 1**Pt.

The reproducibility of the Pd isotope data. The external reproducibility of Pd was estimated
via a homoscedastic approach using the equations outlined in Ref. 65. By combining all
samples with 4 or more analyses, we derived a general 2 standard deviation (2 SDexernar) of
1.58 for £!92Pd, 0.26 for £!*Pd, 0.13 for £'%Pd and 0.27 £''°Pd. The uncertainty for each sample
is reported as the 2 standard error of the mean (2 SEsumpie). For samples where the number of
analyses (n) is less than 4 the 2 SEsumpie 1s calculated using the 2 SDexiernai (Equation 1). For
samples where n > 4 the 2 SEumpie is calculated using the 2 standard deviation of the individual
analyses of the sample (2 SDsumpie) o, if larger, 2 SDexternar (Equation 2).

n<4: 2 SEsampte = 2 SDexternal/\/nsample (1)

n=4: 2 SEsample = max (2 SDsample: 2 SDexternal)/\/ nsample (2)

The reproducibility of the Pt isotope data. The 2 standard deviation external precision was
determined using repeat analyses of the IIAB iron meteorite North Chile (our in-house
standard). Five aliquots of North Chile, passed through column chemistry independently, yield
a precision of 0.49 for £!°?Pt, 0.17 for €'**Pt and 0.07 for £!°°Pt (n=9)°° for ion beam intensities
of 4x 10710 A,

Elemental ratio measurements. Several samples were analysed for their Rh/Pd ratios based
on the method of Ref. 66. An aliquot of ~ 20 mg of material was taken from the digested sample
prior to the chemical separation of Pd and Pt for isotope analysis. This was dried and then taken
up in 0.5 ml 2 M HCI and refluxed on the hotplate at 100 °C overnight. Samples were then
diluted to 2.5 ml with ultra-pure H,O (MQ) and again refluxed. They were further diluted to 5
ml with MQ just prior to the ion exchange procedure. In preparation for the cation exchange,
Bio-Rad™ 2 ml Poly-Prep® columns were rinsed with MQ and then loaded with 2 ml of Bio-
rad™ AG® 50W-X8 200-400 mesh resin. The columns and resin were then rinsed with 5 ml
MQ, 10 ml 4 M HCl and finally with another 10 ml MQ. The resin was pre-conditioned with 4
ml 0.2 M HCI, before loading the sample in 5 ml 0.2 M HCI and washing with 4 ml 0.2 ml
HCI. These two fractions were combined and used to determine Rh/Pd ratios. After cation
exchange chemistry, all samples were dried and re-dissolved twice with 0.5 ml 5 M HNOs,
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before being diluted for analysis by a Thermo Scientific Element XR. Analyses were calibrated
against synthetic standards and repeat analyses of two aliquots of the meteorite Odessa indicate
a precision for the Rh/Pd ratio of better than 8 % (2 RSD). Blanks for this procedure are less
than 1 ng for Rh and Pd, and hence negligible. The determined Rh/Pd ratios are within the

range of those previously reported values for iron meteorites®”®’.

Evaluating nuclear field shift effects. Due to differences in the nuclear size and shape of
isotopes, particularly between odd and even mass isotopes, mass-independent fractionation can
occur during chemical exchange reactions’’. Nuclear field shift (NFS) effects can vary for each
aliquot that is processed through ion exchange chemistry, resulting in varying offsets for
meteorites from the same group. Additionally, multiple aliquots of the same sample may also
show variable Pd isotope compositions. The relative offset for each isotope can be modelled
based on the nuclear charge radii using the equation presented in Ref. 71. The largest effect in
Pd is expected on '%°Pd, the sole odd isotope (Extended Data Figure 2). Such effects propagate
on to all Pd isotope ratios when '°°Pd is used for internal normalisation, and result in positive
shifts in £!°Pd, £!%Pd, and £'°°Pd and a negative shift in ''°Pd (Extended Data Figure 2a). A
more suitable normalisation for detecting NFS effects is '%Pd/!Pd where a large negative

offset in €!%Pd is expected (Extended Data Figure 2). The IAB irons show the smallest
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Extended Data Fig. 2 | Nuclear field shift effects on Pd isotopes. (a) The Pd isotope pattern produced
by nuclear field shift effects, internally normalised to '°*Pd/'®Pd (short dashed line) and '°Pd/!%°Pd
(solid line), calculated using the equations from Ref. 89 and the charge radii from Ref. 90. (b) &'Pd
against ¢'"°Pd (internally normalised to '°*Pd/'%Pd; Supplementary Table 1) for five individually
processed aliquots of Toluca (IAB), Odessa (IAB), the other IAB meteorites, Rodeo (IID) and four
aliquots of Carbo (IID) sampled at different locations within the meteorite. The solid line shows the
nuclear field shift trend, internally normalised to '®Pd/'°Pd, and the dashed line shows an s-process
deficit/excess trend calculated using the s-process yields of Ref. 20. Uncertainties are shown as the 2
standard error of the mean.
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nucleosynthetic offsets of all the iron groups in other elements including, e.g. Mo and Ru'""!5,

