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Abstract Analysis of bulk meteorite compositions has
revealed small isotopic variations due to the presence of
material (e.g., stardust) that preserved the signature of
nuclear reactions occurring in specific stellar sites. The inter-
pretation of such anomalies provides evidence for the envi-
ronment of the birth of the Sun, its accretion process, the
evolution of the solar proto-planetary disk, and the forma-
tion of the planets. A crucial element of such interpretation
is the comparison of the observed anomalies to predictions
from models of stellar nucleosynthesis. To date, however,
this comparison has been limited to a handful of model pre-
dictions. This is mostly because the calculated stellar abun-
dances need to be transformed into a specific representa-
tion, which nuclear astrophysicists and stellar nucleosynthe-
sis researchers are not familiar with. Here, we show in detail
that this representation is needed to account for mass frac-
tionation effects in meteorite data that can be generated both
in nature and during instrumental analysis. We explain the
required internal normalisation to a selected isotopic ratio,
describe the motivations behind such representation more
widely, and provide the tools to perform the calculations.
Then, we present some examples considering two elements
produced by the slow neutron-capture (s) process: Sr and
Mo. We show which specific representations for the Sr iso-
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topic composition calculated by s-process models better dis-
entangle the nucleosynthetic signatures from stars of differ-
ent metallicity. For Mo, the comparison between data and
models is improved due to a recent re-analysis of the 95Mo
neutron-capture cross section.

1 Introduction

Since its beginning, the study of the slow neutron-capture
(s) process has relied on the analysis of meteorites. Thanks
to the derivation of the solar abundances of the s-only iso-
topes1 from analysis of meteorites [1] the early s-process
studies of Don Clayton and collaborators [2–4] and Franz
Käppeler and collaborators [5] were able to define the first s-
process distributions and identify the weak, main, and strong
components. The reproduction of these components allowed
this pioneering research to study in great detail the charac-
teristics of the s-process neutron fluxes in terms of both their
exposure and density. It also provided first constraints on the
s-process astrophysical conditions, for example, in terms of
the temperatures that characterises its stellar sites (e.g., [6]).
The meteoritic abundances used in those early works charac-
terise the bulk composition of the Solar System.2 They were

1 These are isotopes that can only be produced by the s process, as
they are shielded from r -process production by a stable isotope with
the same mass but lower atomic number.
2 Note that the bulk isotopic composition of meteorites and planetary
objects mostly reflects the average abundances carried by the gas and
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reproduced initially by parametric models [7], and later by
stellar models, which were taken to be “typical” of the s-
process sources in the Galaxy [8–14]. Today, chemical evo-
lution models of the Galaxy (e.g., [15–17]) are employed to
interpret the composition of the Solar System. These mod-
els use as input the ejecta of many s-process stellar sources,
both massive stars and asymptotic giant branch (AGB) stars,
of different masses and metallicities, to calculate the evolu-
tion of chemical abundances as the Galaxy ages.

On top of this well-mixed, averaged isotopic composition,
small nucleosynthetic isotope variations between the aver-
ages of bulk meteorite groups have also been observed. This
indicates that large spatial isotopic heterogeneities were pre-
served in the early Solar System despite the strong homogeni-
sation of matter that must have occurred during accretion
and in the proto-planetary disk. For reviews of this complex
and far-reaching topic we direct the reader to [18–23]. In
brief, such heterogeneities are extremely small, with mea-
sured variability of the order of 10−4 −10−5, but they can be
measured with sufficiently high precision, ∼ 10−6, that they
can be interpreted as significant signals. This improvement
in analytical precision is primarily due to methodological
advancements in high-precision multi-collector inductively
coupled mass spectrometry (MC-ICPMS), and in the chem-
ical treatment of samples. The discovered nucleosynthetic
isotope variations could have been inherited from an origi-
nally heterogeneous molecular cloud (including roughly 1%
pre-solar dust) and/or represent the product of thermal, grav-
itational, and/or chemical processing in the proto-planetary
disk itself (e.g., [24–28]). Newly synthesised stellar material
could also have been added (e.g., [29,30]) during the accre-
tion and/or onto the proto-planetary disk once it had already
formed, and the accreting material could have varied with
time and/or space according to the composition of the ejecta
of potentially nearby stellar objects, e.g., [31].

Possible carriers of the observed nucleosynthetic isotopic
variations are “stardust” grains, i.e., micro-minerals that
formed directly in the ejecta of stars and supernovae and
were present in the pre-solar dust inventory of the original
solar molecular cloud (which included both stardust and dust
formed in the interstellar medium). Some of these grains are
relatively resistant to destruction and survived as individ-
ual dust grains in the interstellar medium and in the proto-
planetary disk. They were preserved inside primitive mete-
orites that never experienced complete melting, and have
been identified and recovered because of their extreme iso-
topic anomalies [32]. Stardust grains are effectively tiny sam-
ples of stellar material and their compositions can be directly
compared to stellar model predictions (e.g., [32–35]). For

dust present in the Milky Way interstellar medium at the place and time
of the formation of the Sun. The elemental abundances instead are also
strongly affected by secondary chemical processing.

example, the vast majority of stardust silicon carbide (SiC)
grains recovered from meteorites formed in the external lay-
ers of C-rich asymptotic giant branch (AGB) stars and carry
the signature of the s process in the isotopes of many of the
elements heavier that iron, from Sr, Kr, and Zr up to Ba,
Nd, and Sm, see, e.g., [36]. In brief, AGB stars are the final
phases of the life of low-mass stars (with an initial mass
roughly lower than 10 times the mass of the Sun, see review
by Karakas and Lattanzio [37]). They experience H and He
burning in their deep layers and the material processed by
nuclear reactions is carried to the stellar surface via recurrent
mixing episodes. In particular, He-burning is only partially
activated at the bottom of the convective thermal pulses in
AGB stars, producing more carbon than oxygen. Therefore,
mixing of this material to the stellar surface allows some of
these stars to become C-rich (C>O) and produce C-rich dust
such as SiC.

Dauphas et al. [38] found variations in Mo and Ru in mete-
orites that clearly follow the pattern of the s-process nucle-
osynthesis that occurs in AGB stars (Fig. 1). Since then, bulk
meteorite data has been collected for many more elements
(see, e.g., [27] and Table 1). The data shows that the Earth
carries the largest s-process excess identified in the Solar
System, for example, for Mo and Ru. This has been inter-
preted as evidence that s-process-rich material was present
in the innermost part of the disk [23,39]. The s-process sig-
natures may have been generated, for example, by thermal
effects in the proto-planetary disk as a function of heliocentric
distance and/or other disk features. These effects may have
resulted in a distribution of stardust SiC grains from AGB
stars different from the distribution of pre-solar dust parti-
cles that condensed in the interstellar medium. For example,
the pre-solar SiC stardust that carried the s-process signature
may have survived better closer to the Sun than the other
pre-solar dust [26].

