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Guide to Sessions

Tuesday, August 15, 2017
8:30a.m. Great Room Registration
9:00 a.m.  Lecture Hall Early Protoplanetary Disks: Gas and Dust

2:00 p.m.  Lecture Hall Growth and Motion of Larger Particles: CAls and Chondrules

Wednesday, August 16, 2017

9:00 a.m.  Lecture Hall Environment and Timing of Planetesimal Formation:
Isotopic Constraints

2:00 p.m.  Lecture Hall Asteroidal Constraints on Planetesimal Formation

5:00 p.m.  Great Room Poster Session

Thursday, August 17, 2017
9:00 a.m. Lecture Hall Mechanisms of Planetesimal Formation

2:00 p.m.  Lecture Hall Dynamics of Planetesimals: Mixing and Segregation

Friday, August 18, 2017

9:00 a.m. Lecture Hall Accretion of Terrestrial Planets
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Tuesday, August 15, 2017
EARLY PROTOPLANETARY DISKS: GAS AND DUST
9:00 a.m. Lecture Hall

Jeff Cuzzi

Treiman A. Kiefer W. *
Welcome and Introduction

Cleeves L. I. *

Zooming in on the Physics and Chemistry of Protoplanetary Disks with ALMA [#2052]

During the protoplanetary disk phase, the physical environment and spatial composition of the disk
play a direct role in the outcome of planet formation, both in the types of planets formed and

their composition.

Banzatti A. * Pontoppidan K. M. Salyk C. van Dishoeck E. F. Herczeg G.J. Blake G. A.

Garufi A. Kama M. Pascucci . Edwards S.

Revealing the Physical and Thermo-Chemical Evolution of Planet-Forming Disk Regions [#2016]

We report results of a large campaign to reveal the evolving structure of planet-forming disks at 0.05—
20 au: cavities are formed in the terrestrial-planet zone, inner disks dry out within the snow line, while
dust accretes and winds disperse.

Umurhan O. M. * Estrada P. R. Cuzzi J. N.

Turbulence in Protoplanetary Disk Dead Zones — Recent Advances [#2044]

In this talk I will review recent developments in our understanding of turbulence in planet forming
accretion disks.

HuZ W.* Winarski R. P.

Insights into Aggregation of Submicron Grains from 3-D Structure of a Primitive Fine-Grained
Cosmic Dust Particle [#2042]

We present new findings of the pristine structure and morphologies of an intact fine-grained cosmic
dust particle in 3-D ~ 10 nm detail, which yield new insights into grain accretion in the outer
protoplanetary disk.

Coffee Break

Garcia A. J. L. * Gonzalez J.-F.

Growing Porous Grains in 3D SPH Simulations [#2003]

In protoplanetary discs, grains grow through 13 orders of magnitude from submicrons to kilometers. In
this work, we investigate growth and drift of grains with a changing porosity model in order to
overcome the radial-drift barrier.

Brisset J. * Colwell J. E. Dove A. Maukonen D.

Using Orbital Platforms to Study Planet Formation [#2002]

We will present results from the ISS NanoRocks experiment as well as the design of the Q-PACE
CubeSat to demonstrate how orbital miniaturized payloads can be used to collect unprecedented
amounts of data on the collision behavior of PPD dust grains.




11:25a.m.

11:40 a.m.

12:10 p.m.

12:30 p.m.

Wetteland C. J. * Crespillo M. Keffer D.J. Sickafus K. E. Taylor L. A. McSween H. Y. Jr.
Experimental and Theoretical Considerations for Proton Processing of Early Solar

System Solids [#2018]

Developing stars variably discharge energetic particles over the course of their evolution. Experimental
and theoretical approaches have been examined to explore how energetic particles may process early
solar materials in the first billion years.

Ogliore R. C. *
Cometary Dust and the Young Solar System [#2041]

Precise microanalyses of cometary dust have yielded insight into the early history and far outer reaches
of our solar system.

GENERAL DISCUSSION

Lunch
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Tuesday, August 15, 2017
GROWTH AND MOTION OF LARGER PARTICLES: CAIs AND CHONDRULES
2:00 p.m. Lecture Hall

Levke Koop

Estrada P. R.* Cuzzi J. N.

Growth and Drift of Solids in Protoplanetary Nebulae [#2047]

The earliest stages of planetary formation are still poorly understood. The growth from dust-to-
planetesimals remains the roadblock in our interpretation of how planetary systems form and their
architecture. We discuss the current state of the field.

Krijt S. * Schwarz K. CieslaF.J. BerginE. A.
Connecting CO Abundances Before, During, and After Pebble Migration [#2043]
Pebbles form, sink, drift / Moving ices back and forth / Where does CO go?

Desch S. J. *

How Chondrules and Calcium-Rich, Aluminum-Rich Inclusions Constrain Disk Processes and
Planet Formation [#2046]

I review how chondrules and CAls constrain the disk processes and planet formation.

Coffee Break

Perez A. M. * Desch S.J. Schrader D. L. Till C. B.

Determining the Relative Timing of Formation of Chondrules vs. Planetary Embryos

Through Experiments [#2037]

We have conducted vertical furnace experiments to investigate cooling rates consistent with the
planetary embryo bow shock model to determine the relative timing of formation of chondrules versus
planetary embryos.

Hanna R. D. * Ketcham R. A.

Evidence for Accretion of Fine-Grained Rims in a Turbulent Nebula for CM Murchison [#2012]
The 3D morphology of FGRs and enclosed chondrules indicate that FGRs formed in a weakly
turbulent nebula and that chondrule surface morphology influenced the amount of dust accreted to
the chondrule.

Xiang C. * Matthews L. S. Carballido A. Morris M. A. Hyde T. W.

Modeling the Growth of Chondrule Dust Rims with Molecular Dynamics [#2048]

We present a method to investigate the structure of dust rims formed around chondrules as the latter
sweep up dust in the nebula gas, by using an N-body code to model the collision processes of micron
sized aggregates with a mm-sized spherical body.

Simon J. I.* McCain K. A. Cato M. J. Christoffersen P. A. Fisher K. R. Srinivasan P.

Tait A. W. CuzziJ. N.

Broad Size-Dependent Particle Populations in Chondritic Meteorites: Implications for

Planetary Accretion [#2009]

Instead of the relatively narrow size-frequency distributions often used in astrophysical models to
simulate the dynamics of protoplanetary disks, we observe broad size-frequency distributions across all
particle types in primitive meteorites.

GENERAL DISCUSSION
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Wednesday, August 16, 2017
ENVIRONMENT AND TIMING OF PLANETESIMAL FORMATION:
ISOTOPIC CONSTRAINTS
9:00 a.m. Lecture Hall

Allan Treiman

Dwarkadas V. V. * Dauphas N. Meyer B. S. Boyajian P. H. Bojazi M.

Abundances of Short-Lived Radionuclides and the Implications for the Formation of the

Solar System [#2004]

Analysis of primordial meteorites shows a high abundance of ?°Al, accompanied by low ®°Fe. This
indicates that our solar system originated within a Wolf-Rayet bubble formed by stellar mass-loss from
a massive star that was the main source of *°Al.

Wadhwa M. *

Meteoritic Constraints on Timescales of Planetesimal Accretion in the Early Solar System [#2053]
The details of the physical processes involved in the accretion of planetesimals in the early solar
system are not well understood, and have been the focus of several recent theoretical

modeling investigations.

Simon J. I. *

Utilizing Stable Isotopes and Isotopic Anomalies to Study Early Solar System
Formation Processes [#2023]

Invited talk on stable isotope record of early formed planetary materials.

KitaN. T.* Tenner T.J. Ushikubo T. Nakashima D. Defouilloy C. Hertwig A. T. Chaumard N.
Rudraswami N. G. Weisberg M. K. Kimura M. Nagahara H. Bischoff A.

Oxygen Isotope Systematics in Chondrules from Multiple Chondrite Groups: Implication to the
Isotope Reservoirs in the Protoplanetary Disk [#2020]

SIMS O-isotope analyses of ~600 chondrules show systematics variability among chondrite groups
that are related to Fe redox states. Inner disk might be homogenized in O-isotopes, while outer disk
might have **O-rich dry dust and ‘°O-poor water ice.

Coffee Break

Koop L. * Davis A. M.

Accretion and Processing of Presolar Components as Recorded by Nebular Materials [#2035]
We review the ®°Al-**Mg, Ca, Ti, and O isotopic systematics of different generations of nebular
materials in order to trace the arrival, processing, and origin of different stellar components in the
solar nebula.

GoodrichC. A. *

The Carbonaceous - Non-Carbonaceous Chondrite Reservoir Dichotomy and the Challenge

of Ureilites [#2013]

Solar system materials are strongly divided into CC (carbonaceous chondrite) and NCC (non-CC)
groups in terms of nucleosynthetic isotope anomalies. Ureilites are in the NCC group but seem to have
had volatile-rich precursors. How could this be?

Keller L. P.* Snead C. McKeegan K. D.

Clustering of Inner Solar System Oxygen Isotopic Compositions: A Result of Gap Formation in the
Protoplanetary Disk? [#2040]

Gap formation provides a mechanism to explain the clustering of oxygen isotopic compositions for
inner solar system materials, including the terrestrial planets and meteorites, relative to the Sun.

GENERAL DISCUSSION

Lunch
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Wednesday, August 16, 2017
ASTEROIDAL CONSTRAINTS ON PLANETESIMAL FORMATION
2:00 p.m. Lecture Hall

Sebastiaan Krijt

Thomas C. A. *

The Current Solar System and Clues to Its Past [#2051]

The current physical characteristics of the small body populations enable investigations of the
evolution of our solar system. As we continue to characterize physical properties, we further our
understanding of the solar system as a whole.

Delbo M. * Morbidelli A. Walsh K. J. Tsirvoulis G. Avdellidou C.

Bolin B. T. Tsiganis K.

Hunting the Planetesimals Size Distribution Hidden in the Main Asteroid Belt [#2028]

The size distribution of the planetesimals is one of the most fundamental constraints for theories and
models of planetary formation. Here we report new findings about the size distribution of the
planetesimals in the Main Asteroid Belt.

Weiss B.P.* FuR.R. WangH. Bai X.-N. GattaccecaJ. Harrison R.J. Schrader D. L.
History of the Solar Nebula from Meteorite Paleomagnetism [#2054]

Here we review recent advances in our understanding of the magnetism of the solar nebula as inferred
from meteorites.

Vaci Z. * Agee C.B. Ziegler K. AsmeromY. Polyak V.J. Humayun M.

Northwest Africa 11042: A Primitive Achondritic Melt from the L Chondrite Parent Body [#2005]
NWA 11042 is a primitive achondrite with L chondritic oxygen isotopes. It is an igneous rock which
has undergone differentiation and might represent a melt from the L chondrite parent body.

Coffee Break

Downes H. * Rai N.

A New Model for Planetesimal Formation [#2011]

Mixing of two types of chondrules produces trends in bulk chemistry and oxygen isotopes which
match those of the reconstructed planetesimal source of ureilites. Before heating up, the original body
was zoned from Mg-rich centre to Fe-rich exterior.

Castillo-Rogez J. C. * McSween H. Y. McCord T. B. De Sanctis M. C. Raymond C. A.

Marchi S. Russell C. T.

Constraints on Vesta’s and Ceres’ Origins from Dawn’s Observations [#2026]

Vesta and Ceres are the best studied leftover planetary building blocks. In the context of the First
Billion Years conference series, these bodies offer remarkable examples where differentiation state can
help constrain accretion environments.

GENERAL DISCUSSION



Wednesday, August 16, 2017
POSTER SESSION
5:00 p.m. Great Room

Ashrafi K. S. Esparza S. Xiang C. Matthews L. Carballido A. Hyde T. Shotorban B.

Effects of Stochastic Charging on Micron Sized Grains in Protoplanetary Disks [#2045]

We use a model of discrete stochastic charging to calculate time-dependent electric charging of dust aggregates. We
compare the electron and ion currents to micron and submicron grains.

Bravenec A. D. Bromiley G. D. Kohn S. C.

Water in the Early Solar System and Mantle Melting in Terrestrial Planets [#2008]

A hydrous lunar interior implies water was inherited from accretionary processes. Experiments will determine the
partitioning of H,O in the reduced conditions of early planetary interiors to investigate the source and compare
water contents.

Castillo-Rogez J. C. Walsh K. J. Vernazza P. Takir D.

Constraints on the Time of Formation of Ceres and Ceres-Like Asteroids — A Joint Reservoir with C-Type
Irregular Satellites? [#2025]

Comparisons between the geophysical properties of planetesimals in the 100-300 km range can help infer times of
formation and genetic relationships between planetesimal reservoirs.

Heinze W. D.

A Terrestrial Conjecture on Convection, Magnetic Fields, and Water [#2031]

Enough knowledge of the terrestrial planets and accretion modeling is now available to form a conceptual, if
speculative, framework describing a continuum of accretionary outcomes and their consequences for long-
term habitability.

Jackson A. P. PereraV. Elkins-Tanton L. T. Asphaug E.

Impact Generation of Holes in the Early Lunar Crust [#2017]

Debris that escaped the Earth-Moon system after the Moon-forming impact would return and re-impact the newly
formed Moon. We model these debris re-impacts into the flotation crust overlying the early lunar magma ocean,
generating holes.

Kochemasov G. G.

Some Examples of Cosmic Bodies Accretion from Solid Particles Preliminary Density Sorted in Rotating Gas-Dust
Cloud: Sulfur Behavior [#2007]

Minerals in some meteorites and larger bodies are collected by density rather then temperature factor. Accretion
started with already sorted by density minerals and intergrowths. Examples: the whole planetary system, asteroid
belt, Mercury, lo.

Miura VY.

Active Processes in Asteroids and Planets Developed to Water Planet and Life [#2050]

Active processes are formed by amorphous and crystalline solids. Water droplets formed from meteorite heating are
obtained to be evidences of volatiles ions. Life is produced at large water-planet system as sedimentary deposits
with carbon elements.




Perov N. I.

A Role of Jupiter in the Process of the Terrestrial Type Planets Bombarding by the Solar System Peripheral

Small Bodies [#2006]

The space-time position of Jupiter for the effective mixing of the peripheral and internal matter of the solar system is
under consideration. In the frame of the three body problem the corresponding “key hole” for Jupiter equals

0.004 rad.

Petd M. K. Lugaro M.

On the Need of Constraining the ***Pu Content of the Early Solar System [#2038]

We present our comprehensive approach to estimate the initial ***Pu abundance of the solar system and to apply the
Pu-Xe system to both pre-solar and terrestrial chronometry.
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Thursday, August 17, 2017
MECHANISMS OF PLANETESIMAL FORMATION
9:00 a.m. Lecture Hall

Ilsedora Cleeves

BlumJ. *

Planetesimal Formation and Collisional Evolution [#2001]

I will present the latest laboratory and modeling results on the formation of planetesimals and will
compare them with findings from the Rosetta mission to comet 67P. On top of that, the collisional
evolution of planetesimals will be discussed.

CarreraD. *

Formation of Planetesimals Through the Streaming Instability [#2032]

The streaming instability is a candidate mechanism for the formation of planetesimals in a
protoplanetary disk. In this talk I will give a general overview of how the streaming instability works,
and under what conditions.

Simon J. B. * Armitage P.J. Youdin A.N. LiR.

Planetesimal Formation in Protoplanetary Disks [#2022]

In this work, we present a series of numerical calculations of planetesimal formation via the streaming
instability. We find evidence that the size distribution of planetesimals is robust to different parameters,
such as initial particle size.

Coffee Break

Shannon A.* WuY. Lithwick Y. Dawson R.

Forming the Cold Classical Kuiper Belt by Collisional Pebble Accretion, Considering the Hot [#2021]
We model of Kuiper belt object (KBO) growth by collisional pebble accretion. The model produces
KBOs with high efficiency, allowing the in-situ formation of the Cold Classicals. It can also explain
the orbital properties of ultra-wide KBO binaries.

Cuzzi J.N.* Hartlep T. SimonJ. . EstradaP.R.

Planetesimals Born Big by Clustering Instability? [#2039]

Problems with the formation of “primary” planetesimals will be presented, and relevant observations
summarized. A small amount more growth by sticking due to new physics, followed by a combination
of two current scenarios, looks encouraging.

Hartlep T. * Cuzzi C. N.

A Path to Chondrule Aggregates [#2049]

We discuss recent advances in the understanding and modeling of gas-particle dynamics in turbulence
which we hypothesize may be able to overcome the currently accepted mm-sized bouncing barrier in
the accretion of primitive asteroids.

GENERAL DISCUSSION

Lunch
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Thursday, August 17, 2017
DYNAMICS OF PLANETESIMALS: MIXING AND SEGREGATION
2:00 p.m. Lecture Hall

Paul Estrada

Walsh K. J. *

Planet Formation Constrained by the Early Asteroid Belt [#2010]

The collisional history of the asteroid belt, as represented by CB chondrites and ancient asteroid
families, can thus help constrain our understanding of the planet formation processes.

Kretke K. A. * Bottke W. F. Levison H. F. Kring D. A.

Mixing of the Asteroid Belt due to the Formation of the Giant Planets [#2027]

Using ““pebble accretion’” we model how the process of giant planet formation naturally scatters outer
solar system material in to the asteroid belt, providing a source for the C-type asteroids without
dramatic migrations of the giant planets.

KringD. A. *

Planetary Accretion as Informed by Meteoritic Samples of Early Solar System Planetesimals [#2034]
Meteoritic impact melts and impact breccias contain information about the timing and sizes of
collisions, which, when augmented with hints about impactor compositions, provide clues about
mixing and the dynamical situation in the early solar system.

Alexander C. M. O’D. *

Sources of Terrestrial Volatiles: Primordial Atmospheres and Planetesimals from the Outer

Solar System [#2019]

CI-CM-like objects were the major sources of terrestrial volatiles, but comets may have contributed to
noble gas inventories. The carbonaceous chondrites formed beyond the orbit of Jupiter and were
scattered into the terrestrial planet region >4 Ma.

Coffee Break
GENERAL DISCUSSION
POP-UP TALKS

Poster Viewing
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Friday, August 18, 2017
ACCRETION OF TERRESTRIAL PLANETS
9:00 a.m. Lecture Hall

Steve Desch

Burbine T. H. * Greenwood R. C. Franchi I. A.