and therefore they are the ideal samples to look for NFS effects that arise during chemical
separation. With one exception, all IAB samples, including the five individually processed
individual aliquots of Toluca, are within uncertainty of the bracketing standard (Extended Data
Figure 2b). Odessa is clearly resolvable from the other IAB meteorites, however, it does not
fall on the predicted NFS trend suggesting the offset is not caused by such effects (Extended
Data Figure 2). Similarly, the isotopic heterogeneities in the IID group between Rodeo and the
four samples of Carbo (IID) are not consistent with the NFS trend (Extended Data Figure 2).
These within-group variations are well matched by cosmic ray exposure effects. We therefore
find no evidence for NFS effects on Pd isotopes in our data, and can exclude this process when

interpreting variations in the iron meteorites.

Evaluating cosmic ray exposure effects. Mass-independent isotope variation can occur from
exposure to galactic cosmic rays as a meteoroid travels through space. Cosmic ray exposure
(CRE) leads to the production of secondary neutrons upon interaction with a meteoroid’?.
Within-group variations for iron meteorites due to CRE are reported for a range of different
elements, e.g., Mo, Ru, Pd, W, Os and Pt!3195061.6473.74 = Here we use £'°Pt as a neutron
dosimeter to quantify the CRE effects on Pd isotopes. For Pd, the reaction '**Rh(n,)!*Pd is
important because of the large difference in relative abundance of '“*Rh and 'Pd (100 % vs.
11 %), particularly as both elements occur at similar concentrations in iron meteorites®’:s,
Hence, Rh/Pd ratios are correlated with the CRE-induced effects on £!*Pd. Modelling predicts
that production from '®Rh is relatively large (3.5 €'%Pd per 1 £!°°Pt when Rh/Pd = 1), while

the production of '**Pd from Pd isotopes is low (0.1 £!%Pd per 1 £!?°Pt)"2.

All Pt and Pd isotope data in this study were determined on the same sample aliquot and thus
they can be compared without ambiguity. The CRE effects in each group were assessed by
fitting a linear regression for each Pd isotope ratio against £'*°Pt (Extended Data Figure 3). The
slope of the regression represents the £'Pd offset for every 1 £!°°Pt offset and the y-axis intercept
defines the nucleosynthetic Pd isotope composition. Regressions for the IAB, I1ID and IVB
groups all yield well-defined slopes (Extended Data Figure 3), while the slopes for the I[IAB,
IIIAB, and IVA irons show very large uncertainties because of the narrow spread of &!°°Pt
values (A £'”°Pt < 0.3; Supplementary Table 2), i.e. all samples within these groups had similar
exposure to CRE. No variations in £'%?Pd were identified and this suggests that £'?Pd is not
affected by CRE at our current level of precision, which is supported by CRE modelling’
(Extended Data Figure 3). For £'%Pd vs. !%°Pt, the regression must include the variable Rh/Pd
ratios of the samples’. Five samples do not have measured Rh/Pd ratios (see Supplementary
Table 1). Instead, a value was estimated based on the average of other samples in the same
group. With the exception of Carbo A and Carbo J, all samples without Rh/Pd ratios have low
&!%SPt values and therefore their Rh/Pd has little influence on the slopes calculated. The Rh/Pd
ratio was measured for Carbo Y and Carbo G and these give similar Rh/Pd ratios.
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Given the close sampling locations and similar €'%*Pd of Carbos Y and G and Carbos A and J,
the average Rh/Pd values are suitable for the latter samples. The £'°°Pt value of each sample
(! Ptsumpie) was then normalised to the median Rh/Pd ratio (Rh/Pdpmedian) of all samples
belonging to the same group, using the following equation:

(*"pq)

sample (3)

196 _ 196
€ " Ptyuormatiseda = € Ptsample X GO
Pd

median

where & ?°Ptuormaiiseais the renormalized €!°°Pt value of the sample and RA/Pdsampic is the Rh/Pd
ratio of the sample. After applying this formula, the best-fit line for each group was obtained
and the resulting slopes were re-normalised to Rh/Pd = 1 for ease of comparison
(Supplementary Table 2). The slopes of the £'°*Pd -¢!**Pt correlations for the IAB, 1ID and the
IVB irons are within uncertainty of each other (~2.6 + 1.3 for Rh/Pd = 1; Extended Data Figure
3b). The regression for £'%Pd against £!?°Pt yields consistent slopes across all three groups of
~0.30 = 0.15 (Supplementary Table 2; Extended Data Figure 3c). The IID and IVB irons define
slopes of ~0.55 + 0.30 in the &!'°Pd - £!°°Pt diagram (Extended Data Figure 3d), while the IABs
have a shallower slope of 0.26 + 0.38. However, all three slopes are within uncertainty of each
other (Supplementary Table 2; Extended Data Figure 3d). Overall, the consistency of the
e!™Pd, £!%Pd and £''°Pd variations against £'*°Pt for the different groups strongly supports
CRE as the source of within-group Pd isotope variations. These variations also agree well with
the modelled CRE effects by Ref. 72, providing further support of this conclusion
(Supplementary Table 2; Extended Data Figure 3).

