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Solar System Abundances of the Isotopes 

The elemental abundance features in Figure 4 are better discernable in a plot of the 
isotopic (or nuclide) abundances as a function of mass number, which is shown in Figure 5. This 
type of plot has been shown in many references indicated in Table 6, and was more influential in 
the development of nuclear theory and nucleosynthesis (e.g., Suess 1947a,b,  Burbidge et al. 
1957, Cameron 1957) than the atomic elemental abundance plot in Figure 4 (which, however, 
instigated early theories, e.g., Harkins 1917). The corresponding nuclide plot reveals the control 
of abundances by nuclear stability and peaks at certain mass-numbers correspond to nuclei with 
³magic´ SURWRQ aQd QeXWURQ numbers. 

The The nuclide abundances listed in Table 9 and shown in Figure 5 were calculated 
from the elemental proto-solar abundances in Table 8 and the isotopic composition (atom-
percent) of the elements largely taken from the review by Meija et al. (2016) and some 
references described below. Several updates and changes to Meija (2016) are included but not all 
listed here and will be described elsewhere. Compositions for elements with long-lived isotopes 
were computed back to an age of 4.567 Ga, and chondritic isotopic compositions were preferred, 
as described in Lodders (2003) and Lodders et al. (2009).  

 

 
Figure 5. Abundances of the isotopes as a function of mass number. Data from Table 9. Even 
numbered nuclides are shown in blue, odd-numbered nuclides in red. 
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Introduction:  How do planetary systems, in gen-

eral, and our own Solar System (SS), in particular, 
form? In conjunction, astronomy and isotope cosmo-
chemistry provide us with powerful tools to answer this 
age-old question. In this contribution [1] – stemming 
from the “Evolution of the Solar System: Constraints 
from Meteorites” workshop held by the International 
Space Science Institute in June 2023 – we review recent 
advances in our understanding of circumstellar disk 
evolution, including infall and disk processes, as ex-
plored through astrophysical models and nucleosyn-
thetic isotope anomalies of SS materials.  

Astrophysical context: Astronomically, filamen-
tary structures and anisotropy are observed across the 
dynamic range of star formation and disk substructures 
are found to be ubiquitous. Studies of the dynamics and 
morphology of star-forming regions reveal that the natal 
gas distribution is quite heterogeneous: the larger scale 
filaments in which stars form were found to be com-
posed of many different sub-filaments dubbed 'fibers', 
velocity coherent on relatively small scales (~ 0.1-0.3 
pc) [2]. Recent studies find that assembly and accretion 
of protostellar material should be episodic and direc-
tional [3, 4], suggesting a picture in which protostellar 
systems are supplied with fresh material from surround-
ing sub-filaments, dubbed ‘streamers’. The dynamical 
timescales of observed streamer scales are relatively 
short (10’s-100's of kyr) [5] compared to the typical disk 
lifetime (3-10 Myr), suggesting that multiple episodes 
of infall during disk assembly and evolution are possi-
ble. Taken together, observations of filamentary infall 
behavior and disk substructures have changed the pic-
ture of how and when material can be delivered to, and 
transported within, planet-forming disks. Of particular 
relevance to early SS formation and evolution is the vi-
ability of delivering compositionally heterogeneous ma-
terial to the protosolar disk through late-stage infall. 

Isotope anomalies in meteorites: Historically, it 
was assumed that all SS materials had the same initial 
isotopic composition as a result of homogenization in a 
hot solar nebula [6]. A string of discoveries spanning the 
last five decades have since falsified this notion, reveal-
ing the existence of isotopic heterogeneity in SS 

