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Group IVA iron and siliate-iron meteorites record a large range of cooling rates attributed to an impact-
related disruption of a molten and differentiated ca. 1000 km diameter planetary embryo of chondritic
composition before re-accretion of mainly the metallic core with minor silicates. To better understand
the timing of primary accretion, disruption, re-accretion and cooling of the Group IVA parent body, we
have determined Pb-Pb and Al-Mg ages for the Group IVA silicate-iron Steinbach meteorite. A Pb-Pb age
based on multiple fractions of late-phase, slowly-cooled orthopyroxene from Steinbach yields an absolute
age of 4565.47 + 0.30 Ma corresponding to a relative age of 1.83 & 0.34 Myr after formation of calcium-
aluminium-rich inclusions (CAls). This is the oldest U-corrected Pb-Pb absolute age for a differentiated
meteorite. We use the deficit Al-Mg dating method on one whole rock sample and two mineral separates
to produce a model age of 1.3fg:§ Myr after CAI formation corresponding to the depletion age of Al
relative to Mg in the source material for Steinbach. Assuming this fractionation event occurred in the pre-
impact parent body, this provides a maximum time after CAI formation for the disruption of the original
Group IVA parent body. Together, these ages require that the original parent body accreted very early and
differentiated prior to the impact-related break up, re-accretion and cooling between 1.3f8:§ Myr and
1.83 £ 0.34 Myr after CAI formation. These ages are fully consistent with a growing body of evidence
from meteorites and astronomical observation supporting the early and efficient growth of planetary
embryos and with numerical models of pebble accretion that predict rapid growth of embryos in the
presence of chondrules. This time frame for the efficient formation of planetary embryos by chondrule
accretion is inconsistent with a proposed ~1.5 Myr delay in chondrule formation, a contradiction that is
resolved by a non-canonical abundance of 26Al in the inner Solar System during at least the first million
years of the protoplanetary disk.

© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The timing of earliest planetary embryo formation is an im-
portant parameter in understanding the dynamics of the evolving
protoplanetary disk and final planetary architecture of the Solar
System. Recent numerical models predict that planetary embryos
will grow efficiently and rapidly in the presence of mm-sized pre-
cursor material (e.g. Johansen et al., 2015). As such, sizable bodies
are predicted to have existed within the present resolution of our
chronometers (several 100,000 years) after the first formation of
chondrules, mm- to cm-sized inclusions that represent melted dust
clumps and the most abundant component of primitive meteorites.
In this view, the timing of the first formation of chondrules of-
fers an upper limit on the earliest time for efficient accretion of
sizable bodies within the Solar System but there is considerable
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debate over their formation ages. A traditional perspective is based
on the decay of the short-lived 26Al to Mg and envisions a 1-2
Myr gap between the formation of the Sun and establishment of
a protoplanetary disk and the onset of chondrule formation (e.g.
Nagashima et al., 2018). However, short-lived chronometric sys-
tems rely on the unverified assumption of a homogeneous distri-
bution of the parent nuclide throughout the protoplanetary disk.
A more recent view based on the U-Pb decay system suggests that
chondrules formed abundantly within the first Myr of the proto-
planetary disk and that they were recycled throughout the lifetime
of disk, lasting approximately 4 Myr (Bollard et al., 2017). Accept-
ing the pebble accretion model as the most viable mechanism to
efficiently grow planetary embryos, the existence of a 1-2 Myr
gap between Solar System and chondrule formation implied by
Al-Mg chronometry predicts that planetary embryos would have
been delayed in their first appearance. In contrast, the Pb-Pb ages
of chondrules predict that they would have formed in the earliest
stages of the protoplanetary disk.

0012-821X/© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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While further work appears necessary to reach a consensus on
the ages of the oldest chondrules, avenues exist to evaluate the
timing of formation of the earliest formed planetary embryos. The
182Hf 182y system applied to iron meteorites is capable of dat-
ing the timing of core formation of planetary embryos when ac-
curately corrected for cosmogenic effects. A recent study of iron
meteorites shows that some of their parent bodies had already
formed, melted and differentiated into a mantle and core within
1.6 £ 1.0 Myr after Solar System formation (Kruijer et al., 2013).
In addition, it is widely believed that melting and differentiation
is driven by heat generated by the decay of 26Al. Depending on
the initial 26Al/27Al ratio in the bulk Solar System, some thermal
models predict that planetary embryos must have formed within
the first 500,000 years after the formation of the Solar System for
there to be enough 26Al radiogenic heat available for melting (e.g.
Schiller et al., 2011, 2015; Larsen et al, 2016; van Kooten et al.,
2016; Blackburn et al., 2017).

To contribute to the understanding of the earliest stages of
planet formation, we report Pb-Pb and Al-Mg ages for the mixed
silicate-metal meteorite Steinbach that has been grouped with IVA
iron meteorites on the basis of compositional and textural similar-
ities of the metal components (Schaudy et al., 1972). This class of
meteorites is of particular interest given that they have been dated
by the '82Hf-182W system (Kruijer et al., 2013) and there exists a
single Pb-Pb age on IVA Muonionalusta that was reported as the
oldest absolute age for a differentiated meteorite at 4565.3 + 0.1
Ma (Blichert-Toft et al., 2010).