While the s-process variations appear continuous, other
heterogeneities are discontinuous instead. A compositional
“dichotomy” is observed between different types of mete-
orites: the non-carbonaceous (NC) and carbonaceous (CC)
meteorites that may have formed in the inner (< 3AU)
and outer (> 3AU) parts of the disk, respectively [40].
This dichotomy is most apparent in the neutron-rich iso-
topes of intermediate-mass and iron-group elements (e.g.,
[24,41,42]), such as 48Ca, 50Ti, and 54Cr; elements heavier
than iron affected by neutron captures, such as Mo (Fig. 1)
and Ru (e.g., [43]); and other isotopes of explosive nucle-
osynthesis origin, such as 58Ni (e.g., [25]). The dichotomy
has been attributed, for example, to the presence of two
dust reservoirs in the proto-planetary disk. Although the
origin of these variations is unclear, the carriers may have
included stardust Cr-rich oxide grains [44] originating in
core-collapse or other types of supernovae [45,46]. Among
the possible mechanisms suggested for creating the two reser-

123



Eur. Phys. J. A (2023) 59 :53 Page 3 of 15 53

Fig. 1 Mo isotopic variations measured in different meteoritic objects,
shown in the usual representation where isotopic ratios are plotted
against each other. The derivation of the ε quantities reported on each
axis is described in detail in Sect. 2.1. In brief, they are internally nor-
malised isotopic ratios (using 98Mo/96Mo) relative to the laboratory
standard used during the measurement (the [0,0] point by definition,
close to the natural terrestrial value, but not necessarily identical). Error
bars are not reported for sake of clarity, with 2σ uncertainty for most
data points of the order of ±0.1 to ±0.5. The data are from: (i) the com-
pilation of [39] for meteoritic bulk rocks classified in the two NC and CC
groups according to their composition with respect to observed isotopic
dichotomy, with the NC and CC lines from [48]; (ii) the compilation
of [49] for calcium-aluminum-rich inclusions (CAIs), which have sizes
of roughly a few cm, are found mostly in primitive meteorites, repre-
sent the first solids to have formed in the Solar System, and show the
largest deviation from the bulk solar composition; and (iii) [50], for the
the best fit trend line for meteoritic mainstream (MS) stardust silicon
carbide (SiC) grains that originated from AGB stars, the main sources
of the s process in the Galaxy

voirs are, for example, the formation of Jupiter [47] and the
migration of the snow line in the proto-planetary disk [30].
While all such speculations seem reasonable, and despite the
extensive observational data available, there is no consen-
sus yet on a full scenario that can explain the origin of the
large length-scale nucleosynthetic variation along the proto-
planetary disk recorded in meteorites.

Molybdenum is an example of an element for which
the measured bulk isotope composition is available for a
wide range of meteorites, showing both the composition
dichotomy between the CC and NC groups and the s-process
trend (Fig. 1). We do not discuss the nucleosynthetic origin of
the Mo dichotomy here, but note that it is unlikely to originate
from the rapid neutron-capture (r ) process. This is because
r -process sites in the late Galaxy (such as compact mergers,
or special types of supernovae, see, e.g., the review by [51])
are either extremely rare or do not produce the dust needed to
preserve and carry an r -process anomaly into the Solar Sys-
tem. The nucleosynthetic origin of the Mo dichotomy may
be instead related to neutron-capture nucleosynthesis in core-
collapse supernovae. These are more common stellar objects
well known to produce dust, as also evidenced by the pres-
ence of such grains in the stardust inventory, e.g.. [52–54]).
In general, cosmochemists focus on matching the observed

variations using the s-, r , and p-process isotopic abundances
predicted for the bulk Solar System [11,55]. However, the
observed variations could also derive from sources that are
not major contributors to the Solar System compositions. In
fact, Stephan and Davis [56] proposed that distinct s pro-
cesses from different AGB star sources may be responsible
for the Mo dichotomy. Figure 1 shows that both the NC and
CC groups follow continuous trends on two lines almost par-
allel to the trend of mainstream (MS) stardust silicon carbide
(SiC) grains (and consistent with an s-process signature, as
we will show in Sect. 3.2). This supports the idea that the
nucleosynthetic variability within the CC and NC groups may
have been controlled by the distribution of SiC grains in the
proto-planetary disk [26].

To obtain a full picture, it is necessary to compare mod-
els of the s process in AGB stars to meteoritic data for all
the available elements, i.e., to add model predictions onto
Fig. 1. As presented in detail in the following methodology
section, however, this data-model comparison is far from triv-
ial and special considerations are required. In brief, models
predictions are given as abundances of each given isotope,
while meteoritic data are given as ratios between two iso-
topes, normalised to another given ratio with an assumed
value. This is usually referred to as “internal normalisation”
and it is necessary to correct for the ubiquitous presence of
mass-dependent fractionation, which does not reflect nucle-
osynthethic effects. While such transformation involves los-
ing some information, also because mass-dependent effects
may mimic nucleosynthetic effects, it is a necessary step as
we demonstrated below. Furthermore, the meteoritic data do
not represent pure stellar nucleosynthetic compositions but
only very small deviations towards it and away from the solar
composition. This indicates that the stellar material was sig-
nificantly diluted, which points to a relatively small amount
of stardust carriers inside the meteorite relative to the rest of
the isotopically solar material.

A straightforward way to compare stellar models with
meteorite data is to apply the internal normalisation proce-
dure to the stellar models. This makes it possible to evaluate
several stellar models at once in relation to the same mete-
orite data. There are two approaches to applying the internal
normalisation procedure to stellar models. The first approach
is to construct a synthetic sample by adding a small amount
of stellar abundance to the solar abundance, for any given
isotope:

CSMP = C� + (CSM × x) (1)

where CSMP is the abundance of the synthetic sample, C�
is the solar abundance, CSM is the stellar abundance and x
is the dilution factor of the stellar abundances relative to the
solar abundances. The value of x is such that the magnitude
of the internally normalised values of CSMP are comparable
to that of bulk meteorites, e.g., Simon et al. [57] and Fig. 2.
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The resulting composition can then be internally normalised.
The second approach is to use a linearised version of the
internal normalisation procedure that can be applied directly
to CSM , e.g., Dauphas et al. [38]. As we show in the Sup-
plementary Materials these two approaches result in almost
identical slopes, when close to the solar composition, of the
mixing lines between the solar composition and the stellar
end-members. Such slopes are the quantity that allows us to
compare the models to the data, as we will describe in detail in
Sect. 2.2. Another way to compare meteorite data with stellar
models is to proceed in the reverse way and renormalise the
meteorite data to fit the stellar end-members, e.g., Stephan
and Davis [56]. This approach is most useful if the stellar
components involved are well constrained, as for Mo where
abundant stardust data provide good constraints on the com-
position of the stellar end-members [56]. We will not discuss
this alternative method in further detail here because we aim
to provide guidelines for the stellar modellers and nuclear
astrophysicists to manipulate their model predictions in order
to access the comparison to the meteorite data.