materials from the micron-scale (e.g., presolar grains) to 
the planetary-scale. Today, nucleosynthetic isotope 
anomalies have been documented in numerous elements 
(Fig. 1) spanning a wide range of geo- and cosmochem-
ical behaviors: from lithophile (e.g., Ca, Ti, Cr, Ba) to 
siderophile (e.g., Fe, Mo, Ni, W), and ranging in vola-
tility from highly refractory (e.g., Ca, Ti, Sr, Zr) to mod-
erately volatile (K, Zn). In particular, investigations of 
nucleosynthetic anomalies in bulk meteorites and re-
fractory inclusions have produced a rich dataset, reveal-
ing the existence of pervasive heterogeneity in the early 
SS, both between (i.e., NC-CC dichotomy) and within 
distinct reservoirs (i.e., trends within the NC group). 
Clear systematics and structures in these anomalies 
emerge when grouped by their nucleosynthetic origin 
(Fig. 2). Overlap in the accretion ages of NC and CC 
iron meteorite parent bodies testify to the fact that the 
NC-CC dichotomy reflects the co-existence of two spa-
tially separated reservoirs rather than a temporal evolu-
tion in the isotopic composition of the disk as whole [7]. 

 
Fig. 1. Evolution of the number of systems in which iso-
topic heterogeneity has been documented, for bulk mete-
orites and their components. Following the advent of dig-
ital TIMS instruments, isotopic anomalies were rapidly dis-
covered for numerous refractory elements in CAIs 
(~1980s). Two decades later, the introduction of MC-
ICPMS instruments led to a similar rise in the discovery of 
isotope anomalies in bulk meteorites, and more recently, 
AOAs, chondrules and matrix. 
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Figure 2 | Cartoon illustrating dust formation and evolution as proposed in our model 299 
(not to scale). Stardust forms in different stellar environments with ongoing nucleosynthesis 300 
and retains the unique isotope composition of its formation site. The trace element 301 
composition of AGB stardust depends on the condensation temperature of individual 302 
elements and is depleted in volatile elements compared to the bulk Solar System s-process 303 
component. Stardust in the Solar System mainly originates from low mass AGB stars that 304 
produce grains with an s-process isotope composition (red squares). In particular, Solar 305 
System stardust is sourced from high metallicity AGB stars that produce less heavy elements 306 
(Z ≥ 56) compared to the average Solar System composition. Dust from other stellar 307 
environments (blue triangles), e.g. supernovae, contribute only a minor fraction to stardust. In 308 
dense molecular clouds, dust condenses from the homogenised gas phase onto pre-existing 309 
grains forming ISM dust mantles around stardust (dark grey). Due to gravitational 310 
instabilities a part of the molecular cloud collapses and forms a protoplanetary disk 311 
surrounding a proto-sun. Thermal gradients in the protoplanetary disk preferentially destroy 312 
ISM mantles in regions closer to the Sun (Yellow regions), which results in a relative 313 
enrichment of stardust, predominantly carrying an s-process composition in lighter elements 314 
(Z<56). The composition of infalling material changes with time and/or thermal 315 
processing28,29,49. Complete homogenisation between the inner and outer Solar System is 316 
blocked by the formation of Jupiter’s core49,50, which leads to two compositionally slightly 317 
different reservoirs.  318 
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a composition indistinguishable from solar, as discussed in
detail by Stephan et al. (2019). The regression lines shown in
Figure 1 each provide twofold information: (1) the intercept of
each line at δ92Mo96=−1000‰ gives the s-process δ iMo96
value (Nicolussi et al. 1998; Lugaro et al. 2003; Stephan et al.
2019), and (2) the slope of each line gives the non-s-process
(r+p-process) iMo/92Mo ratio normalized to the solar
iMo/92Mo ratio. As pointed out by Stephan et al. (2019), all
these data points lie on single lines, meaning that there is very
little variation in the ratio between Mor and Mop and in the
isotopic ratios in each of the three nucleosynthetic components.

Furthermore, other grain types (Y, Z, AB1, and AB2) plot
along the same lines, and adding them to the regressions has
only very little effect on the slopes of the lines (Table 2). For Y
and Z grains, an origin from low-mass AGB stars with subsolar
metallicities has been inferred (e.g., Hoppe et al. 1997; Amari
et al. 2001; Zinner et al. 2006; Nguyen et al. 2018), while
mainstream SiC grains are believed to come from low-mass
AGB stars with approximately solar metallicity. However, Liu