What Material Accreted to Form the Earth? [#2014]

One unsolved question in planetary science is what was the dominant material that accreted to form the
Earth. Could the Earth be composed primarily of chondritic material not currently found in our
meteorite collections?

Righter K. *

Redox Variations in Early Solar System Materials and Implications for Late Stage Planetary Accretion
and Planet Formation [#2029]

This paper provides an overview of oxygen fugacity measurements made on primitive solar system
materials and planetary materials, and how they may influence later stages of planet formation.

Armytage R. M. G. * Debaille V.

Neodymium Isotopes in Enstatite and Ordinary Chondrites: Nebular Variation? [#2036]
Enstatite chondrites have been proposed to be sourced from the same isotopic reservoir as Earth,
pointing to accretion in a shared region of the disk. However, our Nd isotopic data for enstatite
chondrites show that this is unlikely to be the case.

Haghighipour N. * Maindl T.I. Schaefer C. M. Wandel O.

Accurate Treatment of Collision and Water-Delivery in Models of Terrestrial

Planet Formation [#2030]

We have developed a comprehensive approach in simulating collisions and growth of embryos to
terrestrial planets where we use a combination of SPH and N-body codes to model collisions and the
transfer of water and chemical compounds accurately.

Jackson A. P. * Gabriel T.S.J. Asphaug E.

Constraining the Pre-Impact Orbits of Solar System Giant Impactors [#2033]

We provide a fast method for computing constraints on impactor pre-impact orbits, applying this to the
late giant impacts in the solar system, and suggest that high-velocity impact scenarios in the inner solar
system should be disfavoured.

Coffee Break

Perera V. * Jackson A. P. Elkins-Tanton L. T. Asphaug E.

Effect of Re-Impacts on the Lunar Magma Ocean [#2015]

Debris that escaped the Earth-Moon system after the Moon-forming impact would have returned and
affected the thermal evolution of the Moon. We model the effect of those re-impacting debris onto a
lunar magma ocean and quantify solidification time.

Kiefer W. S. * Castillo-Rogez J. C. Chabot N. L. Elardo S. M. Goodrich C. A. Righter K.
How Does Accretion Influence Planetary Differentiation?: Feed Forward from the Accretion
Conference to the Differentiation Conference [#2024]

Planetary accretion and differentiation overlapped in time. Thus, our understanding of accretion
influences differentiation models. We will report the current status of accretion modeling to the
upcoming LPI Planetary Differentiation conference.

GENERAL DISCUSSION

Meeting Adjourns



Notes







Accretion: Building New Worlds (2017)

2019.pdf

SOURCES OF TERRESTRIAL VOLATILES: PRIMORDIAL ATMOSPHERES AND PLANETESIMALS
FROM THE OUTER SOLAR SYSTEM. C. M. O’D. Alexander', 'DTM, Carnegie Institution of Washington,
5241 Broad Branch Road, Washington DC 20011, USA (calexander@carnegiescience.edu).

Introduction: Identifying the major sources of
volatiles remains one of the most important unsolved
problems of terrestrial planet formation. The general
assumption has always been that most of the planetes-
imal building blocks of the terrestrial planets were vol-
atile depleted, either because the ambient temperatures
in the inner Solar System were too high and the envi-
ronment too reducing, or because they formed early
and differentiated thereby losing their volatiles. Some
H may have been adsorbed onto the grain surfaces
from which the planetesimals formed [1], but this
mechanism is unable to explain the presence of other
volatile elements (C, N, noble gases, Cl, I, Cd, etc.).

The volatiles may also have been acquired from
primordial atmospheres accreted directly from the
nebula by the planets or their embryo precursors. The
nebula dissipated later than ~4 Ma after CAls, the ac-
cretion age of the youngest chondrites the CRs [2], and
probably no later than 10 Ma after CAls based on as-
tronomical observations of disk lifetimes. Earth almost
certainly did not approach its present mass until long
after the nebula had dissipated. Mars, on the other
hand, probably did reach a large fraction of its final
mass while the nebula was present [3]. Thus, acquisi-
tion of primordial atmospheres by embryos is a possi-
bility. The other likely sources of volatiles are plane-
tesimals that formed later and/or further from the Sun.

The bulk H and N isotopic compositions of Earth
and Mars are quite similar to one another. The bulk H
and N isotopic compositions of the nebula are much
lighter than those of Earth and Mars, seemingly ruling
out primordial atmospheric sources. Comets may have
contributed significantly to the noble gas inventories of
Earth and Venus [4], but not to H, C and N. This real-
ly only leaves asteroidal sources for H, C and N. Me-
teorites provide samples of the objects in the asteroid
belt, and of these only the CI and CM chondrites are
consistent with the elemental and isotopic constraints
[5, 6]. If CI- and CM-like material were the dominant
sources of H-C-N, their isotopic compositions do re-
quire that ~10 % of the H and N that was accreted had
a solar-like isotopic composition [5]. Accretion of
some material with a solar-like composition is required
by the He and Ne isotopic compositions of components
within the Earth’s interior. This material was unlikely
to have been accreted directly from the nebula [7], but
may have been acquired as material that was rich in
implanted solar wind [8].

While the bulk of Earth and Mars seem to have
formed from material that isotopically resembled the O
and E chondrites, the volatiles appear to have been
delivered before the Moon-forming impact in CI-CM-
like material that is isotopically distinct [9-11]. In fact,
there is a dichotomy between CCs and all other Solar
System objects that we have samples of. One attractive
explanation is that this dichotomy is the result of the
growth of Jupiter to a size of ~20 Mg,y about 1 Ma
after CAls, at which point it isolated the inner from the
outer Solar System [12]. The CCs were then scattered
into the inner Solar System sometime after 4 Ma.

This isolation cannot have been complete as the O
and E chondrites, which formed ~2 Ma after CAls,
seem to have accreted Cl-like matrix material [13].
Also, the HED Stannern and the angrite D’Orbigny,
both of which crystallized at about the same as the CRs
accreted, have very similar H and N isotopic composi-
tions to the Earth and Mars. This implies that Vesta
and the angrite parent body accreted similar CI-CM-
like material to the two planets before the scattering of
the CCs. This could be explained by the migration of
fine dust that was coupled to the gas past Jupiter, but
would require that by ~1 Ma most material in the outer
Solar System was already in objects that were too big
to be strongly coupled to the gas. Also potentially
problematic are the apparently low initial water con-
tents of the CO, CV and CK chondrites, particularly if
Jupiter formed near the snowline. The O and R chon-
drites accreted some water, so the snowline must have
been sunward of Jupiter’s orbit by ~2 Ma, and formed
at about the same time as the CO-CV-CK chondrites.

References: [1] Asaduzzaman A. et al. (2015),
Meteoritics & Planet. Sci., 50, 578-589. [2] Schrader
D.L. etal. (2017), GCA4, 201, 275-302. [3] Tang H. and
Dauphas N. (2014), EPSL, 390, 264-274. [4] Marty B.
et al. (2016), EPSL, 441, 91-102. [5] Alexander
C.M.OD. et al. (2012), Science, 337, 721-723. [6]
Marty B. (2012), EPSL, 313-314, 56-66. [7] Jaupart E.
et al. (2017), Icarus, 293, 199-205. [8] Péron S. et al.
(2017), Geochem. Perspectives Lett., 3, 151-159. [9]
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Introduction: One of the key problems in plane-
tary science is the identification of the building blocks
of Earth, and whether they exist within our current
collection of meteorites. Constraints on the initial iso-
topic composition of planetary bodies are key in the
application of radiogenic chronometers and under-
standing subsequent planetary differentiation process-
es. Stable mass independent isotopic anomalies are a
key tool in fingerprinting material coming from differ-
ent accretionary regions within the protoplanetary disk.
For a number of isotopic systems such as O[1], Ni[2],
Ti and Cr [3], enstatite chondrites (EC) appear to be
the strongest candidates for Earth’s building blocks,
despite their low Mg/Si ratios relative to the bulk
Earth. It has been proposed that Earth, the Moon-
forming impactor and enstatite chondrites all were
originally sourced from the same reservoir in the pro-
toplanetary disk, but subsequently experienced diver-
gent chemical evolution pathways [4]. However, [5]
recently used the correlation between Mo and Nd iso-
topes in bulk meteorites to argue that such a reservoir
does not exist as the isotopic composition of enstatite
chondrites is resolvable from Earth, and both are re-
solvable from ordinary chondrites (OC). In detail,
while the Mo data for EC are clearly resolvable from
Earth and OC, the Nd ratios show more variability and
significant overlap with the isotopic composition of
both the bulk Earth and ordinary chondrites. The vari-
ability in '**Nd/'*Nd in EC has been previously identi-
fied by [6] and they observed that it appeared to be
related to whether the EC was equilibrated or unequili-
brated. However, [6] only focused on collecting high
precision '*Nd/'**Nd, which also has contributions
from the decay of the short-lived Sm nuclide (t;
~103 Myr), making identification of nucleosynthetic
anomalies less clear. While the study of [5] reports
high precision '®Nd/"*Nd, '¥Nd/'**Nd, and
'Nd/"**Nd in addition to '**Nd/'**Nd, only equilibrat-
ed EC were analysed. Therefore with the currently
published data it is unclear to what extent petrologic
grade in the EC is responsible for the variation ob-
served in the stable Nd isotopic ratios.

In order to better understand the genetic relation-
ship between enstatite chondrites and the Earth we are
carrying out a more systematic study including both
equilibrated and unequilibrated enstatite chondrites,
focusing on high precision analysis of all the stable Nd
isotopic ratios. We have also analysed ordinary chon-
drites of different petrologic grades, as OC were previ-

ously proposed to better represent the bulk planetary
Nd isotopic composition [7].

Method: Antarctic meteorites are valuable re-
source for such studies as they are particularly well
preserved from the effects of terrestrial alteration.
Approximately 1.8 g of sample was dissolved using
acid digestion with the Nd being separated using ion-
exchange chromatography. A Triton-Plus TIMS was
used for the isotopic analysis with Nd analysed as Nd"
using a multi-static routine after [8]

Results and Discussion: Our initial data for ensta-
tite chondrites are consistent with [5-6,9] in showing
that equilibrated enstatite chondrites are resolvable
from Earth in their "*Nd/"**Nd ratios. However, unlike
[6], the "**Nd/'**Nd ratios of the unequilibrated ensta-
tite chondrites are not similar to the terrestrial values,
weakening the arguments for ascribing '**Nd/'**Nd
variations to petrologic grade and the associated pro-
cessing. We also observe significant variability in the
stable ratios such as '*Nd/'*Nd and “*Nd/"*Nd,
which does not appear to correlate with petrologic
grade.

Taking the EC together as whole, at the 95% confi-
dence interval, student t-tests show that the modern
convecting mantle, EC, and OC form three distinct
populations with respect to their '*Nd/'*Nd. To as-
sess to what degree this variation is nucleosynthetic in
origin, and hence linked to accretionary processes, the
isotopic ratios of Nd without a radiogenic contribution
are key. However, in comparing the average
"NA/Nd, "*Nd/"*Nd, and "°Nd/'"**Nd composi-
tions of EC with either OC or the modern convecting
mantle no clear picture emerges. With respect to the
8N d/"**Nd ratio, OC are resolvable from Earth at the
95% confidence interval, but the EC data overlap with
both, and it is the same for "SNd/'**Nd  and
ONd/"**Nd. While our initial data would argue against
the model of [4], where the Earth and enstatite chon-
drites are sourced from the same isotopic reservoir, it
is clear that precise Nd stable isotopic composition of
the enstatite chondrite reservoir has yet to be properly
understood and constrained.
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Introduction: Small dust grains are a major constit-
uent of the material making up protoplanetary disks. In
the earliest stages of planet formation, these grains ag-
glomerate to form larger bodies, which are the precur-
sors to planetesimals. In the last several years, numer-
ical and semi-analytical models have shown that mi-
cron-sized dust grains play a significant role in the mag-
netohydrodynamic (MHD) evolution of protoplanetary
disks (PPDs) [1,2,3]. The dust grains collect electrons
and ions from the gas and provide a surface for elec-
tron recombination, affecting the ionization balance,
which is crucial for the development of turbulence due
to the magnetorotational instability [4].

Many of the sophisticated MHD disk models have as-
sumed relatively simple recipes for dust charging, using,
for example, analytical expressions for collision rates
between charged particles and dust grains, as well as
for electron sticking coefficients [5]. Likewise, these
and other models mostly assume spherical grain
shapes [1,3]. However, stochastic charging of grains
can drive significant development of dust aggregate
structure when the grains have a small charge [6]. This,
in turn, would affects the available surface area for re-
combination on dust grains, and hence affect the over-
all ionization balance.

In this work, we use a model of discrete stochastic
charging to calculate time-dependent electric charging
of dust aggregates, with the aim of using the results for
future MHD simulations of PPDs. We compare the elec-
tron and ion currents to micron and submicron grains
which consist of aggregates of spherical monomers to
those incident on spherical grains of equivalent mass.
We calculate the average charge and charge distribu-
tion for (i) aggregates composed of monomers of 10
nm, 20 nm and 50 nm radius with an effective aggre-
gate radius of 0.1 um, and (ii) aggregates consisting of
up to 50 monomers with monomer radius of 0.1 um.
Figure 1, 2, and 3 show the agreagates of equivalent
radius 0.1 um made of monomers of 10 nm, 20nm and
50 nm radius respectively.

Method: An aggregate charging code that relies on
Orbital Motion Limited theory with a Line Of Sight ap-
proximation (OML_LOS) is employed [7].

The surface of each spherical monomer within an ag-
gregate is divided up into many small patches. The elec-

tron and ion current to each patch is calculated by de-
termining whether the line of sight from the patch cen-
ter along a given direction is open or blocked by other
momnomers within the aggregate. Only electrons or
ions impinging from an open line of sight contribute to
the charging currents.

The random charge fluctuations on the aggregates due
to the electron and ion currents can be described by a

master equation [8,9]
dP(Z,t) N
o= Zp:11i,,,(z —ep)P(Z = e t) + 1o p(Z + €,)P(Z + €y, t)

—[1ip@D + L, (D]P(Z, 0).
where N is the total number of patches on the aggre-
gate, Z = {Z,,Z,, ....., Zy} € RY isthe vector of the el-
ementary charges collected on patches, P(Z, t) is the
probability density function of a state at which the

patch p; has Z; charges, I;,, and I, ,, are the rates of at-
tachment for ions and electrons to the patch p, respec-
tively, and e; e RY is the unit vector, e.g. e; =
{0,0,1,0, ...,0}. In accordance with the master equation,
the discrete stochastic method (DSM) is based on the
following algorithm

1. Initialize the system with Z = Z;, att = ¢,

2. Evaluate [;,,(Z) and I, ,,(Z) of all patches and calcu-
late

A(2) = 2 Lip(Z) + I (2).

p=1

3. Generate the time interval T between the attach-
ment of the plasma particles to the aggregate accord-

. 1 1 .
ingtot = Mln(z) , where r; is a random number.

4. Generate p, the patch which experiences the at-
tachment, according to p =the smallest integer satis-
fying Xp_y I nZ) + Ion(Z) > 1,A(Z) wherer, is an-
other random number.

5. Use a third random number 75 to specify the kind of
attaching plasma particle according to: if

I.
———=L——>r;,thenZ = Z + e, ; otherwise, Z =
Lip(Z)+1ep(Z)

Z — e, electron.
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6. Changettot + t,and iterate

This algorithm is a customized version of the stochastic
simulation algorithm developed for chemical kinetics
[10].

Results: Figure 4, 5, and 6 show the charge distri-
bution function f(Z) for grainsin plasma with T, = T; =
280 K, n, = 0.1 n; and aggregate equivalent radius
of 0.1 um for different monomer radius.

Figure 1: Aggregate radius of 0.1 um made of mono-
mers of radius 10 nm.

Figure 2: Aggregate radius of 0.1 um made of mono-
mers of radius 20 nm.

Figure 3: Aggregate radius of 0.1 um made of mono-
mers of radius 50 nm.
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Figure 4: Charge distribution function f(Z) for 0.1 um
sized aggregates made of 10 nm sized monomers.
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Figure 5: Charge distribution function f(Z) for 0.1 um
sized aggregates made of 20 nm sized monomers.
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Figure 6: Charge distribution function f(Z) for 0.1 um

sized aggregates made of 50 nm sized monomers.
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Introduction: Radial velocity and transit surveys
have discovered a plethora of exoplanets at orbital dis-
tances of < 10 au around other stars [e.g., 1,2]. Planet
populations and their diversity are fundamentally
linked to the structure, evolution, and dispersal of pro-
toplanetary disks at these orbital radii. The water snow
line at ~1-10 au plays a key role in shaping planetary
system architectures and compositions, as suggested by
models and by Solar System and exoplanet data [e.g.,
3,4,5]. Moreover, inner disk dispersal is proposed to
increase the efficiency of rocky planetesimal formation
by decreasing the gas-to-dust ratio at < 10 au through
gas removal, and to directly impact the orbital architec-
ture of planetary systems [e.g., 6,7]. Understanding
disk structure and evolution is key to building a com-
prehensive and predictive theory of planet formation.

Access to the structure and evolution of inner re-
gions in protoplanetary disks, at the time when planets
form, is now possible. While modern imaging tech-
niques are limited to probing disks at > 3-4 au at best
[e.g., 8,9], a suite of other observational probes of in-
ner disks has meanwhile been steadily improving. Here
we report on recent results of a large ongoing cam-
paign aiming at revealing the physical and thermo-
chemical evolution of planet-forming disk regions, at
~0.05-20 au in protoplanetary disks.

A high-resolution, multi-tracer campaign: The
first and main component of this campaign is high-
resolution spectroscopy of molecular gas emission as
observed at infrared wavelengths from protoplanetary
disks. Infrared spectra of the main molecular tracers
(CO, H,0, OH, and some organic molecules) are rich
in transitions that probe temperatures and densities
found in planet-forming regions [10,11]. Their line
profiles, broadened by Keplerian rotation around the
central star, can be observed in full detail by high-
resolution spectrographs on large telescopes with re-
solving powers of R~100,000 [12,13]. Detailed line
shapes and fluxes, in turn, provide spatially-resolved
information on temperatures, density, excitation, and
dispersal of molecular gas in inner disks, including
regions that are unreachable by direct imaging.

