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The Absolute Chronology and
Thermal Processing of Solids
in the Solar Protoplanetary Disk

James N. Connelly,™* Martin Bizzarro,** Alexander N. Krot,?> Ake Nordlund,?

Daniel Wielandt,* Marina A. lvanova®

Transient heating events that formed calcium-aluminum—rich inclusions (CAls) and chondrules
are fundamental processes in the evolution of the solar protoplanetary disk, but their chronology
is not understood. Using U-corrected Pb-Pb dating, we determined absolute ages of individual
CAls and chondrules from primitive meteorites. CAls define a brief formation interval corresponding
to an age of 4567.30 + 0.16 million years (My), whereas chondrule ages range from 4567.32 + 0.42
to 4564.71 + 0.30 My. These data refute the long-held view of an age gap between CAls and
chondrules and, instead, indicate that chondrule formation started contemporaneously with

CAls and lasted ~3 My. This time scale is similar to disk lifetimes inferred from astronomical
observations, suggesting that the formation of CAls and chondrules reflects a process intrinsically
linked to the secular evolution of accretionary disks.

ative stages comes from the earliest sol-

ids preserved from the protoplanetary disk
that now reside as millimeter- to centimeter-
sized objects—calcium-aluminum-rich inclusions
(CAIs) and chondrules—in chondrite meteorites.
These complex objects have been the subject
of intense study in an attempt to decipher their
origins and, in turn, use them as records of the
dynamics of the protoplanetary disk that led
to the formation of the solar system (/-8). Most
CAls formed as fine-grained condensates from a
gas of approximately solar composition in a high-
temperature environment (>1300 K) at total
pressure <10~ bar, with a subset experiencing
re-melting to form distinct coarser igneous tex-

The only record of our solar system’s form-
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tures (9). In contrast, most chondrules represent
coalesced dust aggregates that were subsequent-
ly rapidly melted and cooled in lower-temperature
regions (<1000 K) and higher ambient vapor
pressures (10 bar) than CAls, resulting in ig-
neous porphyritic textures (/0). Despite their for-
mation by different mechanisms (condensation
versus dust accretion) in distinct environments
(11), these objects share common histories of ex-
posure to brief, high-temperature events at least
once in their respective evolutions.

The current perception of the relative tim-
ing of CAI and chondrule formation is based on
the short-lived >°A1-**Mg chronometer [*°Al de-
cays to *Mg with a halflife of 0.73 million
years (My)], which has led to a growing con-
sensus that chondrules formed 1 to 2 My after
CAls (12). This age difference has long been
used as a central observation in defining mod-
els of chondrule formation and, in addition, im-
plies that the melting of CAls and chondrules
was produced by different mechanisms and/or
heat sources. However, the °Al-**Mg dating meth-
od critically depends on the disputed assump-
tion of homogeneous distribution of *°Al in space
and time within the protoplanetary disk (/3).

In contrast, chronologies based on long-lived
radioisotope systems rely on the knowledge of
the present-day abundances of the parent and
daughter isotopes in a sample and therefore are
free from assumptions of parent nuclide homo-
geneity. Of the various long-lived radioisotope
systems, the Pb-Pb dating method is the most
powerful tool to establish a high-resolution chro-
nology of the first 10 My of the solar system.
This chronometer is based on two isotopes of
U, 28U and >U, that decay in a chain to stable
Pb isotopes, 2*°Pb and *’Pb, respectively, result-
ing in 2’Pby/**Pby (where R = radiogenic) ra-
tios that correspond to the amount of time passed
since the system closed, by Eq. 1