et al. (2019) used molybdenum isotopes to show that Y and Z
grains come from low-mass AGB stars with approximately
solar rather than subsolar metallicities. For AB grains, some-
times subdivided into AB1 and AB2 (Liu et al. 2017a, 2017b),
stellar origins are still a matter of debate. For AB1 grains, Liu
et al. (2017a) suggested Type II supernovae with explosive
hydrogen burning as a common source. The s-process isotopic
signature in this scenario is attributed to neutron capture
processes occurring during the progenitor massive stars’
presupernova evolution (Liu et al. 2018). For AB2 grains,
J-type carbon stars (e.g., Abia & Isern 2000) have been
proposed as a dominant source (Liu et al. 2017b). As these
should have no s-process isotope enrichment, it seems unlikely
that a J-type carbon star is the source for the AB2 grain labeled
Ste19 in Figure 1, which probably comes from a born-again
AGB star (Stephan et al. 2019).
The only presolar grains that do not follow the trend lines in

Figure 1 are the X grains measured by Pellin et al. (2000).
However, apart from the lack of r-process 100Mo enrichment,

Figure 1. Molybdenum isotope data for mainstream (MS) and other types (Y, Z, AB1, and AB2) of presolar SiC grains measured by CHILI (Ste19–Stephan
et al. 2019; Liu17–Liu et al. 2017b; Liu18–Liu et al. 2018; Liu19–Liu et al. 2019) and for X grains measured by CHARISMA (Pel00–Pellin et al. 2000). We only
show CHILI data for grains that have 1σ uncertainties below 50‰ in all δ-values and omit error bars for better visibility, except for the X grain data, where 1σ error
bars are shown. The fits are weighted, linear regression lines (Mahon 1996) through the mainstream grain data from Stephan et al. (2019) only, forced through the
origin. Adding the other CHILI data to the fits would yield identical slopes of the regression lines within error (see Table 2). Not forcing the regressions through the
origin would also have very little effect on the lines that would still go through solar composition within error.

Table 2
Results from Weighted, Linear Regression Calculations for Presolar SiC Grains

MS (Ste19) MS (Ste19+Liu17) All CHILI SiC Data

Correlation Slope MSWD Slope MSWD Slope MSWD

δ94Mo96 versus δ
92Mo96 0.964±0.003 4.43 0.964±0.002 2.58 0.963±0.002 1.61

δ95Mo96 versus δ
92Mo96 0.615±0.008 15.36 0.616±0.006 8.50 0.617±0.003 3.69

δ97Mo96 versus δ
92Mo96 0.532±0.003 0.97 0.529±0.003 1.45 0.527±0.002 1.01

δ98Mo96 versus δ
92Mo96 0.256±0.004 1.76 0.255±0.003 1.70 0.249±0.003 1.55

δ100Mo96 versus δ
92Mo96 0.980±0.004 9.33 0.981±0.003 5.57 0.982±0.002 2.68

δ98Mo96 versus δ
97Mo96 0.481±0.007 2.17 0.481±0.007 2.15 0.472±0.005 1.73

Note. The first data set (Ste19) refers to the mainstream (MS) grains analyzed by Stephan et al. (2019). The second data set also includes mainstream grain data from
Liu et al. (2017b). The third data set comprises all grains analyzed with CHILI, including mainstream grains (Liu et al. 2017b; Stephan et al. 2019), Y and Z grains
(Liu et al. 2019), and AB1 and AB2 grains (Liu et al. 2017b, 2018; Stephan et al. 2019). The numbers of grains included in these data sets are 17, 32, and 98,
respectively. Uncertainties are 1σ.
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a composition indistinguishable from solar, as discussed in
detail by Stephan et al. (2019). The regression lines shown in
Figure 1 each provide twofold information: (1) the intercept of
each line at δ92Mo96=−1000‰ gives the s-process δ iMo96
value (Nicolussi et al. 1998; Lugaro et al. 2003; Stephan et al.
2019), and (2) the slope of each line gives the non-s-process
(r+p-process) iMo/92Mo ratio normalized to the solar
iMo/92Mo ratio. As pointed out by Stephan et al. (2019), all
these data points lie on single lines, meaning that there is very
little variation in the ratio between Mor and Mop and in the
isotopic ratios in each of the three nucleosynthetic components.

