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Astronomical context of Solar System formation
from molybdenum isotopes in meteorite inclusions

Gregory A. Brennecka'?*, Christoph Burkhardt?, Gerrit Budde?3, Thomas S. Kruijer*?,

Francis Nimmo®, Thorsten Kleine?

Calcium-aluminum-rich inclusions (CAls) in meteorites are the first solids to have formed in the Solar
System, defining the epoch of its birth on an absolute time scale. This provides a link between
astronomical observations of star formation and cosmochemical studies of Solar System formation.
We show that the distinct molybdenum isotopic compositions of CAls cover almost the entire
compositional range of material that formed in the protoplanetary disk. We propose that CAls formed
while the Sun was in transition from the protostellar to pre-main sequence (T Tauri) phase of star
formation, placing Solar System formation within an astronomical context. Our results imply that

the bulk of the material that formed the Sun and Solar System accreted within the CAl-forming epoch,

which lasted less than 200,000 years.

alcium-aluminum-rich inclusions (CAIs)
are the oldest dated samples of the Solar
System and provide a direct record of
its formation. These micrometer- to
centimeter-sized inclusions in meteorites
formed in a high-temperature environment
(>1300 K), probably near the young Sun (1),
and were subsequently transported outward
to the region where carbonaceous chondrite
meteorites (and their parent bodies) formed,
in which they are found today (2-4). Although
some peculiar CAlI-like objects, with intrinsic
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Fig. 1. Molybdenum isotopic data for all CAls in
our sample set. (A) £%*Mo versus £%Mo [where &
notation represents parts per 10,000 deviation from
a terrestrial standard, (20)]. Data plotted are from
this work and other studies (12, 18, 25). Samples
with half-gray symbols have been excluded from
calculations of A®Mo (20). The CC (blue) and NC
(red) correlations (21) are shown for reference.

(B) Magnified view of the region within the dashed
box in (A). (C) CAl isotopic variability due to just
the r-process, presented using A%°Mo notation (see
text for details). The left axis lists the CAls from
literature sources (12, 18, 25) in plain text and those
from this study in bold. We have excluded CAls from
the literature that do not have comparable method-
ologies and CAls with terrestrial contamination of
their Mo isotopic composition. Error bars show 95%
confidence intervals. The CC (blue) and NC (red)
correlations (21) are shown for reference. In (A) to
(C), unfractionated CAls are plotted with orange
squares and group Il CAls with yellow circles.
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percent-level isotope differences from other
Solar System materials, may have formed at a
slightly earlier stage [e.g., (5)], the majority of
CAIs formed 4567.2 + 0.2 million years (Myr)
ago, over a period of ~40,000 to 200,000 years
(6-8). Astronomical observations of young stel-
lar objects (YSOs) show that solar-mass stars
accrete by infall from their parental molecular
cloud cores before transitioning into pre-main
sequence stars surrounded by a disk of gas and
dust (referred to as classes 0 to II in the star
formation literature) within ~1 Myr (9). This is
longer than CAIs took to form, raising the ques-
tion of which astronomical phase in the Solar
System’s formation is recorded by the forma-
tion of CAIs. Previous work modeling the for-
mation of the Solar System and observations
of other stellar systems have associated the
formation of CAIs either with the period of
collapse and accretion of a protostar (class O
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phase) (1, 6) or with the pre-main sequence,
T Tauri phase (class II phase) of the proto-
Sun, which would have occurred up to ~1 Myr
later (10, 1I). Distinguishing between these
interpretations would provide a link between
astronomical observations of YSOs and the
physical samples defining the age of the Solar
System.