2. Steinbach and IVA iron meteorites

Steinbach is a silicate-iron meteorite found in Germany in
1724 with a total mass of 98 kg (Meteoritical Bulletin Database;
https://www.lpi.usra.edu/meteor/). Steinbach contains mm-size sil-
icate grains interspersed with mm- to cm-size grains of metal and
troilite. The silicate portion is dominated by three types of py-
roxene (combined 40%), tridymite (20-30%) and Fe-Ni metal and
troilite (combined 30-40%) with minor amounts of chromite. Cli-
nobronzite and Type 1 pyroxene (orthobronzite), as described by
Ruzicka and Hutson (2006), have overlapping compositions and
are both inclusion-rich. The more abundant inclusion-poor Type 2
pyroxene of Ruzicka and Hutson (2006) (orthobronzite) can be di-
vided into two subgroups designated as depleted and enriched
based on the abundances of Ca and Al and trace elements Cr, V, Sc,
Ti, Y and Zr. Clinobronzite, Type 1 pyroxene and depleted Type 2
pyroxene have overlapping major element compositions that are
distinct from the more evolved enriched Type 2 pyroxene that have
a greater range of compositions. Based on textures and chemical
compositions, clinobronzite, Type 1 pyroxene and depleted Type 2
pyroxene are inferred to have formed early during rapid cooling
whereas enriched Type 2 pyroxene formed later during slow cool-
ing (Ruzicka and Hutson, 2006).

Steinbach is paired with IVA iron meteorites based on the
composition and structure of the metal portion (Schaudy et al.,
1972; Reid et al., 1974). This group as a whole records an un-
usual and complex cooling history with an early rapid cooling
phase (~100°C/yr; Haack et al., 1996) followed by slower cooling
(~100°C/Myr; Yang et al., 2008). This cooling history is consistent
with the distinct cooling paths recorded in the different pyrox-
enes of Steinbach. Most attempts to explain the complex cooling
histories of IVA meteorites invoke an impact-related disruption of
the parent body as part of its history. The more recent model of
Ruzicka and Hutson (2006) appears to best account for all existing
data where they invoke impact disruption of a molten or partially
molten and already differentiated planetary embryo. The early
rapid cooling over hours represents the crystallization prior to and
during re-accretion with heat efficiently lost from smaller objects.

The slow, protracted cooling phase represents post-accretion crys-
tallization within the interior of the body.

3. Methods
3.1. U and Pb isotope analyses

From a 22 g slab of the Steinbach meteorite acquired from
L. Labenne, a ~1 g piece was cut off using a diamond-coated
wire saw (dry), crushed, sieved and sorted into different min-
eral concentrates using a Frantz™ magnetic separator. Five frac-
tions of pure orthopyroxene (enriched Type 2 pyroxene of Ruzicka
and Hutson, 2006) ranging in weight from 10 to 94 mg were
hand picked using a binocular microscope from the magnetically-
separated fractions with the greatest concentration of this phase.
In five separate sessions, the pyroxene separates were washed with
alternating cycles of distilled water, ethanol and acetone with five
minutes of ultrasonication between each step. This was repeated
five times. Each separate was then treated five times with 0.01 M
HBr on a 100°C hotplate for 15 min and ultrasonicated before
rinsing with distilled water three times. Each fraction was then
subjected to a progressive dissolution procedure using acids in-
creasingly aggressive on silicates with acid strengths as outlined
in Table 1. Each digestion step included heating on a hotplate at
120°C for times listed in Table 1 followed by five minutes of ul-
trasonication.

The residual solid component of each step was allowed to set-
tle after ultrasonication before the liquid was transferred to a clean
Savillex™ PFA vial with care not to include any residual solid mate-
rial. For those steps that did not include HF, 50 ul of 29 M HF was
added to the solution after it was transferred. The final residues
were fully dissolved in 29 M HF and 7 M HNO3 on a hotplate
at 135°C for three days. All dissolution steps were spiked with
an equal-atom 202Pb-295Ph tracer to correct for instrumental mass
fractionation prior to the final evaporation and re-dissolution in 1
M HBr, the acid required for the start of the chemical separation
procedure. After analyzing all the dissolution steps from the first
session, it was realized that the relatively weak acids of the first
four steps were dominated by terrestrial contaminant Pb so that
the progressive dissolution procedure was modified for the four
remaining aliquots (where L1 = 1 M HBr and L2 = 4 M HNO3).
For these aliquots, only the remaining three dissolution steps (L3,
L4 and L5) using HCl and HF acid were analyzed in the remaining
four sessions (Table 1).

A single 100 mg fraction of pure troilite was also processed for
Pb isotope analysis. This fraction was rinsed in five cycles of dis-
tilled water, ethanol and acetone on the hotplate (110 °C) followed
by five minutes of ultrasonication. After addition of an equal-atom
202ph_205ph tracer, the troilite was then fully dissolved in 4 M
HNO3 on a hotplate at 110°C for 24 h.

Lead from the pyroxene partial dissolution steps and the troilite
sample was purified in two passes over a 55 pl column filled
with Eichrom Industries™ anion resin following the procedures of
Connelly and Bizzarro (2009). After the second pass, the samples
were dried down with a 10 ul of 0.1 M H3PO4. The samples were
loaded onto outgassed zone-refined Re ribbon with silica gel made
following the recipe of Gerstenberger and Haase (1997) but using
four times more silicic acid than they recommended. The isotopic
composition of Pb was determined using the ThermoScientific™
Triton™ thermal ionization mass spectrometer at the Centre for
Star and Planet Formation (StarPlan), University of Copenhagen,
Denmark. Given the low amounts of Pb present in the pyrox-
ene dissolution steps, all analyses were made using an axially-
positioned secondary electron multiplier - ion counter (SEM-IC)
where each Pb isotope was measured sequentially in peak jumping
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Table 1

Pb isotope data for Steinbach.
Fraction Acid Treatment Pb 206pp204pp2  204pp 206ph3  Erpor 207pp/206ph3  Error Rho®>  208pp 206pp3  208pp,204pp3