Furthermore, other grain types (Y, Z, AB1, and AB2) plot
along the same lines, and adding them to the regressions has
only very little effect on the slopes of the lines (Table 2). For Y
and Z grains, an origin from low-mass AGB stars with subsolar
metallicities has been inferred (e.g., Hoppe et al. 1997; Amari
et al. 2001; Zinner et al. 2006; Nguyen et al. 2018), while
mainstream SiC grains are believed to come from low-mass
AGB stars with approximately solar metallicity. However, Liu

et al. (2019) used molybdenum isotopes to show that Y and Z
grains come from low-mass AGB stars with approximately
solar rather than subsolar metallicities. For AB grains, some-
times subdivided into AB1 and AB2 (Liu et al. 2017a, 2017b),
stellar origins are still a matter of debate. For AB1 grains, Liu
et al. (2017a) suggested Type II supernovae with explosive
hydrogen burning as a common source. The s-process isotopic
signature in this scenario is attributed to neutron capture
processes occurring during the progenitor massive stars’
presupernova evolution (Liu et al. 2018). For AB2 grains,
J-type carbon stars (e.g., Abia & Isern 2000) have been
proposed as a dominant source (Liu et al. 2017b). As these
should have no s-process isotope enrichment, it seems unlikely
that a J-type carbon star is the source for the AB2 grain labeled
Ste19 in Figure 1, which probably comes from a born-again
AGB star (Stephan et al. 2019).
The only presolar grains that do not follow the trend lines in

Figure 1 are the X grains measured by Pellin et al. (2000).
However, apart from the lack of r-process 100Mo enrichment,

Figure 1. Molybdenum isotope data for mainstream (MS) and other types (Y, Z, AB1, and AB2) of presolar SiC grains measured by CHILI (Ste19–Stephan
et al. 2019; Liu17–Liu et al. 2017b; Liu18–Liu et al. 2018; Liu19–Liu et al. 2019) and for X grains measured by CHARISMA (Pel00–Pellin et al. 2000). We only
show CHILI data for grains that have 1σ uncertainties below 50‰ in all δ-values and omit error bars for better visibility, except for the X grain data, where 1σ error
bars are shown. The fits are weighted, linear regression lines (Mahon 1996) through the mainstream grain data from Stephan et al. (2019) only, forced through the
origin. Adding the other CHILI data to the fits would yield identical slopes of the regression lines within error (see Table 2). Not forcing the regressions through the
origin would also have very little effect on the lines that would still go through solar composition within error.

Table 2
Results from Weighted, Linear Regression Calculations for Presolar SiC Grains

MS (Ste19) MS (Ste19+Liu17) All CHILI SiC Data

Correlation Slope MSWD Slope MSWD Slope MSWD

δ94Mo96 versus δ
92Mo96 0.964±0.003 4.43 0.964±0.002 2.58 0.963±0.002 1.61

δ95Mo96 versus δ
92Mo96 0.615±0.008 15.36 0.616±0.006 8.50 0.617±0.003 3.69

δ97Mo96 versus δ
92Mo96 0.532±0.003 0.97 0.529±0.003 1.45 0.527±0.002 1.01

δ98Mo96 versus δ
92Mo96 0.256±0.004 1.76 0.255±0.003 1.70 0.249±0.003 1.55

δ100Mo96 versus δ
92Mo96 0.980±0.004 9.33 0.981±0.003 5.57 0.982±0.002 2.68

δ98Mo96 versus δ
97Mo96 0.481±0.007 2.17 0.481±0.007 2.15 0.472±0.005 1.73

Note. The first data set (Ste19) refers to the mainstream (MS) grains analyzed by Stephan et al. (2019). The second data set also includes mainstream grain data from
Liu et al. (2017b). The third data set comprises all grains analyzed with CHILI, including mainstream grains (Liu et al. 2017b; Stephan et al. 2019), Y and Z grains
(Liu et al. 2019), and AB1 and AB2 grains (Liu et al. 2017b, 2018; Stephan et al. 2019). The numbers of grains included in these data sets are 17, 32, and 98,
respectively. Uncertainties are 1σ.
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a composition indistinguishable from solar, as discussed in
detail by Stephan et al. (2019). The regression lines shown in
Figure 1 each provide twofold information: (1) the intercept of
each line at δ92Mo96=−1000‰ gives the s-process δ iMo96
value (Nicolussi et al. 1998; Lugaro et al. 2003; Stephan et al.
2019), and (2) the slope of each line gives the non-s-process
(r+p-process) iMo/92Mo ratio normalized to the solar
iMo/92Mo ratio. As pointed out by Stephan et al. (2019), all
these data points lie on single lines, meaning that there is very
little variation in the ratio between Mor and Mop and in the
isotopic ratios in each of the three nucleosynthetic components.