We investigate this link using the isotopic
compositions of CAIs. Previous work has shown
that CAls are isotopically distinct from subse-
quently formed solids in the solar protoplan-
etary disk (72, 13), but any “genetic” connections
between CAIs and later-formed solids are
unclear. Compared with bulk meteoritic mate-
rials, CAIs are °0O-rich and more similar to
the Sun than later-formed objects (14). How-
ever, because O-isotope variations reflect the
complex interplay of mixing and fractiona-
tion processes within the protoplanetary disk,
and perhaps the parent molecular cloud (74),
O isotopes alone are of limited use for linking
CAI formation to stellar accretion and disk
formation. Another type of isotope variation,
known as nucleosynthetic variation, is due
solely to inherent isotopic differences in the
starting material and can be used to identify
temporal and spatial differences in the prov-
enance of Solar System materials. These iso-
tope variations arise from the heterogeneous
distribution of presolar material within the
disk and show that the protoplanetary disk
can be divided into noncarbonaceous (NC)
and carbonaceous (CC) reservoirs, which have
been suggested to represent the inner and outer
Solar System, respectively (15-17). This NC-CC
isotopic dichotomy has been demonstrated
in several elements, including Mo, which
can distinguish between isotope variations
arising from the heterogeneous distribution
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Fig. 2. Isotopic and concentration correlations in CAls. (A) A*>Mo plotted
against concentration of Mo in the CAls. In general, samples with a lower
concentration of Mo also have a lower A®*Mo, suggesting at least some
disk processing or CAl formation effect on the r-process signature of

the CAI. (B) A%*Mo plotted against £>°Ti in CAls. See text for discussion

of these isotopic signatures in CAls. (€) A®®Mo plotted against £'®*W. The

of matter produced in the slow (s-process)
and rapid (r-process) neutron capture pro-
cesses of stellar nucleosynthesis (15, 16, 18, 19).
Whereas there are large s-process variations
among materials within each group, all CC
materials are characterized by an approxi-
mately constant r-process excess over NC
materials. Deviations from pure s-process varia-
tion are quantified using the A°Mo notation
[A%Mo = (%Mo - 0.596 x £>*Mo) x 100, where
€ represents parts per 10,000 deviation from a
terrestrial standard (20)], which isolates vari-
ation in the amount of r-process Mo from
variation in the amount of s-process Mo.
Previous studies have shown that the A°°Mo
values for the NC reservoir, thought to re-
present the inner Solar System (A%Mo = —9 + 2),
and CC reservoir, thought to represent the
outer Solar System (A%Mo = 26 + 2), are
distinct from one another (2I). The NC-CC
isotopic difference was established within the
first ~1 Myr of Solar System history (15), so it
likely reflects the incomplete mixing of iso-
topically variable material infalling from the
Sun’s protostellar envelope onto the disk at
different times (22-24). Molybdenum isotopes,
therefore, provide a tool for linking the for-
mation of CAls to the early processes of infall
and disk building and, hence, to a specific
stage of star formation.

We measured the Mo isotopic and trace
element compositions for a variety of CAls
taken from the carbonaceous chondrite (CV3
group) meteorites Allende (13 CAls), NWA
6870 (CAI AlIO1), and NWA 6717 (CAI AI02).
We combine these measurements with similar
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data from three previous studies (12, 18, 25),
which are summarized in table S1. CAls are
classified by their condensation histories, as
inferred from their rare earth element (REE)
systematics. Hereafter, we refer to samples with
unfractionated REE patterns as “unfraction-
ated CAIs,” as distinct from “group II CAls,”
which have fractionated REE patterns, indicat-
ing the loss of an ultrarefractory component
(26). In addition to Mo, isotopic compositions
of the CAIs were determined for several other
elements [Ti, Fe, Ni, Sr, Ba, Nd, Sm, Er, Yb,
Hf, and W; (20)], all of which are isotopically
anomalous in CAIs. The 15 samples newly mea-
sured in this study are isotopically consist-
ent with previously published studies of
CAIs for these elements and exhibit larger
anomalies than bulk meteorites; however,
we concentrate on their Mo isotopes (Fig. 1).
In general, unfractionated CAls exhibit less
variation in s-process Mo signatures (i.e.,
£'Mo values; Fig. 1, A and B) and mostly
have higher and less variable A°*Mo values
(Fig. 1C). By contrast, group II CAIs tend to
have more variable s-process Mo signatures
(Fig. 1, A and B) and lower A°°Mo values
(Fig. 1C). However, a similar overall range in
r-process material (>100 parts per million;
Fig. 1C) is present in both types regardless
of how much s-process variability exists,
showing that variations in s-process and
r-process Mo nuclides in CAIs are not directly
coupled.

The CAIs exhibit different A®Mo values,
only some of which overlap with the values
observed for bulk CC and NC meteorites (Fig.
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A%Mo and £'®3W values do not correlate with one another or show a mixing
relationship with the meteorite matrix. This indicates that parent body
alteration does not control these signatures. Bulk NC and CC meteorite
data for Mo are from (21), Ti data are from (31, 32), and the matrix of

the CC meteorite Allende (blue diamonds) is from (16, 28). Other plotting
symbols are as in Fig. 1.