(pg)! (%)t (%)t

Pyx1-L1 0.05 M HBr 24 h + US 311.0 18.146 0.0549468 0.0273 0.856959 0.0124 0.01 2.09958 38.2111
Pyx1-L2 0.05 M HBr 24 h + US 225.8 18.132 0.0549748 0.0350 0.857102 0.0150 0.01 210179 38.2318
Pyx1-L3 1 M HBr 3hr + US 56.0 18.138 0.0548909 0.0520 0.858067 0.0213 0.05 2.10425 38.3351
Pyx1-L4 0.5 M HBr 12 h 4+ US 8.6 18113 0.0545816 0.1008 0.854761 0.0325 0.18 2.08460 38.1924
Pyxl-RG HF-HNOs3 3 days + US 324 22.331 0.0444220 0.0709 0.813126 0.0258 0.70 1.77915 40.0512
Pyx2-L3 6 M HCl 30 min + US 118.0 18.366 0.0543192 0.0705 0.865995 0.0310 0.00 2.08621 38.4065
Pyx2-14 1 M HF 15 min + US 20.2 43.834 0.0221593 0.3316 0.720411 0.0446 0.99 1.07600 48.5576
Pyx2-RG HF-HNO3 3 days + US 23.0 303.080 0.0027289 2.8650 0.636226 0.0576 0.99 0.47407 173.7233
Pyx3-L3 6 M HCI 30 min + US 351.7 18.307 0.0544167 0.0313 0.854308 0.0135 0.00 2.08496 38.3147
Pyx3-14 1 M HF 15 min + US 12.0 35.944 0.0268729 0.4292 0.737312 0.0660 0.98 1.18608 441367
Pyx3-R5 HF-HNOs3 3 days + US 9.1 145.000 0.0054864 3.7396 0.647987 0.1297 0.99 0.55723 101.5649
Pyx4-L3 6 M HCI 30 min + US 36.9 17.791 0.0558827 0.0858 0.873777 0.0272 0.19 211185 37.7908
Pyx4-L45 1 M HF 15min + US 7.0 27472 0.0349328 0.4681 0.772860 0.0824 0.97 1.45966 41.7849
Pyx4-R HF-HNO3 3 days + US 19.8 37.341 0.0261124 0.2752 0.732288 0.0422 0.98 1.16680 44.6836
Pyx5-L3 6 M HCl 30 min + US 24 18.154 0.0530627 0.1994 0.844463 0.0629 0.00 2.06010 38.8239
Pyx5-14 1 M HF 15 min + US 1.7 83.774 0.0052345 241508 0.645906 0.6371 1.00 0.49449 94.4677
Pyx5-R5 HF-HNO3 3 days + US 6.3 294.650 0.0014359 23.4384 0.630840 0.1768 1.00 0.39241 273.2919
Pyrite RE 4 M HNOs3 1 day + US 957706.1 18.164 0.0548872 0.0348 0.857318 0.0170 0.00 2.10494 38.3503

NOTES:

1. Total amount of Pb in each fraction corrected for spike and blank.

2. Measured isotope ratio.

3. Isotope ratio corrected for mass fractionation, spike and blank.

4, Percent uncertainty on the isotopic ratio reported at the 2-sigma level.
5. Rho value for the 207Pb/2%Pb and 294Pb/2%6Pb ratios.

6. Fractions used in the regression to define an age for Steinbach.

mode by switching the magnetic field. The much greater abun-
dance of Pb from the troilite allowed for a static multi-collector
Faraday measurement on all masses except 2°2Pb and 2%°Pb, which
were measured on the SEM-IC. All data was reduced using an in-
house program with the final regression and age calculation using
Isoplot (Ludwig, 2003).

Duplicate Pb blank analyses were run with each of the five dis-
solution series. These comprised adding a 2%8Pb tracer to the same
type of pre-cleaned vial that was used for the sample solutions
and subjecting this blank sample to the final dry down and full
chemistry. The average laboratory Pb blank for the five sessions
was 0.25 £ 0.05 pg, an amount that is subtracted from each anal-
yses assuming a modern terrestrial Pb isotopic composition after
Stacey and Kramers (1975).

The U isotopic composition of this sample is required for the
determination of a Pb-Pb age from the pyroxene and troilite frac-
tions. Two separate whole rock fragments (4.85 and 18.50 g) were
processed by pre-dissolving the samples in a 60 ml Savillex™ PFA
jar on the hot plate for five days. The residual solid portion was
transferred into a 15 ml Savillex™ vial that was placed in a Parr
Instruments™ bomb in an oven at 210°C for five days with con-
centrated HF and HNOj3 in 3:1 proportions. Upon cooling, the su-
pernatant was removed to the 60 ml Savillex™ jar and the residual
solid component was subjected to a second round of HF-HNOj3 in
the oven at 210°C for five days. The solution and any solids from
the second round were combined with the liquid from the earlier
dissolution rounds, dried down and re-dissolved in 6 M HCl. After
24 h, some solid remained so that 7 M HNO3 was added in equal
volumes with the 6 M HCI. This procedure was repeated once more
after which the sample was fully in solution in 50 ml of acid. This
was dried down again and re-dissolved in 7 M HNOs, the acid re-
quired for the start of the U purification procedure.