235 Mt
(s0) (=)
U/ \(e# — 1)
where A; and A, reflect the decay constants for By
and 28U, respectively; 7, time. The 2’Pbg/*%Pbg
ratio of an inclusion is calculated by extrapolat-
ing from an array of measured Pb isotopic values
that represent varying mixtures of radiogenic
Pb and its initial Pb isotopic composition, which
should approximate that of the solar system de-
fined by the Nantan iron meteorite (/4). However,
attempts to date individual CAls and chondrules
by this approach have historically been frustrated
by the difficulties in analyzing the small amounts
of Pb in these inclusions. In addition, the >U/U
ratio required for Eq. 1, which has traditionally
been assumed to be 137.88 in all solar system
materials, was demonstrated to vary in CAls by
35 € units (deviations in parts per 10*), correspond-
ing to offsets in calculated Pb-Pb ages of up to
5 My (I5). The observation of U isotope varia-
bility, attributed to the decay of the short-lived
*Cm nuclide (**’Cm decays to **U with a half-
life of 15.6 My) voided all published Pb-Pb ages
for solar system materials that were based on an
assumed Z**U/**°U ratio and made clear the need to
have measurements of the U isotopic composi-
tions for all materials dated by the Pb-Pb method.
To establish an assumption-free absolute chro-
nology of CAI and chondrule formation, we have
developed improved methods for the precise anal-
ysis of small amounts of Pb and U by thermal

207phy
206Pbg -

www.sciencemag.org SCIENCE VOL 338 2 NOVEMBER 2012

651




REPORTS

652

ionization mass spectrometry and high-resolution
inductively coupled plasma source mass spec-
trometry, respectively (/6). We measured the
238U/23( ratios of three CAls from the reduced
CV chondrite Efremovka, three chondrules from
the oxidized CV chondrite Allende, and whole-
rock chondrites and differentiated meteorites in
an attempt to understand the extent and origin
of 2*8U/*>U variations in the early solar system
(Fig. 1 and Table 1). The Efremovka CAls show
a range of **U/*°U ratios (Table 1), confirm-
ing the presence of U isotope variability in re-
fractory inclusions. In contrast, our analyses of
meteorites derived from chondritic and differen-
tiated asteroids as well as three individual chon-
drules from Allende show identical 2**U/?*°U
ratios within analytical uncertainty (Fig. 1), de-
fining a weighted mean of 137.786 + 0.013.
These observations indicate a uniform 2**U/*°U
ratio in the inner solar system outside the CAI-
forming region. This is consistent with an earlier
study (/7) but at odds with the solar system
initial **’Cm/***U value of ~1.1 x 10 * inferred
from Z8U/4°U variability in Allende CAls (/5).
Moreover, our analyses of Efremovka CAls show
significant departure from the apparent correla-
tion between the '**Nd/***U [an assumed proxy
for Cm/U (18)] and °U/***U ratios of Allende
CAls (/5), similarly to another recent study (/9).
Thus, we infer that the 2**U/*°U variability in
CAls largely reflects mass-dependent fraction-
ation associated with the CAl-forming process
and not **’Cm decay (supplementary materials
text 1).

The subset of chondrite meteorites we ana-
lyzed includes the Ivuna carbonaceous chondrite,
a member of the rare clan of primitive mete-
orites referred to as CI chondrites. Composed
of matrix material with the highest abundances
of presolar grains, CI chondrites are generally
considered to represent the least chemically frac-
tionated and least thermally processed mete-
orites: They have solar abundances of most
elements (20) and, by extension, have the solar
247Cm/**U ratio. Therefore, we interpret the
#8U/U value of 137.786 + 0.013 obtained for
bulk inner solar system materials as represent-