The aim of this paper is to describe and explain the
methodology to compare data and models and highlight pos-
sible obstacles and limitations. We will show the results of
the internal normalisation procedure as applied to examples
of s-process abundances to demonstrate that it is not intu-
itive to make even a qualitative comparison using raw stellar
model abundance predictions. In Sect. 2 we outline the prob-
lem and its solutions, in Sect. 3 we show some examples of
the effect of the procedure described in Sect. 2 on s-process
abundances, including the models predictions for Fig. 1. We
will summarize our methods and results, draw conclusions,
and propose future work in Sect. 4.

2 Methodology

The determination of stellar signatures hidden within the
isotopic composition of meteorites via mass spectrometry
is a complex task because of the analytical challenges and
because of the presence of effects other than stellar nucle-
osynthesis that can affect the isotopic abundances. High pre-
cision isotope analysis generally requires careful chemical
separation of the target element because isobaric interfer-
ences3 must be eliminated for accurate results, and because
the presence of matrix material can affect both the accuracy
and precision of the instrumental analysis [61]. There are two
types of isotopic variation found in meteorites: mass depen-

3 These occur when isotopes of different elements with nearly identical
atomic mass are collected together with the target isotopes. Resonance
ionization mass spectrometry uses highly specific laser beams and is
capable to ionize the target element without isobaric interference. This
method has been used to analyse single stardust grains, e.g., [58,59],
and chondrules from meteorites [60].

dent and mass independent and they are briefly described
below. For a more comprehensive discussion on the differ-
ent types of isotope variations found in meteorites and their
components we refer the reader to the reviews by Rehkämper
et al. [61] and Dauphas and Schauble [18].

Mass-dependent isotope fractionation (MDF) results in
variations of the order of up to few % and arises from phys-
ical, chemical, and geological processes that may occur in
nature and/or during chemical separation and isotope analy-
sis. As the name indicates, this type of fractionation is a func-
tion of the isotope mass and occurs during kinetic fractiona-
tion, where light isotopes are often enriched in the reaction
product, and equilibrium reactions, where the heavy isotopes
are generally enriched in the material with the stiffest chem-
ical bonds [62]. Mass-dependent fractionation occurs during
instrumental analysis (see [18,61] for reviews) and chemical
separation of the element via ion exchange chromatography,
although this can generally be avoided if more than 95%
of the target element is recovered during the chemical pro-
cedure. Correcting for MDF is therefore a vital step in the
processing of isotope data. This correction, and how it may
obscure other isotopic signatures, is explained in the next sec-
tion. Note that for stardust the measured isotope ratios can
be corrected for instrumental MDF using external standards
and the remaining natural MDF is insignificant relative to
the much larger observed stellar nucleosynthesis anomalies.
This means that, like stellar predictions, stardust composi-
tions cannot be directly compared against high precision data
that has been corrected for MDF.

Mass-independent isotope variations are, for example, the
stellar nucleosynthetic signatures in bulk meteorites, of the
order of ≤ 10−4, now resolved at the order of 10−5 to 10−6.
Other examples include effects from the radioactive decay of
unstable isotopes, photochemical processes, such as the self-
shielding during CO photodissociation invoked to explain
O isotope variations in the Solar System, and interaction of
material with galactic cosmic rays, which leads to the pro-
duction of isotopes via spallation and/or secondary neutron
capture reactions [63]. The last effect can be corrected using
cosmic neutron dosimeters, i.e., isotopes for which such pro-
duction is well characterised (for example, the isotopes of Pt
[26,64]). The different size and shape of isotopes can also
give rise to nuclear field shift effects [65], although these
typically do not have a significant impact.

2.1 Internal normalisation procedure

When comparing stellar model predictions and stardust com-
positions to bulk meteoritic data, it is imperative to follow the
same data reduction procedure that was used for the mete-
orite isotopic data set considered and is usually specific to
the instrument used to collect the data. In-situ measurements,
such as secondary-ion mass spectrometry SIMS routinely
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employed for stardust, are not able to resolve nucleosyn-
thetic differences between average bulk meteorite groups due
to their relatively lower precision. There are two other major
types of instrumentation for high-precision analysis of bulk
meteorites: thermal-ionization mass spectrometry (TIMS)
and multi-collector inductively-coupled-plasma mass spec-
trometry (MC-ICPMS). These are capable of producing iso-
tope data of an element with a precision down to a few part per
million (ppm) in a ∼1 to 100 mg of sample material dissolved
in acidic media. The MDF effects from such kind of measure-
ments are usually in the permil range for TIMS and percent
range for MC-ICPMS. The exact degree of MDF needs to
be determined for each measurement (see, e.g., [61,66,67])
and changes with time during analysis. The TIMS and MC-
ICPMS analyses yield degrees of MDF that are often sig-
nificantly larger than any observed natural mass-dependent
and mass-independent variation (although in some instances
nucleosynthetic effects in stardust and leachate samples can
be larger), and are routinely corrected for by internal normal-
isation schemes.

The correction of MDF by internal normalisation assumes
that one of the measured isotope ratios is identical to the
known/published value of a chosen terrestrial standard. The
difference between the measured and the reference value for
this particular ratio is then used in the MDF correction proce-
dure. Any mass-independent variation on the normalisation
ratio will result in a modification of the MDF correction, and
this in turn can drastically change the signature of the result-
ing mass-independent data, as we will demonstrate in Fig. 2.
The exponential law for isotope fractionation described by
Russell et al. [68] for Ca is commonly applied to isotope stud-
ies of different elements for both TIMS and MC-ICPMS anal-
ysis.4 This laws states that the MDF correction applied to the
mass-fractionated measured ratio (r )5 of two isotopes i and
j is derived from the corresponding not mass-fractionated
ratios (R) as an exponential function of the ratio of their
masses mi and m j :

Ri j = ri j

(
mi

m j

)−β

, (2)

where β is a measure of the MDF. For TIMS and MC-ICPMS
analyses, ifmi > m j , the value of β will generally be positive

4 Note that, in general, correction of mass-dependent data needs to be
carefully made using the appropriate fractionation law. For example,
material that has experienced equilibrium effects would not follow the
exponential law, and assuming such law in this case would create an
artificial mass-independent effect. In many cases, we do not know which
law is the correct one to use. Nevertheless, the exponential law has been
found to adequately account for the MDF in the majority of studies.
5 Note that in Sect. 3, we will also use the symbol r in Eq. (2) for
stellar model abundances - even though these ratios do not contain a
mass-dependent component.

as these instruments favour increasing the abundance of the
heavier relative to the lighter isotopes.6