Uranium was purified from the matrix elements in a four step
procedure as outlined in Connelly et al. (2012) and Livermore et
al. (2018). In short, the procedure starts with replicate passes over
a column filled with 1 ml of Eichrom Industries™ UTEVA™ fol-
lowed by two separate columns filled with 0.5 ml and 0.055 ml of

anion resin, also from Eichrom Industries™. According to the size
of the sample, they were divided into multiple UTEVA columns
for the first pass so that no more than 3.7 g of dissolved sam-
ple was loaded onto a single column. The U eluted from multiple
columns in the first chemistry step was recombined and pro-
cessed on single columns for the remaining three steps. The final
U aliquots were dried down and re-dissolved with concentrated
HCI (two days), concentrated HCl and HNO3 (two days) and con-
centrated HNO3 (one day) to break down any remaining organics
from the resins. The U isotopic compositions were measured using
a ThermoScientific™ Neptune Plus™ multiple collector inductively
coupled plasma mass spectrometer (MC-ICP-MS) at StarPlan. Given
the small amounts of U isolated from the two samples, they were
run only once each bracketed by two standard analyses (CRM112a;
2381235y = 137.841 after Richter et al., 2010 and Condon et al.,
2010) before and after the analyses. On peak baselines were mea-
sured before each standard and sample analyses as full analyses
with all data processed offline using the data reduction software
Iolite (Paton et al., 2011) that is run within the Igor Pro™ soft-
ware. Background intensities were interpolated using a smoothed
cubic spline function, as were changes in mass bias over the course
of the run. Iolite’s smooth spline auto choice was used.

3.2. Al and Mg isotope analyses

In addition to an aliquot of the whole rock dissolution for U
isotope measurement, a magnetically separated and subsequently
handpicked mineral separate of orthopyroxene and a non-magnetic
fraction were analyzed for magnesium isotopes. After complete
dissolution, Al/Mg ratios of each sample were determined with
a 2% accuracy using a ThermoScientific™ X-Series II™ inductively
coupled plasma source mass spectrometer (ICP-MS) located at Star-
Plan. Magnesium was purified by ion exchange chromatography
and its isotopic composition analyzed using a ThermoScientific™
Neptune Plus™ MC-ICP-MS equipped with a Sampler Jet and Skim-
mer X-cone and an ESI™ Apex™ sample introduction system lo-
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Table 2
U isotope data for Steinbach.
Sample Mass §] §] 238y 88yB5y 2 SE e238y2 2 SE n
(8) (ng) (ppb) (V) (abs) (& units)
Steinbeck WR1 ~ 4.85 15 0.31 1.0 137.784 0.072 —414 5.23 1
Steinbeck WR2 ~ 19.00 185 0.98 18.6 137.787 0010  —3.92 0.73 1

2 Offset from the standard CRM-112a in parts per 10,000 with the standard 233U/23>U ratio = 137.841 (Richter

et al,, 2010; Condon et al., 2010).

cated at StarPlan, following protocols outlined in Bizzarro et al.
(2011) and Schiller et al. (2015). The Mg isotope composition was
measured in high-resolution mode using a 50 pm entrance slit
(M/AM > 5000). At an uptake rate of ~30 pL/min, the sensitivity
of the instrument was ~100 V/ppm and samples were analyzed
with a total beam intensity of ~50 V. Single analyses comprised
1667 s of data acquisition and each sample was bracketed by
standard analyses and analyzed ten times. Mg isotope data are
reported in the p-notation (ppm) as relative deviations from the
DTS-2b standard (u2°Mgpsy.3 = —122 + 17 ppm (2 SD); Bizzarro
et al.,, 2011) according to the following formula:

WXMg = [(*Mg/**Mg)sample/ “Mg/**Mg)prs.2p — 11 x 10%, (1)

where x is either 25 or 26. The mass-independent component
of 26Mg (14*6Mg*) represents deviations from the internally nor-
malized 26Mg/2*Mg of the sample from the reference standard,
normalized to 2°Mg/>*Mg = 0.126896 (Bizzarro et al., 2011) us-
ing the exponential mass fractionation law. All Mg isotope data
was reduced off-line using lolite (Paton et al., 2011) and changes
in mass bias with time were interpolated using a smoothed cubic
spline. Individual analyses of a sample were combined to produce
a weighted average by the propagated uncertainties of individual
analyses and reported final uncertainties are the 2 SE of the mean.

4. Results
4.1. Uranium isotopes

For the U isotopic composition (Table 2), the first fragment
of 4.85 g yielded only 1.5 ng of U with an isotopic composition
of 137.784 + 0.072 where the large uncertainties reflect the low
amount of U analyzed. The second fragment of 18.5 g yielded 100
ng of U with an isotopic composition of 137.787 + 0.010. The dis-
proportionate amount of U in the second fragment is attributed to
the inclusion of an unknown U-rich phase that must have been
mostly avoided in the first fragment.

4.2. Lead isotopes

The 100 mg sample of troilite contained 0.95 ng of Pb with
an isotopic composition that overlaps the range of modern terres-
trial Pb (Table 1). Both the very large amount and composition of
this Pb indicate that it is of terrestrial origin and that the troilite
and, most probably, the sample as a whole is highly contaminated
with modern terrestrial Pb. Given the antiquity of this find, the ori-
gin of this terrestrial Pb is unknown. Whatever the source, it has
been greatly concentrated in the troilite, likely due to the naturally
greater permeability than the single crystals of silicates, including
the pyroxene that was analyzed. Adding a drop of distilled water
to the surface of the slab demonstrates that the troilite readily ab-
sorbs liquid over the silicate phases.