ing the best estimate of the bulk 2**U/**U ratio
of the solar system and hence that of the Sun.
To constrain the timing and duration of CAI
and chondrule formation, we have obtained
Pb isotope data for a suite of three CAls from
Efremovka (22E, 31E, and 32E), two ferro-
magnesian porphytitic olivine-pyroxene chon-
drules from Allende (C20 and C30), and three
ferromagnesian porphyritic olivine (C1) and
barred olivine-pyroxene chondrules (C2 and C3)
from the unequilibrated ordinary chondrite NWA
5697. 22E is a fine-grained inclusion with a
porous, nearly monomineralic hibonite core sur-
rounded by a mantle composed of concentrically
zoned objects having a spinel-hibonite-perovskite
core rimmed by the layers of melilite + anorthite
and pyroxene. The texture and mineralogy of
22E indicate that it is an unmelted nebular con-
densate. 31E is a coarse-grained type B1 CAI
with a pyroxene-melilite-spinel core surrounded
by a melilite mantle and a multilayered Wark-
Lovering rim sequence of spinel, melilite, py-
roxene, and forsterite. 32E is a coarse-grained
type B1 CAI with a melilite-pyroxene-anorthite-
spinel core surrounded a melilite mantle, thin
Wark-Lovering rim layers of pyroxene and spinel,
and a forsterite-rich accretionary rim. Both coarse-
grained CAls experienced melting after their
initial formation by condensation and evapora-
tion processes. To calculate the Pb-Pb ages of
the Efremovka CAls, we used their measured
238U/U ratios, which are characterized by a
range of ~15 € units (Table 1) with compositions
that are both isotopically heavy and light rela-
tive to the bulk solar ***U/>U value of 137.786.
The three CAls yield ages of 4567.35 + 0.28 My
(22E), 4567.23 £ 0.29 My (31E), and 4567.38 +
0.31 My (32E) (Table 1), with uncertainties in-
cluding errors associated with both the Pb and
U isotope measurements. The age concordancy
of these inclusions, despite the wide range of
their *%U/**3U ratios, supports our interpreta-
tion that the **U/***U variability was imparted
during CAI formation and does not represent a
secondary event such as, for example, mass-
dependent fractionation resulting from varia-
ble redox conditions during alteration processes

Table 1. Summary of Pb-Pb ages, 23U/*>>U ratios used in age calculations, and >*Cr compositions
of individual CAls and chondrules. The Pb concentrations are based on the total amount of Pb
analyzed. p = 28U/%%*Pb. The £>*Cr values represent 10* deviation of the >*Cr/*?Cr value of a sample
relative to the terrestrial chromium reference standard and were acquired following Trinquier et al.
(41). Uncertainties reflect the external reproducibility of 9 ppm. The £>*Cr value for the 31E CAl is from

Larsen et al. (13).

on the CV chondrite parent body. The ages we
report for Efremovka CAls overlap with the age
of 4567.18 £ 0.50 My recently obtained for the
coarse-grained type B CAI SJ101 from Allende
(19), which is the only CAI age currently avail-
able in the literature calculated with a measured
Z38U/25U ratio. Pooling the ages we obtained
for Efremovka CAls with that of the SJ101 CAI
from Allende yields a weighted mean age of
4567.30 £ 0.16 My, suggesting that the time
scale of the CAl-forming event inferred from
our absolute chronology may be as short as
160,000 years. Therefore, these data collectively
support a single and brief time interval for the
formation of CV CAls, in agreement with the
rapid time scales of less than 50,000 years re-
quired for their condensation and evaporative
melting based on bulk °A1-*°Mg systematics
(6, 13). However, our preferred age for the CAI-
forming event and, by extension, the formation of
the solar system, is based on the best-constrained
age of 4567.35 + 0.28 My obtained for the 22E
CAI (Fig. 2A). This interpretation is founded
on the petrographic features of this inclusion,
suggesting an origin as a gas-solid condensate,

[ «—— 137.786 £0.013
Allende chondrules !

1
Bulk chondrites :

Allende
Ivuna
Gujba

NWA 97159

1
1
F—T—— NwWA5697

1
Bulk achondrites :
1

|—i.—| NWA 2976
1
1

——— SAH 99555
1
1

|—.—|: Juvinas
1

T T T T T T T T T
137.75 137.77 137.79 137.81 137.83
238 /235y

Fig. 1. 28U/>U ratios of individual chondrules,
bulk chondrites, and achondrites. These samples
define a mean of 137.786 + 0.013 [mean square
of weighted deviations (MSWD) = 1.2], which we
interpret as the present-day solar 23U/**U ratio.
The vertical gray band reflects the 2 SD uncer-
tainty of the *®U/?**U solar value. Uncertainties
of sample measurements reflect external repro-
ducibility or the internal precision of individual
analyses, whichever is larger.