Since isotopes of the same element have identical chemi-
cal properties, all isotopes during a single measurement fol-
low the same mass fractionation law, i.e., the value of β is
the same. The j reference isotope at denominator is usually
chosen such that it has a high abundance and no isobaric
interferences, in order to minimize statistical uncertainties
and the error correlation between ri j and rk j , the ratio used
for internal normalisation. If we then consider Eq. (2) but
applied to the ratio k j used for internal normalisation, where
the denominator isotope is by convention always the same,
we can extract the exponent (−β), equate the two expres-
sions, and calculate Ri j of a sample (SMP) as:

RSMP
i j = rSMP

i j

(
RSTD
k j

rSMP
k j

) ln (mi )−ln (m j )
ln (mk )−ln(m j )

, (3)

or, changing the final step of the derivation eab = (ea)b

to have the exponent = −β, as:

RSMP
i j = rSMP

i j

(
mi

m j

) ln (RSTD
k j )−ln (rSMP

k j )

ln (mk )−ln(m j )

, (4)

where it is assumed that RSMP
k j = RSTD

k j , i.e., the reference
value used for the internal normalisation, usually the terres-
trial standard (STD). Note that an element needs at least 3
stable, measurable, isotopes to account for the MDF using
this approach. If the final aim is to derive the nucleosyn-
thetic effect, then the normalising isotopes should also be
free of other mass-independent effects, such as radiogenic
decay (see, e.g., discussion in Sect. 3.1).

Measured deviations from the terrestrial standard ratios
are usually so small that they are not given as percent, i.e.,
deviation in parts per 100, but as deviation in parts per 1000,
also called permil δ (and typical for stardust data), as parts
per ten thousands, called ε, or parts per million, called μ. For
example:

εRSMP
i j =

(
RSMP
i j

RSTD
i j

− 1

)
× 104. (5)

The ratio used for internal normalisation can be indicated
in different ways, for example, by using the last digit of the
mass of each isotope in the ratio within brackets, sometimes
separated by a comma. It is also frequently omitted from

6 Equation (2) can also be written as ri j = Ri j (mi/m j )
β . Sometimes

in literature Eq. (2) is written as Ri j = ri j (mi/m j )
β instead, in which

case the value of β changes sign relative to Eq. (2), i.e., a positive β

value in Eq. (2) would be a negative β in this variation.
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the notation if all data presented uses the same internal nor-
malisation ratio. In the figures presented here we explicitly
indicate the normalising ratio at the top of each plot or in
the figure caption (e.g., Fig. 1). Combining Eqs. 3 and 5, and
remembering that (a/b)c is the same as (b/a)−c, gives:

εRSMP
i j =

⎡
⎣

(
rSMP
i j

RSTD
i j

)(
rSMP
k j

RSTD
k j

)−Qi

− 1

⎤
⎦ × 104, (6)

where Qi is the exponent as given in Eq. (3). We further
define ε∗ri j as the composition of a sample that has not been
corrected for MDF (i.e., calculated using ri j instead of Ri j

in Eq. 5).
In Fig. 2 we use Eq. (6) to illustrate the effect of inter-

nal normalisation for the example of an s-process sample
with an added small mass-independent signal. In the left
panel (a) we show the solar abundance [69] (solid line) and
the s-process component from mainstream SiC grains [50]
(dashed line). In the middle panel (b) we show a sample cre-
ated by adding 10−5 of the s-process component to the solar
composition to recreate a small s-process excess (dashed,
orange line). Then, we mass-fractionate the same sample to
a degree typical of that seen for MC-ICPMS instruments
(β = 1.5), to create a synthetic meteorite isotope data point
(solid, blue line). The variation due to mass-fractionation is
two to three orders of magnitude larger than the nucleosyn-
thetic variation. This highlights the need of the correction
for mass-dependent fractionation to ascertain the nucleosyn-
thetic composition of the sample, which is often orders of
magnitude smaller. Finally, in the right panel (c) of Fig. 2
we show the sample after it has been internally normalised
to the solar abundance of 98Mo/96Mo. The small negative
offset caused by the s-process contribution on 98Mo/96Mo
(dashed line in the middle panel of Fig. 2) results in a β

value calculated from the sample of 1.4988, instead of 1.5.
This small difference represents the effect of the nucleosyn-
thetic component and results in a small under-correction of
the mass-dependent component. Note that the size of this
under-correction is independent of the actual mass fractiona-
tion experienced by the sample. This is because the apparent
β value of the sample is always equal to the true β (1.5 in
this example) plus the difference due to the mass-independent
component (−0.0012 in this example). Therefore, after inter-
nal normalisation (Fig. 2c) we obtain the same abundances
starting from both lines in panel b, i.e., we obtain the same
abundances in both cases, if mass fractionation was added or
not. The final result of the internal normalisation procedure
is that the s-process pattern is rotated anti-clockwise around
the normalising isotope (Fig. 2c).

The larger the mass difference between each isotope and
the normalising isotope is, the larger the rotation effect will
be, because the applied correction factor scales with the mass

difference between the numerator and denominator isotopes.
While the internally normalised s-process composition is dif-
ferent from the “true” s-process pattern, it provides model
predictions in a representation directly comparable to the
meteorite data reported in literature.

Table 1 reports a list of elements heavier than and includ-
ing Fe, for which nucleosynthetic variations are identified in
bulk meteorites, together with the ratios used for the internal
normalisation and some recent references. The normalising
ratio is usually chosen to optimise the analytical resolution
of the small isotope anomalies present in meteorites (see,
e.g., the discussion in [43]). The normalising ratio can also
be chosen to minimize, or to enhance, the rotational effect
resulting from an expected mass-independent signature. For
example, the 98Mo/96Mo ratio commonly used for Mo data
minimises the rotational effect due to s-process variations
because both isotopes are significantly produced by the s
process. For elements for which stardust SiC data is avail-
able, the normalising isotope used and example references
are also reported in Table 1.