In addition to using high-resolution infrared spec-
troscopy to obtain spatially-resolved measurements in
inner disks, the key elements of this campaign are: 1)
the collection of an increasingly larger sample of pro-
toplanetary disks (> 50 young disks around stars of
masses between 0.3 and 3.5 solar masses), 2) the com-
bined analysis of observed spectra of multiple mole-
cules (first of all CO and H,O0, see Figure 1(a)), 3) the
combination of multiple tracers, including molecular
gas, dust, and atomic gas emission to probe both the
gas and the dust, and both the disks and the winds that
disperse them. By combining multiple datasets from a
suite of telescopes from the ground and in space, we
are working our way towards obtaining a global view
of the evolution of planet-forming disk regions.

Disk cavities, and inner disk depletion: The
analysis of high-resolution line profiles of rovibration-
al CO emission at 4.7 micron provided a groundbreak-
ing discovery, and a fundamental framework for other
datasets. CO lines excited in inner disks are observed
to have line widths in the range of ~10-200 km/s,
which correspond to Keplerian orbits of ~0.05-20 au
(where larger velocity widths imply smaller orbits for
the gas, and vice versa). A correlation has been discov-
ered between the orbital radius of CO emission as de-
rived from line widths (R.,), and the ratio of line fluxes
between the second and first vibrational states, a sensi-
tive “thermometer” of temperature and irradiation.
Figures 1(b) and (c) show the sequence of inner disk
depletion that this correlation has revealed: as CO
emission moves to larger orbital radii (a consequence
of removal of CO at smaller orbital radii), the observed
emission probes colder and colder disk regions [14].

The dry-out of planet-forming disk regions: As a
second step, we have combined the analysis of rovibra-
tional CO emission and of H,O vapor emission ob-
served from inner disks [15]. The large sample of > 50
disks, coupled to the large coverage of water energy
levels (~1000-9000 K), and to the orbital constraints
provided by CO lines, clarified early findings of water-
rich and water-poor disks in spectrally-unresolved ob-
servations [16]. Protoplanetary disks that show water-
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Figure 1 — Results from this campaign to reveal the physical and thermo-chemical evolution of planet-forming disk re-
gions. Panel (a) shows representative CO and H,0O infrared spectra of young protoplanetary disks, as obtained with VLT-
CRIRES and Spitzer-IRS [15]. Panel (b) shows the decrease of water vapor emission as inner disk cavities form and ex-
pand to larger disk radii, as revealed by the orbital radius of CO emission (R.,). Panel (c) shows a cartoon to illustrate
these findings in the context of the evolution of planet-forming regions in protoplanetary disks during planetary accretion.

vapor-rich infrared spectra are found to have broad CO
emission lines, demonstrating that their inner orbital
regions are still rich in molecular gas. On the contrary,
water emission fades away as CO lines become nar-
rower, i.e. as the size of the inner disk cavity expands
to larger disk radii. Water vapor emission disappears
when the inner cavity reaches and exceeds the water
snow line radius [15, Figure 1], beyond which water is
frozen on icy bodies that, by migration and accretion,
deliver water to the inner disk dry bodies [e.g. 17].
Dust and gas evolution, and dispersing winds:
The next steps of this campaign include the combined
analysis of molecular spectra and of tracers of inner
disk dust and winds. In a series of papers in prepara-
tion, we are now exploring 1) the linked depletion of
gas and dust in inner disks, pointing at the role of dust
accretion into planetesimals and planets [18,19], and 2)
the presence, nature, and effects of winds that disperse
inner disks [6,20], which may contribute to the for-
mation of the cavities observed in dust and in molecu-
lar gas. All together, these observations are providing
and essential guidance towards a global understanding
of the evolution of planet-forming regions, and of their

links to the architecture and composition of planetary
systems.
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Introduction: The formation of planetesimals is
still full of open questions. However, during the past
decades, astronomical observations of protoplanetary
disks (PPDs), PPD models and laboratory investiga-
tions have provided us with a much fuller picture about
the processes that shape the planetary progenitors (see,
e.g. [1,2]). As of today, we can distinguish three evolu-
tionary phases:

e agglomeration of dust/ice particles,
o the formation of planetesimals, and
e the post-formation collisional evolution.

In the following, our current understanding of these
phases will be outlined.

Agglomeration of dust and ice particles: In its
initial stage, the PPDs are seeded with (sub-
)micrometer-sized dust and ice particles, which partly
condensed out of the cooling gas or were inherited
from the parent molecular-cloud. Due to Brownian
motion, differential drift motions, and gas turbulence,
the dust and ice particles frequently collide among each
other. As long as the collision speed does not exceed
the threshold for sticking, all collisions result in the
growth of agglomerates. Experiments have shown that
sticking occurs for velocities below ~1 m/s for dust [3]
and ~10 m/s for um-sized water ice particles [4]. Nu-
merical simulations suggest that direct collisional
growth leads to dust aggregates up to ~1 cm in size in
the inner parts of a minimum mass solar nebula
(MMSN) [5]. In the outer reaches of a MMSN, the
maximum aggregate sizes might not exceed ~1 mm [6].

Formation of planetesimals: There are two pos-
sible avenues from pebble- or sand-grain-sized dust or
ice agglomerates to planetesimals:

e adhesion based growth or
e growth by gravitational instability.

Adhesion based growth models: Although the col-
lision velocity exceeds the sticking threshold, dust/ice
aggregates can still grow if (a) the size ratio between
the (smaller) projectile and the (larger) target aggregate
is below a certain threshold [7], (b) the absolute size of
the projectile agglomerate is neither too large nor too
small (in the former case, cratering will occur, in the
latter erosion) [8], and (c) the impact velocities are
within a given range [9]. The corresponding growth
process relies on partial mass transfer from the frag-
menting projectile to the non-fragmenting target. How-
ever, convolving the existing information about the
collision velocities and collision outcomes into a plane-

tesimal growth model shows that the required time-
scales for the formation of macroscopic planetary bod-
ies are extremely long [10] and that the required size
range for projectile agglomerates is extremely narrow
[8], rendering this planetesimal formation scenario
unlikely.

Models of planetesimal formation by gravitational
instability: More promising are those models that pre-
dict the formation of planetesimals by the gentle gravi-
tational collapse of a cloud of dust aggregates [see 2].
Under the conditions of (a) a sufficiently strong local
pre-concentration of the dust aggregates, (b) dust ag-
gregates sizes within a limited range such that their
corresponding Stokes numbers are around St ~0.1, and
(c) a metallicity of the nebula in excess of ~0.015 [11],
the streaming instability [12] leads to local dust con-
centrations strong enough to cause the gravitational
accretion of planetesimals with up to ~1000 km in size
[see 2].

Observations of cometary nuclei and models of
their activity suggest that these planetesimals were
most likely formed through the gentle gravitational
collapse of cm-sized dust/ice aggregates [13-15].

The post-accretional collisional evolution of
planetesimals:  Formation of planetesimals by the
gravitational collapse of ~cm-sized dust aggregates
leads to the formation of extremely porous bodies. For
planetesimal radii <50 km, the pebbles stay intact so
that their initial volume filling factor (the fraction of
volume occupied by solid material) is ~0.25, in agree-
ment with measurements for comet 67P [15]. For larger
planetesimals, the pebbles are destroyed, resulting in
somewhat higher volume filling factors of ~0.5.

Cometary nuclei: The obvious agreement between
measured and predicted porosities for cometary nuclei
as well as the presence of extremely fluffy of even frac-
tal dust agglomerates suggest that these bodies never
experienced a catastrophic collision after their for-
mation by gravitational instability [16}. This finding is
in stark contrast to earlier work in which cometary nu-
clei are (re-accreted) fragments of catastrophic colli-
sions in the past [17-20]. Future investigations will
have to show whether the high porosity of cometary
nuclei and their mutual encounters at hyper-velocities
can be brought into agreement or whether models of
the early evolution of the outer reaches of the young
Solar System require revision.

Asteroids: The extremely low porosities of meteor-
ites suggest that their parent bodies underwent high-
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speed collisions or impacts since their formation.
Based on laboratory impacts into chondrule-matrix
analog mixtures [21], simulations have shown that
most of the required compaction occurred in the first
~1 Gyr after formation [22]. Such simulations and their
comparison to meteoritic properties can yield important
information on the collisional history of the Solar Sys-
tem.
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Introduction: Determining the origin and distribu-
tion of water in planetary interiors has important impli-
cations for understanding the formation and evolution
of terrestrial planets and the emergence of life, both in
the solar system and beyond. Despite the shared origin
of the Earth and Moon, the Moon has remained compar-
atively unchanged over the past several billion years,
while the Earth has experienced large scale geodynam-
ics, resulting in the loss of evidence of Earth’s original
post-accretion composition. Therefore the Moon offers
aunique opportunity to gain insight into the role volatile
compounds play in planetary formation and early evo-
lution in the Earth-Moon system. Since the discovery of
water in lunar glass beads [1], melt inclusions [2], and
minerals [3-4], constraining the exact water content in a
range of lunar and Martian materials is an active area of
interest [e.g. 5]. Because the Moon lacks plate tectonic
processes to flux water into the deep interior, the pres-
ence of water in lunar magmas implies a hydrous inte-
rior in the Earth-Moon system inherited from initial ac-
cretionary processes and not completely lost during
magma ocean formation or late accretion events.

However, our understanding of volatile incorpora-
tion in planetary interiors is largely based on experi-
ments performed under the relatively oxidizing condi-
tions of the modern terrestrial interior. Current estimates
of lunar and Martian mantle water contents are based on
partitioning data from experiments performed under ter-
restrial (more oxidized) conditions, as well as observed
water contents of magmas, and models of mantle melt-
ing processes. Constraining interior water contents of
these bodies from measured volatiles in surface materi-
als is also highly questionable. The Martian mantle, lu-
nar mantle, and early terrestrial magma ocean would
have experienced reducing conditions [6-9]. Prelimi-
nary research suggests fO- has a significant influence on
water partitioning and speciation in model lunar sys-
tems, implying that our understanding of how water is
incorporated in the interiors of primitive terrestrial bod-
ies is far from complete.

Experiments and Future Work: Experiments are
being conducted in an end-loaded piston cylinder using
a double-capsule technique to vary fO, with a simplified
starting composition representative of the primitive ter-
restrial, lunar, and Martian mantle compositions respec-
tively. Experiments with various fO, buffers (QIF, IW,
FMQ, NNO, MH, graphite) will be conducted at vary-

ing P (1-4 GPa) and T (~1000-1700 °C). These experi-
ments will determine 1) how H»O speciation (OH, H-O,
H,) varies as a function of oxygen fugacity and 2) the
determination and quantitation of the effect of varying
/O, on hydrogen species partitioning between mantle
minerals and silicate melt. SIMS (secondary ion mass
spectrometry), FTIR (Fourier transform infrared spec-
troscopy), and Raman spectroscopy will be used to an-
alyze H,O/H»/OH contents of minerals and melts. Data
from these varied fO, experiments will be used to inves-
tigate the incorporation mechanisms of different water
species in various mineral phases as a proxy for plane-
tary interiors. Results will inform modelling the water
content of lunar and Martian interiors, compare the
modelled water content of the Earth, Moon, and Mars,
and investigate the timing and sources of water in the
early solar system.

Figure 1. Backscattered electron image of experi-
ment E6 (2 GPa, 1000 °C, 5 hours. Scale bar is 1 mm).
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Introduction:

The standard model of planet formation proceeds
from the gravitational collapse of an interstellar cloud
of gas and dust through collisional accretion of solids
into planetesimals and eventual runaway growth to
form the terrestrial and giant planets [1]. A critical
stage of that process is the growth of solid bodies from
mm-sized chondrules and aggregates to km-sized plan-
etesimals where gravity becomes an important force
for further growth. Theories on this dust growth phase
include gravitational instability [2,3] and direct binary
accretion of particles [4]. To characterize the collision
behavior of dust in protoplanetary conditions, experi-
mental data is required, working hand in hand with
models and numerical simulations. In particular in the
range of mm- to cm-sized particles, the collection of a
statistical data set on collision behavior will allow to
better characterize the growth of dust to planetesimal
sizes.

In order to replicate the very low collision veloci-
ties that the dust grains experience in the protoplane-
tary disk (PPD), this experimental data has to be col-
lected under microgravity conditions. Classical plat-
forms include parabolic aircrafts or suborbital rockets,
both limited in the microgravity time available. With
the rise of miniaturized payloads, we are now able for
the first time to access long-duration microgravity us-
ing orbital platforms, such as the International Space
Station (ISS) or stand-alone CubeSats, thus revolution-
izing the experimental possibilities.

Microgravity Experiments on Dust Aggregate
Growth:

Dust growth experiments date back to the late 90s
where the hit-and-stick behavior of pm-sized grains
demonstrated a possible mechanism for grain growth
inside the PPD [5,6]. Later experiments on larger
grains have shown that, at the relative velocities ex-
pected in the PPD [7], sticking upon collisions yields
to bouncing and fragmentation [8]. Figure 1 shows a
dust collision model integrating the results of a decade
of experimental data [9].

The transition between grain sticking and bouncing
remains relatively unexplored experimentally as very
slow collisions of mm- and cm-sized particles can only
be performed under microgravity conditions. Micro-
gravity platforms used to perform these experiments
include drop towers (up to 9 s of free-fall time in Bre-

men, Germany), parabolic aircrafts (~ 20 s) , and sub-
orbital rockets (~ 180 s). depending on the platform
used, each experiment campaign can deliver from a
few to 100 data points which makes a better character-
ization of the sticking to bouncing transition a slow
and arduous process.

10? T

Velocity [gm/s]

Figure 1: Dust collision model [9] showing the out-
come of a collision as a function of the grains’ mass
and relative velocity (green for sticking, yellow for
bouncing, and red for fragmentation). The regions
of the parameter field that are addressed by the
NanoRocks and Q-PACE experiments are marked
with dashed boxes.

Miniaturized Payloads and Orbital Platforms:

In this context, the rise of miniaturized orbital pay-
loads such as CubeSats make it possible to collect the
required amount of data. Indeed, the small and cost-
effective hardware does not require long development
times and is adapted to the efficient collection of high
amounts of grain collision data during years on orbit
(usually Low Earth Orbit).

The Center for Microgravity Research (CMR) of
the University of Central Florida (UCF) has flown a
first miniaturized payload (1.5U in CubeSat units),
NanoRocks, on the International Space Station (ISS)
from September 2014 to March 2016 [10]. This pay-
load recorded collisions between mm-sized particles in
microgravity (Figure 2). The data analysis has demon-
strated that the unprecedented amount of grain colli-
sion data collectedby NanoRocks allowed for a statisti-
cal approach to the data analysis rather than the classi-
cal measurement of individual collisions.
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Figure 2: The NanoRocks experiment: a. Experi-
ment hardware before closing: the camera and elec-
tronics can be seen at the bottom of the picture,
while the tray and its springs and magnet are at the
top. b. Recorded image of the experiment tray con-
taining the eight particle samples during an exper-
iment run on ISS.

Building on the success of the NanoRocks payload,
the CMR is currently developing a 3U CubeSat to
study collisions between cm-, mm-, and submm-sized
particles. The CubeSat Particle Aggregation and Colli-
sion Experiment (Q-PACE) is a 3U satellite hosting an
Experiment Test Cell (ETC) containing the particles, a
camera to record the particle collisions, and all the
avionics necessary to guarantee for the satellite’s au-
tonomy during its time on orbit (Figure 3). the collected
data will be transferred to the Q-PACE ground stations
at UCF and the University of Arkansas. Q-PACE is
currently in manufacturing and is scheduled to launch
with Virgin Galactic’s ELaNa XX on December 1%,
2017.

Experiment
Camera Test Cell
(ETC)
Shaking Lever
Particle
Reservoir
Q-PACE Batteries
Electronics

Figure 3: CubeSat Particle Aggregation and Colli-
sion Experiment (Q-PACE) design. The particles
will be kept in the Experiment Test Cell (ETC) and
their collision behavior recorded with the camera.
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We will present results from the NanoRocks exper-
iment as well as the mission design of Q-PACE to
demonstrate how orbital miniaturized payloads can be
used to collect unprecedented amounts of data on the
collision behavior of PPD dust grains
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Introduction: One unsolved question in planetary
science is what was the dominant material that accreted
to form the Earth. Enstatite chondrites and aubrites all
fall close to the terrestrial fractionation line on the
three-isotope oxygen isotopic plot (Figure 1) [1].
(Aubrites are achondrites that are believed to be the
product of the melting and differentiation of enstatite
chondrite-like material [2].) Dauphas [3] noted that
enstatite chondrites and aubrites are isotopically similar
to the Earth over a wide variety of isotopic systems.
However, enstatite chondrites and aubrites have much
lower bulk FeO-contents (< 1 wt%) than the primitive
upper mantle (PUM) (~8 wt%) [4]. Javoy et al. [5]
argued that the increasing temperature during the
Earth’s formation would have caused iron in the mantle
to oxidize.

10

-10

5'30%,

Figure 1. Oxygen isotope plot for the chondritic mete-
orite groups, the K chondrite grouplet, the Earth, and
Mars. The terrestrial fractionation line (TFL), the Car-
bonaceous Chondrite Anhydrous Mineral (CCAM)
line, and the Y&R (YYoung and Russell) [6] line are
also plotted.

The estimated Mg/Si weight ratio for the PUM is
much higher than the Mg/Si ratio for known chondrites
[7] (Figure 2). Of known chondritic material, carbo-
naceous chondrites have Mg/Si ratios closest to that of
the PUM. However, Warren [8] noted that the Earth is
not isotopically similar to carbonaceous chondrites
over a wide variety of isotopic systems. Enstatite
chondrites have the lowest Mg/Si ratios of known
chondrites. Incorporating Si into the core could re-

solve this apparent compositional difference between
the chondrites and the PUM [7]. Additionally, this
apparent compositional difference might be resolved if
the PUM estimates are not representative of the bulk
silicate Earth [7]. Another possible explanation is that
the Earth is primarily composed of chondritic material
not currently in our meteorite collections [9]. Dauphas
[3] proposed that the Earth formed out of material iso-
topically similar to enstatite chondrites, but enriched in
forsterite. Burbine and O’Brien [10] (Figure 2) found
that no known mixture of chondritic material could
match the chemical and isotopic composition of the
bulk Earth. So what is the Earth made from? Could
the Earth be composed primarily of chondritic material
not currently found in our meteorite collections?