Furthermore, other grain types (Y, Z, AB1, and AB2) plot
along the same lines, and adding them to the regressions has
only very little effect on the slopes of the lines (Table 2). For Y
and Z grains, an origin from low-mass AGB stars with subsolar
metallicities has been inferred (e.g., Hoppe et al. 1997; Amari
et al. 2001; Zinner et al. 2006; Nguyen et al. 2018), while
mainstream SiC grains are believed to come from low-mass
AGB stars with approximately solar metallicity. However, Liu

et al. (2019) used molybdenum isotopes to show that Y and Z
grains come from low-mass AGB stars with approximately
solar rather than subsolar metallicities. For AB grains, some-
times subdivided into AB1 and AB2 (Liu et al. 2017a, 2017b),
stellar origins are still a matter of debate. For AB1 grains, Liu
et al. (2017a) suggested Type II supernovae with explosive
hydrogen burning as a common source. The s-process isotopic
signature in this scenario is attributed to neutron capture
processes occurring during the progenitor massive stars’
presupernova evolution (Liu et al. 2018). For AB2 grains,
J-type carbon stars (e.g., Abia & Isern 2000) have been
proposed as a dominant source (Liu et al. 2017b). As these
should have no s-process isotope enrichment, it seems unlikely
that a J-type carbon star is the source for the AB2 grain labeled
Ste19 in Figure 1, which probably comes from a born-again
AGB star (Stephan et al. 2019).
The only presolar grains that do not follow the trend lines in

Figure 1 are the X grains measured by Pellin et al. (2000).
However, apart from the lack of r-process 100Mo enrichment,

Figure 1. Molybdenum isotope data for mainstream (MS) and other types (Y, Z, AB1, and AB2) of presolar SiC grains measured by CHILI (Ste19–Stephan
et al. 2019; Liu17–Liu et al. 2017b; Liu18–Liu et al. 2018; Liu19–Liu et al. 2019) and for X grains measured by CHARISMA (Pel00–Pellin et al. 2000). We only
show CHILI data for grains that have 1σ uncertainties below 50‰ in all δ-values and omit error bars for better visibility, except for the X grain data, where 1σ error
bars are shown. The fits are weighted, linear regression lines (Mahon 1996) through the mainstream grain data from Stephan et al. (2019) only, forced through the
origin. Adding the other CHILI data to the fits would yield identical slopes of the regression lines within error (see Table 2). Not forcing the regressions through the
origin would also have very little effect on the lines that would still go through solar composition within error.

Table 2
Results from Weighted, Linear Regression Calculations for Presolar SiC Grains