Correcting for cosmic ray effects. To determine the nucleosynthetic isotope composition of a
group requires either samples with no CRE contribution, or alternatively a method for
correction of CRE effects. In reality, all samples may have experienced some exposure to CRE
and a tolerance limit for what can be considered negligible relative to the analytical
uncertainties was defined. For this study the tolerance limits, i.e. the maximum &'°°Pt value
where a sample can be considered unexposed, are 0.03 for ¢!**Pd (Rh/Pd = 1), 0.08 for £'°°Pd
and 0.1 for £''°Pd. These numbers were empirically estimated based on the typical £'*°Pt value
when the Pd isotope composition of a sample falls outside the uncertainty of the regression
intercept, i.e. the unexposed Pd isotope composition (Supplementary Table 2). The lack of
covariation between £'%?Pd and £'?°Pt implies that all £'°°Pd data in this study can be considered
unexposed. Unexposed values are preferentially selected over calculated intercepts to
determine the nucleosynthetic composition of each group, when available. When more than
one sample falls below the £!°°Pt limits stated above a weighted mean is used to calculate the
unexposed composition. All groups, with the exception of the IVB, have at least one sample
with a £!°°Pt value that falls below the limits stated above. All groups apart from the IAB irons
show nucleosynthetic effects that are distinct from the isotopic composition of the terrestrial
standard in the order [IVB > IID > IIIAB > IVA > [IAB > IAB = Earth (Figure 1; Table 1).
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Calculating dust removal. The cosmic abundances of elements heavier than Fe are produced
by three types of processes: the s-process, the r-process, and the p-process. Each of these is a
collection of several processes occurring in different stellar environments. Traditionally, three
s-process components appeared to be present in the Solar System. The production of the
elements from Fe to Sr has been attributed to the weak component, which occurs in the core
He- and shell C-burning phases of massive stars via the activation of the ?Ne neutron source’”.
The abundances of the heavier elements have been attributed to the main and strong
components (the latter referring specifically to Pb), which are well known to occur in low mass
AGB stars (~ 1.5 to 4 Mo) through the activation of the '*C neutron source’®. The 2’Ne neutron
source is also the dominant neutron source in more massive AGB stars (> 4 Mo; Ref. 77,78),
however, these stars do not produce enough s-process nuclei to be major contributors to the
elements heavier than Fe in the Galaxy*>7*8!. Early galactic chemical evolution models of the
neutron-capture elements have shown that roughly 30% of the solar elemental abundance of
the first s-process peak elements (Sr, Y, and Zr) is not accounted for and proposed the Light
Element Primary Process (LEPP) to produce the missing abundances>®. Proposed sources for
the LEPP do not necessarily produce typical s-process isotopic signatures and are usually
related to massive and/or low-metallicity objects in the early Universe, because it was
originally noticed that such LEPP components may be identical to those observed in very old
stars in the halo of our Galaxy. However, the need for this extra component is still debated®?.
Another possible contribution to the s-process was identified in low-metallicity, massive stars
that rotate much faster than massive stars in the local Universe (Spinstars®). This allows them
to produce s-process elements beyond Sr and contribute to the main component of the Solar
System composition®*®. For the r-process, a weak (up to Ba) and a strong component are
invoked to explain observations of elemental abundances in metal-poor stars. Both components
could have multiple stellar origins and various isofopic signatures, different from the residual
Solar System r-process isotopic composition (from core-collapse supernovae neutrino driven
winds®’, to electron capture supernovae®®). For the strong component, neutron star mergers now
appear to be an observationally confirmed site’®?. The p-process also has likely more than one
component and stellar site, ranging from the y-disintegration process in thermonuclear and
core-collapse supernovae, to neutrino winds and the alpha-rich freeze-out in core-collapse

supernovae (see e.g. Ref. 27).

In spite of this complexity, to which we will return below, as a first approximation let us
consider a simplified scenario whereby the mass (x) of a planetary body with an average Solar
System composition (Xso/urbody) can be summarised as the combination of the three traditional

components:

Xsolarbody = Xs t Xy + Xp “4)

where x;, x, and x, is the mass contributed by the different s-, -, and p-processes discussed
above, respectively. Nucleosynthetic variations in the Solar System are the result of a
heterogeneous distribution of one or more of these three components, or their subcomponents.
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The nucleosynthetic variations observed in rocky bodies and meteorites can be described as a
relative excess, or deficit, of the solar s-process component (e.g. Ref. 4). Using Xsoiarboay as our
starting point we can describe the mass of this body (X;ockp0ay), but with a given nucleosynthetic

variation as:
Xrockybody! = 1+ 2)xs + % + xp ®)]

where z is the excess/deficit of s-process material as a fraction of Solar System s-process
component (I.e. x; in Eq. 4). In the model presented here (see main text) we propose that
nucleosynthetic offsets are the result of a relative enrichment of stardust. This can be written

as:

xrockybody1 = (1 + Y)xstardust + XISM dust (6)

where Xswarause and xisas ause 1 the mass of stardust and ISM dust, respectively, and y is the
excess/deficit of stardust as a fraction of Solar System stardust component. Assuming that

stardust is entirely comprised of s-process material, xzsy aus: be described as:

XISM dust = (xs - xstardust) T+ X+ Xp (7

We can then solve for y by combining Eq. 5, Eq. 6 and Eq. 7:

y= 2t (8)

Xstardust

Nucleosynthetic variations are typically attributed to the removal of material in the solar nebula
rather than the addition of material. To achieve this we rewrite Eq. 5 and Eq. 6 as:

Xr+X
x. 4 Tt

x S (1+2)

©)

rockybody? =

_ X[SM dust
Xrockybody3 = Xstardust + (1+y) (10)

Note that while the relative mass of the rocky bodies in Eq. 5 and Eq. 6 are identical, this is not
true for Eq. 9 and Eq. 10. However, the relative proportion of the different nucleosynthetic
components remains the same for the rocky body produced all 4 equations. Because Xrockypody
is the same as Xsolarboay When z = 0 and y = 0 we can calculate the mass fraction of dust that has
been removed (fios:) to create a planetary body with a given nucleosynthetic composition using
the following equation:

Xrockybod,
fiost = 1— 20 (11)
Xsolarbody

The largest uncertainty in these calculations is the assumption that the stardust material being
removed/enriched has the same composition as the bulk x5, x, or x, components. The
composition of stardust is difficult to constrain as there are few data are available in literature.
For example, if the abundance of trace elements in stardust/ISM dust is only half that of the
bulk Solar System composition, then f,s: increases by a factor of 2 in both scenarios discussed
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in the main text. The presence of small amounts of p- and r-process stardust would also lower
the magnitude of the overall s-process composition of stardust, again increasing the value of

ﬁost~
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Extended Data Fig. 4 | Isotopic dichotomy between carbonaceous (CC) and non-carbonaceous

(NC) meteorites in €'°Mo-&gMo and &!'"’Pd-g!"?Pd. (a) The dichotomy reported in Mo is
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thermal processing of ISM dust mantles can explain this offset. (b) Only the IVB irons of the two
analysed CC-type iron meteorite groups (IID and IVB) show the negative shift in £!°?Pd predicted by
the isotopic dichotomy. Given the typical uncertainty on £'®Pd for individual meteorites (~ 1 &
Supplementary Table 1) due to the large Ru correction on '?Pd (Ref. 62), it is barely possible to resolve
the expected effect. The dashed lines indicate a mixing line between an s-process endmember® and the
terrestrial composition. The blue dashed line represents a mixing line between an s-process
endmember® and the terrestrial composition with a 0.008% enrichment in the residual r-process
component, estimated based on the Mo data. Mo data from Ref. 11,14 and Pd data from Table 1.
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of the x-axis intercept of a regression against £!°°Pt (See Table 1). Uncertainties on Mo data points
reflect either the 2 standard error of the mean (data from Ref. ') or the 95 % confidence interval (data

from Ref. 14).
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Extended Data Fig. 5 | Elemental ratios as a function of metallicity for FRUITY, Monash and
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proportion of light s-process elements (Y, Zr, Mo, Ru, Pd and Cd) vary little with different metallicities
and are independent of the initial stellar mass and nucleosynthetic model. All models show a clear trend
with the yield of heavy s-process elements (Ba, Ce, Nd, Hf, W, Pt, Os) decreasing, relative to the light
s-process elements, as the metallicity increases. Shown in panel Ce/Y are the observational data for Ba
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FRUITY data®*-° correspond to the total yield for non-rotating stars with a metallicity of 0.006, 0.08,
0.010, 0.014 and 0.020 and mass of 1.5, 2.0, 2.5, 3.0 and 4.0 Mo. Monash data®-*?® depict the yields
of stars with a metallicity of 0.007, 0.014 and 0.030 and mass of 1.5, 2.5, 3.0, 3.5 and 4.0 Me computed
with a mass extension of the mixing leading to the formation of the main neutron source "*C of 2x1073
(Mo < 3) and 1x103 (Mo > 3). NuGrid data® represent the final surface composition for stars with a
metallicity of 0.01 and 0.02 and mass of 2.0 and 3.0 Me. Elemental ratios are shown in standard
spectroscopic notation where [El/Ely]=log(El/Ely).-log(El/Ely)o, where El, and El, are abundances
by number.

References
1 Zhukovska, S., Gail, H.-P. & Trieloff, M. Evolution of interstellar dust and stardust in the solar
neighbourhood. 4stron. Astrophys. 479, 453-480 (2008).

2 Hoppe, P., Leitner, J. & Kodolanyi, J. The stardust abundance in the local interstellar cloud at
the birth of the Solar System. Nat. Astron. 1, 617-620 (2017).