[ Earth's magmatic fractionation line

Mg/Si (weight ratio)

0.05 0.1 0.15 0.2
AlISi (weight ratio)

Figure 2. Plot of Al/Si versus Mg/Si weight ratios for
chondritic meteorite groups (average values), estimated
values for the PUM (black squares), estimated values
for Mars (open red squares), and values for shergottite
meteorites (red diamonds). The black line is the trend
for terrestrial rocks, which is taken from Dreibus et al.
[11]. Ellipses are drawn around the estimates of the
composition of the PUM and Mars. The black dots are
the matches for the Earth, and the red dots are matches
for Mars. Figure is from Burbine and O’Brien [10].

Building Blocks of Mercury, Venus, and Mars:
Estimates of the building blocks of the other terrestrial
planets have also been done. The best chondritic ana-
logs for Mercury’s building material appear to be the
enstatite chondrites [12] due to the low-FeO nature of
Mercury’s surface [13]. The building blocks of Venus
are usually assumed to be similar to those of the Earth
[14]. The “best” models for forming Mars contain a
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mixture of a number of different chondritic meteorite
groups, but usually include a sizeable proportion of
ordinary chondritic material (Figure 2) [10].

Condensation Sequence: Grossman [15] calculat-
ed a condensation sequence for minerals in the solar
nebula. The highest temperature condensates (corun-
dum, perovskite, melilite group, and spinel) are found
in calcium-aluminum inclusions (CAIls), which are ma-
jor components of CV and CO chondrites. CAls are
the oldest dated material found in our Solar System and
appear to have been preferentially transported outward
to the outer Solar System. Lower-temperature conden-
sates (enstatite and FeNi metal) are major components
of enstatite chondrites, while even lower-temperature
condensates (ferrous olivines and ferrous pyroxenes)
are major components of ordinary chondrites (H, L,
and LL) with FeNi metal. (Enstatite chondrites have
olivine compositions of Fa<1. Equilibrated H chon-
drites have olivines with Fais.20, equilibrated L chon-
drites have olivines with Fas.o6, and equilibrated LL
chondrites have olivines with Fazr.3 [16].) Water,
which would have condensed at even lower tempera-
tures, is found in the hydrated silicates in carbonaceous
chondrites.

One chondritic grouplet (K chondrites) have fayal-
ite contents (Fas) intermediate between enstatite and H
chondrites [17]. (Grouplets have less than five mem-
bers.) K chondrites are named after the first identified
member, Kakangari. However, K chondrites have bulk
oxygen isotopic values that plot near CR chondrites
(Figure 1), Mg/Si ratios that are slightly higher than H
chondrites, and high matrix abundances that is similar
to carbonaceous chondrites [17]. Therefore, chondrites
intermediate in bulk FeO between enstatite and H
chondrites and oxygen isotopic values that fall near the
terrestrial fractionation line could have potentially
formed.

Asteroid Belt: The asteroid belt shows a distribu-
tion of taxonomic classes that is roughly consistent
with the condensation sequence [18,19]. Taxonomic
classes that are primarily composed of material that
would have condensed at higher temperatures tend to
be found closer to the Sun than classes that contain
material that would have condensed at lower tempera-
tures. The interior part of the belt is dominated by E-
type asteroids, which are believed to include the parent
bodies of the aubrites. The middle part of the belt is
dominated by S-complex bodies, which are believed to
include the parent bodies of the ordinary chondrites.
The outer part of the belt is dominated by C-complex
bodies, which are believed to include the parent bodies
of the carbonaceous chondrites. However, there are
over 700,000 asteroids currently known and only ~120-
132 identified possible meteorite parent bodies using
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both oxygen isotopic and mineralogical studies [20].
Therefore, a large number of chondritic meteorite types
that are not currently found in our meteorite collections
could potentially be present in the asteroid belt

Conclusions: The difficulty in making the Earth
(and Venus) out of known chondritic material could
potentially be solved by the existence of chondritic
material not currently found in our meteorite collec-
tions. These chondrites would be intermediate in bulk
FeO between enstatite and H chondrites and isotopical-
ly similar to enstatite chondrites. Models for forming
the terrestrial planets should use a much larger array of
starting materials than just the known chondritic mete-
orite groups. This material could still exist in the as-
teroid belt. However, this is a very unsatisfying expla-
nation in many respects since this material has not been
currently identified. The discovery and analysis of
Mercurian and Venusian meteorites would also help us
gain insight on potential building blocks for the terres-
trial planets.
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Introduction: Planetesimals are bodies 1-500 km
in diameter that are the building blocks of terrestrial
planets and the cores of giant planets. Asteroids and
comets are planetesimals that were never incorporated
into a planet. The origin of planetesimals is one of the
most important open questions in planet formation.
Their formation faces significant obstacles in the form
of the fragmentation barrier, and the radial drift
barrier e.g., [1], [2], [3], [4]. Many current models
call for the concentration of chondrules or other small
particles into dense regions whose density can exceed
the Roche density and undergo gravitational collapse
to produce planetsimal-size bodies e.g. [5], [6].

Streaming Instability: A promising mechanism
to achieve these densities is the radial convergence of
radial drift known as the streaming instability [7][8].
In it, the combination of acrodynamic drag and the
solid-to-gas back-reaction leads to the formation of
dense particle filaments. Much of my own work has
been to constrain the conditions needed for these
filaments to form [9][10].

In this talk I will give a general overview of the
streaming instability. I will discuss how the instability
works, and I will discuss the conditions needed for the
effective formation of dense particle filaments. I will
focus on recent results on the small-particle limit [10].
If time allows, I will also present preliminary work on
the role of turbulence and the extent at which it might
impede the formation of dense filaments.
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Introduction: Before the Dawn mission, it was
known that Vesta and Ceres have had a very different
history. The surface compositions were determined
from telescopic spectral observations to be, for Vesta,
basaltic and very similar to basaltic achondrite meteor-
ites [1], and, for Ceres, close to primitive carbonaceous
chondrites, i.e., aqueously altered silicates with a dark-
ening agent [2, 3]. Ceres mass and size measurements
provided a density of about 2.1 g/cm’, indicating a
significant water content (~25% by mass). Thermody-
namic modeling showed [4, 5] heating, ice melting and
silicate hydrothermal alteration with mass differentia-
tion, depending on the remaining water content and the
alteration product densities. Basaltic Vesta, on the oth-
er hand, was known to be much denser (~3.46 g/cm’),
suggesting a dry and hot history [6].

Until the introduction of the Nice model [7] and
Grand Tack model [8], Ceres and Vesta were thought
to have formed in the same part of the protoplanetary
disk near their current location [9]. The difference in
current state was ascribed to a delay in the formation
of Ceres with respect to Vesta, explained by a time of
formation of ~2.85 My after CAls for the latter [4, 6].

Thanks to the Dawn mission [10], Vesta and Ceres
have become the best studied leftover planetary build-
ing blocks. We now have advanced knowledge of their
internal evolution and its geological expression. These
in turn can help track the early history of these bodies
and put additional constraint on early solar system pro-
cesses. In the context of the First Billion Years confer-
ence series, these bodies offer remarkable examples
where differentiation state can help constrain accre-
tional environments.

Dawn Findings: The Dawn spacecraft, orbiting
first Vesta (2011-2012) and then Ceres (2015-2017),
provided the first look at these large planetary building
blocks with spatial resolution sufficient to define and
analyze surface features, confirm the earlier findings,
and provide much more information about their evolu-
tion and current states. Dawn’s redundant framing
cameras (FC), Visible-Infrared mapping spectrometer
(VIR) Gamma Ray and Neutron Detector (GRaND),
and coherent Doppler tracking data provided detailed
information about 1) geophysical properties: size,
shape, gravity field, internal mass distribution; 2) geo-
morphology: topographical expressions of surface and
interior processes; and 3) composition: mineral, organ-

ic, and elemental, resulting from thermochemical pro-
cesses.

Dawn determined Vesta to be differentiated with a
massive iron core. Its ancient surface [11] is heavily
cratered, with two large, overlapping impact basins
(one fairly young) in the southern polar region. The
largest of these impacts probed into the mantle within
the resulting Rheasilvia basin, produced equatorial
graben rings, distributed material nearly globally, and
resulted in the creation of a dynamical asteroid family.
Surface elemental and mineral compositions [12] con-
firmed and extended the telescopic findings that the
howardite-eucrite-diogenite (HED) meteorites likely
came from Vesta [13], enhancing the ability to use
these samples to interpret Dawn’s chemical and miner-
alogical mapping of Vestan material. Howardite is
present nearly everywhere, but with varying mixing
ratios of eucrite and diogenite. GRaND’s unexpected
discovery of concentrations of hydrogen are explained
by localized incorporation of carbonaceous chondrite
impactor into the regolith. The HED studies, com-
bined with Dawn data, suggest extensive melting [14].
However, pervasive olivine deposits, expected as a
product of global (magma ocean) melting, were not
observed, even associated with large impact features
that should have exposed mantle olivine. Although
olivine was observed in localized areas [15], it appears
that olivine must be sequestered in the vestan deep
mantle, suggesting a shallow magma ocean with in-
complete melting. Gravity anomalies suggest diogenite
plutons intruded the basaltic crust, rather than forming
a uniform global layer, indicating a complex igneous
history [16]

Dawn found Ceres to have a shape and gravity
field consistent with partial differentiation and almost
complete isostatic adjustment [17]. The surface is
heavily cratered, suggesting a stiff upper crust [18], but
crater relaxation suggests a decrease in viscosity at
depths greater than 40 km [19, 20]. Ceres’ surface
composition is a mixture of Mg- and ammoniated—
phyllosilicates (such as serpentines and clays), car-
bonates, and absorbing dark materials, such as carbon
or magnetite [21], suggesting extensive, global aque-
ous alteration [22]. Salts (in particular sodium car-
bonates) are present in bright deposits associated with
what appear to be cryomagmatic features [23, 24]. El-
emental abundances suggest extensive alteration and
chemical differentiation and hydrogen is present exten-
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sively, especially at high latitudes, in the upper meter
of the surface [25]. Flow features, domes, and other
features exist that suggest water- and fluid- related
activity. Ceres appears to be a highly aqueously al-
tered body but the mantle low density suggests internal
temperatures never got above a few 100 deg. C [26].

In summary, Dawn confirmed that Vesta experi-
enced extensive silicate melting and differentiation,
resulting from a hot, dry evolution. On the other hand,
Ceres exhibits a much milder thermal history. This
contrast can be primarily attributed to the abundance of
water in Ceres that helped moderate internal tempera-
ture via latent heat and hydrothermal circulation [26].

What Vesta and Ceres tell us about the Early
Solar System: It has been suggested that Vesta and
Ceres accreted from similar chondritic feedstocks but
at different times, i.e., with different short-lived radioi-
sotope budgets [4, 9]. Abundance of aluminum-26
could lead to rapid devolatilization of volatile compo-
nents in Vesta, accreted earlier, while Ceres could pre-
serve the bulk of its volatiles. However, in the context
of recent developments in early Solar system dynam-
ical evolution it seems likely that Vesta and Ceres’
starting composition was very different, especially in
terms of ice abundance. The remarkable discovery of
ammoniated clays at the surface of Ceres [21] is a cru-
cial clue. Multiple models have been suggested to
explain the origin of volatiles in the asteroid belt. A
model in which the ammonia snowline overlapped
with the water ice snowline in Ceres’ location [27]
includes a number of caveats. On the other hand, sev-
eral distinct episodes of volatile migration have been
suggested. The first one is that planetesimals in the
100-meter size range migrated from the outer Solar
system via gas drag and could gently accrete with
growing asteroids in the main belt [28]. However, mi-
gration of supervolatiles across the gap opened by Ju-
piter in the solar nebula likely lead to devolatilization
and loss of most of the ammonia [29]. An alternative is
that larger planetesimals (1-10s km) migrated follow-
ing destabilization of feeding zones by the growing
giant planets [30]. While this scenario is more propi-
tious to the preservation of volatiles, the accretion of
that material reaching the main belt at velocities of 10s
km/sec with growing asteroids is not well understood
and remains to be modeled. Another model assumes
that Ceres migrated from the Kuiper Belt [31] but dy-
namical and geophysical considerations [32] tend to
discard this possibility. The Grand tack model intro-
duced a few years ago might provide a compromise
where Ceres came from the region between the giant
planets [8]. Recent accretion models support the idea
that planetesimals that large could form between Jupi-
ter and Neptune [33].
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These two intact protoplanetary bodies reveal that
planetary accretion likely involved already chemical
evolved and (partly) differentiated bodies. Accretion of
Vesta-like bodies with large cores would have simpli-
fied core separation in planets. Accretion of Ceres-like
bodies would provide volatiles in the form of both hy-
drous minerals and ices, as well as organics.
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Introduction: Per their large number, midsize as-
teroids in the 100-300 km diameter range represent the
bulk of the mass of the asteroid belt after Ceres, Vesta,
and Pallas are removed. This has been interpreted as a
primordial feature [1], i.e., this generation of planetes-
imals accreted fast and then contributed to the growth
of larger bodies. Smaller asteroids are fragments/debris
from collisions between these midsize planetesimals,
many of which are progenitors of asteroid families.
Midsize planetesimals are also found in all small body
reservoirs, such as the Kuiper Belt, the Trojan aster-
oids, and the irregular satellites. Phoebe stands out in
the outer solar system as a high density planetesimal
when most other 100-300 km objects in that region
have cometary-like densities. Conversely, many aster-
oids found in the asteroid belt also have densities <1
g/em’. These discrepancies show that midsize planetes-
imals across the solar system had very different heat
budgets and those belonging to the same reservoirs
may have come from different accretional environ-
ments.

Comparison between populations of objects in the
same size range can help constrain those environments
via a quantification of the heat budget of these bodies,
by taking current porosity estimates as a gauge of in-
ternal evolution. Gravitational energy and accretional
heating are minor contributors to that class of bodies,
per their small sizes [2]. Heat from long-lived radioiso-
tope decay cannot keep up with heat lost by diffusion
from these small bodies. They might promote some
creep-driven compaction depending on the volume
fraction of volatiles, but otherwise these bodies are
expected to remain globally porous. Only short-lived
radioisotopes, and especially “°Al, can incur dramatic
internal changes, e.g., extensive compaction, ice melt-
ing, and then aqueous alteration. We know this to be
the case for Ch and Cgh asteroids, the classes of C-
type asteroids that display a water of hydration signa-
ture over their surfaces [3] and are believed to be par-
ent bodies of the CI/CM chondrites [e.g., 4]. Hence
the density and spectral properties of <300 km plane-
tesimals provide first order constraint on the time of
formation of these bodies.

Approach and Results

We track the evolution of porosity in these bodies
in order to explain the disparities in porosity between
main belt asteroids and irregular satellites, on the one
hand, and Kuiper Belt objects and Trojan asteroids, on

the other hand. We model the thermal and porosity
evolution of midsize planetesimals following previous
work for Phoebe and Trojans [5, 6]. Representative
results are presented in Figure 1.
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Figure 1. Thermal (top) and porosity (bottom) evolution
models for a ~200 km planetesimal accreted 10 My after
Calcium Aluminum Inclusions, a grain density of 1500 kg/m’,
and an accretion temperature of 50 K. The final average
porosity in this model is ~35%.

In that example, long-lived radioisotopes drive a late and
limited evolution of the interior and final bulk density
of about 1 g/em’.

Genetic Relationships Between Reservoirs of
Small Bodies: Similar evolution between Trojan as-
teroids, P- and D-type asteroids found in the main belt,
Centaurs, and KBOs support a genetic relationship
between these classes of bodies, as simulated by many
studies [7, 8]. Limited internal evolution is consistent
with accretion models; for example, Kenyon et al. [9]
estimated that objects forming in the 20-25 AU region
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would take at least 5 My to start accreting and reach a
100 km radius in ~1 My.

Many irregular satellites display spectral proper-
ties akin to C-asteroids, such as Phoebe and Himalia.
Saturn’s satellite Phoebe was suggested to come from
the Kuiper Belt based on the observation that its densi-
ty matches the grain density inferred from cosmochem-
ical models of bodies formed in the Solar nebula [10].
Thermal modeling showed that most of Phoebe’s orig-
inal porosity could be removed provided that it accret-
ed in less than 4 My after calcium-aluminum inclu-
sions taken as a time reference [S]. The density dis-
crepancy between Phoebe and KBO questions that
relationship and cannot be uniquely explained by a
difference in volatile content. Many previous studies
noted the similarities between the spectra of Phoebe,
Himalia, and hydrated asteroids and suggested that the
two irregular satellites actually migrated from the inner
Solar system [e.g., 11, 12]. The Grand Tack model
[13] could provide an alternate scenario for a common
origin for hydrated C-type asteroids and irregular satel-
lites. In that context, the primary reservoir for C-types
is between and beyond the orbits of the giant planets.
So that material could have been available for capture
by the giant planets early on. This model implies ac-
cretion was fast and early in that region, consistent
with recent accretion scenarios [14].