2.2 Calculating mixing lines

There are stark differences between meteorite data and stel-
lar models due to the fact that the meteorite data do not
represent pure stellar compositions (as in the case of star-
dust grains), but material in which the stellar signature was
strongly diluted with matter carrying the standard solar com-
position. In fact, the stellar composition is usually located
far outside the boundaries of a plot as that shown in Fig. 1
and needs to be further converted into the slope of a line
that passes through the point representing material of the
standard, terrestrial, or solar composition (usually, but not
necessarily, the zero point). These lines are called “mixing
lines” and represent mixtures between the solar, or terrestrial,
isotope composition and that of the considered stellar source.
Points along these lines represent compositions with differ-
ent dilution of the stellar source material, with the stronger
the solar dilution, the closer the point to the zero point. When
considering isotopes of the same element, mixing lines are
straight in “three-isotope plots”, i.e., two isotopic ratios with
the same denominator plotted against each other. This is the
case, for example, for the comparison between (not internally
normalised) stardust and stellar model compositions. How-
ever, it is not necessarily the case for mixing lines between the
extremely different internally normalised compositions con-
sidered here (stellar and solar). In this case the mixing line is
curved because the magnitude of the internal normalisation
correction scales exponentially, and not linearly, relative to
the difference between the true ratio and the assumed ratio.
Therefore, in this case the slope computed close to the point
representing the internally normalised stellar abundances can
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Fig. 2 Schematic description of the effect of the procedure of internal
normalisation on an example s-process sample. In the left panel (a), the
solid line represents the ratios of the Mo isotopes relative to 96Mo using
the solar abundances, the dashed line represents the same ratios calcu-
lated using the s-process abundances from mainstream SiC grains [50].
In the middle panel (b), the dashed, orange line (with corresponding val-
ues on the right y-axis) represents the ε values of un-mass-fractionated
(UMF) s-process sample obtained by adding 10−5 of the s-process com-
ponent to the solar abundances. The solid, blue line (with corresponding

values on the left y-axis) represents the ε values of the sample of the
dashed line, but with some added mass-dependent fractionation (MDF)
obtained by adding a typical MDF effect with β = 1.5. Note the huge
difference between the scale the left and right y-axes. The right panel (c)
shows the internally normalized abundance pattern for both the MDF
and UMF samples in the middle panel. Note that both lines are identical,
which highlights the generality of the internal normalisation method to
remove the problem of MDF

Table 1 Iron and heavier elements that show nucleosynthetic hetero-
geneity in bulk meteorites and CAIs, the isotopic ratios most commonly
used for the internal normalisation, and some example references. When

also stardust SiC grains data is available, the isotope at denominator is
reported together with example references

Internal normalisation Stardust

Element Ratio Value References Isotope References

Fe 57/54 0.362549 [70] 56 [71]

57/56 0.023095 [70]

Ni 61/58 0.016744 [72] 58 [71]

62/58 0.053389 [72]

62/61 3.188500 [25]

Zn 67/64 0.082160 [73]

68/64 0.385564 [74]

Sr 86/88 0.119400 [75] 86 [59]

Zr 94/90 0.338100 [27] 94 [76,77]

Mo 98/96 1.453173 [78] 96 [79]

Ru 99/101 0.745075 [80] 100 [81]

Pd 108/105 1.188990 [26]

Ba 134/136 0.307800 [82] 136 [83]

134/138 0.033710 [84]

Nd 146/144 0.721900 [85] 144 [86]

Sm 147/152 0.560830 [87] 149 [86]

Er 166/168 1.241400 [88] 168 [86]

Yb 174/172 1.477200 [88] 172 [86]

Hf 179/177 0.732500 [88] 178 [86]

180 [89]

W 186/183 1.985900 [47] 184 [89]

186/184 0.927670 [47]
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be significantly different from the slope close to the [0,0]
point (Fig. 3).

To correct the stellar model predictions for MDF and
finally derive the slope of the mixing line that can be com-
pared to that derived from meteorite data we can reasonably
approximate ε from Eq. (6) to the following linear εlin for-
mula7:

εRSMP
i j � εlinR

SMP
i j

=
[(

rSMP
i j

RSTD
i j

− 1

)
− Qi

(
rSMP
k j

RSTD
k j

− 1

)]
104. (7)

The slope is then determined by dividing the εlin values calcu-
lated for two different isotopes. Note that masses considered
in cosmochemisty are usually not rounded, for example, for
86Sr the accurate value of 85.9092606 u is used, etc. For
the purpose of calculating mixing lines for comparison with
meteorite data, stellar abundances can be used for the calcu-
lation of the slope directly using εlin from Eq. (7), without
the need to construct a synthetic sample as we did in Fig. 2.

As illustrated in Fig. 3, the εlin values calculated from
Eq. (7) are by definition linear approximations and should be
used only to derive the slope close to the [0,0] point repre-
senting the solar composition (as done in Fig. 4). To derive
the slope close to the [0,0] point using the ε values calcu-
lated from Eq. (6) instead, it is necessary to create a synthetic
sample by diluting the stellar abundances with the solar abun-
dance using Eq. (1) (see, e.g., Fig. 2, and Simon et al. [57]).
We investigated the difference between ε and εlin for a syn-
thetic sample created using a selection of stellar models from
the FRUITY database [90] in combination with solar com-
positions from Lodders et al. [69] and Anders and Grevesse
[91]. The values calculated for the comparisons of Sect. 3
are also available in the Supplementary Material. We find
that there is virtually no difference between mixing lines cal-
culated using ε (Eq. 6) on a synthetic sample (from Eq. 1), or
using εlin (Eq. 7) directly on the stellar abundances. Further-
more, the choice of the normalising solar/terrestrial ratios
does not have a large effect on the calculated mixing lines
because the stellar abundance ratios are typically very dif-
ferent from them. However, some variation between using
ε and εlin are found for large mass differences (i.e., when
Q is large) and for models that produce variations of two
orders of magnitude or more. Generally, to calculate mixing
lines it is sufficient to use the same solar values taken in the
model calculations to represent the initial composition of the

7 This can be done for example by writing (rSMP
i j /RSTD

i j ) as (1 +
10−4ε∗rSMP

i j ) from Eq. (6), and equivalently for the k j ratios, where

the asterisk indicates that the value is calculated from rSMP
i j rather than

RSMP
i j as in Eq. (5), and then using the first two terms of the Taylor

expansion (1 + x)−Q = (1 − Qx) followed by some simple algebra
and the removal of the second order term multiplied by 10−8.

Fig. 3 Mixing lines calculated for Mo between the solar composition
and the s-process composition, represented by mainstream SiC grains
[50], using the exponential (Eq. 6; Blue solid line) and linear (Eq. 7;
Orange dashed line) equations. The slopes of the two mixing lines over-
lap only when the offset from the solar composition (point [0, 0]) is of
the order of a few 100 ε or less. Bulk meteorites exhibit anomalies well
within this range, therefore the linear method is a valid approximation
to compare the models to these data

star, even if they are not identical to the reference values in
meteorite studies reported in Table 1. Although, one needs to
be careful of artifacts that can appear for models where no,
or little nucleosynthesis takes place if the solar abundances
used in the models as starting compositions differ slightly –
even if only in the fifth digit – from those used in the calcu-
lation of ε value. This will produce spurious values different
from zero and therefore erroneous numbers for the slopes. We
also compared εlin to the linearised equations in Dauphas et
al. [38] frequently used in the literature to calculate mixing
lines. The approach presented here and that of Dauphas et
al. [38] are mathematically identical with the exception that
Dauphas et al. [38] further simplifies the calculation of Qi

by omitting the natural logarithm of the masses, thus approx-
imating Qi as (mi − m j )/(mk − m j ) (Eq. (3) in [38]). This
simplification does not significantly affect the mixing lines
for most models. The largest differences occur for the largest
mass differences and for the largest differences in magnitude
between the smallest and largest variations. We recommend
using the natural logarithm of the masses in Eq. (3) of [38],
which yields identical mixing lines to those calculated using
Eq. 7.