3 Zinner, E. Presolar grains. In Meteorites and Cosmochemical Processes, Volume 1 of Treatise
on Geochemistry (Second Edition), 181-213 (Elsevier, 2014).

4 Qin, L. & Carlson, R. W. Nucleosynthetic isotope anomalies and their cosmochemical
significance. Geochem. J. 50, 43-65 (2016).

20



10

11

12

13

14

15

16

17

18

19

20

21

22

Regelous, M., Elliott, T. & Coath, C. D. Nickel isotope heterogeneity in the early Solar System.
Earth Planet. Sci. Lett. 272, 330-338 (2008).

Dauphas, N. et al. Neutron-rich Chromium Isotope Anomalies in Supernova Nanoparticles.
Astrophys. J. 720, 1577-1591 (2010).

Trinquier, A. et al. Origin of Nucleosynthetic Isotope Heterogeneity in the Solar Protoplanetary
Disk. Science 324, 374-376 (2009).

Huss, G. R., Meshik, A. P., Smith, J. B. & Hohenberg, C. M. Presolar diamond, silicon carbide,
and graphite in carbonaceous chondrites: implications for thermal processing in the solar
nebula. Geochim. Cosmochim. Acta 67, 4823-4848 (2003)

Akram, W., Schonbidchler, M., Bisterzo, S. & Gallino, R. Zirconium isotope evidence for the
heterogeneous distribution of s-process materials in the solar system. Geochim. Cosmochim.
Acta 165, 484-500 (2015).

Yokoyama, T., Alexander, C. M. D. & Walker, R. J. Assessment of nebular versus parent body
processes on presolar components present in chondrites: evidence from osmium isotopes. Earth
Planet. Sci. Lett. 305, 115-123 (2011).

Poole, G. M., Rehkdmper, M., Coles, B. J., Goldberg, T. & Smith, C. L. Nucleosynthetic
molybdenum isotope anomalies in iron meteorites — new evidence for thermal processing of

solar nebula material. Earth Planet. Sci. Lett. 473, 215-226 (2017).

Dauphas, N., Davis, A. M., Marty, B. & Reisberg, L. The cosmic molybdenum-ruthenium
isotope correlation. Earth Planet. Sci. Lett. 226, 465-475 (2004).

Fischer-Godde, M., Burkhardt, C., Kruijer, T. S. & Kleine, T. Ru isotope heterogeneity in the
solar protoplanetary disk. Geochim. Cosmochim. Acta 168, 151-171 (2015).

Burkhardt, C. et al. Molybdenum isotope anomalies in meteorites: Constraints on solar nebula
evolution and origin of the Earth. Earth Planet. Sci. Lett. 312, 390-400 (2011).

Fischer-Godde, M. & Kleine, T. Ruthenium isotopic evidence for an inner Solar System origin
of the late veneer. Nature 541, 525-527 (2017).

Wombacher, F., Rehkdmper, M., Mezger, K., Bischoff, A. & Miinker, C. Cadmium stable
isotope cosmochemistry. Geochim. Cosmochim. Acta 72, 646-667 (2008).
Toth, E., Schonbéchler, M., Friebel, M. & Fehr, M. Search for Nucleosynthetic Cadmium

Isotope Variations in Bulk Carbonaceous Chondrites. In Proc. 79th Annu. Meet. Meteorit. Soc.
(Lunar and Planetary Science Institute, 2016).

Fehr, M. A. et al. Tellurium isotopic composition of the early solar system—A search for effects
resulting from stellar nucleosynthesis, '*°Sn decay, and mass-independent fractionation.
Geochim. Cosmochim. Acta 69, 5099-5112 (2005).

Mayer, B., Wittig, N., Humayun, M. & Leya, . Palladium Isotopic Evidence for
Nucleosynthetic and Cosmogenic Isotope Anomalies in [VB Iron Meteorites. Astrophys. J. 809,
180-187 (2015).

Bisterzo, S., Gallino, R., Straniero, O., Cristallo, S. & Képpeler, F. The s-process in low-
metallicity stars — II. Interpretation of high-resolution spectroscopic observations with
asymptotic giant branch models. Mon. Not. R. Astron. Soc. 418, 284-319 (2011).

Pellin, M. et al. Heavy metal isotopic anomalies in supernovae presolar grains. In Proc. 37th
Lunar Planet. Sci. Conf. (Lunar and Planetary Science Institute, 2006).

Savina, M. R. et al. Isotopic Composition of Molybdenum and Barium in Single Presolar

21



23

24

25
26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

Silicon Carbide Grains of Type A+B. In Proc. 34th Lunar Planet. Sci. Conf. (Lunar and
Planetary Science Institute, 2003).

Maas, R. et al. Isotope anomalies in tellurium and palladium from Allende nanodiamonds.
Meteorit. Planet. Sci. 36, 849-858 (2001).

Ott, U. et al. New Attempts to Understand Nanodiamond Stardust. Publ. Astron. Soc. Aust. 29,
90-97 (2012).