Sample Type  Weight (mg) p Pb (ppb)  Age (My) 238235 £>%Cr
22E CAI 25.9 46 178.8 4567.35 + 0.28 137.627 + 0.022
31E CAl 57.6 247 119.4 4567.23 £ 0.29 137.770 £ 0.022 6.8 1.2
32E CAI 18.0 116 322.3 4567.38 £ 0.31 137.832 £ 0.022
c30 Chondrule 29.7 246 24.1 4567.32 + 0.42 137.786 + 0.013 —0.58 + 0.09
c1 Chondrule 30.0 23 78.3 4566.67 + 0.43 137.786 + 0.013 —0.60 + 0.09
c20 Chondrule 28.5 26 40.8 4566.24 + 0.63 137.786 + 0.013 —0.36 = 0.09
a Chondrule 107.6 183 27.6 4566.02 + 0.26 137.786 + 0.013 —-0.87 + 0.09
Q2 Chondrule 58.9 63 77.7 4564.71 + 0.30 137.786 + 0.013 —0.24 + 0.09
2 NOVEMBER 2012 VOL 338 SCIENCE www.sciencemag.org



together with the combined effect of the slightly
smaller errors on the age due to the greater spread
in Pb-Pb data to define the 2°’Pbg/*°°Pby ratio,
greater number of points defining the isochron,
acceptable sample/blank ratios for all measure-

ments used to define the array (table S4), and the
low amount of terrestrial Pb contamination (27).
Because of the lack of 2**U/**°U variability
among bulk inner solar system reservoirs, in-
cluding three individual chondrules from the

REPORTS

Allende meteorite (Fig. 1), we used the well-
constrained solar **U/**°U value of 137.786 +
0.013 to calculate the absolute Pb-Pb ages of our
subset of chondrules. In contrast to the narrow
age span defined by CAls, the chondrule ages

0.86

A Efremovka CAl 22E B s | Alende chondrule C30
0.82 b 4567.35+0.28 Myr 4567.32 + 0.42 Myr .
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Fig. 2. Pb-Pb isochron diagrams for Efremovka CAI 22E (A), Allende chon- 080 F 456471 +0.30 Myr
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Fig. 3. Initial Pb isotopic compositions of individual Theoretical evolution of chondrule C3
chondrules. The initial Pb isotope compositions are defined precursor from 4567.35 to 4566.02 Myr -~
by the intersection of the individual isochrons and a Pb — T
evolution array anchored on the solar system initial Pb o
isotope composition defined by the Nantan iron meteorite P
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hand side of the solar system initial Pb array for clarity. The a & - m I Q)
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range from 4567.32 £ 0.42 My to 4564.71 +
0.30 My (Fig. 2, B and C, and Table 1). The
oldest chondrule age overlaps with our estimate
of CAI formation and thus requires that ag-
gregation of the chondrule precursor material
and its thermal processing occurred within the
uncertainty of its Pb-Pb age. Moreover, the age
of the oldest chondrule indicates that it was not
heated to temperatures above the Pb closure tem-
perature after 4567.32 + 0.42 My and therefore
has a formation and thermal history indistinguish-
able from that of CAls. These data demonstrate
that chondrule formation started contemporane-
ously with CAls (within the uncertainty of our mea-
surements) and continued for at least ~3 My.
The majority of chondrules are believed to
have formed as dust aggregates of near-solar
composition subsequently thermally processed
by a flash heating mechanism creating the ig-
neous textures we observe today (/0). However,
the presence of relict grains, igneous rims, and
compound chondrules suggests that some chon-
drules may have grown by collisions and re-
melting (22, 23). Given the low solar Z**U/2**Pb
ratio () of ~0.15 (24), the Pb isotopic com-
position of a chondrule precursor is not expected
to evolve measurably during the lifetime of the
protoplanetary disk (~3 My) until its p value is
increased by Pb devolatilization during ther-
mal processing. As such, internal isochron rela-
tionships of chondrules are expected to project
back to nonevolved initial Pb isotopic compo-
sitions, unless an object experienced a complex

Fig. 4. Time scales of sol- Start of
id formation and disk evo-
lution. The brief formation
interval of 160,000 years
for the CAl-forming event
is similar to the median
lifetimes of class 0 proto-
stars of ~0.1 to 0.2 My
inferred from astronomical
observation of star-forming
regions (37). Therefore,