1C). Unlike the absolute Mo isotope anoma-
lies (i.e., €'Mo; Fig. 1, A and B) and the iso-
tope anomalies for other elements (Fig. 2, B
and C, and tables S2 and S4), the A%°Mo
values provide a link between CAls and the
solid material of the disk as sampled by
bulk meteorites. That is, the composition of
CAls varies from larger r-process excesses
(more positive A°°Mo) toward more NC-like
compositions.

We interpret the distinct A>Mo values for
these CAIs by relating them to models of how
the A% Mo values of the NC and CC reservoirs
may have been established. These models demon-
strate that during infall of the Solar System’s
parental molecular cloud, the isotopic com-
position of the infalling material changed
from high A°°Mo values in the early stages to
lower, NC-like A%*Mo values toward the final
stage; and that as a result of viscous spreading
of the initial disk, the bulk of the mass of the
inner protoplanetary disk comes from the
later infall, whereas the outer disk contains a
higher proportion of early infalling material
(4, 22-24). The rapid outward transport of
material during the initial disk-building pro-
cess provides a mechanism for the transport
of CAIs from near the Sun to the outer Solar
System (2-4). Within this framework, the
range of A°°Mo in CAIs extending from values
characteristic of early infall (higher than the
CC reservoir) to that of bulk meteorites may
have three potential origins: (i) exchange of
Mo with the host meteorite during altera-
tion on the parent body; (ii) changes in the
isotopic composition of infall, and, hence,
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Fig. 3. Schematic diagram of
the early evolution of the Solar
System. The diagram is modeled
after (22) but modified to reflect
our interpretation of the CAl data
and associated stages of stellar
evolution. Heterogeneous infall
from the Sun’s parent molecular
cloud evolves from a higher to
lower amount of r-process
material (i.e., higher to lower
A%Mo, indicated by the color bar).
The isotopic compositions of
CAls record this change in
composition and subsequent
processing within the disk. The
formation of CAls occurs during
the transition of the Sun from a
class | to class Il YSO in less
than 200,000 years.

—

Al formation
(<200,000 years)

== |nfall period =s=—==7?

_C

the gas from which CAIs condensed; or (iii)
processing of CAIs within the disk before
incorporation into their host meteorite.

Group II CAIs have substantially lower con-
centrations of Mo than unfractionated CAIs
and so are more susceptible to alteration in
their Mo isotopic composition than unfrac-
tionated CAls. This may explain why group
II samples tend to have lower (more bulk
meteorite-like) A%*Mo values, although two
unfractionated CAIs (AIO5 and R2) also show
such isotopic compositions. Nevertheless, be-
cause the A%Mo values of many group II CAls
are similar to those of the matrix in Allende
(16), their A% Mo values may potentially reflect
exchange with the host meteorite on the parent
body. However, W, which is thought to behave
similarly to Mo during parent-body alteration
(27), is also strongly depleted in group II CAls,
yet all group II CAIs with low A®Mo exhibit
positive e**W signatures, unlike the negative
€W of the matrix of CV3 chondrites (28).
This indicates that parent-body alteration is
not the source of the signatures. As such, the
combined Mo-W isotopic signatures of group
II CAIs are difficult to account for solely by
parent-body processes. This is also true for the
large range of €Mo values in group II CAIs
(Fig. 1, A and B) and for the isotopic variation
in unfractionated CAlIs. Thus, although parent-
body processes may have modified Mo isotope
signatures in some group II CAIs, they cannot
account for most of the isotopic variations that
we see (see supplementary text). Consequently,
the range of A%Mo in CAIs was likely acquired
before chondrite parent body accretion, either
during CAI condensation or subsequent pro-
cessing of CAIs within the disk.