Wanajo, S. The r-process in proto-neutron-star wind revisited. Astrophys. J. 770, L22, (2013).

Wanajo, S., Janka, H.-T. & Miiller, B. Electron-capture supernovae as the origin of elements
beyond iron. Astrophys. J. 726, L15 (2011).

Travaglio, C., Rauscher, T., Heger, A., Pignatari, M. & West, C. Role of Core-collapse
Supernovae in Explaining Solar System Abundances of p Nuclides. Astrophys. J. 854, 18
(2018).

Cote, B. et al. The Origin of r-process Elements in the Milky Way. Astrophys. J. 855, 99 (2018).

Pian, E. et al. Spectroscopic identification of r-process nucleosynthesis in a double neutron-star
merger. Nature 551, 67-70 (2017).

Nanne, J. A. M., Nimmo, F., Cuzzi, J. N. & Kleine, T. Origin of the non-carbonaceous—
carbonaceous meteorite dichotomy. Earth Planet. Sci. Lett. 511, 44-54 (2019).

Van Kooten, E. M. M. E. et al. Isotopic evidence for primordial molecular cloud material in
metal-rich carbonaceous chondrites. Proc. Natl. Acad. Sci. 113, 2011-2016 (2016).

Leya, L., Schonbichler, M., Wiechert, U., Kridhenbiihl, U. & Halliday, A. N. Titanium isotopes
and the radial heterogeneity of the solar system. Earth Planet. Sci. Lett. 266, 233-244 (2008).

Arlandini, C. et al. Neutron Capture in Low-Mass Asymptotic Giant Branch Stars: Cross
Sections and Abundance Signatures. Astrophys. J. 525, 886-900 (1999).

Lugaro, M. et al. Origin of meteoritic stardust unveiled by a revised proton-capture rate of 170.
Nat. Astron. 1, 0027 (2017).

Travaglio, C. et al. Galactic Evolution of Sr, Y, and Zr: A Multiplicity of Nucleosynthetic
Processes. Astrophys. J. 601, 864-884 (2004).

Maeder, A., Meynet, G. & Chiappini, C. The first stars: CEMP-no stars and signatures of
spinstars. Astron. Astrophys. 576, A56 (2015).

Gail, H.-P., Zhukovska, S., Hoppe, P. & Trieloff, M. Stardust from asymptotic giant branch
stars. Astrophys. J. 698, 1136-1154 (2009).

Pignatale, F. C., Charnoz, S., Chaussidon, M. & Jacquet, E. Making the Planetary Material
Diversity during the Early Assembling of the Solar System. Astrophys. J. 867, L23 (2018).

Bell, K., Cassen, P., Wasson, J. & Woolum, D. The FU Orionis phenomenon and solar nebula
material. In Protostars and Planets IV, 897-926 (University of Arizona Press, 2000).

Allamandola, L. J., Bernstein, M. P., Sandford, S. A. & Walker, R. L. Evolution of Interstellar
Ices. In Composition and Origin of Cometary Materials, 219-232 (Springer, 1999).

King, A. J., Henkel, T., Rost, D. & Lyon, I. C. Trace element depth profiles in presolar silicon
carbide grains. Meteorit. Planet. Sci. 47, 1624-1643 (2012).

Yin, Q.-z. From dust to planets: The tale told by moderately volatile elements. Astron. Soc. Pac.
Conf. Ser. 341, 632-644 (2005).

Davidson, J. et al. Abundances of presolar silicon carbide grains in primitive meteorites

22



44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

determined by NanoSIMS. Geochim. Cosmochim. Acta 139, 248-266 (2014).

Alexander, C. M. O. D. Re-examining the role of chondrules in producing the elemental
fractionations in chondrites. Meteorit. Planet. Sci. 40, 943-965 (2005).

Savage, B. D. & Sembach, K. R. Interstellar abundances from absorption-line observations with
the Hubble Space Telescope. Annu. Rev. Astron. Astrophys. 34, 279-329 (1996).

Lodders, K. & Fegley, B. Complementary Trace Element Abundances in Meteoritic SiC Grains
and Carbon Star Atmospheres. Astrophys. J. Lett. 484, L71 (1997).

Ireland, T. R. et al. Rare earth element abundances in presolar SiC. Geochim. Cosmochim. Acta
221, 200-218 (2018).

Lodders, K. & Fegley Jr, B. The origin of circumstellar silicon carbide grains found in
meteorites. Meteorit. Planet. Sci 30, 661-678 (1995).

Tielens, A. G. G. M. Interstellar Dust. In The Physics and Chemistry of the Interstellar Medium
117-172 (Cambridge University Press, 2005).

Hunt, A. C., Ek, M. & Schonbéchler, M. Platinum isotopes in iron meteorites: Galactic cosmic
ray effects and nucleosynthetic homogeneity in the p-process isotope Pt and the other
platinum isotopes. Geochim. Cosmochim. Acta 216, 82-95 (2017).

Cseh, B. ef al. The s process in AGB stars as constrained by a large sample of barium stars.
Astron. Astrophys. 620, A146 (2018).