The first dissolution series of pyroxene (Pyx1) resulted in 4 of
5 dissolution steps L1-L4) returning Pb isotope compositions that
overlap modern terrestrial Pb, further indicating that this sample
is highly contaminated with terrestrial Pb. The subsequent four
dissolution series of pyroxene (Pyx2-Pyx5) were modified in an
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Fig. 1. Pb-Pb diagram for the silicate-iron meteorite Steinbach.

attempt to more aggressively remove the contaminant Pb in the
early dissolution steps and yield a more radiogenic residual com-
ponent. This was successful to varying degrees for the successive
pyroxene fractions (Pyx2-Pyx5) with a range of Pb isotopic com-
positions for L3 through to the residue (R) in these fractions that
lie between modern terrestrial Pb and a pure radiogenic Pb com-
ponent (Table 1, Fig. 1). The regression of the troilite fraction, four
of five pyroxene residues and L4 from Pyx4 yields a statistically ac-
ceptable line (MSWD = 0.2) with a y-axis intercept of 0.62474 +
0.00012 on the inverse Pb-Pb diagram (Fig. 1). We infer this value
to represent the isotopic composition of the radiogenic Pb that has
accumulated in the pyroxene as a result of U decay since closure
of this phase. The use of these analyses to define the radiogenic
Pb composition is justified by two main arguments. First, observa-
tions and theoretical arguments predict that the latest steps in any
stepwise cleaning and dissolution are most likely to reduce a three
component Pb system to the two component Pb system required
to define the radiogenic Pb composition (Connelly et al., 2017).
Second, the small errors on individual analyses and the orienta-
tion and shape of the error ellipses on the inverse Pb-Pb diagrams
make it very unlikely that statistically acceptable lines that pass
through the measured modern terrestrial Pb composition can be
coincidently defined by multiple residue analyses that do not rep-
resent a meaningful two-component system.

Integrated with the measured 238U/23°U ratio of 137.787 +
0.010, the determined radiogenic Pb composition corresponds to
an age of 4565.47 + 0.30 Ma, where the uncertainty reflects the
age uncertainties related to the Pb (£0.28 Ma) and U (£0.11 Ma)
isotopic analyses added in quadrature. This corresponds to a rela-
tive age of 1.83 £ 0.34 Ma after calcium-aluminium inclusion (CAI)
formation at 4567.30 + 0.16 Ma (Connelly et al., 2012), where the
uncertainty reflects uncertainties on both Steinbach and the CAI
ages added in quadrature.

The lack of any isotopic compositions more primitive than ter-
restrial Pb suggests that this sample essentially lacked initial Pb
at the time of its formation. Only three of 21 Pb isotopic mea-
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- red) and pyrite (pink). The rejected points from this study (blue) are shown with
the data from Blichert-Toft et al. (2010) (green with grey error bars). The y-axis
error bars show the 2-sigma 297 Pb/2%Pb errors and do not reflect the error corre-
lation of each point. For points without error bars, the estimated uncertainties are
smaller than the symbol. Dashed line projects from the radiogenic Pb composition
defined by the isochron to the initial Pb isotopic composition of the Solar System
after Connelly et al. (2008).

surements (Pyx2-L3, Pyx2-14 and Pyx4-L3) plot above the isochron
defined by the troilite, four residues and one L4 fraction (Fig. 2).
These points plot on or below a line connecting the inferred radio-
genic Pb isotopic composition for this sample and the Solar System
initial Pb isotopic composition, consistent with these three frac-
tions containing a component of initial Pb (Connelly et al., 2008).
That this component of Pb is present in only two of the five pyrox-
ene separates suggests that it may not be present in the pyroxene
but rather in an unidentified phase that was avoided in three of
the five separates processed. Assuming all 204Pb in the three frac-
tions plotting above the array represents Solar System composition
initial Pb, we calculate that the total initial Pb concentration in the
five fractions analysed is 0.75 ppb. The analyses that plot below
the array (Fig. 2) between Pb from troilite and radiogenic Pb are
inferred to reflect various sources of contaminant Pb that are dis-
tinct from the dominant terrestrial Pb contamination recorded by
the troilite and that is most robustly fixed in the pyroxene frac-
tions. It is important to note that, while multiple sources of Pb
clearly exist in the early dissolution steps, the alignment of four of
five residues, one L4 aliquot and the troilite analyses is indicative
of a simple two component mixture of radiogenic Pb and a single
source of terrestrial contaminant Pb. This is consistent with the re-
moval of more labile contaminant Pb and initial Pb-bearing phases
in the earlier dissolution steps so that only the final or near final
steps of the pyroxene fractions are reduced to a two component
system.

4.3. Al-Mg systematics

One pyroxene mineral separate and one whole rock returned
27 Al/%*Mg values of 0.009 and 0.012 corresponding to ©26Mg* val-
ues of —71 + 2.7 and —7.5 £ 1.5, respectively. A single analysis
of a non-magnetic fraction, most likely tridymite and other mi-
nor phases as inclusions, returned a 27Al/**Mg value of 6.02 and
a u?®Mg* value of —8.4 + 2.7 (Fig. 3, Table 3). The 27Al/**Mg
ratio of the whole rock is an order of magnitude lower than the
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Fig. 3. 26A1-26Mg isochron diagram for the whole rock and mineral separates from
Steinbach. Uncertainties for 12Mg* values are the 2 SE of the individual measure-
ments, errors for the 27 Al/2*Mg analyses are smaller than the symbols. The negative
regression implies a lack of resolvable radiogenic 2 Mg ingrowth.

bulk solar value of 0.1 such that radiogenic ingrowth of Mg since
cooling and closure of Steinbach must have been minimal.

5. Discussion

Our age of 4565.47 + 0.30 Ma for the IVA paired Steinbach me-
teorite represents the oldest U-corrected Pb-Pb absolute age for a
differentiated meteorite. Although '82Hf-182W age of 1.6 + 1.0 Ma
after to derived from IVA iron meteorites overlaps this age (Kruijer
et al., 2013), this system dates the timing of silicate-metal segrega-
tion via a model age rather than the crystallization age of a specific
meteorite.