If the range of A®Mo in CAIs directly
recorded the change of the isotopic composition
of infall and, hence, of the gas from which
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CAIs condensed, CAIs should also directly
record changes in other isotope systems that
distinguish between NC and CC compositions,
such as Ti. Bulk NC meteorites are charac-
terized by negative €°°Ti anomalies down to
about -2, whereas the majority of CAIs have
£°°Ti excesses around +9 [e.g., (29)]. Thus, if
evolving infall from the molecular cloud was
the sole cause of isotopic anomalies in CAlIs,
then A%Mo should coevolve with €°°Ti in
CAls, assuming that Mo and Ti had similar
carriers. However, with one exception—CAI
R2, which exhibits both low A°°Mo and low
£°°Ti—no such clear coevolution is observed
(Fig. 2B). A change of infalling matter toward
NC-like compositions, which is characterized
by €82W ~ 0, also does not provide a viable
explanation for the positive £®*W values of
group II CAIs. Together, these observations
suggest that dynamic infall from the molec-
ular cloud (Fig. 3) cannot be the sole cause of
the observed isotopic signatures in CAls. We
propose that even though dynamic infall ini-
tially generated the range of A®Mo varia-
tions within the disk, additional processing
within the protoplanetary disk established
the measured isotopic signatures of CAIs. This
processing evidently did not affect £°°Ti,
which shows little variation among the CAls
we studied but resulted in substantial and
uncorrelated anomalies of € Mo and £'?W.
The reasons for this disparate behavior during
processing are unclear, but they may include
different thermal properties of the carriers in-
volved, size or density sorting of these carriers,
and chemical fractionations during CAI for-
mation, which made Mo and W more suscep-
tible to isotopic modifications by processes
within the disk.

The range of A%’Mo values in CAIs covers
almost the entire compositional range ob-
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served among bulk meteorites, suggesting that
CAIs acquired their isotopic signatures when
the Sun’s protoplanetary disk had largely
formed. This links CAI formation to the
transition of the Sun from a class I to a class IT
protostar, which is consistent with evidence of
the short-lived isotope '°Be in CAIs (1) and
noble gas signatures from hibonite inclusions
(30)—refractory inclusions thought to have
formed before the more common CAIs—
indicating that these refractory objects formed
when the Sun was a T Tauri star.

Because the vast majority of CAls are
thought to have formed within ~40,000 to
200,000 years (6-8), the recorded isotopic
character of CAIs also represents an amount
of time in which that isotopic character was
established. Interpreting the isotopic com-
positions of CAls in the framework of disk
evolution models, and with the knowledge
that CAIs formed close to the young Sun in a
known time window, we constrain the primary
accretion phase (i.e., classes I and II) of stars
like the Sun to less than 200,000 years, consist-
ent with astronomical observations of YSOs (9).
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Timing Solar System formation

The oldest solids that formed in the Solar System are calcium-aluminium-rich inclusions (CAls), small metallic
droplets that were later incorporated into meteorites. The ages of CAls are conventionally taken as the age of the Solar
System, but which exact moment in star formation they correspond to has been unclear. Brennecka et al. measured
molybdenum isotope ratios in CAls and found a wide range of origins in both the inner and outer Solar System. They
propose that CAls formed from heterogeneous material accreting from the presolar nebula and that the ages of CAls
coincide with the Sun's transition from a protostar to a pre—main sequence star.

Science, this issue p. 837

ARTICLE TOOLS http://science.sciencemag.org/content/370/6518/837
EALAF%E'—REX'LESNTARY http://science.sciencemag.org/content/suppl/2020/11/11/370.6518.837.DC1
REFERENCES This article cites 63 articles, 8 of which you can access for free

http://science.sciencemag.org/content/370/6518/837#BIBL

PERMISSIONS http://www.sciencemag.org/help/reprints-and-permissions

Use of this article is subject to the Terms of Service

Science (print ISSN 0036-8075; online ISSN 1095-9203) is published by the American Association for the Advancement of
Science, 1200 New York Avenue NW, Washington, DC 20005. The title Science is a registered trademark of AAAS.

Copyright © 2020 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of
Science. No claim to original U.S. Government Works

0202 ‘ST JaqWanoN uo /610 Bewasualos aoualos//:dny wolj papeojumod


http://science.sciencemag.org/content/370/6518/837
http://science.sciencemag.org/content/suppl/2020/11/11/370.6518.837.DC1
http://science.sciencemag.org/content/370/6518/837#BIBL
http://www.sciencemag.org/help/reprints-and-permissions
http://www.sciencemag.org/about/terms-service
http://science.sciencemag.org/