A more complex situation arises when isotopes of differ-
ent elements are plotted against each other because in this
case variations due to chemistry can also play a role. This
is referred to as a “four-isotope plot” in geochemistry and
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the resulting mixing lines are hyperbolas. Here the mixing
relationship not only depends on the isotopic compositions,
but also on the elemental ratio of the elements involved. The
more this elemental ratio differs between Solar System mate-
rial and the stellar material, the stronger is the curvature of the
hyperbola. There are two ways that the stellar elemental ratios
can differ from solar. First, the nucleosynthesis that affects
the isotopic ratios may also affect the elemental ratios. The
curvature of the hyperbola can be determined directly from
the stellar nucleosynthesis models as the ratio of the over-
abundances, relative to solar, of the two isotopes at denom-
inator. Close to zero, i.e., for high dilutions, such hyperbola
can still be approximated by a straight line and it is possible to
consider this effect by simply multiplying the slope derived
from εlin (using Eq. 7) by the ratio of the over-abundances,
relative to solar, of the two isotopes at denominator, as in the
case of Mo and Ru discussed by [38]. Second, the chemistry
of dust formation may affect the relative abundance of the dif-
ferent element in a stardust grain. In this case, a further factor
needs to be introduced to account for the fact that different
elements may be incorporated into stardust differently, also
depending on the environment and the type of dust. The diffi-
culty here in defining the effect of chemical processes is that
stardust condenses in situations of non-equilibrium chem-
istry; moreover, for many trace elements we do not know
how their condensation works. In these cases, not discussed
here further, we need to be guided by observations and rea-
sonable assumptions. For example, in the case of the Cr-rich
oxide grains, den Hartogh et al. [46] used the Al:Mg ratios
measured in those grains [92]. For heavy s-process elements
in SiC some data on elemental abundances are available [93],
for the case of Pd, however, no quantitative data is available,
and only a qualitative behaviour was considered by Ek et al.
[26] to interpret the data.

2.3 Further considerations on the comparison between data
and models

For comparison to the bulk meteoritic data, local stellar abun-
dances should be used at the time and location where the
carrier of the observed anomalies (e.g., stardust) potentially
formed. These are different from the total integrated stellar
yields (i.e., the abundances integrated over the total mass
ejected) required by models of the chemical evolution of the
Galaxy. For AGB stars, the final surface abundances are a
good approximation to consider for each stellar model (for
example, of a given mass and metallicity). This is because
there is a high degree of both spatial and temporal homo-
geneity in the outer regions where dust forms. Spatially, the
whole envelope of the star is convective, and therefore mate-
rial is well mixed. Temporally, most of the mass loss occurs
in the very final phases of the evolution, therefore, most
of the stardust grains carry such a final composition. When

considering core-collapse supernova models, the local abun-
dances as function of the location in mass within the ejecta
should be used, rather than the total yields or the surface
composition. This is because dust formation probably occurs
before the material in the different mass layers of the ejecta
is microscopically mixed with all the layers (see discussion
in [46,94]). Therefore, while for AGB stars, one slope well
represents one stellar model, for core-collapse supernovae,
it is necessary to plot the slopes of the mixing lines derived
from the compositions at different mass coordinate [25,70].
Different mass shells of a given supernova experience differ-
ent nucleosynthesis and variable slopes are produced. Total
stellar yields are useful if it is of interest to consider dust
formed in the interstellar medium, after all stellar yields are
homogenised. In this case, however, it is not single star mod-
els that should be considered but their implementation into
the global modelling of the chemical evolution of the Galaxy,
or at least of a stellar population. This is because the inter-
stellar medium is built by many different stellar sources.

Most previous work on the s-process elements have con-
sidered the s-, r , and p-component abundances presented by
Arlandini et al. [11] and Bisterzo et al. [55]. However, these
studies were targeted at matching the bulk s-process distri-
bution of the Solar System. The observed anomalies could
derive, instead, from specific astrophysical sources that may
not follow such distribution. In fact, stardust SiC grains from
AGB stars are well known to present s-process isotopic fea-
tures that are not the same as those of the solar distribu-
tion [95,96]. For example, matching the grain data requires
a lower time-integrated neutron flux - resulting in lower
88Sr/86Sr and 138Ba/136Ba ratios - than that which produced
the solar s-process abundance pattern (see, e.g., [34,97,98]
and Table 2). Therefore, specific models of AGB stars of
different masses and metallicities need to be compared to
stardust and bulk meteoritic data because each stardust grain
can in principle originate from a different star. The same con-
sideration in principle applies to the anomalies referred in the
literature as to r - and p-process anomalies. The main r - and
p-process sites in the Galaxy may be copious and variable
over the history of the Galaxy: for the r process they range
from, e.g., neutron stars mergers to magnetars [51], for the
p process they may also include thermonuclear supernovae
[99]. Furthermore, anomalies that mimic the r and the p pro-
cesses may be also produced in astrophysical sites that are
not the major contributors of these isotopes in the Galaxy,
but that can still affect relative isotopic abundances and be
the site of dust formation. For example, the neutron bursts
(the n process) in the He shell of core-collapse supernovae
and possible explosive neutrino-wind components produce a
peculiar signal that for certain isotopic ratios may look sim-
ilar to the r process (e.g., [53,100–102]).

Finally, we note that for core-collapse supernovae most of
the comparisons available in the literature used the models
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by Rauscher et al. ([103], although see an exception in den
Hartogh et al. [46]). It is well known that core-collapse super-
novae models are very uncertain therefore it is unsatisfactory
that typically just one set of models has been employed. More
models, with their detailed composition as function of mass,
needs to be made available for this task. One of the main
aims here is to illustrate for the nuclear astrophysics com-
munity the significance of stellar model predictions within
the framework of meteorite data. Working Package 9 of the
ChETEC-INFRA www.chetec-infra.eu project (funded by
the European Union’s Horizon 2020 research and innovation
programme) has the aim to provide the tools for the compar-
ison so that more researchers can contribute to the field of
cosmochemistry.

3 Examples

To illustrate the effect of the internal normalisation on the
s-process predictions from AGB models we present some
examples for two selected elements: Sr and Mo, using the
data from the models of [34]. To generate the plots we
use the open source code available via ChETEC-INFRA
at https://www.chetec-infra.eu/resources/#ToolsMeteorites.
Among the models presented by [34], we consider first that
of initial mass 3 M� and solar metallicity (Z = 0.014 from
[104]) as a typical s-process result, and then compare it to two
more models of the same and of higher mass (3 and 4 M�)
and twice-solar metallicity (Z = 0.03). The over-abundances,
relative to the initial values, of the isotopes of interest here
for these three models are reported in Table 2.