Implications for Ceres: Late times of formation
potentially carries implications for Ceres. Ammoniated
material on its surface [15] suggests that Ceres formed
from material originating beyond Jupiter. However, it
is not confirmed yet whether Ceres as a whole origi-
nated far in the outer Solar system or if it grew from
outer solar system planetesimals migrated to the main
belt. Ceres could still evolve chemically and physical-
ly on long-lived radioisotope decay heat alone [16].
However, it might be possible to constrain Ceres’ time
of formation assuming it formed in the same region of
the solar system as 10 Hygiea, an asteroid that shares a
similar surface composition involving carbonates and
ammoniated clays [17, 18]. Hygiea is half the size of
Ceres and thus is more sensitive to the heat budget
available post-accretion. Our modeling of Hygiea’s
thermal evolution requires *°Al decay heat for its inte-
rior to reach conditions amenable for hydrothermal
processing on a global scale. Furthermore, the depth of
altered material should be relatively shallow in order to
be exposed either by subcatastrophic disruption (which
produced Hygiea’s family) or by overturn of an unal-
tered crust. This leads to a time of formation of less
than 3.5 My after CAls for that body. This early for-
mation falls in the same window as the CM chondrite
parent bodies [e.g., 19] and Phoebe [5] and may point
to a common reservoir depending on the accretion
rates expected in the early solar system.
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Summary: The heat budget of midsize planetesi-
mals varied across the Solar system. Jupiter Trojan
asteroids, D/P asteroids in the main belt, and midsize
KBOs appear to have preserved up to 40% bulk porosi-
ty, which we explain as accretion with few or no short-
lived radioisotopes. This reinforces the genetic rela-
tionship between these classes of bodies proposed by
dynamical models. On the other hand, C-type bodies
distributed in the main belt and among the irregular
satellite population show evidence for low-porosity
and, in many cases, aqueously altered material on their
surface. This suggests C-type bodies shared a common
reservoir that possibly existed early on between the
orbits of the giant planets in the context of the Grand
Tack.
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ZOOMING IN ON THE PHYSICS AND CHEMISTRY
OF PROTOPLANETARY DISKS WITH ALMA
Cleeves, L. I., CFA, Harvard University [ilse.cleeves@cfa.harvard.edu]

During the protoplanetary disk phase, the physical environment and spatial composition of the disk play a
direct role in the outcome of planet formation, both in the types of planets formed and their composition.
Until recently, much of our understanding of the bulk disk properties (>10 AU), including densities,
temperatures, irradiation, kinematics, and composition, has been limited to constraints from low
resolution observations of the brightest sources. Within the last few years, new observations with ALMA
have revolutionized our understanding of nearly all aspects of disk science, including the coupled
evolution of dust and gas and its role in volatile transport, the nature of gas kinematics/accretion, the
impact of midplane condensation fronts, the role of the external environment, and disk energetic
processes. In this talk | will present an overview of recent results and how these fit into a newly emerging
picture of protoplanetary disk evolution in the first few Myr.
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Introduction: Roughly 100km diameter primitive
bodies (today’s asteroids and TNOs; [1]) are thought to
be the end product of so-called “primary accretion”.
They dominated the initial mass function of planetesi-
mals, and precipitated the onset of a subsequent stage,
characterized by runaway gravitational effects, which
proceeded onwards to planetary mass objects, some of
which accreted massive gas envelopes. Asteroids are
the parents of primitive meteorites; meteorite data sug-
gest that asteroids initially formed directly from freely-
floating nebula particles in the mm-size range.

Unfortunately, the process by which these primary
100km diameter planetesimals formed remains prob-
lematic. We review the most diagnostic primitive par-
ent body observations, highlight critical aspects of the
nebula context, and describe the issues facing various
primary accretion models. We suggest a path forward
that combines current scenarios of “turbulent concen-
tration” (TC) and “streaming instabilities” (SI) into a
triggered formation process we call clustering instabil-
ity (CI). Under expected conditions of nebula turbu-
lence, the success of all of these processes in forming
terrestrial region (mostly silicate) planetesimals re-
quires growth by sticking into aggregates in the several
cm size range, at least, which is orders of magnitude
more massive than allowed by current growth-by-
sticking models using current experimental sticking
parameters [2-4]. The situation is not as dire in the ice-
rich outer solar system.

Observations: Amongst the most diagnostic mete-
oritic observations are the several-Myr spread in for-
mation ages [5,6], the apparent rapid accretion of a
given body when it did occur [7], several indications
that, before their internal heating, primitive 100km
bodies were homogeneous thoughout — physically,
chemically, and isotopically [8], and evidence both for
[9] and against [10,11] radial mixing of initial con-
stituent particles. At least one aspect of outer solar
system planetesimals (high binary fraction) supports
some kind of clustering instability [12,13]. These ob-
servations (and properties of asteroid families [1]) sug-
gest gentle and sporadic formation of internally homo-
geneous, 100km objects directly from small nebula
particulates, some of which may have wandered for
hundreds of millennia since their formation.

Nebula context: The intensity of nebula turbulence
is perhaps the most important and least well under-
stood property of the planetesimal formation environ-
ment. Consensus on the intensity (the infamous “a”
parameter), not to mention its cause, has shifted often
over the years, and recent work leads to a lower limit

around & =10™ [14,15]. The most refined incremental-
growth-by-sticking models in such turbulent nebulae
stall out at mm, cm, and m-size “barriers” due to
bouncing, fragmentation, and radial drift [16,3]. In the
icy outer solar system, growing particles may sneak
past at least the first set of barriers in the form of ultra-
high-porosity “puffballs” [17,18]. However, even if
these barriers could be avoided, new barriers loom
everywhere at 1-10km size, due to destructive colli-
sions resulting from gravitational scattering by large-
scale gas density fluctuations in turbulence [19-21].
Meanwhile, ongoing radial drift in the thermally evolv-
ing nebula during this extended stage can lead to
changes in composition and redistribution of mass, that
can affect how, when, where, and of what planetesi-
mals ultimately do form [4].

Leapfrog or instability models: TC and SI are
two somewhat different mechanisms that have been
proposed to bypass the barriers to incremental growth,
both providing a one-stage collapse from a dense, lo-
calized clump of small nebula particles straight to
100km planetesimals [22-24,8]. TC has the advantage
of triggering planetsimal formation infrequently, al-
lowing it to continue for several Myr. Original TC sce-
narios which operated on single-chondrule-size parti-
cles [23] have been found to be based on incorrect as-
sumptions [25,26]; new results show that the general
idea still forms large planetesimals, but particle sizes
must start in the cm-dm range [27,28]. SI is a true lin-
ear instability: unless the conditions are right, nothing
happens - and if they are right, nearly all the local mass
becomes planetesimals immediately. This is problem-
atic for a several-Myr-long planetesimal formation
duration. In moderate turbulence, typical growth-
limited particles are too small to settle vertically into
sufficiently dense layers for SI to occur, while “lucky”,
atypically large particles are far too rare to lead to SI.
(see [29] for a more in-depth discussion of SI).

Thus both TC and SI are in a similar bind, requir-
ing particles much larger than current growth models
are able to produce (mm-size) under current sticking
assumptions. The “Pebble Accretion” [30,31] scenario
is not a solution to forming planetesimals because it
requires fairly large “seeds” on which to accrete peb-
bles. If it is to apply at all to planetesimals, it must
merely add thin shells on top of already large objects
formed some entirely different way, and the observa-
tions argue against inhomogeneity with depth [8].

Clustering Instability: For SI to occur in a nebula
with @ =10, and local cosmic abundance of solids,
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particles must grow to meter-radius for settling to oc-
cur. Particles of such sizes collide at about 30m/sec — a
speed unlikely to be survived by loose aggregates.
However, even if particles can only reach cm-dm size,
less settled particle layers still exist. In such a turbulent
environment, we suggested that TC may cluster cm-dm
size particles within these dense (but Sl-resistant) lay-
ers into clumps that can, perhaps, make use of the “pe-
loton” physics of the SI to go on to planetesimals [27].
We call this triggered, or nonlinear, instability a Clus-
tering Instability or CI. It combines the advantage of a
slow, rate-limited triggering by TC (only statistically
rare volumes achieve sufficiently high concentration)
with a second advantage that only moderate growth-
by-sticking beyond current model limits is needed —
perhaps only to several cm radius. This remains merely
an idea, and a full, numerical study of the CI has not
been done. TC models which lead to planetesimal
Initial Mass Functions (IMFs), rely on simplified ana-
lytical thresholds for planetesimal formation [23], and
lack the full feedback contained in 3D numerical mod-
els that display SI [24]; however, none of the ST mod-
els have included global nebula turbulence, except for
[22] which assumed particles that may be too large to
be realistic for reasons given above.

Can “particles” grow larger than the best cur-
rent models say? In the terrestrial planet region, ob-
servations suggest that “particles” of cm-dm size must
be aggregates of chondrules, since all the most primi-
tive chondrites are composed almost entirely of chon-
drules (with similar size particles of different composi-
tion and associated dust). Detailed models of the
growth of aggregates of dust-rimmed chondrules found
that growth stalled in the mm-radius range due to
bouncing [2]. However, one new and intriguing obser-
vation suggests that the models may be missing some-
thing. The primitive Unequilibrated Ordinary Chon-
drite NWA 5717 [32-35] shows dark and light “litholo-
gies” or chondrule clusters, several cm across, with
different chemical and isotopic properties that are very
hard to attribute to alteration after formation. These
lithologies suggest growth by sticking of chondrules,
in two distinct regions, into aggregates, followed by
turbulent mixing of these very different kinds of
aggregates into a region where they accreted together.
Highly localized parent body aqueous alteration may
have occurred if the chondrules in the darker lithology
carried water ice in or on their rims, that was absent
on/in the lighter-colored aggregates [32-35].

What can explain this more robust growth by stick-
ing than expected? A clue may be found in the proper-
ties of Chondritic Porous (CP) Interplanetary Dust
Particles (IDPs). The mineral grain monomers in sev-
eral IDPs have sizes consistent with aerodynamic sort-
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ing [36]. Such tiny grains are strongly tied to the gas
flow, and it is hard to sort them by aerodynamics us-
ing traditional physics. One new piece of physics that
might explain this observation is an enhanced collision
rate (because of local density enhancement), combined
with a lower collision speed (avoiding the bouncing
barrier) for particles with stopping times very close to
the eddy time of the smallest (Kolmogorov) eddy in
turbulence [37,28], The same physics could apply to
IDP monomers and chondrules, because of their very
different nebula environments. If the physics is vali-
dated, then monomer sizes (including the long-
puzzling chondrule size distributions) [35,38] can tell
us about their nebula gas environment. In addition, it
may be that realistic, irregular, size distributions of
silicate grains coated with “sticky” refractory organics
[39], or even thin icy rims, might contribute to growing
larger aggregate particles than previously thought.

Growth of few-cm-size aggregates composed of
aerodynamically selected particles, in weakly-to-
moderately turbulent nebula where both TC and SI-like
processes combine to lead to a triggered CI, might thus
allow roughly 100km diameter planetesimals to be
“pborn big” directly, and sporadically, from freely-
floating nebula particles [28].
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Introduction: Understanding the process of the
formation of planets from a disk of solids and gas
around our young Sun and other stars is one of the
most imporant challenges of planetary sciences. A first
step in this mechanism is understood as the accretion
of planetesimals [1], the building blocks of planets,
from the tiny solid grains initially present in protoplan-
etary disks. But what is the size distribution of plane-
tesimals? Do these objects have a typical size or size
range? These questions are difficult to approach from a
theorethical point of view as the size distribution of the
planetesimals typically depends on the resolution of
the simulations used to model the dust accretion pro-
cess in protoplanetary disks [1-3].

Another line of attack to the aforementioned prob-
lem is to search for those planetesimals that escaped
accrection into the planets in our Solar System: some
of these bodies are thought to be still present in the
Main asteroid Belt [4-6]. However, billions of years of
collisional evolution have obscured the original plane-
tesimal size distribution [5], creating families of aster-
oid fragments by the breakup of some of the orginal
parent bodies (these are the so-called asteroid colli-
sional families) [7,8]. Traditioanllly the search for the
planetesimals in the Main Belt has been hampered by
the fact that asteroid family identification by the clas-
sical HCM methods is very conservative [7,9], leaving
many asteroid fragments in the “background” popula-
tion: i.e. asteroids not associated to families. This re-
strictive identification of family members is performed
in order to avoid the inclusion of interlopers and to
have clear distinction between different families [7,9].
On the other hand, this limits against the identification
of the oldest asteroid families in the Main Belt.

Identification of the oldest asteroid familes: We
have developed new techniques [9,10] to idenfiy aster-
oids that are fragments of previous-generation aster-
oids broken up by collisions. Our methods consist in
searching a distinctive feature (the so-called V-shape)
of groups of asteroids that are family members [10] i.e.
fragments of a single parent body (Fig. 1).
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Figure 1: Example of V-shapes of known asteroid fam-
ilies. Because of the thermal Yarkovsky effect, aster-
oids drift in semimajor axis (a) at a rate da/dt propor-
tional to the inverse of their diameter (D). Asteroids
that are fragments created by a collision form a V-
shape in the space (a,1/D) by drifting away from the
impact point. There is one V-shape for each family.
The slope of the sides of the V-shape is like a clock.
Older familes have smaller slopes.

Results: Application of our new methods is under-
going [10,11]. Preliminary results in selected regions
of the Main Belt are promising [11]. They confirm the
paradigm that asteroids were born big [12], but with a
very shallow size frequency distribution.

References: [1] Johansen, A. et al. 2016, in Aster-
oids IV, U. of Az.Press, arXiv:1505.02941; [2] Simon,
J. B. et al. 2016. The Astrophysical Journal 822, 55.
[3] Klahr H., Schreiber A. 2016. Asteroids: New Ob-
servations 318, 1. [4] Cuzzi, J. N. et al. 2010. Icarus
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Introduction: Chondrules are found in abundance in
chondrites, meteorites from unmelted asteroids that
represent the most primitive planetary bodies for which
samples exist. Chondrules comprise roughly half of the
mass of almost all classes of chondrites. Chondrules
are themselves igneous melt droplets, bits of rock
melted while individually floating in the solar nebula.
Radiometric dating shows that most chondrules in our
collections formed 1.5 — 3 Myr into disk evolution [1]
and other lines of evidence establish that chondrules
formed during the lifetime of the protoplanetary disk
and were witnesses to the processes in it. Whatever
melted at least half of the mass of chondrites was a
significant process in the evolution of the protoplane-
tary disk.

Likewise, calcium-rich, aluminum-rich inclusions
(CAlIs) are abundant in carbonaceous chondrites, alt-
hough they are rare in ordinary and enstatite chon-
drites. CAls contain minerals that are the first to con-
dense from a solar-composition gas, and CAls are the
oldest solids formed in the solar system.

Because chondrites contain CAls that are the oldest
solids in the solar system, and because chondrites are
the least processed planetary materials in our collec-
tion, chondrites are considered to be building blocks of
planets. That paradigm is shifting because of new dis-
coveries. The discovery of streaming instabilities [2]
and pebble accretion [3] shows that growth of plane-
tary bodies can be very rapid, providing a theoretical
justification for the long-standing observation that iron
meteorites formed in << 1 Myr [4]. Hf-W dating of
Mars core formation shows that planetary embryos
existed within the first 2 Myr of disk evolution [5].
These results show that planet formation in fact pre-
ceded the formation of chondrules, at least the chon-
drules in our collections in chondrites. The formation
of chondrules must be seen in this context. Here I re-
view a few models of chondrule formation and outline
how chondrule formation can be used as a probe of
disk processes.

Chondrule Formation:

As reviewed by Desch et al. [6], successful model of
chondrule formation must meet multiple constraints.
The thermal histories of chondrules inferred from their
textures must be reproduced: peak temperatures above
the liquidus for minutes, followed by cooling to the

liquidus over hours. Other attributes like the frequency
of compound chondrules and the suppression of evapo-
ration of moderate volatiles constrain the density of
chondrules. Chondrule formation must be repeoduci-
ble, as chondrules contain relict grains of other chon-
drule fragments. It must occur over a protracted but
limited range of times in the nebula. Geochemical con-
straints also come into play: chondrules contain abun-
dant iron, and are apparently complementary to matrix
dust. It is incumbent on anyone suggesting a model for
chondrule formation to build the model to the point
that it makes quantitative predictions that can be com-
pared against the chondrule record.

Bow shocks in front of planetary embryos on ec-
centric orbits satisfy all of these conditions [7-9]. For
achievable eccentricities, shock speeds are ~ 8 km/s
and lead to peak temperatures above the liquidus.
Cooling rates are in the range 1000 — 5000 K/hr, which
overlaps with the cooling rates needed to produce the
predominant porphyritic texture of chondrules [6]. By
processing material at the disk midplane, the needed
densities of chondrules and the complementarity with
matrix are achieved. Contact outgassed planetary at-
mospheres may help explain the inference of excep-
tionally high partial pressures of Na vapor in the chon-
drule formation region [10].

Outstanding issues of the model are whether the
cooling rates ~ 1000 K/hr can be routinely achieved in
the model and match porphyritic chondrules. It also
remains to be seen whether the bow shock model can
explain all chondrules. Multiple chondrule formation
mechanisms are possible, especially impact melts by
impacts between planetesimals. I will review these
mechanisms in my presentation. But the fact that
planetary bow shocks and impacts between planetary
bodies are the leading models for chondrule formation
illustrates that increasingly the paradigm is shifting
from one of chondrules being the building blocks of
planets, to being a side product of planet formation.

CAI Storage Problem:

I also discuss another long-standing problem in mete-
oritics, the CAI storage problem. CAls formed early in
disk evolution, and at high temperatures achieved only
in the inner portions of the disk. In the 3 Myr it takes
chondrites to form, CAls should have spiraled in to the
Sun. Although not widely discussed in the literature, a
corollary is the further paradox that one would expect
CAIs to be more abundant in those chondrites that
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formed closer to the Sun, namely enstatite and ordinary
chondrites. Instead, CAIs are most abundant in the
carbonaceous chondrites, with the largest CAls being
found in CV chondrites like Allende. CAls therefore
have the potential to trace disk dynamics and planet
formation, and I discuss a potential resolution of this
paradox.
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Introduction: The HED parent body (asteroid 4
Vesta) is often thought to be the quintessential plane-
tesimal left over from formation of the Solar System,
and is commonly considered as a reference model for
planetesimal formation [1]. However, ureilites, the
second most abundant type of achondrite meteorites,
give a different view of formation of asteroids and
planetesimals [2,3].

Ureilites show correlations between their bulk
chemistry and oxygen isotopes which are not seen (or
are not so well developed) in other achondrite groups,
including the HEDs. The bulk chemistry and oxygen
isotope compositions of HED meteorites are well ho-
mogenized compared to ureilites, probably because
Vesta experienced a high temperature magma ocean
stage in which its silicate mantle was mostly or com-
pletely molten [4,5]. This would have obliterated any
earlier compositional variations in Vesta’s mantle.