Lewis, K. M., Lugaro, M., Gibson, B. K. & Pilkington, K. Decoding the Message from
Meteoritic Stardust Silicon Carbide Grains. Astrophys. J. Lett. 768, L19 (2013).

Ferrarotti, A. S. & Gail, H.-P. Composition and quantities of dust produced by AGB-stars and
returned to the interstellar medium. Astron. Astrophys. 447, 553-576 (2006).

Lugaro, M., Karakas, A. 1., Petd, M. & Plachy, E. Do meteoritic silicon carbide grains originate
from asymptotic giant branch stars of super-solar metallicity? Geochim. Cosmochim. Acta 221,
6-20 (2018).

Kruijer, T. S., Burkhardt, C., Budde, G. & Kleine, T. Age of Jupiter inferred from the distinct
genetics and formation times of meteorites. Proc. Natl. Acad. Sci. 114, 6712-6716 (2017).

Alibert, Y. et al. The formation of Jupiter by hybrid pebble—planetesimal accretion. Nat. Astron.
2, 873-87 (2018).

Cristallo, S., Piersanti, L. & Straniero, O. The FRUITY database on AGB stars: past, present
and future. J. Phys. Conf. Ser. 665, 012019 (2016).

Lodders, K. Solar System Abundances and Condensation Temperatures of the Elements.
Astrophys. J. 591, 1220-1247 (2003).

References Methods

59

60

61

Hunt, A. C. et al. Late metal-silicate separation on the IAB parent asteroid: Constraints from
combined W and Pt isotopes and thermal modelling. Earth Planet. Sci. Lett. 482, 490-500
(2018).

Hunt, A. C., Ek, M. & Schonbéchler, M. Separation of Platinum from Palladium and Iridium in
Iron Meteorites and Accurate High-Precision Determination of Platinum Isotopes by Multi-
Collector ICP-MS. Geostand. Geoanal. Res. 41, 633—647 (2017).

Markowski, A. et al. Correlated helium-3 and tungsten isotopes in iron meteorites: Quantitative
cosmogenic corrections and planetesimal formation times. Earth Planet. Sci. Lett. 250, 104-

23



62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

115 (2006).

Ek, M., Hunt, A. C. & Schonbichler, M. A new method for high-precision palladium isotope
analyses of iron meteorites and other metal samples. J. Anal. At. Spectrom. 32, 647-656 (2017).

Kelly, W. & Wasserburg, G. Evidence for the existence of Pd-107 in the early solar system.
Geophys. Res. Lett. 5, 1079-1082 (1978).

Kruijer, T. S. et al. Neutron capture on Pt isotopes in iron meteorites and the H~W chronology
of core formation in planetesimals. Earth Planet. Sci. Lett. 361, 162-172 (2013).

Steele, R. C. J., Coath, C. D., Regelous, M., Russell, S. & Elliott, T. Neutron-poor Nickel
Isotope Anomalies in Meteorites. Astrophys. J. 758, 59-80 (2012).

Fischer-Godde, M., Becker, H. & Wombacher, F. Rhodium, gold and other highly siderophile
element abundances in chondritic meteorites. Geochim. Cosmochim. Acta 74, 356-379 (2010).

Hoashi, M., Brooks, R. R. & Reeves, R. D. Palladium, platinum and ruthenium in iron
meteorites and their taxonomic significance. Chem. Geol. 106, 207-218 (1993).

Ryan, D. E., Holzbecher, J. & Brooks, R. R. Rhodium and osmium in iron meteorites. Chem.
Geol. 85,295-303 (1990).

Walker, R. J. et al. Modeling fractional crystallization of group IVB iron meteorites. Geochim.
Cosmochim. Acta 72, 2198-2216 (2008).

Bigeleisen, J. Nuclear Size and Shape Effects in Chemical Reactions. Isotope Chemistry of the
Heavy Elements. J. Am. Chem. Soc. 118, 3676-3680 (1996).

Fujii, T., Moynier, F. & Albaréde, F. Nuclear field vs. nucleosynthetic effects as cause of
isotopic anomalies in the early Solar System. Earth Planet. Sci. Lett. 247, 1-9 (2006).

Leya, 1. & Masarik, J. Thermal neutron capture effects in radioactive and stable nuclide
systems. Meteorit. Planet. Sci. 48, 665-685 (2013).

Wittig, N., Humayun, M., Brandon, A. D., Huang, S. & Leya, I. Coupled W—Os—Pt isotope
systematics in IVB iron meteorites: In situ neutron dosimetry for W isotope chronology. Earth
Planet. Sci. Lett. 361, 152-161 (2013).

Worsham, E. A., Bermingham, K. R. & Walker, R. J. Characterizing cosmochemical materials
with genetic affinities to the Earth: Genetic and chronological diversity within the IAB iron
meteorite complex. Earth Planet. Sci. Lett. 467, 157-166 (2017).