3.1 Strontium

Due to mass-independent variations of 87Sr as the result of
the radiogenic decay of the long-lived isotope 87Rb (T1/2

= 49 Gyr), current bulk meteoritic data for Sr have limited
application for nucleosynthetic studies. However, we chose
this element as a first example because it has peculiar features
from the point of view of the s-process nucleosynthesis and
only 4 stable isotopes, at masses 84, 86, 87, 88. This makes
Sr a useful element to demonstrate the effect of the internal
normalisation on s-process abundance because for any given
internal normalisation there are only two ratios that can be
plotted against each other and therefore only one plot.

In principle, given the 4 isotopes, Sr offers 12 possibilities
of internal normalisation choices, i.e., twice the number of
possible combinations of 2 isotopes out of 4. However, it is a
general feature that the slope of the line calculated using the
internally normalised ratios remains the same if we consider
one normalising ratio or its reverse (e.g., for 86Sr/87Sr or
87Sr/86Sr, as shown in Fig. 4).

Therefore, generally speaking the number of possible
combinations given a number of isotopes n is equal to
n!/2(n − k)!, where k = 2 and n is the number of isotopes (n
= 4 in the case of Sr).

Of the four isotopes, 84Sr is a pure product of the p pro-
cess, therefore its abundance at the surface of AGB stars
is unchanged, within a few percent, relative to the initial
abundance. The other 3 isotopes, instead, are mostly of s-
process origin, specifically 88Sr has a magic number of neu-
trons (50) and represents, with Y and Zr, the first s-process
peak. 86,87Sr are produced both in massive stars and in AGB
stars (with roughly half and half contributions to their solar
abundances), while 88Sr is most efficiently produced in AGB
stars8 [15,106,107].

Strontium is also interesting because the 88Sr/86,87Sr iso-
topic ratios vary the most among all the s-process elements
when changing the metallicity of the AGB star [98]. Mod-
els of metallicity higher than solar are a better match to the
composition of large (> 1μm) SiC grains – especially for
Sr and Zr, but also for Ba – and their composition differ
from that of their solar metallicity counterpart, as discussed
at length previously [34,98]. This result is also clearly shown
in Table 2 where 88Sr is more over-produced than the other
Sr isotopes at solar metallicity, while it has a similar, or even
lower, production factor at the higher metallicity. It is there-
fore interesting to investigate if these different s-process pre-
dictions are still resolved by the different mixing lines derived
within the representation discussed above, and, if so, under
which choices of the internal normalisation these variations
are more or less evident.

Figure 4 presents three example out of the possibilities of
internal normalisation choices mentioned above. The ε∗ and
ε values can be easily derived from the values of the over-
abundance relative to solar provided in Table 2 using Eqs. (5)
and 7, respectively. The transformation between ε∗ (derived
without internal normalisation) and εlin (derived with inter-
nal normalisation) clearly shows that the slopes of the mixing
lines can be more or less modified depending on all the dif-
ferent factors involved. For example, the subtraction term in
Eq. 7 can change sign depending on the values of both the
relevant ε∗ and Q values. Therefore, if the normalising ratio
is 86Sr/88Sr (left panel, a), all the Q values are positive, all the
εlin and ε∗ values remain strongly negative, and the slope does
not change significantly. If the normalising ratio is 88Sr/86Sr
(middle panel, b), not all the ε∗ are negative and not all the
Q are positive, which result in a modification of the slope.
The left (a) and middle (b) panels demonstrate that reversing
the normalising ratio does change all the values of εlin and

8 A debate about a possible ∼20% contribution from massive stars to
the s-process first peak elements is ongoing. Such a debate does not
crucially affect our discussion here because we compare data to single
AGB models rather that to the full chemical evolution of the Galaxy.
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Table 2 Over-abundances, i.e., final production factors at the stellar
surface relative to the initial values, of the isotopes of interest for the
three AGB models considered here. For the Z = 0.014 model, the initial
values are the solar values given by [104], for the Z = 0.03 models, they
are the same values multiplied by roughly 2, by definition, which results
in lower over-abundances, but does not impact the isotopic ratios. The

p-only 84Sr and 92Mo, and the r -only 100Mo are not included in the
network of [105] and are assumed here to have production factors equal
to unity in all the models, which is accurate within a few percent (see
also [34] for discussion on 84Sr). Also shown are their ratios relative to
another isotope (in brackets), which is the first step for the calculations
of ε values

Isotope M = 3 M�; Z = 0.014 M = 3 M�; Z = 0.03 M = 4 M�; Z = 0.03

86Sr (/88Sr) 26 (0.81) 20 (1.18) 10 (1.02)
87Sr (/86Sr, /88Sr) 25 (1.25, 0.78) 19 (0.95, 1.12) 9.5 (0.85, 0.97)
88Sr (/86Sr) 32 (1.23) 17 (0.85) 9.8 (0.98)
94Mo (/96Mo) 1.28 (0.03) 1.18 (0.08) 0.99 (0.13)
95Mo (/96Mo) 24 (0.63) 8.3 (0.59) 5.5 (0.73)
96Mo 38 14 7.5
97Mo (/96Mo) 21 (0.55) 8.5 (0.61) 4.2 (0.56)
98Mo (/96Mo) 30 (0.79) 11 (0.79) 5.0 (0.67)

Fig. 4 Example for calculating the slope of the mixing line in the vicin-
ity of the Solar System end-member (the [0,0] point) using the s-process
predictions at the surface of an AGB star of initial mass 3 M� and solar
metallicity (Z = 0.014) at the end of the evolution from Table 2. Solid
and dashed lines represent, respectively, the slopes derived using εlin
(i.e., the linear approximation Eq. 7) and ε∗ (i.e., derived from apply-
ing Eq. 5 directly to the stellar abundance ratios). Here we considered
3 different possible choices of the normalising ratios, each following

the top label “Internal norm. to”. The arrows on each mixing line indi-
cate the direction of the s-process end-member. The numerical values
needed to calculate ε∗

lin are also reported, to support the clarity of the
description in the text. Slopelin and Slope∗ in the legend of this figure,
and following figures, refers to the slope calculated using εlin and ε∗,
respectively. As the normalising ratios are indicated separately in each
plot, in this and the following figures ε values are followed only by the
isotope at numerator

ε∗, however, the final slope from the ratio of the ε∗ values
remains unchanged. Note that in these cases the direction of
the s-process excess is always towards negative values, as
indicated by the arrows in the figure, and data points located
on the line in the quadrant of positive values would repre-
sent material with an s-process deficit. The right panel (c)
shows a more dramatic effect from using the p-only 84Sr as
the internally normalising isotope and the resulting negative
Q values. In this case the strongly negative ε∗ used for the
normalisation, coupled to the negative Q values, produce an
inversion of the sign of the ε∗ value corresponding to 88Sr.
While the examples presented here are far from exhaustive,
they clearly demonstrate that the representation of the pre-
dicted abundances for comparison to meteoritic data are far

from intuitive and need to be accurately calculated for each
case before conclusions can be drawn.