X

Class |

0 Myr

~0.7 Myr
- Brief epoch of CAl condensation and melting

thermal history involving multiple heating and
melting events. The isochron for the oldest
Allende chondrule (C30) projects back to an ini-
tial Pb isotopic composition that is less radio-
genic than the most primitive estimate of the
initial Pb isotopic composition of the solar sys-
tem (Fig. 3), based on the Nantan iron meteorite
(14). The low p value of the precursor material
for chondrules in general and the antiquity of
this chondrule in particular indicate that the
Pb isotopic composition of the Nantan iron me-
teorite does not represent the initial Pb isotopic
composition of the solar system, but instead an
evolved composition inherited after accretion
and differentiation of its parent body before
core formation. Similar to chondrule C30, three
of the four younger chondrules we analyzed
define isochron relationships that project back
to Pb isotopic compositions that are more pri-
mitive than the current estimate of the solar
system initial Pb composition. This implies that
the precursor material of these chondrules, es-
pecially C3 with its high p value of ~183, were
not thermally processed until at or near the
derived Pb-Pb age. Thus, the range of ages we
observe for individual chondrules reflects pri-
mary ages associated with a chondrule-forming
event and not secondary disturbance of the
Pb-Pb chronometer. Only the youngest chon-
drule, C2, yields an isochron that projects to a
more evolved Pb isotopic composition, requiring
that this inclusion was thermally processed for
the first time early enough to have accumulated

collapse (|55 0 protostar

Class Il and 1l -

~3 Myr

; c2 —o—
the thermal regime re-
quired for CAI condensa-
tion may only have existed c3 ¢
during the earliest stages
of disk evolution typified c20 ® Chondrules
by high mass accretion rates
(~107> M, year™) to the c1 —@&—
central star.
C30 H—@—
32E ——@—
31E  +—e—
CAls
22E H@—
SJ101 |—@—
[ I I I 1
4568 4567 4566 4565 4564

Absolute ages (Myr)

substantial radiogenic Pb by the time the last
melting event occurred at 4564.71 + 0.30 My.

Chondrules from the Allende and NWA
5697 chondrites define age ranges (Fig. 4) that
indicate the presence of multiple generations of
chondrules in individual chondrite groups. To
explore the spatial significance of this age range,
we have measured the **Cr/**Cr ratios of these
chondrules, because >*Cr/>*Cr variations within
the inner solar system track genetic relationships
between early-formed solids and their respective
reservoirs (25). The five chondrules analyzed
here show significant >*Cr variability (Table 1)
that is not correlated with their ages. Moreover,
most chondrules have **Cr/*’Cr ratios that are
distinct from those of their host chondrites (26).
Collectively, these observations indicate that
chondrules from individual chondrite groups
formed from isotopically diverse precursor ma-
terial in different regions of the protoplanetary
disk and were subsequently transported to the ac-
cretion regions of their respective parent bodies.
This is consistent with the proposal that radial
transport of material in the protoplanetary disk,
such as by radial diffusion (27) and/or stellar
outflows (3), was important during the epoch of
CAI and chondrule formation (28).

Some models of chondrule formation such
as current sheets (29), colliding molten planet-
esimals (30), and recycling of fragmented dif-
ferentiated planetesimals (3/) are based on the
presumed offset of 1 to 2 My between the for-
mation of CAls and chondrules and therefore
are inconsistent with the contemporaneous for-
mation of CAls and the oldest chondrules in-
ferred from our study. Moreover, differentiated
planetesimals typically have enhanced U/Pb val-
ues (32), which would result in chondrules with
radiogenically evolved initial Pb isotopic com-
positions. However, the initial Pb isotopic com-
position of individual chondrules suggests that,
in most cases, chondrule precursors retained the
solar U/Pb value up to the chondrule-forming
event(s).