Previously published Pb-Pb results for the IVA Muonionalusta
iron meteorite returned an age of 4565.1 + 0.1 Ma (Blichert-Toft
et al., 2010), an age that agrees at face value with our result.
However, their reported age is problematic for several reasons.
Most importantly, the calculation of the age used the previously
accepted 238U/%3°U ratio of 137.88, a value that is significantly
higher than any other estimates for differentiated meteorites or
chondrules that have been reported in the meantime (Connelly et
al., 2012; Goldmann et al., 2015; Brennecka et al., 2015; Bollard
et al., 2017) and our measured value for this meteorite (Fig. 4).
Assuming a solar value of 137.786 (Connelly et al., 2012) or the
value we determine for Steinbach requires that this age be ad-
justed downward by ~1 Myr. Secondly, the uncertainty of £0.1 Ma
cannot be reproduced from their published data by the error calcu-
lation algorithm in Isoplot (Ludwig, 2003), the standard method for
calculating regressions and uncertainties of isochron ages for me-
teoritic materials. Recalculating their tabulated data using Isoplot,
assuming a 238U/235U ratio of 137.786 and assigning reasonable er-
ror correlations of 0.98 for such radiogenic compositions returns an
age and uncertainty of 4564.1 £+ 2.6 Ma. While Blichert-Toft et al.
(2010) may have been motivated by sound reasoning to eliminate
the transgression of error ellipses into forbidden negative space
on the inverse Pb-Pb diagram, the large difference in the esti-
mated uncertainties between the two approaches requires at least

Table 3
Al-Mg isotope data for Steinbach.
Fraction 27 A1/ Mg u*Mmg* 2 SE Mg 2 SE 1*Mg 2 SE
(ppm) (PPmM)prs-2p (PPmM)pTS-2p
Whole rock 0.012 -75 15 —68 9 —139 18
Pyroxene 0.009 -71 2.7 —121 27 —260 63
Non-magnetic 6.02 —84 2.7 —294 15 —588 34
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Fig. 4. The measured U isotopic composition of the Steinbach meteorite in compari-
son to estimates for the bulk Solar System and analyses of troilite samples from the
paired IVA iron meteorite Muonionalusta.

an appraisal of how to directly compare results using the different
regression algorithms. These issues preclude the direct comparison
of the Pb-Pb age of Muonionalusta reported by Blichert-Toft et al.
(2010) with other ages as a robust estimate of the crystallization
or cooling age of this meteorite.

The robustness of the age reported by Blichert-Toft et al. (2010)
has also been questioned by Brennecka et al. (2018). Finding a
wide range of U isotopic compositions for three fractions of Muo-
nionalusta, they concluded that the U isotopic composition varies
significantly between different troilite nodules rendering the age
based on Pb-Pb data of Blichert-Toft et al. (2010) for a different
nodule unsubstantiated. Brennecka et al. (2018) concluded that the
Pb-Pb age of Blichert-Toft et al. (2010) may require a downward
adjustment of up to 7 Myr considering their lowest determined
238J/235( ratio. However, we find a U isotopic composition for the
IVA paired meteorite Steinbach that is indistinguishable from pre-
vious estimates for all meteoritic materials other than CAls (Fig. 4;
Connelly et al., 2012; Goldmann et al., 2015). As such, we suggest
that it is more likely that the single anomalous U isotopic com-
position for one troilite reported by Brennecka et al. (2018) is an
analytical artifact related to analyzing a small amount of U (0.79
ng) with a small interference on the minor 23°U isotope. This is
supported by the fact that their other two troilite analyses of more
U (10.9 ng and 7.7 ng) yielded corrected values that almost overlap
with the Solar System value corroborated by Connelly et al. (2012)
and Goldmann et al. (2015) (Fig. 4), as discussed by Brennecka et
al. (2018). We conclude that there is no convincing evidence of any
variations of U isotopic composition on the IVA parent body and
that any discussion of significant degrees of U fractionation related
to core formation is misguided by a single spurious analysis.

The whole rock, pyroxene and non-magnetic fractions yield
overlapping 11*®Mg* values with a weighted average of —7.6 =+
1.2. The ©?5Mg* value of the mineral separate with a 27Al/?*Mg
value of 6.02 in a rock cooled by the Pb-Pb age of 1.83 + 0.34 Myr
after tg is predicted to have a u?5Mg* value of >100 ppm assum-
ing ingrowth from an initial ©26Mg* value of —7.6 and an initial
Solar System 26Al/27Al value after Larsen et al. (2011). That the
measured value instead overlaps the low Al/Mg whole rock values
(Fig. 3) requires that unradiogenic Mg from pyroxene surrounding
the high Al/Mg phases has exchanged with the radiogenic Mg in
the Mg-poor non-magnetic fraction, effectively erasing any signal

CV CAl-like/uniform 26Al/27 Al model
=
Reduced/heterogeneous 26Al/27 Al model
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o .
*
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Fig. 5. Growth curves for £?Mg* on a body with a solar-like 27 Al/?*Mg ratio as-
suming: 1) a CV CAl-like initial 26A1/27 Al ratio (5.2 x 10~°) with a homogeneous
distribution, and 2) a reduced 26Al/27Al ratio (1.6 x 10~>) with a heterogeneous
distribution after Larsen et al. (2011). The intersection of the curves and the initial
*Mg* value of —7.6 ppm for Steinbach define the timing of fractionation of this
meteorite’s parental magma for the respective 26Al distribution models.