MS (Ste19) MS (Ste19+Liu17) All CHILI SiC Data

Correlation Slope MSWD Slope MSWD Slope MSWD

δ94Mo96 versus δ
92Mo96 0.964±0.003 4.43 0.964±0.002 2.58 0.963±0.002 1.61

δ95Mo96 versus δ
92Mo96 0.615±0.008 15.36 0.616±0.006 8.50 0.617±0.003 3.69

δ97Mo96 versus δ
92Mo96 0.532±0.003 0.97 0.529±0.003 1.45 0.527±0.002 1.01

δ98Mo96 versus δ
92Mo96 0.256±0.004 1.76 0.255±0.003 1.70 0.249±0.003 1.55

δ100Mo96 versus δ
92Mo96 0.980±0.004 9.33 0.981±0.003 5.57 0.982±0.002 2.68

δ98Mo96 versus δ
97Mo96 0.481±0.007 2.17 0.481±0.007 2.15 0.472±0.005 1.73

Note. The first data set (Ste19) refers to the mainstream (MS) grains analyzed by Stephan et al. (2019). The second data set also includes mainstream grain data from
Liu et al. (2017b). The third data set comprises all grains analyzed with CHILI, including mainstream grains (Liu et al. 2017b; Stephan et al. 2019), Y and Z grains
(Liu et al. 2019), and AB1 and AB2 grains (Liu et al. 2017b, 2018; Stephan et al. 2019). The numbers of grains included in these data sets are 17, 32, and 98,
respectively. Uncertainties are 1σ.
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a composition indistinguishable from solar, as discussed in
detail by Stephan et al. (2019). The regression lines shown in
Figure 1 each provide twofold information: (1) the intercept of
each line at δ92Mo96=−1000‰ gives the s-process δ iMo96
value (Nicolussi et al. 1998; Lugaro et al. 2003; Stephan et al.
2019), and (2) the slope of each line gives the non-s-process
(r+p-process) iMo/92Mo ratio normalized to the solar
iMo/92Mo ratio. As pointed out by Stephan et al. (2019), all
these data points lie on single lines, meaning that there is very
little variation in the ratio between Mor and Mop and in the
isotopic ratios in each of the three nucleosynthetic components.

Furthermore, other grain types (Y, Z, AB1, and AB2) plot
along the same lines, and adding them to the regressions has
only very little effect on the slopes of the lines (Table 2). For Y
and Z grains, an origin from low-mass AGB stars with subsolar
metallicities has been inferred (e.g., Hoppe et al. 1997; Amari
et al. 2001; Zinner et al. 2006; Nguyen et al. 2018), while
mainstream SiC grains are believed to come from low-mass
AGB stars with approximately solar metallicity. However, Liu

et al. (2019) used molybdenum isotopes to show that Y and Z
grains come from low-mass AGB stars with approximately
solar rather than subsolar metallicities. For AB grains, some-
times subdivided into AB1 and AB2 (Liu et al. 2017a, 2017b),
stellar origins are still a matter of debate. For AB1 grains, Liu
et al. (2017a) suggested Type II supernovae with explosive
hydrogen burning as a common source. The s-process isotopic
signature in this scenario is attributed to neutron capture
processes occurring during the progenitor massive stars’
presupernova evolution (Liu et al. 2018). For AB2 grains,
J-type carbon stars (e.g., Abia & Isern 2000) have been
proposed as a dominant source (Liu et al. 2017b). As these
should have no s-process isotope enrichment, it seems unlikely
that a J-type carbon star is the source for the AB2 grain labeled
Ste19 in Figure 1, which probably comes from a born-again
AGB star (Stephan et al. 2019).
The only presolar grains that do not follow the trend lines in

Figure 1 are the X grains measured by Pellin et al. (2000).
However, apart from the lack of r-process 100Mo enrichment,

Figure 1. Molybdenum isotope data for mainstream (MS) and other types (Y, Z, AB1, and AB2) of presolar SiC grains measured by CHILI (Ste19–Stephan
et al. 2019; Liu17–Liu et al. 2017b; Liu18–Liu et al. 2018; Liu19–Liu et al. 2019) and for X grains measured by CHARISMA (Pel00–Pellin et al. 2000). We only
show CHILI data for grains that have 1σ uncertainties below 50‰ in all δ-values and omit error bars for better visibility, except for the X grain data, where 1σ error
bars are shown. The fits are weighted, linear regression lines (Mahon 1996) through the mainstream grain data from Stephan et al. (2019) only, forced through the
origin. Adding the other CHILI data to the fits would yield identical slopes of the regression lines within error (see Table 2). Not forcing the regressions through the
origin would also have very little effect on the lines that would still go through solar composition within error.