Nebular shock waves are currently the fav-
ored mechanism for chondrule formation. The pro-
posed sources of shock waves include infalling
clumps of dust and gas (33), bow shocks gen-
erated by planetary embryos (34), spiral arms
and clumps in a gravitationally unstable proto-
planetary disk (35), and x-ray flares (3). Similar
to the colliding planetesimals model, the forma-
tion of chondrules by bow shocks requires at
least 1 My to allow for the growth of planetary
embryos of adequate size and therefore cannot
explain the existence of old chondrules. Accretion-
driven shock models, including models based on
a gravitationally unstable disk, require copious mass
accretion rates to the central star on the order of
~107° solar mass (M) year ' to be plausible
(36). Astronomical observations indicate that such
high accretion rates are achieved only in the deeply
embedded class 0 phase of star formation (37),
and such accretion rates can only last for ~0.1 My.
Thus, chondrule formation via accretion-driven
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shocks is limited to the ecarliest stage of disk
evolution. As such, different sources of shock
waves would be required to account for the ob-
served ~3 My age range of chondrule formation
inferred from our study.

Our revised chronology of the formation of
solids and their thermal processing refutes the
long-held view of a time gap between the for-
mation of CAls and chondrules, thereby allow-
ing for the possibility that the energy required
for melting CAls and chondrules may have been
associated with the same physical process. Sta-
tistical studies based on astronomical observations
of young stellar objects within star-forming re-
gions indicate that the median lifetime of disks
around low-mass stars is ~3 My (37). These
time scales are comparable to the timing of
melting of disk solids inferred from our Pb-Pb
dates (Fig. 4), suggesting that the formation of
CAls and chondrules may reflect a process
intrinsically linked to the secular evolution of
protoplanetary disks (38) and is not unique to
our solar system. Transfer of mass from the
disk to the central protostar is the most energetic
process during the lifetime of the protoplanetary
disk. Although the energy generated during this
process is only gradually released, part of which
is converted into kinetic energy expressed as
magnetically driven bipolar outflows from the
protostar (39), a substantial amount of it is avail-
able for the thermal processing of solids during
transient mass-accretion events. Indeed, models
of the innermost structure of protoplanetary disks
predict temperatures in excess of 1400 K within
1 astronomical unit for mass accretion rates as
low as ~10"° M, year ' (40). Because the con-
servation of energy requires dissipation per unit
of area of the disk that scales as the inverse cube
of the distance from the central star, accretion-
based processes may produce similar thermal re-
gimes over a large range of accretion rates, albeit
at different orbital radii. Whether accretion-based
processes can provide thermal histories for CAls
and chondrules that are consistent with their
heating and cooling rates, as well as the chro-
nology provided here, requires robust numerical
simulations of the evolving thermal structure of
accreting disks.
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Chloroplast Biogenesis Is Regulated
by Direct Action of the
Ubiquitin-Proteasome System

Qihua Ling,* Weihua Huang,*t Amy Baldwin,} Paul Jarvis§

Development of chloroplasts and other plastids depends on the import of thousands of nucleus-encoded
proteins from the cytosol. Import is initiated by TOC (translocon at the outer envelope of chloroplasts)
complexes in the plastid outer membrane that incorporate multiple, client-specific receptors. Modulation
of import is thought to control the plastid's proteome, developmental fate, and functions. Using forward
genetics, we identified Arabidopsis SP1, which encodes a RING-type ubiquitin E3 ligase of the chloroplast
outer membrane. The SP1 protein associated with TOC complexes and mediated ubiquitination of TOC
components, promoting their degradation. Mutant spI plants performed developmental transitions that
involve plastid proteome changes inefficiently, indicating a requirement for reorganization of the TOC
machinery. Thus, the ubiquitin-proteasome system acts on plastids to control their development.

hloroplasts belong to a family of plant
organelles called plastids, which includes
several nonphotosynthetic variants (such as
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etioplasts in dark-grown seedlings and carotenoid-
rich chromoplasts in fruits) (7). A specific feature
of the plastid family is the ability to interconvert
in response to developmental and environmen-
tal cues—for example, during de-etiolation or
fruit ripening (/). Such plastid interconversions
are linked to reorganization of the organellar
proteome (2, 3).

Over 90% of the thousands of proteins in
plastids are nucleus-encoded and imported from
the cytosol posttranslationally (/). The translocon
at the outer envelope of chloroplasts (TOC) rec-
ognizes chloroplast pre-proteins and initiates
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