Pignatari, M. et al. The weak s-process in massive stars and its dependence on the neutron
capture cross sections. Astrophys. J. 710, 1557-1577 (2010).

Gallino, R. et al. Evolution and Nucleosynthesis in Low-Mass Asymptotic Giant Branch Stars.
II. Neutron Capture and the s-Process. Astrophys. J. 497, 388-403 (1998).

Garcia-Hernandez, D. A. et al. Rubidium-Rich Asymptotic Giant Branch Stars. Science 314,
1751-1754 (2006).

Garcia-Hernandez, D. A. et al. Hot bottom burning and s-process nucleosynthesis in massive
AGB stars at the beginning of the thermally-pulsing phase. Astron. Astrophys 555, L3 (2013).

Travaglio, C. et al. Galactic Chemical Evolution of Heavy Elements: From Barium to
Europium. Astrophys. J. 521, 691 (1999).

Képpeler, F., Gallino, R., Bisterzo, S. & Aoki, W. The s process: Nuclear physics, stellar models,
and observations. Rev. Mod. Phys. 83, 157-193 (2011).

Karakas, A. I. & Lugaro, M. Stellar Yields from Metal-rich Asymptotic Giant Branch Models.

24



82

&3

&4

&5

86

87

88

&9

90

91

92

93

94

95

96

97

98

99

Astrophys. J. 825, 26 (2016).

Cristallo, S., Abia, C., Straniero, O. & Piersanti, L. On the Need for the Light Elements Primary
Process (LEPP). Astrophys. J. 801, 53 (2015).

Pignatari, M. et al. The s-Process in Massive Stars at Low Metallicity: The Effect of Primary
14N from Fast Rotating Stars. Astrophys. J. 687, L95-1.98 (2008).

Frischknecht, U. et al. s-process production in rotating massive stars at solar and low
metallicities. Mon. Not. R. Astron. Soc. 456, 1803-1825 (2016).

Choplin, A. et al. Non-standard s-process in massive rotating stars. Astron. Astrophys 618, A133
(2018).
Prantzos, N., Abia, C., Limongi, M., Chieffi, A. & Cristallo, S. Chemical evolution with rotating

massive star yields — I. The solar neighbourhood and the s-process elements. Mon. Not. R.
Astron. Soc. 476, 3432-3459 (2018).

Bliss, J., Arcones, A. & Qian, Y. Z. Production of Mo and Ru Isotopes in Neutrino-driven
Winds: Implications for Solar Abundances and Presolar Grains. 4strophys. J. 866, 105 (2018).

Thielemann, F. K. ef al. What are the astrophysical sites for the r-process and the production of
heavy elements? Prog. Part. Nucl. Phys. 66, 346-353 (2011).

Fujii, T., Moynier, F. & Albaréde, F. The nuclear field shift effect in chemical exchange
reactions. Chem. Geol. 267, 139-156 (2009).

Angeli, I. & Marinova, K. P. Table of experimental nuclear ground state charge radii: An update.
At. Data Nucl. Data Tables 99, 69-95 (2013).

York, D., Evensen, N. M., Martinez, M. L. & De Basabe Delgado, J. Unified equations for the
slope, intercept, and standard errors of the best straight line. Am. J. Phys. 72, 367-375 (2004).

de Castro, D. B. et al. Chemical abundances and kinematics of barium stars. Mon. Not. R.
Astron. Soc. 459, 4299-4324 (2016).

Cristallo, S., Straniero, O., Piersanti, L. & Gobrecht, D. Evolution, Nucleosynthesis, and Yields
of AGB Stars at Different Metallicities. III. Intermediate-mass Models, Revised Low-mass
Models, and the ph-FRUITY Interface. Astrophys. J. Suppl. Ser. 219, 40 (2015).

Cristallo, S. et al. Evolution, Nucleosynthesis, and Yields of Low-mass Asymptotic Giant
Branch Stars at Different Metallicities. II. The FRUITY Database. Astrophys. J. Suppl. Ser. 197,
17 (2011).

Cristallo, S. et al. Evolution, Nucleosynthesis, and Yields of Low-Mass Asymptotic Giant
Branch Stars at Different Metallicities. Astrophys. J. 696, 797-820 (2009).

Karakas, A. I. et al. Heavy-element yields and abundances of asymptotic giant branch models
with a Small Magellanic Cloud metallicity. Mon. Not. R. Astron. Soc. 477, 421-437 (2018).

Fishlock, C. K., Karakas, A. 1., Lugaro, M. & Yong, D. Evolution and nucleosynthesis of
asymptotic giant branch stellar models of low metallicity. Astrophys. J. 797, 44 (2014).

Lugaro, M., Karakas, A. 1., Stancliffe, R. J. & Rijs, C. The s-process in asymptotic giant branch
stars of low metallicity and the composition of carbon-enhanced metal-poor stars. Astrophys.
J. 747, 2 (2012).

Battino, U. et al. Application of a theory and simulation-based convective boundary mixing
model for AGB star evolution and nucleosynthesis. Astrophys. J. 827, 30 (2016).

25