Table 2
Results from Weighted, Linear Regression Calculations for Presolar SiC Grains

MS (Ste19) MS (Ste19+Liu17) All CHILI SiC Data

Correlation Slope MSWD Slope MSWD Slope MSWD

δ94Mo96 versus δ
92Mo96 0.964±0.003 4.43 0.964±0.002 2.58 0.963±0.002 1.61

δ95Mo96 versus δ
92Mo96 0.615±0.008 15.36 0.616±0.006 8.50 0.617±0.003 3.69

δ97Mo96 versus δ
92Mo96 0.532±0.003 0.97 0.529±0.003 1.45 0.527±0.002 1.01

δ98Mo96 versus δ
92Mo96 0.256±0.004 1.76 0.255±0.003 1.70 0.249±0.003 1.55

δ100Mo96 versus δ
92Mo96 0.980±0.004 9.33 0.981±0.003 5.57 0.982±0.002 2.68

δ98Mo96 versus δ
97Mo96 0.481±0.007 2.17 0.481±0.007 2.15 0.472±0.005 1.73

Note. The first data set (Ste19) refers to the mainstream (MS) grains analyzed by Stephan et al. (2019). The second data set also includes mainstream grain data from
Liu et al. (2017b). The third data set comprises all grains analyzed with CHILI, including mainstream grains (Liu et al. 2017b; Stephan et al. 2019), Y and Z grains
(Liu et al. 2019), and AB1 and AB2 grains (Liu et al. 2017b, 2018; Stephan et al. 2019). The numbers of grains included in these data sets are 17, 32, and 98,
respectively. Uncertainties are 1σ.
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Stardust fro
m giant stars

?

The Earth is the richest in stardust from red giant stars in the Solar System! 
This is a problem because the Earth should have formed from a mixture of 

material, how can it be an end member?
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?

1) The even richer material fell into the Sun. Prediction: Venus and Mercury 
should be even richer, but we do not know their Mo isotopic composition 
(Mezger et al. 2020, Space Sci Rev) 
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?

2) Or, the AGB stardust enrichment did not happen in the protosolar disk, but 
during the formaNon of the Earth, assuming pebble accreNon (OneyB et al. 2023)
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Fig. S7. 64 

The µ94Mo vs. µ95Mo slopes and associated error of correlations defined by individual Mo isotopic 65 

analysis of individual SiC grains reported by Nicolussi et al. (1998), Barzyk et al. (2007), Liu et al. 66 

(2017), Stephan et al. (2019). These slopes are contrasted with the NC and CC linear regressions 67 

defined by bulk meteorite samples reported by Budde et al. (2019), Yokoyama et al. (2019), and 68 

the present study.  69 
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The µ94Mo vs. µ95Mo slopes and associated error of correlations defined by individual Mo isotopic 65 

analysis of individual SiC grains reported by Nicolussi et al. (1998), Barzyk et al. (2007), Liu et al. 66 

(2017), Stephan et al. (2019). These slopes are contrasted with the NC and CC linear regressions 67 

defined by bulk meteorite samples reported by Budde et al. (2019), Yokoyama et al. (2019), and 68 

the present study.  69 

stardust from giant
stars Outer 

Solar 
System Inner Solar 

System

Bermingham et al. 2025

different symbols = different studies

Slope from neutron captures µ95Mo vs. µ94Mo 

42

The predicted slope 
is a funcNon of the 

Mo neutron capture 
cross secNons, e.g.,
95Mo + n à 96Mo + g

(Lugaro et al. 2023, 
The European Physical 
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iMo + n à iMo + g : Currently measured at 
CERN n_TOF and GELINA JRV-Geel



Future 
tasksPrediction of the  

neutron capture 
signal in giant stars

44

Identification of 
the giant stars 

from where the 
signal 

originated

Determination of the type 
of stardust in the outer 

and inner early Solar 
System

Understanding the 
evoluNon of the 
protoplanetary 

disk

iMo + n à iMo + g : Currently measured at 
CERN n_TOF and GELINA JRV-Geel



Summary and conclusions
• The isotopic composiNon of meteorites is not 100% the same as terrestrial, 

which shows that large-scale variaNon were present in the protoplanetary 
disk due to variability of various stellar materials (e.g., stardust)
• Isotopic variaNons can be used to understand the environment of the Sun’s 

birth, the evoluNon of the protoplanetary disk, and the formaNon of the 
planets 
• IdenNficaNon of their stellar origin is the new research direcNon needed to 

test these theories