In contrast, ureilites show a trend between Fe-rich
compositions with high A*O ratios and high-Mg com-
positions with lower AO values [6,7,8]. Figure 1
shows this correlation, using mg# in olivine as a proxy
for bulk rock Mg#. This correlation must be explained
in any model of formation of the original parent aster-

oid of ureilite meteorites.
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Figure 1. Correlation between mg# in olivines and
A%0, in ureilite meteorites. Data from [6,8].

Methodology: We used Monte Carlo modelling to
determine which combinations of primitive meteorites
and meteoritic components could generate the observed
trend of oxygen isotopes and bulk chemistry shown in
Figure 1. Our modelling showed that all combinations
of primitive C, O and E chondrites failed to generate
the oxygen isotopes and bulk chemistry of ureilites.
However, a model using a combination of Mg-rich and
Fe-rich chondrules could perfectly generate the ureilite

oxygen isotope trend. We then evaluated whether the
range of compositions calculated from the combination
of Mg-rich and Fe-rich chondrules could also account
for the bulk compositional trends of the original parent
urelite asteroid.

The “Proto-Ureilite Planetesimal”: Unlike HED
meteorites, which are mostly fragments of the crust of
Vesta, ureilites are largely derived from the silicate
mantle of their parent asteroid. Their significant LREE-
depletion indicates that they represent the depleted
mantle from which silicate melts have been extracted
[9]. Thus, in order to reconstruct the composition of
the undepleted mantle of the ureilite parent asteroid, it
is essential to add back a silicate partial melt, basalt or
trachyandesite [10], to the major element compositions
of ureilites [7]. Furthermore, to achieve the bulk com-
position of the parent asteroid before core-mantle dif-
ferentiation, we included a metallic core component.
Using this approach, we propose a new compositional
model for the ureilite parent asteroid which we call the
“Proto-Ureilite Planetesimal”. Our model based on a
combination of Mg-rich and Fe-rich chondrules gener-
ates both the observed range of oxygen isotope signa-
tures and the reconstructed bulk chemistry of the Proto-
Ureilite Planetesimal. The model also reproduces the
trends seen in Figure 1, which also suggests simple two
component mixing. Mg-rich and Fe-rich chondrules are
found together in the same meteorite [11], so mixing
between them must have occurred in the early Solar
System. However, the novel result of our modelling
suggests a lack of matrix in the mixture, and also sug-
gests a zoned or layered parent asteroid.

Accretion of the proto-Ureilite Planetesimal:
During condensation and accretion in the solar nebula,
the Mg-rich end-members of silicate minerals such as
olivine and pyroxene would have condensed at slightly
higher temperatures than those with more Fe-rich com-
positions. Thus a growing planetesimal would be
formed of more Mg-rich minerals in its centre and
more Fe-rich minerals in its outer layers (Fig. 2), i.e.
having a layered bulk chemical structure. Differences
in A0 of the chondrules would also produce a radial
gradient in oxygen isotopes (Fig. 2).
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Figure 2. Initial concentric structure of the Proto-
Ureilite Planetesimal (PUP) with Mg-rich silicate
interior and more Fe-rich silicate outer shells, and a
gradient in oxygen isotopes.

Geothermometry suggests that the Mg-rich centre
of the Proto-Ureilite Planetesimal reached temperatures
of ~1320 °C, while the Fe-rich outer parts reached
~1190 °C [7]. These temperatures are above the solidus
of the Fe-FeS system, so that small amounts of metal-
sulfide melt would have been formed. Being denser
than the surrounding silicate minerals, this metallic
melt would have percolated down to form a core. The
temperaturews are also near the onset of melting of
peridotite at low pressures, so that low-density silicate
partial melts would have formed and moved upwards
towards the surface of the body. Differences in degree
of partial melting related to different P-T regimes with-
in the planetesimal would have produced different sili-
cate melt compositions. Formation and percolation of
the metal and silicate partial melts did not destroy the
original layered structure of the planetesimal.

Destruction of the planetesimal: Perhaps all dif-
ferentiated planetesimals began with an initial compo-
sitionally layered structure as described above, but they
continued to heat up (by decay of Al or by kinetic
energy of impact) to a point where the peridotite liqui-
dus was approached and a magma ocean was formed.
In this case, all evidence of the previous layered sili-
cate structure would be destroyed. However, the Proto-
Ureilite Planetesimal did not reach this point. Instead,
while still hot and in a few regions still partially mol-
ten, it was disrupted and destroyed by an impact with
another body.

A large proportion of the Proto-Ureilite Planetesi-
mal was reaccreted as fragments, producing a daughter
body from which our collection of ureilite meteorites
has been derived (the present-day Ureilite Parent
Body). This daughted asteroid has a distinctive compo-
sitional variation in which there is significantly more
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Fe-rich ureilite material than Mg-rich (Fig. 3), i.e. more
of the outer layers of the Proto-Ureilite Planetesimal
were preserved than the internal ones.
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Figure 3. Histogram of distribution of Fe-rich and
Mg-rich silicates in ureilites. Data from {2,8].

Conclusions: Ureilite meteorites are derived from
the mantle of a differentiated planetesimal which did
not experience a magma ocean stage and which
therrefore did not become homogenized in terms of
bulk composition and oxygen isotopes. Thus they give
us a window into the early planetesimal accretion
process, prior to magma ocean formation. We propose
that a layered body formed from early condensed Mg-
rich chondrules with low A0 mixing with later con-
densed Fe-rich chondrules with higher AO. The body
underwent heating to a temperature at which it formed
a metallic liquid core and silicate melts, but the degree
of partial melting was sufficiently low that the original
layered structure of the silicate part of the planetesimal
was preserved until the point when it was destroyed by
impact. Reaccretion of a daughted asteroid (the present
day UPB) preserved jumbled fragments of the compo-
sitionall layered structure.
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Introduction: A critical constraint on solar system
formation is the high abundance of 241 (t1,=0.7 Myr).
The abundance of *°Al as inferred in meteorites is ~17
times larger than the average ISM abundance at solar
system birth from gamma-ray astronomy [1,2,3,6],
which is too high [4,5,6] to be accounted for by long-
term Galactic chemical evolution [7, 4, 8] or early so-
lar system particle irradiation [9, 10].

This led to suggestions starting 40 years ago [11]
that a nearby supernova (SN) explosion triggered the
collapse of a molecular cloud and the formation of the
solar system. “°Al was created via stellar and SN nu-
cleosynthesis, and injected into the protostellar cloud
by the shock wave. This suggestion has been followed
up by several authors [7,12, 13]. If correct, one would
expect this to be accompanied by a high abundance of
%Fe (t,,=2.6 Myr) which is produced in SN explo-
sions. Recent work instead found that the “’Fe/*°Fe
ratio at solar system formation is about an order of
magnitude lower that the average ISM value, incon-
sistent with direct injection from a nearby SN [6, 14].

Any potential model of solar system formation thus
needs to explain both high *°Al/*’Al and low “°’Fe/*°Fe
ratios. The distribution of *°Al in the Galaxy closely
traces the distribution of very massive stars, making
Wolf-Rayet (W-R) stars and core-collapse SNe the
primary candidates for *°Al production [20]. The for-
mer are stars with initial mass > 25, which have lost
their H and possibly He envelopes. In a study of the
Carina region using INTEGRAL data, [21] found that
the *°Al signal could not be accounted for by superno-
vae alone, and the fraction of °Al ejected in W-R stars
is high, indicating strong wind ejection of *°Al. *°Al
has also been seen towards other star forming regions
such as Cygnus [22], Orion [23], and Scorpius-
Centaurus [24]. Many authors have suggested that stel-
lar winds from massive stars, could be the source of
%Al in the early solar system. [5, 14, 15, 16, 19, 45].

Using a combination of semi-analytic calculations,
astronomical observations, and numerical modeling, in
this presentation we advance the idea that our solar
system was born inside a Wolf-Rayet wind bubble. We
show that this can simultaneously explain both the
high *°Al and low *’Fe abundance.

Wolf-Rayet Bubbles: W-R stars are post-main-
sequence, hot massive stars which have strong winds
with terminal velocities of 1000-2000 km s™ [31]. The
combined action of the supersonic winds and ionizing
radiation results in the formation of photo-ionized
wind-blown bubbles around the stars, consisting of a
low-density interior surrounded by a high-density shell
(Fig. 1). Most of the volume is occupied by a low-
density high-temperature plasma.

t=1.27 Myr t = 2.49 Myr
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Figure 1: Density at 4 epochs in the evolution of a
wind-blown bubble around a 40 M star, at (clockwise
from top left) 1.27, 2.49, 4.38 and 4.58 Myr. Note that
the shell is unstable to several instabilities, related to
both the hydrodynamics and the ionization front,
which cause fragmentation and the formation of dense
filaments and clumps [39, current work].

%A1 Yields from massive stars: In Figure 2 we
show the *°Al yields from stars with initial mass > 20
M, [25,26,27,28,29,30]. Newer yields take into ac-
count stellar rotation and improved mass-loss rates
[25,26, 27]. The horizontal lines show the efficiency of
mixing n, defined as the fraction of A1 required to
mix with the dense shell of swept-up material to pro-
vide sufficient *°Al to account for the early solar sys-
tem budget of 3.3 parts per billion [19]. Stars above 50
M, generally provide sufficient *Al. The wind “Fe
yield is negligible.
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Wind Bubbles as Stellar Nurseries: Star for-
mation at the boundaries of wind-bubbles around O
and B stars has been revealed in astronomical observa-
tions [32,33,34,35]. Molecular cores undergoing grav-
itational collapse due to external pressure from the
surrounding gas have been found around W-R star HD
211853 [36]. This stochastic star-formation is de-
scribed in the context of two models, the “collect and
collapse model’ [37] and the ‘radiation-driven implo-
sion” model [38].

Injection of *°Al from the Wind to the Solar Sys-
tem: Injection of the *°Al from the wind into the early
solar nebula is an important ingredient. This topic has
been studied mainly in the context of injection by a
SN. [12,13] have shown that the injection efficiency
due to hydrodynamic mixing between the SN shock
wave and the collapsing cores is small, of order a few
percent. This occurs late in the SN evolution, when it
has reached the radiative stage and slowed down < 100
km s (although see [40]). The W-R wind velocity
substantially exceeds this value, while the density is
much lower than in the SN ejecta. The efficiency of
mixing will therefore be reduced. Winds sweeping past
high-density cores will lead to shearing and the growth
of Kelvin-Helmholtz instabilities at the interface, strip-
ping material away. Hydrodynamic mixing does not
appear a viable mechanism.

We suggest that *°Al condenses onto, and is inject-
ed mainly via dust grains (see also [17,41]). Dust is
seen around WC stars [42,43], although the formation
mechanism at high temperatures is not well under-
stood. Analysis of IR emission shows that dust forms
close in to the star, with the grains estimated to be ~
lum in size [44]. The stopping distance of 1um size
grains in bubbles is several parsecs, exceeding the size
of the bubble in the high density molecular cloud. The
grains can survive passage through the reverse shock
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and the low density shocked wind, and reach the outer
dense shell. The grains would then be injected into the
high density cores, penetrating depths of 1 to several
hundred AU depending on the density.

Finally, the massive star will explode as a SN of
Type Ib/c. We have explored why the material ejected
in the explosion, which contains both *°Al and “Fe,
may not be able to contaminate the early solar system.
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Introduction: Planet formaton appears to be ex-
tremely robust and moreover lead to a very diverse set
of outcomes [1]. However, our interpretation of how
these planetary systems form and their resulting archi-
tectures and compostions is severely limited by our
understanding of the complex physics that govern the
earliest stages of growth - the very early evolution of
solids, as they first decouple from the nebula gas and
grow into planetesimals (e.g., asteroids and TNOs). We
refer to this stage as “primary accretion”.

The manner in which solids in protoplanetary disks
(PPDs) can proceed from submicron dust to larger bod-
ies remains problematic due to various barriers to
growth that may be encountered. These include the
bouncing and fragmentation barriers [e.g., 2] which,
depending on nebula properties can nearly grind the
process of incremental growth to a halt with particles
not being able to grow much beyond "pebble" size
[e.g., 3]. Another important effect of the slowed growth
rate of solid particles, particularly in the outer portions
of the disk, is that they drift radially faster than they
can grow [3,4]. These barriers can be overcome if neb-
ulae are not turbulent, but this is increasingly incon-
sistent with observations such as the formation ages of
primitive meteorites and the duration of "dusty-gas"
protoplanetary nebulae, as well as several new insights
into purely hydrodynamical turbulence. Here we will
examine the state of modeling of the PPD by various
workers, and in particular examine moderately turbu-
lent, global evolution under a variety of conditions
taking into account the growth and radial drift of mate-
rial of all sizes, diffusion and settling of small grains,
and the importance of incorporating a self-consistent
calculation of opacity and disk temperature as particles
grow.

Indeed, the level of global nebula turbulence, which
plays a key role in particle growth, remains very much
a matter of debate. While predictions of MHD models
have been trending towards low intensity near-
midplane turbulence [5-6], purely hydrodynamical tur-
bulence has re-emerged as a viable mechanism for
driving disk evolution [7-8]. Moreover, a number of
meteoritic and cometary properties point to an extend-
ed radial range of mixing of mineral constituents [e.qg.,
9], which are both difficult to reconcile with a globally
non-turbulent nebula in the region of planetesimal for-
mation. It seems appropriate to face the implications of
at least moderate turbulence squarely, especially with

respect to the various barriers it presents to incremental
growth.

Being able to track various condensible species as
they are transported throughout the disk, and at their
respective evaporation fronts in particular turns out to
be a very important aspect of disk evolution that has
not been fully appreciated. By exploring a variety of
conditions and dynamical properties, we can begin to
assess the implications for planetesimal (and planet)
formation and composition. One particular example is
how fractal growth, porosity and compaction can help
to overcome the radial drift problem. If radial drift is
not overcome, one might expect to find planets much
closer to their parent star as material from the outer
disk inevitably ends up in the inner regions; on the oth-
er hand, in systems where radial drift is overcome one
may find giant planets further out that become effective
barriers to further inward drift of material. Also, the
local chemistry can be affected by volatilized material
of different composition that has been radially trans-
ported far from its original condensation site. We ex-
pect these kinds of models will be instrumental in help-
ing to interpret current and future ALMA observations.

Summary: Herschel, Spitzer and now ALMA have
demonstrated that PPDs are very diverse. Since the
bulk of the mass is contained in the gas component,
and since the growth from small dust particles into
larger bodies depends on the evolving gas surface den-
sity profile, understanding the evolution of the gas is
paramount in understanding planetesimal formation.
Meanwhile understanding the chemistry and redistribu-
tion of the various species depends on the various
evaporation fronts that exist in the nebula. In this talk
we will review the state of modeling growth in the
PPD, and especially be concerned with the H,O, CO
and CO, snowlines where for the latter stickiness, and
thus efficiency of growth may be much less than for
H,O [10].
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In protoplanetary discs, micron-sized grains should grow up to reach planetesimal sizes in order to ultimately form

planets. However, dynamical studies show that once they reach a critical size, they drift rapidly into the accreting
star. This is known as the radial-drift barrier.
In order to overcome this barrier, several methods have been proposed such as particles traps (e.g. vortices or planet
gaps) which all involve large-scale dynamics. In this work, we choose to investigate the intrinsic properties of the
grains during their growth, in particular their porosity. Grain fragmentation is not taken into account at this stage, it
will be in a future work.

We thus consider the growth of grains with variable porosity as a function of their mass in several regimes of com-
pression/expansion [1,2] and implement it in our 3D SPH (Smoothed Particle Hydrodynamics) two-fluid code [3].

We find that growth is accelerated for porous grains that can reach hundreds of meters in size in the inner disc
while compact grain are meter-sized. We also find that drift is slowed down for porous grains that can grow up to
larger sizes before drifting towards the star. As a result, grains in the outer regions of the disc reach larger sizes than
when porosity is neglected. Those two mechanisms can help grains to overcome the radial-drift barrier and form

planetesimals.
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Figure 1. Radial grain size distribution for a disc where the gas’ surface density 2 and temperature 7 profiles follow
power laws of the distance from the star » with > o< 32 and T o r -4, Grains with 10 um as initial size are injected

in a gas disc at # = 23850 yrs. Left snapshots are for compact grains and right ones for porous grains. The color bar
represents the grain filling factor ¢: compact grains are in blue, porous ones are in green/yellow.
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Introduction: Oxygen isotope compositions are
commonly used to distinguish or identify common
source reserovirs among early solar system materials
[1]. However, oxygen isotopes alone are not always
definitive in this regard. A recent bloom of Cr- and Ti-
isotope studies [2-14] has shown that combining £*'Cr
and £°°Ti with A'"O provides a more powerful means
of discerning cosmochemical relationships. Early solar
system materials are divided into two main populations
on diagrams of £*Cr or £°°Ti vs. AYO [3,4]. The car-
bonaceous chondrites, Eagle Station pallasites, and
ungrouped achondrites inferred to be related to CC,
form one (hereafter, CC) population, while Earth,
Moon, ordinary chondrites, and most of the major
groups of differentiated meteorites form the other
(hereafter, NCC) population. Mo isotopes also show
this dichotomy and can be used to associate iron mete-
orites with one or the other of the populations [15]. It
has been suggested that the CC-NCC dichotomy re-
flects: 1) the difference between accretion in the inner
(NCC) vs. the outer (CC) solar system [e.g., 3,4,];
and/or 2) a difference in time of accretion [16,17].