Figure 5 shows all the possible normalisation for the three
models considered here, where we can identify which nor-
malisation better preserves the large difference in the rela-
tive over-production of the Sr isotopes resulting from chang-
ing the metallicity from 0.014 (blue line) to 0.03 (orange
and green lines). The clearest signature of the different
behaviours is shown by the 87Sr/88Sr normalisation, where
correlated variations are only appearing for the Z = 0.014
model while for the other models all the lines are almost flat.
Using 84Sr/87,88Sr as normalising ratios also produce sig-
nificant deviations between the different models, while with
the often used normalisation ratio 86Sr/88Sr, it may be more
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Fig. 5 Same as Fig. 4 but for the 6 possible different internal normalisa-
tion for Sr (with the corresponding internal normalisation ratio indicated
at the top of each panel) applied to the three AGB models considered

here (M = 3 M�with Z = 0.014 and 0.03, and M = 4 with Z = 0.03),
represented each with the different colors indicated in the legend

difficult to pick up the difference between these specific mod-
els, unless the error bars on the data were smaller than the
plotted variation, e.g., less than ∼ ±0.10 in ε87Sr and for
ε84Sr= −1.

3.2 Molybdenum

Molybdenum has 7 stable isotopes, of which two, the p-
only 92Mo and the r -only 100Mo are not produced in AGB
stars, while all the others are produced to variable degrees
(Table 2). The number of possible normalisation is 21 and for
each given normalisation, 10 different plots can be produced
for all the possible combinations of two isotopic ratios. All
these possibilities are of interest and should be considered in
a dedicated study such as that of [56]. Here, we will focus
exclusively on the comparison of the model predictions with
the data trends shown in Fig. 1.

Differently to Sr, the models do not show large variations
among each other in the relative production factors of Mo
(see numbers in brackets in Table 2). They show variations
of the order of 10% only, and all in the same direction rel-
ative to the s-only 96Mo. This is because the Mo ratios that

involve the isotopes with mass 95, 96, 97, and 98 mostly
depend on the ratio of their neutron-capture reaction rates
(although in some conditions the branching point at 95Zr can
be marginally activated, by-passing 95Mo and 96Mo). These
rates have typically a mild temperature dependence because
they decrease by 10%, 14%, and 23% between 5 and 30 KeV
for 95Mo, 97Mo, and 98Mo, respectively. The rate of 96Mo
instead decreases more, by 50% (see kadonis.org database
[109]). Some minor production of the classical p-only iso-
tope 94Mo may also occur during the s process, due to neutron
captures on the 92Mo and 93Nb initially present in the star.

Figure 6 shows the model predictions for Mo in the rep-
resentation as used in Fig. 1. The slopes do not vary sig-
nificantly either when the ratios are internally normalised,
or when different models are considered. All the models
reported here predict slopes between 0.35 and 0.45. Some
models of lower mass (down to 2 M�, not discussed here
in detail) can reach a slope of 0.5. The direction of the s-
process excess in the 98Mo/96Mo normalisation is always
towards negative values, as 96Mo is an s-only isotope and
the most over-abundant in AGB models (Table 2).
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Fig. 6 Slopes predicted using
the three different AGB models
considered here (represented
each with the color indicated in
the legend) for the same Mo
isotopes in the same
normalisation as Fig. 1. In the
right panel the abundance by
number (N) of 95Mo was
divided by 1.3 to mimic the
effect of the correspondingly
higher neutron-capture cross
section reported by [108]. The
solid black line represents the
mainstream SiC trend line from
Fig. 1

The slope of the MS SiC grains trend, almost parallel to
the bulk meteoritic slopes, is equal to 0.608 ± 0.007 (1σ ;
Fig. 1). Therefore, AGB models show a discrepancy relative
to this value. However, the neutron-capture rates currently
used in the models are based on experiments carried out in
1987 [110]. A recent analysis for 95Mo [108] resulted in a rate
with values highly discrepant from the old values, with the
new rate up to 20–30% higher than the older rate. To mimic
the effect of these new rates, we divided the 95Mo abundances
in the models considered here by 1.3 (as a higher rate results
in a lower abundance). In this case, and specifically for the
3 M�, Z = 0.03 model, the slope become the same as that
of the stardust and bulk meteoritic data. This modification
of the 95Mo neutron-capture cross section was already pre-
dicted by Lugaro et al. [111] on the basis of the SiC data
and anticipated by Koehler et al. [112]. This example clearly
demonstrates that improvements in the estimates of neutron-
capture cross sections are an essential ingredient to interpret
bulk meteoritic data.

4 Conclusions

We presented the methodology required to transform stellar
model predictions into the representation required to com-
pare them to bulk meteorite data, which removes the need to
accurately know the effect of the ubiquitous process of mass-
dependent fractionation (MDF) in the data. We motivated the
necessity of using such representation as the way by which
stellar nucleosynthesis models can be exploited together with
meteorite isotope data to shed light on the formation of the
Solar System and the environment where this occurred. We
have used some examples from the s process as case studies
to show in detail the effect of such normalisation (using Sr as
the example) and to stress the fact that it is not possible to pre-

dict a slope, not even qualitatively, without accurate calcula-
tions of the effect of internal normalisation. The calculations
per se are simple enough as various approximations, such as
Eq. (7), are valid and can be used to derive the mixing line
with an end-member of stellar composition (see also Sup-
plementary Material). The complications are due to the large
number of possibilities to be explored for each element. In
general, the choice of the isotopic ratios to use for the double
normalisation needs to match that of the data, as determined
by analytical limits and uncertainties. Still, careful consider-
ation of the model predictions is also pertinent. Depending
on the models and the element considered, some results may
become more evident by using one normalising ratio rather
than another, as shown here for the example of the s-process
Sr (Fig. 5). It is possible to identify the effect of both the
properties of the stellar models (e.g., mass and metallicity)
and of the nuclear physics input via a careful analysis of
each isotopic ratio. As illustrative examples, we have shown
here that Sr is strongly affected by stellar metallicity, while
Mo is mostly sensitive to the nuclear physics input. Overall, a
huge amount of future work is required to investigate the sig-
nificant potential of mapping stellar nucleosynthesis models
onto the representation explained here. Each element, each
stellar model, and each comparison to available data and their
interpretation should be treated in detail, not only for AGB
s-process predictions but also for core-collapse supernova
models. Within the ChETEC-INFRA www.chetec-infra.eu
project (to run between 2021 and 2025) we are providing the
tools and the models to perform these tasks.
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