of the predicted higher 1*®Mg*. This may have occurred during
the protracted cooling after re-accretion of the parent body or
during an unconstrained metamorphic event. Given that pyroxene
preserves the radiogenic Pb isotopic composition corresponding to
an age of 1.83 £ 0.34 Myr after ty requires that Pb did not diffuse
in pyroxene at the temperatures capable of mobilizing Mg.
Regardless of the timing and mechanism of resetting of the high
Al/Mg phase, the very low Al/Mg ratio of this sample means that
radiogenic *®Mg ingrowth since crystallization is negligible and
the average u?Mg* of —7.6 + 1.2 is effectively the initial value
for Steinbach and, by extension, its source. Based on this initial
w*Mg* value, a model age can be calculated for the timing of the
fractionation that caused the low Al/Mg ratio in the source region.
Assuming a Solar Al/Mg ratio of the precursor material of 0.1, an
initial 26Al/27Al, solar initial ;£?®Mg* value of —15.9 and a hetero-
geneous distribution of 26A1/27Al (all after Larsen et al., 2011) and
no radiogenic ingrowth after cooling and closure of Steinbach, we
calculate an age of 1.31“8:3 Myr after CAI formation for this frac-
tionation event (Fig. 5). Using the same model parameters except
assigning the initial 26Al/27Al to that of CV CAls (Jacobsen et al.,
2008; Larsen et al., 2011) returns an age of 1.6 £+ 0.2 Myr after
CAl formation (Fig. 5). The two ages overlap within their respective
uncertainties but we prefer to use the age based on the heteroge-
neous and reduced abundances of 26Al in the inner Solar System
as prescribed by Larsen et al. (2011) given the inner Solar System
heritage of the Group IVA meteorites (Kruijer et al., 2017).

5.1. History of the Group IVA parent body

The reported large variations in cooling rates for the IVA me-
teorites (100 °C/yr to 6000 °C/Myr; Haack et al., 1996; Yang et al.,
2007; Goldstein et al., 2014) in general and Steinbach specifically
(see Ruzicka and Hutson (2006) for summary) are inconsistent
with slow cooling rates predicted for a body with a fully man-
tled core. To account for these large variations, Yang et al. (2007)
proposed a model in which a molten, differentiated parent body
is disaggregated by an impact that was followed by re-accretion
of the metallic core with a minor amount of silicate material. This
model also accounts for the mixed metal-silicate composition of
Steinbach and its association with the IVA iron meteorites. More
specifically, the measured cooling rates of IVA iron meteorites can
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be reproduced by a 300 + 100 km diameter metallic core cov-
ered by ~1 km mantle of insulating silicate material (Yang et al.,
2007, 2008). The relative proportions of mantle versus core are
a post-impact feature that reflects the collision and re-accretion
dynamics. Importantly, assuming a pre-impact chondritic starting
composition suggests that the original body was ca. 1000 km in di-
ameter prior to its disruption (Yang et al., 2007). This requires that
the original accretion of planetary embryo, differentiation, disrup-
tion, reaccretion and cooling below the closure temperature of Pb
in pyroxene all took place within 1.83 + 0.34 Myr after CAI forma-
tion.

A cooling rate of 150°C/Myr for Steinbach in the temperature
range of 700-400°C (Yang et al., 2007; Goldstein et al., 2014) is
based on taenite lamellae in the metal. This relatively slow cool-
ing rate over the temperature range for Pb retention in orthopy-
roxene places further constraints on the cooling history of IVA
meteorites. The model Al-Mg age for Steinbach of 1.3J_r8§ Myr
after CAI formation represents the timing of removal of Al-rich
partial melts to form the low Al/Mg residue that would even-
tually become the source rocks for the silicate portion of Stein-
bach. This Al-Mg fractionation is inferred to have occurred prior
to the impact-related breakup of the original parent body. Com-
bined with the Pb-Pb age, these constraints leave a maximum
interval of 0.53f8:ggMyr between impact and cooling at ~700°C
when the cooling rate is estimated to be 150 °C/Myr. This abbre-
viated timeframe for cooling requires initial cooling rates to have
been much higher, in agreement with estimates of +100°C/h for
the low-Ca pyroxenes that crystallized early in Steinbach (Reid
et al, 1974; Ulff-Meller et al, 1995; Haack et al., 1996). This
transition from very high initial cooling rates to slower cooling
over this short timeframe is most consistent with a shift from
high heat loss while disaggregated immediately after impact to
the slow cooling of a planetary embryo interior after re-accretion
of mostly the metallic core, as suggested by Ruzicka and Hutson
(2006).

5.2. Accretion models

In a long-standing paradigm, accretion of gas and dust to con-
struct planets through oligarchical growth was an inefficient pro-
cess that may have taken tens of millions of years to grow the
planets within our Solar System (e.g. Tsiganis et al., 2005). There
now exist multiple lines of convincing evidence from cosmochem-
istry and astronomy combined with numerical models from as-
trophysics to suggest a much more rapid time frame for plane-
tary embryo accretion and differentiation. Just how fast this pro-
cess actually occurred in the Solar System requires chronolog-
ical constraints from appropriate samples capable of constrain-
ing the timing of assembly of planetary embryos. Our new age
of 4565.47 + 0.30 Ma for Steinbach dates the cooling of or-
thopyroxene through the closure temperature of Pb. As this phase
formed as one of the last phases along the later slow cooling
path, this part of this meteorite must have been fully crystalline
by this time. The old age has important implications for the
timing of accretion in general as it requires that accretion, dif-
ferentiation, impact-driven disruption, re-accretion and the slow
cooling at depth on the parent body all must have occurred by
1.83 + 0.34 Ma after Solar System formation. This age is con-
sistent with constraints from model Al-Mg silicate differentiation
ages <1 Myr after CAI formation for achondrites (e.g. Schiller
et al, 2011; Larsen et al., 2016; Van Kooten et al., 2016) and
model Hf-W core formation ages for the major groups of iron me-
teorites of ca. 1 Myr after CAI formation that require accretion
timescales of 0.1 to 0.3 Myr after CAI formation (e.g. Kruijer et
al., 2014).