The Challenge of Ureilites: In the context of the
CC-NCC dichotomy, the ureilites, a major group of
achondrites, present a challenge [3,4]. €**Cr and €™ Ti
compositions of ureilites place them clearly in the
NCC group. However, two essential properties of
ureilites strongly distinguish them from other NCC
materials: 1) they have high abundances of carbon,
similar to the most C-rich carbonaceous chondrites
(Cl, CM, CR, Tagish Lake); and 2) their oxygen iso-
tope compositions plot along the CCAM line on a 3-
oxygen isotope diagram, with negative values of A'’O
like most CC (and unlike most NCC), and §'%0 values
similar to those of aqueously altered CC. These prop-
erties strongly suggest an affinity to CC-like materials.
Furthermore, one interpretation of ureilite oxygen iso-
topes is that they result from aqueous alteration on the
ureilite parent body (UPB) [17-20], which would im-
ply that it accreted with water ice and therefore beyond
the ice line (alternatively, ureilite oxygen isotopes
were preserved from nebular precursors [21]). The
carbon- and possibly water-rich nature of the UPB
would suggest that it accreted in the volatile-enriched
outer solar system. Thus, either the UPB accreted be-
fore £*Cr and €Ti anomalies were introduced to the
CC region [17], or volatile-rich materials were present
and accreted into planetesimals in the inner solar sys-
tem, at least at one time.

Long-Term Spatial Separation of the CC and-
NCC Reservoirs and the Accretion Time of the
UPB: From W and Mo isotopes, [22] argued that the
CC and NCC reservoirs were spatially separated by ~1
Myr after CAl, and that their separation was preserved
by the existence of Jupiter between them [23]. Thus,
the argument that the UPB accreted in the outer solar
system before nucleosynthetic anomalies were intro-
duced to this region could only be correct if the UPB
accreted <1 Myr after CAI. From thermal modeling,
[24-26] obtained UPB accretion times of ~0.5-0.6 Myr
after CAI, while [27,28] obtained 1.4-1.9 Myr. The
difference between these results arises chiefly because
[24-26] assumed efficient extraction of silicate melt
from the mantle, while [27,28] did not. [29] showed
that efficient silicate melt extraction on asteroids could
be hindered by the presence of earlier-formed metallic
melt. Whether this would be the case for the UPB de-
pends on its initial metal and sulfide contents, which
are not known [30]. Also, UPB melts may have con-
tained significant carbon, which would be oxidized to
CO, during ascent and increase melt buoyancy [21,24].
These and other factors will be evaluated.

Significance: It is uncertain whether ureilites ac-
creted in the outer or the inner solar system. The latter
could have important implications for the origin of
carbon and water in Earth.
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Introduction: It is widely accepted that collisions
among solid bodies, ignited by their interactions with
planetary embryos is the key process in the formation of
terrestrial planets and transfer of volatiles and chemical
compounds to their accretion zones [1]. Unfortunately,
due to computational complexities, these collisions are
often treated in a rudimentary way. Impacts are consid-
ered to be perfectly inelastic and volatiles are consid-
ered to be fully transferred from one object to the other.
The employed perfect merging assumption also entirely
neglects collisional-loss of volatile material (e.g., water)
and draws an unrealistic connection between these prop-
erties and the chemical structure of the protoplanetary
disk (i.e., the location of their original carriers).This ze-
roth-order approximation, although useful in proving
the concept, has profound effects on the mass and com-
position of final planetary bodies as it grossly overesti-
mates the masses of these objects and the amounts of
volatiles and chemical elements transferred to them. We
have developed a new and comprehensive approach in
simulating collisions and the growth of embryos to plan-
etary bodies where we use a combination of SPH and N-
body codes to model collisions as well as the
transport/transfer of chemical compounds accurately.
Results of our simulations show clearly how accurate
treatment of collisions avoids overestimation of the
mass and water content of the final planets, and result in
the formation of planets similar to Mars, Earth and Ve-
nus with water contents consistent with geological data.

Description of our codes: We simulate terrestrial
planet formation using a combined N-body+SPH code.
Unlike some of the publicly available N-body codes in
which collisions between two objects are defined as
when two points on their osculating orbits are closer
than a critical distance (in which case the two bodies are
merged), our N-body code has been developed to allow
collisions to happen only when bodies are physically in
contact with one another. At that stage, we model the
collision using our full 3D SPH impact code [2,3].

Our SPH code includes material strength and self-
gravity, and implements full elasto-plastic continuum
mechanics extended by a model for simulating brittle
failure [4, 5]. It also includes a fragmentation prescrip-
tion and accounts for evaporation during the impact as
well as the re-accretion of scattered materials. We apply
a tensorial correction along the lines of [6] to achieve
first-order consistency. The material model is based on
the Tillotson equation of state [7]. As a result of this ap-
proach, i.e., SPH modeling of collisions within the N-
body integration, our simulations are free of collisional

artifacts and present more accurate values for the mass
and volatile contents of the final planets.
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Figl. SPH modeling of the collision of a planetesimal
with an embryo. The embryo’s water-mass fraction is
10%. As shown here, ice is exposed at the bottom and
on the walls of the crater. Some of the scattered ice is
also re-accreted on the surface of the embryo.

Simulations and Results: To accurately model the
formation of terrestrial planets and the delivery of water,
we carried out a large number of traditional N-body sim-
ulations. Each simulation included a few hundred
Moon- to Mars-sized planetary embryos and several
thousand km-sized planetesimals. To avoid un-neces-
sary computations, we limited SPH simulations to only
collisions with the seed embryos that resulted in the for-
mation of final planetary bodies. For each seed embryo,
we simulated its collision with other embryos as well as
planetesimals. The latter is necessary to account for the
loss of water due to ice sublimation from impact craters.
Figure 1 shows a sample of these planetesimal-embryo
impact simulations. We have included ice-sublimation
in our N-body code using [8]

. u N2 U\ 1/2
M=P(——) =4374x10"°xP(=
(2nRT) (T)
where
P __51058MKg") (1 1 )
o1t (Pa) R T 27316K

and M, P, u,Tand R are the rate of mass-loss, vapor
pressure and molecular mass, temperature, and ideal gas
constant. In each simulation, we determined the amount
of ice exposed at the bottom and walls of the crater as
well as those re-accreted on the surface of the embryo.
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Fig 2. Snapshots of the SPH simulation of an impact be-
tween a 0.8 Moon-sized embryo with 10% water and a
dry, 0.5 Mars-sized object (impact velocity = 6 km/s).

We then calculated the amount of sublimated ice until
that embryo collided with another embryo or the ex-
posed ice was fully sublimated.

Each collision of a seed embryo with other pro-
toplanetary bodies was simulated using our SPH code.
We considered embryos to be rocky and used the pa-
rameters for rock (basalt) and water ice as stated in [3].
Porosity was included using the P-a model [9-12]. At
the lowest resolution, each embryo was resolved to at
least 500,000 SPH particles. We determined the water
content of the resulting body by keeping track of each
SPH particle, and continued this process for subsequent
collisions until the last impact event when the final plan-
etary body formed. During this process, mass of the fi-
nal planet and its water content were accurately deter-
mined. Figure 2 shows a snapshot of a sample of our
embryo-embryo SPH simulations. Results of our simu-
lations indicated that the amount of mass and water in
planets formed in pure N-body simulations can be over-
estimated by up to 60%. Table 1 shows this for colli-
sions between embryos for three different water-mass
fractions (WMF) and two impact angles (in degrees).

Table 1: Overestimated water-mass fraction (WMF) of
the final planet in embryo-embryo collisions in one of
our typical N-body simulations

Impact Initial WMF Overestimated
Angle (%) WMF (%)

0 5 39

0 10 42

0 29 45

30 5 61

30 10 61

30 20 63

To better understand the connection between the pa-
rameters of colliding bodies and the mass and water
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content of the final planets, we carried out a total of 60
SPH simulations of collisions between embryos of
Ceres size and larger. Results indicated that even for
collisions at moderate velocities, the amount of water
lost during the impact is non-negligible. For instance,
for embryos colliding at twice their mutual escape ve-
locity, 10% to 60% of their water is lost in a collision.
Figure 3 shows this in more detail. Noting that, in addi-
tion to collision, water is also lost due to evaporation
and sublimation, and a seed embryo may be subject to a
large number of collisions until a planetary body is
formed, the above-mentioned water-loss percentages
may be even larger.

Collisional water loss strongly depends
on the impact angle
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Fig 3. Water-loss after an embryo-embryo collision at 6
km/s for different collision angles and water distribu-
tions.

Concluding Remarks: Accurate simulations of col-
lisions of protoplanetary bodies show that traditional N-
body modeling of terrestrial planet formation overesti-
mates the amount of the mass and water content of the
final planets by over 60%. This implies that, as shown
by [1], small planets such as Mars can also form in these
simulations when collisions are treated properly. An-
other important implication of our study is that the dis-
tribution of water, volatiles, and chemical compounds
cannot be post-formation and must be handled during a
simulation, through proper treatment of collisions.
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Introduction: Fine-grained rims (FGRs) are dust-
sized material that surrounds chondrules and refractory
inclusions in chondritic meteorites. The origin of FGRs
in CMs is still debated and formation in both nebular
[1] and parent body [2-4] settings have been proposed.
Nebular FGR formation involves accretion of unequil-
ibrated nebular dust to chondrule surfaces [1]. Mecha-
nisms of FGR formation in a parent body setting in-
clude: 1) formation in the parent body regolith through
attachment and/or compaction of fine-grained material
onto the chondrule surface [2-4] and 2) formation via
aqueous alteration of the chondrule [2,4]. For the latter
it is expected that as alteration proceeds and the vol-
ume of FGR increases, the shape of the chondrule core
would increase in irregularity as embayments are
formed along the chondrule exterior [4]. In this scenar-
io it also may be expected that rim composition is in-
fluenced by the composition of the core particle.

One observation taken as evidence for nebular for-
mation of FGRs in CMs is a positive correlation be-
tween rim thickness and the size of the interior chon-
drules [1,5], which is not expected for formation in a
parent body regolith [3]. Although astrophysical argu-
ments have been made for the positive linear correla-
tion between rim thickness and interior chondrule radi-
us [5] subsequent refinements hypothesize that dust
accretion around chondrules results in a power law
relationship between the FGR volume and interior
chondrule radius that in turn provides information on
nebular turbulence conditions [6-7].

Previous measurements of chondrules and their
FGRs were made using 2D thin sections, which yield
only apparent chondrule size and rim thicknesses. In
addition, many CMs show evidence of deformation
that would have altered the shape of the chondrule and
rim [8-9]. We use X-ray CT to examine the 3D mor-
phology and composition of FGRs in CM Murchison
for which we have previously documented the defor-
mational strain and resulting aqueous alteration [8].
The primary goal of our study is to determine whether
a regular size relationship between the interior chon-
drule and exterior FGR exists and whether this rela-
tionship can shed light on FGR formation conditions.

Methods: We scanned six small orientated chips
(0.143 — 3.6 g; some embedded in epoxy) of CM Mur-
chison USNM 5487 at the University of Texas High-
Resolution X-ray Computed Tomography Facility
(UTCT). The final reconstructed voxel (3D pixel) size
ranged from 5.5 to 9.9 pm. Chondrules within the X-

ray CT datasets were manually segmented twice in
Avizo: both with and without the FGR. Segmented
data were exported into the Blob3D program [10-11]
and chondrule size, shape, and orientation measured
with and without the FGR. Chondrule FGR volume
was determined by subtraction of the two measured
volumes. To estimate FGR thickness for each chon-
drule prior to deformation the FGR volume was dis-
tributed evenly around a spherical chondrule of equiva-
lent volume to that measured with Blob3D. To deter-
mine the current (post-deformation) 3D thickness of
the FGR around the chondrule a new algorithm was
implemented in Blob3D. For each rimmed chondrule,
the algorithm “looks outward” from the chondrule cen-
ter along a set of 3D traverses evenly covering a unit
sphere and measures the thickness of the rim in each
direction. Average rim thickness among all chondrules
in each orientation is then calculated and plotted on a
stereonet to determine if there is any spatial coherence
to the varying rim thickness around the chondrules.

To determine the relationship between the FGR
volume and interior core radius while including the
uncertainty in FGR volume (4.1%) we used the Leven-
berg-Marquardt method to determine a non-linear least
squares fit to the data [12]. To quantify shape irregu-
larity we factor the previously used Convolution Index
[13] (object surface area / surface area of volume-
equivalent sphere) into Roughness (object surface area
/ surface area of best-fit ellipsoid) and Ellipticity (el-
lipsoid surface area / sphere surface area) indices. This
separation makes the shape irregularity measurement
independent of the degree of flattening the chondrules
experienced during parent body deformation [8].

Results: A total of 61 chondrules were segmented.
We find a moderate linear correlation between the av-
erage, pre-deformational thickness of the rim and
equivalent spherical radius of enclosed chondrule core
(R*=0.73). However, we find a strong correlation (R*
= 0.98) using a power law relationship between the rim
volume and the equivalent spherical radius of the
chondrule core as suggested by [6] for nebular FGR
formation (Fig. 1). The power law exponent of this
relationship indicates a weakly turbulent nebula envi-
ronment and that the rimmed chondrules were slightly
larger than Kolmogorov-stopping-time nebular parti-
cles [6]. In addition, the FGRs are consistently thicker
(by ~2% of the chondrule core diameter) in the plane
of foliation, indicating that the rims were deformed
simultaneously with the cores.
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We also find a chondrule-roughness dependence of
the rim volume to interior chondrule radius relation-
ship when the data are split into two groups based on
the Roughness index (Fig. 2). This suggests that the
irregular shape of the chondrules is a primary feature
present at the time of nebular FGR accretion, and that
it influenced the amount of dust accreted to them.

There is no correlation (R* = 0.00) between the
roughness of the chondrule and relative rim volume,
suggesting that the FGR is not a result of alteration of
the chondrule core and is instead a primary feature.
FGR composition as inferred from effective X-ray
attenuation coefficient appears essentially uniform
across interior chondrule types and compositions, also
making formation by chondrule alteration unlikely.

Conclusions: We find strong morphological evi-
dence that FGRs in CM Murchison were formed in a
weakly turbulent nebula, as the relationship between
FGR volume and interior chondrule interior radius is
well fit by a power law relationship consistent with the
presence of turbulence [6]. The fitted power law expo-
nent suggests that the rimmed chondrules were slight-
ly larger than Kolmogorov-stopping-time nebular par-
ticles. In addition, we rule out parent-body aqueous
alteration as an origin for significant FGR formation
based on several lines of evidence: the lack of correla-
tion between interior chondrule shape irregularity (a
proxy for degree of alteration) and FGR volume, the
presence of a positive correlation between rim thick-
ness and chondrule size, and evidence that FGRs are a
similar composition despite their interior chondrule
types (composition). Finally, we propose that the high-
ly irregular shape of some chondrules in CM Murchi-
son are a primary feature resulting from chondrule
formation and that rougher particles accreted a rela-
tively larger amount of nebular dust.
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Introduction: The formation of the very first
planetesimals remains an unsolved problem but their
properties provides us some clues. In the inner proto-
planetary disk, most of the mass of “fossil” planetesi-
mals is in ~100km diameter objects that were (before
melting) originally internally homogeneous, dominated
by mm-sized chondrules and complementary mineral
grains [1]. Traditional growth-by-sticking models in
turbulent nebulae encounter various formidable barri-
ers: a roughly meter-size fragmentation or drift barrier
[2], and a 1-10km size erosion/fragmentation barrier
[3,4]. Currently accepted limits of sticking (which are
based on pure ice or silicates) also pose a mm-to-cm-
size “bouncing" barrier [5]. To circumvent these barri-
ers, an idea arose that planetesimals might have been
“born big” in turbulence by collective effects, as ex-
plored in two main classes of “leapfrog” models [6,7].
However, both have been shown to be unable to pro-
duce 100km asteroids directly from mm-sized chon-
drules and require some growth beyond those sizes [8].
In this talk we will discuss recent advances in the un-
derstanding and modeling of gas-particle dynamics in
turbulence which we hypothesize might be able to
overcome the currently accepted mm-sized bouncing
barrier to grow larger aggregates.

Turbulent Concentration (TC): The leapfrog
scenario we have pursued [5,9] is based on the realiza-
tion that in a turbulent flow, inertial particles are not
distributed homogeneously but cluster in regions of
high strain and low vorticity. It is envisioned that such
dense zones can lead directly to planetesimal formation
through gravitational collapse. This clustering or pref-
erential concentration effect is particle-size dependent
and specifically depends on the particles’s aerodynam-
ic stopping time ts or Stokes number St, = ts / t;, where
ty is the eddy time of the smallest (Kolmogorov) eddy
in turbulence.

We have statistically modeled this process with a
so-called “cascade” model [9,10] and, using crude but
physics-based thresholds have derived production rates
and planetesimal initial mass function (IMFs). The
most refined models show that under reasonable as-
sumptions for disk turbulence, we can only produce
~100km objects from particles in the cm-dm range,
which we hypothesize could be aggregates of chon-
drules.

New Advances in Particle-Gas Dynamics: Cur-
rent astrophysical coagulation models commonly con-
sider a simplified collision kernel KM consisting
only of the collision cross section md?> between two
particles (d is the sum of the particle radii), and some
characteristic relative velocity. For fluid turbulence,
this velocity is generally taken to be the rms (root-
mean-square) relative velocity between particles and is
given by a Volk-type model [11,12,13]. However, new
numerical simulations and more sophisticated model-
ing efforts in the general fluid dynamics community
[e.g., 14, 15] have shown that such a collision model
ignores several important effects that may significantly
alter the results of coagulation models and may allow
for aggregates to grow to larger scale. Strictly speak-
ing, the mean collision kernel is given by K = nd? g(d)
w—(d) [16] where g(d) is the so-called radial distribu-
tion function which describes the increased particle
concentration due to turbulent clustering. Specifically,
g(d) is the ratio of the number of particle pairs found
having some separation d to the number one would
expect if particles were homogeneously distributed. w
—(d) is the mean relative velocity between approaching
particles, and not the rms relative velocity.

Clustering is completely ignored in the simple tra-
ditional kernel. For the coagulation problem, the scale
of interest is the particle diameter d (or the sum of the
radii for unequal particles) which is much smaller than
n. For instance, d/m = 2x10 for mm-sized chondrules
in a minimum mass solar nebula at 3AU. So, even
though the same physical mechanisms operate as in the
TC scenario for making “sandpile” planetesimals men-
tioned above, the detailed behavior is different in the
dissipations range (d = n). Here, for particles with Sty =
1, numerical simulations have shown that g(d) in the
dissipation range grows approximately as a power law
with decreasing scale, at least to the scales current
simulations can reach, with a St;-dependent exponent
that is largest for St = 1. In effect, it preferentially in-
creases the collision probability between particles with
Sty ~ 1.