5.3. Implications for chondrule ages and 26Al abundances in the solar
protoplanetary disk

Combining models requiring chondrules for efficient planetary
embryo formation (Johansen et al., 2015) with the implications of
our old Pb-Pb for Steinbach, predicts that chondrules must have
existed very early in the evolution of the protoplanetary disk. This
is consistent with Pb-Pb chronometry and arguments based on
the isotopic composition of initial Pb for chondrules that predict
chondrules were created efficiently in the first 1 Myr and recy-
cled for approximately 4 Myr when the protoplanetary disk was
cleared. In contrast, assigning ages of chondrules using 26Al-26Mg
chronometry predicts a paucity of chondrules during the first 1-2
Myr (Nagashima et al., 2018), a conclusion that is inconsistent with
the efficient and early growth of planetary embryos by chondrule
accretion.

The younger apparent 26Al-26Mg ages for chondrules are best
explained by a reduced inventory of 26Al relative to 27Al in
the protoplanetary disk, as suggested by Larsen et al. (2011)
and Schiller et al. (2015). A reduced inventory of 26Al adds
an additional constraint on the timescales of accretion and dif-
ferentiation assuming that the associated planetary melting is
driven by 26Al decay. As explored by Larsen et al. (2016) and
Schiller et al. (2015), thermal models based on the reduced
amount of 26Al requires planetary accretion to be well under-
way by 0.15 Myr, a timeframe consistent with the Pb-Pb age
of 1.83 £+ 0.34 Ma after CAI formation for the Steinbach differ-
entiated meteorite. As such, the Pb-Pb ages of chondrules and
differentiated meteorites are best reconciled with the reduced
26A] abundances in the protoplanetary disk and its impact on
heating of planetary embryos and chronology based on this sys-
tem.

5.4. Volatility and Pb loss in early Solar System processes

The low amount of initial Pb in either the orthopyroxene (0.75
ppb) or troilite (none detected) from Steinbach suggests that it
was essentially absent in the precursor material to this mete-
orite before it crystallized. Given the solar abundances of Pb of
2.5 ppm predicted by analyses of CI chondrites (McDonough and
Sun, 1995), the question arises as to the fate of Pb that was likely
present in the precursor material. As Pb is a relatively volatile ele-
ment with a Tspy condensation temperature of ca. 450 °C (Lodders,
2003), it is expected to have been lost by devolatization in any
event where temperatures are elevated and diffusional length
scales are appropriate. Models to explain the cooling history of IVA
iron meteorites in general and Steinbach specifically envision an
impact disruption of a molten or partially molten precursor plan-
etary embryo. Such a scenario is expected to provide the temper-
atures and diffusional length scales necessary to efficiently loose
Pb from this body, most plausibly after impact but before re-
accretion during the debris disk phase. This is consistent with the
reduced inventories of volatile major (S) and trace elements (Ga,
Ge) that have also been ascribed to devolatization during the de-
bris disk phase (Ruzicka and Hutson, 2006). The lack of initial Pb
in Steinbach supports models of Pb loss by devolatization during
the evolution of the angrite parent body (Connelly et al., 2008),
the Moon-forming giant impact (Connelly and Bizzarro, 2016), the
lunar magma ocean (Borg et al., 2011) and from chondrules dur-
ing their (re)melting phase (Connelly et al., 2012 and Bollard et
al,, 2017). As such, there is a growing body of evidence supporting
the efficient loss of Pb by devolatization during high temperature
events, either through impacts, melting and/or convection during
magma ocean evolution.
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6. Conclusions

We report a U-corrected Pb-Pb age of 4565.47 + 0.30 Ma for
the Group IVA meteorite Steinbach, the oldest absolute age for an
achondrite. A model 26Al-26Mg age based on fractions of the whole
rock, pyroxene and non-magnetic minerals of 1.3f8:§ Myr after
CAI formation infers that the source material for this meteorite
was depleted in Al by this time, most likely due to partial silicate
melting and migration of the Al-rich partial melt to the surface of
the planetary embryo. Thus, this model 26Al-*6Mg age implies that
the impact-related disruption of the IVA parent body did not oc-
cur before 1.3‘:8:2 Myr after CAI formation. Combining these two
ages with the large range of cooling rates from this group as a
whole and Steinbach specifically requires that accretion of a >1000
km diameter planetary embryo, differentiation, impact disruption,
re-accretion of the mainly metallic core and its cooling through
700°C occurred by 1.83 + 0.34 Myr after CAI formation. This sup-
ports a growing body of astronomical and cosmochemical evidence
for the early, efficient growth of planetary embryos within the first
million years of the Solar System’s formation. The uniquely old age
of Steinbach for an achondrite may reflect the accelerated cooling
after primary accretion associated with the impact related disrup-
tion and re-accretion. Other parent bodies may have accreted as
early as the original IVA parent body but will yield achondrites
with younger ages due to their more normal, slower cooling histo-
ries. Accepting that chondrules are an essential ingredient for the
rapid growth of the Group IVA original parent body requires that
they were abundant in the formative stages of the protoplanetary
disk. Conversely, a 1-2 Myr lag in the first formation of chondrules
after CAI formation, as predicted by the 26Al-26Mg chronometer,
is not compatible with this view. Instead, a reduced inventory of
26A] early in the inner Solar System adequately explains the appar-
ent gap and reconciles the chondrules age disparity between the
26A1-26Mg and Pb-Pb chronometers.
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