Progress has also been made in understanding and
modeling the statistics of the relative velocity between
particles compared to Volk-type models. More sophis-
ticated models [17,18] have made predictions for the
rms relative velocity, wms, that compare well with
simulations. In the dissipation range, wms decreases
with decreasing scale, opposite to g(d). The mean rela-
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tive velocity, w—(d), that appears in the mean collision
kernel, has a simple relationship to wms if the velocity
field is normally distributed (Gaussian): w—/Wms= 0.4.
However, it has been shown that the relative velocity is
not Gaussian at the small scales of interest (d <) and
in particular at Sty ~ 1. In fact, the ratio w—/Wms shows
a dip for Sty ~ 1, and the deviation deepens with de-
creasing spatial scale and increasing Reynolds number.
Overall, for St ~ 1 particles, the mean relative velocity
is reduced, i.e. the probability of gentle, low-speed
collisions is greatly increased. However, due to cluster-
ing, the total mean collision kernel for Sty ~ 1 is still
larger than what the commonly used expression pre-
dicts, despite the reduced (mean) collision velocity
(Figure 1). The deviation of the mean relative velocity
can be traced to changes in the full probability distribu-
tion function (PDF) of the relative velocity, P(w,St);
[19] and others have shown P(w,St) is non-Gaussian;
that is, it has “fat” tails that not only increase the prob-
ability of low velocities which favors sticking, but also
of high velocities. P(w,St) is also asymmetric, with
very low collision velocities being more probable than
high velocities.
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Figure 1: Ratio between the more realistic collision
kernel K = nd? g(d) w—(d) and the kernel K€M com-
monly used in astrophysical models, from [14], at a
scaled d=0.25n for collisions between particles with
equal Stokes numbers and different Stokes numbers.
Stn (St1) denote the Kolmogorov scale Stokes number
Sty for the larger (smaller) particle. The dotted line
shows the same kernel computed from the simulation
results of [15] obtained at a larger Reynolds number.
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Consequences for Coagulation Models: These
new particle-gas dynamic effects for Stokes numbers
of order unity (which chondrules arguably are [20]),
have yet to be taken into account in a coagulation
model. What the detailed effects will be remain to be
seen, but it conceivable that the preferentially reduced
velocities would lead to gentler collision increasing the
likelihood of sticking as opposed to bouncing for
chondrules. And, for as long as aggregates grow in the
““hit-and-stick" or fractal growth regime, they retain
the monomer St; because their radius-density product
does not change [21], so we expect that the St, ~ 1
signature will persist even as aggregates combine by
sticking, until compaction becomes important, the
bouncing barrier is reached, and growth stalls (but now
at larger scale). Even though these aerodynamic effects
are strongest for St, = 1, a range of Stokes numbers/
particle scales participates in them (as seen in Figure
1). The hope would be that a refined coagulation model
that take these effects into account would be able to
explain the size distributions in chondrites [22] be-
cause of the specific Sty ~ 1 effects like this that are
somewhat universal from the preferential sticking
standpoint. Differences in the distribution between
different chondrites could then likely be explained by
different gas density and turbulence intensity.
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Introduction: Of the terrestrial planets, including
the Moon, Earth is the only one to have retained a
strong magnetic field and large quantities of water.
Early Mars apparently had an erratic magnetic field
that ranged from Earth’s current field strength to about
a tenth of that value [1]. Early Mars also had enough
water to leave a persuasive set of apparently water de-
posited sediments but lost most of that water by 3.7 Ga
(or possibly as late at 3.0 Ga) subsequent to the waning
of its magnetic field which most likely occurred be-
tween 4.0 and 4.1 Ga [1] but may have occurred as late
as 3.7 Ga [2]. Early Earth was apparently close to a
water world and its magnetic field has persisted at least
since 4 Ga [3]. Although not universally agreed, this
suggests that a persistent, strong magnetic field and its
associated magnetosphere protects a terrestrial planet’s
atmosphere and water from erosion by stellar winds [4,
5].

Conjecture: Terrestrial planets that accrete by a
sufficiently large number of high energy impacts will
have a liquid-iron core after initial cooling. Corre-
spondingly those that accrete by sufficiently number of
low energy impacts will have a largely solid-iron core
after initial cooling. Magnetic dynamo modelling indi-
cates that the former scenario in not likely to generate a
strong or persistent magnetic field and the later will
definitely not. Planets whose accretion falls along an
intermediate scenario, will likely have solid/liquid core
ratios that range from near zero to almost one. Venus,
Earth, and Mars appear to nearly span these intermedi-
ate scenarios.

Given the likelihood that Venus received approxi-
mately twice the energetic impacts as did earth [6], |
conjecture here that, after initial cooling, it had a fully
liquid-iron core that had little or no capacity to support
a long-term magnetic dynamo. Mars, on the other
hand, possibly experienced a scenario near the other
extreme. Initially, it had a core that was near the soli-
dus, but had enough liquid to allow at least an occa-
sionally strong, but fitful magnetic dynamo. Mars’
mantle upon final accretion was very likely cooler than
that of Earth or Venus [6] and its smaller size enhanced
the planet’s heat loss. Thus the Martian mantle, com-
pared to that of Earth or Venus, had the potential to
more rapidly cool the outer liquid core, thereby shrink-
ing it until the magnetic dynamo permanently shut
down.

Development: This conjecture suggests a broadly
coherent story of terrestrial planet accre-
tion/evolutionary trajectory.  Assuming that results

from Quintana and Barclay [6] are general, that terres-
trial planets farther from their star tend to receive less
total energy from accretion impacts, we hypothesize
five classes of terrestrial planets from closest to farthest
from their star. Given the wide range of the number
and energy content of impacts in individual terrestrial
planetary accretion simulations, these five “classes”
may more appropriately be seen as signposts along a
continuum. This discussion assumes that all terrestrial
planets receive massive volatile delivery as part of ac-
cretion (which is consistent with some numerical mod-
eling) and that radioactive heating is similar in all the
planets (a substantial approximation).

1. Mercury-like Planets “very close” to their stars
will: accrete very hot; have a very large core fraction;
have a liquid core of mostly iron far above the solidus;
have a mantle far above the solidus; outgas their vola-
tiles early and completely; and lose most of any atmos-
phere that remains by stellar wind spallation. An early
magnetic field could be strong but short lived in the
rapid cooling environment of a planet without an at-
mosphere. It is unlikely to have a strong magnetic field
that persists. Convection in the “thin” mantle may be
sustainable.

2. Venus-like Planets “close” to their stars will:
accrete hot; have a large core fraction; have a liquid
core of mostly iron well above the solidus; have a man-
tle well above the solidus; outgas their volatiles early
and nearly completely; and lose most of the lighter
elements like hydrogen from their atmosphere by stel-
lar wind spallation. An early magnetic field could be
strong but very short lived as the planetary atmosphere
soon becomes an effect thermal blanket and conse-
quently a stagnant lid on the mantle will probably de-
velop early, virtually eliminating the possibility of a
persistent magnetic field. Sustained mantle convection
unlikely.

3. Earth-like Planets at “intermediate distances” to
their stars will: accrete somewhat hot; have an inter-
mediate sized core fraction; have a liquid core of most-
ly iron above the solidus; have a mantle above the soli-
dus; largely outgas their volatiles; and lose much of
their atmosphere by stellar wind spallation before a
strong, persistent magnetic dynamo starts within a few
hundred million years of accretion and preserves most
of the remaining atmosphere. The remaining atmos-
phere slows planetary cooling, but not dramatically.
Sustained mantle convection likely.

4. Mars-like Planets “far” from their stars will: ac-
crete warm; have a smaller core fraction; have a liquid



Accretion: Building New Worlds (2017)

core of mostly iron just above the solidus; have a man-
tle just above the solidus; partially outgas their vola-
tiles; and lose much of their atmosphere by stellar wind
spallation before a strong, persistent magnetic dynamo
starts within a few hundred million years of accretion
and protects most of the remaining atmosphere for a
time. This remaining atmosphere slows planetary cool-
ing, but not dramatically. The magnetic dynamo fails
as the planet cools and the mantle sucks enough heat
out of the core to freeze most of it. Sustained mantle
convection possible for the warmest accretion out-
comes, but most likely too cool for substantial long-
term mantle convection.

5. Asteroid Belt-range Planets “very far” from their
stars (just inside or just outside the “snow line”) will:
accrete warm to cool; have a small core fraction; have
a partially liquid core of mostly iron averaging about
the solidus; have a mantle just below the solidus; very
partially outgas their volatiles; and slowly lose their
atmosphere by stellar wind spallation. A magnetic
dynamo is unable to initiate or lasts for only a very
brief period. No mantle convection.

A Proposal: Under simplified assumptions, suffi-
cient knowledge of:

»  the equations of state of the likely

composition of terrestrial planets,

«  advanced accretion modelling [6,7,8,9], and

*  magnetic dynamo modelling [10]
are now available that enable the simulation of terres-
trial planet accretion around a large range of star sizes
(accretion disk size and surface density). This will
allow an estimate of the parameter space in accretion
disk size and surface density, planet size, and orbital
radius where a strong, persistent magnetic dynamo is
likely and the degree of overlap of this parameter space
with the stellar habitable zone.
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Introduction: A significant portion of cosmic dust
particles collected in the stratosphere [1] is fluffy or
porous aggregates of mostly submicron grains, known
as chondritic porous (CP) IDPs. CP IDPs are the most
primitive extraterrestrial materials currently available
for laboratory study [2]. They provide samples of
primitive or the least altered fine-grained materials
from the early solar system, some of which were either
not incorporated or not preserved in common meteor-
ites [3-5]. We have learned a great deal about the early
solar system through laboratory analyses of the com-
position, mineralogy and organics of IDPs and thin-
sectioned samples in particular [e.g., 2-7]. The mor-
phology and structures of fragile, porous fine-grained
IDPs at the 3-D nanoscale, however, were relatively
little explored until recently [8], which provide new
avenues of investigation into the aggregation of dust
and ices in the protoplanetary disk — the crucial first
step towards the formation of planetesimals and plan-
ets [9-10]. By developing phase contrast X-ray
nanotomography (PCXNT) to noninvasively map ag-
gregate IDPs with extreme sensitivity and high resolu-
tion, we have unlocked the structures of the first few
bulk IDPs in 3-D ~ 10 nm detail [8]. In this presenta-
tion, we present new findings of the pristine or the
least altered morphologies and structures of a pro-
toplanetary porous fine-grained aggregate from this
initial study, which yield insights into grain accretion
in the outer protoplanetary disk.

Samples and Methods: An intact, ~ 10-pm-long
CP IDP (U2015-M-1) was used for this study. The
particle initially coated with silicone oil (a collection
medium) was rinsed with hexane to remove the oil.
The particle was then mounted on the top of a tungsten
tip with 3M repositionable double-coated tape for a
PCXNT experiment that was carried out on the Center
for Nanoscale Materials (CNM)/X-ray Science Divi-
sion Hard X-ray Nanoprobe Beamline at the Advanced
Photon Source (APS), Argonne National Laboratory.
Given that CP IDPs are structurally heterogeneous at
the submicron/nanoscale level, with high abundances
of low-density carbonaceous material, we have utilized
phase changes of the wavefront induced by refractive
index differences across the interfaces that define the
structures of interest (e.g., grains and pores), combined
with wave interference, to generate such high contrast
at the interfaces that may be unobtainable otherwise
(see ref 8 for experimental details and principles).

Results and Discussion: PCXNT has enabled us to
noninvasively visualize and analyze the intact CP IDP
morphologically and structurally in 3-D ~ 10 nm de-
tail. The somewhat flattened particle is an elongated,
porous aggregate of mostly submicron, elongated
grains or clusters of smaller grains (Fig. 1), morpho-
logically similar to porous comet 67P dust particles
[11]. This porous IDP is revealed to be an inherently
fragile and intricately porous aggregate of irregularly-
shaped, submicron grains that are delicately bound
together frequently with little grain-to-grain contact in
3-D space. The revealed characteristics of the particle
provide the most detailed and direct structural evidence
yet for its pristine state and cometary origin, consistent
with the previous inference about the cometary origin
of CP IDPs drawn from TEM observation of void
spaces in microtomed CP IDPs [12] and the measure-
ment of thermally stepped He release profiles of CP
IDPs [13]. That the particle is made up of irregular
submicron building blocks provides clear evidence that
this dust aggregate formed through cluster-cluster ag-
gregation.

The pore structures of the CP IDP are surprisingly
intricate, consisting of two types of original voids that
are interconnected in 3-D space: one is morphological-
ly primitive, submicron intergranular voids that are
ubiquitous; the other is morphologically evolved, well-
defined intragranular nanoholes running through the
cores of morphologically distinct refractory dust
grains. The mean size of the indigenous voids present
in the CP IDP is comparable to the inferred size of
water ice grains in comet Hartley 2 [14] and comet
Tempel 1 [15]. While more measurements are needed
to obtain statistical information, the finding provides
most direct evidence yet that supports the earlier spec-
ulation that voids in CP IDPs were initially filled with
ices during their residence in the parent comet [12].
Our latest analysis indicates that submicron icy grains
or ices initially filled small voids most likely played a
key role in preserving the original structures of dust
aggregates during accretional collisions and residence
in the parent comet. The presence and preservation of
the fragile, porous aggregate of submicron grains (or
clusters of nanoscale grains) frequently with little
grain-to-grain contact in 3-D space may well reflect
the high sticking efficiency of icy grains during accre-
tional collisions in the outer protoplanetary disk. 3-D
numerical simulations of collisions between 0.1-um-
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radius icy clusters have shown that icy aggregates with
high sticking thresholds did not experience cata-
strophic disruption at high relative velocities up to 50
m s (that is comparable to the maximum collision
velocity expected in protoplanetary disks) [16], which
is consistent with laboratory experiments that show a
much higher sticking threshold for ice grains at low
temperatures than that of silica grains [17]. The
PCXNT study reveals never-before-seen 3-D ~ 10 nm
details of the structure and morphology of a primitive
fine-grained IDP, giving us a glimpse into how small
grains coagulate in the outer protoplanetary disk and
complementing simulations of dust accretion processes
and astronomical observations of protoplanetary disks
including the water-snow line [18].
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Introduction: Giant impacts are the final stage in
the formation of terrestrial planets. In our own Solar
system giant impacts have been proposed to explain
features including the formation of the Moon [1], the
Martian Borealis basin [2], the large core fraction of
Mercury [3], and the formation of the Pluto-Charon
system [4]. The ability to trace the origins of the
impactors in these events greatly benefits our
understanding of Solar system formation. For the
Moon in particular there are concerns about matching
the isotopic similarity with Earth. Meteorites display a
diversity of isotopic signatures, which are widely
believed to be the result of chemical gradients and
inhomogeneities in the Solar nebula [5]. While there is
evidence of a decrease in isotopic diversity for larger
bodies [6] it is still expected that giant impactors and
their targets will have different isotopic signatures [7].
Outlining the origin of giant impactors can thus
provide testable geochemical constraints.

Relating impactor and target orbits: Our key to
relating the impactor’s orbit to that of the target is the
relative velocity of the collision. Jackson et al. [8]
presented a set of equations for the orbital change of a
body after a velocity kick; we use these here with the
‘kick’ being the relative velocity. We assume the target
orbit is similar to that of the final body, which is a
good approximation in most cases since the target
dominates the momentum budget. We can then take
the relative velocity from giant impact models and
predict the range of orbits allowed for the impactors.
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Figure 1: Allowed pre-impact orbits of Theia in the
Canonical Moon formation scenario. Above the
yellow and dark red lines orbits are Venus and Mars
crossing respectively.

This is much faster than N-body approaches (e.g. [9]),
albeit less nuanced, allowing us to rapidly explore
large parameter spaces. Specific regions of pre-impact
orbital parameters can then be identified for detailed
follow-up.

Canonical Moon formation: The Canonical
scenario for the formation of the Moon is a very low
relative velocity impact [1]. The impactor, Theia, hits
the proto-Earth at ~1.05ve, low compared with the
1vesc Of a pure free-fall impact, where ve is the mutual
escape velocity of the colliding pair. In this scenario
the pre-impact orbit of Theia must have been close to
Earth, as also suggested by [9]. Few of our computed
orbits lie in the Venus and Mars crossing regions. If
there is a gradient in isotopic composition with
distance from the Sun, we would expect the
compositional difference between Earth and Theia to
be smallest in this scenario. The model proposed by
[10] of an impact between two nearly equal mass
bodies uses a very similar impact velocity to the
Canonical model, so the resulting range of allowed
impactor orbits is very similar.

Reufer et al. Moon formation: An alternative
scenario was proposed by [11] with a ‘hit-and-run’
type impact in which a substantial portion of Theia
continues downrange after the impact and is not
incorporated into the Earth-Moon system.  This
scenario uses a slightly higher impact velocity of
1.2Vese. In comparison with the Canonical scenario the
allowed range of orbital parameters is increased
substantially. A significant proportion of the parameter
space is now in regions that cross the orbits of Venus
or Mars, and there is a tail that spans the main asteroid
belt.

Cuk & Stewart Moon formation: A very
different Moon-forming scenario is proposed by [12],
with a small Theia striking at high speed, ~2-2.5 V.
This allows a much broader range of impactor orbits,
shown for 2.5ve. in Figure 2.  Scattering with
terrestrial planets cannot easily produce such high
relative velocities so we can further constrain the orbit
to lie in the Jupiter crossing region above the magenta
line.  This is further emphasized by the high
inclinations that dominate the non-Jupiter crossing
region. In this scenario Theia must have been an outer
Solar system object that would differ substantially
from Earth in composition, likely being volatile-rich.
Scattering with Jupiter is much more likely to result in
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Figure 2: Allowed pre-impact orbits of Theia in the
scenario of [12] for impact velocity of 2.5ve.
Above the gold and magenta lines orbits are Sun-
grazing and Jupiter crossing respectively.

prompt ejection from the solar system than placement
onto a collision trajectory with a terrestrial planet [13].
The dynamical pathway requiring scattering with a
giant planet is thus intrinsically much less likely than
the lower velocity scenarios.

Borealis basin impact: The northern hemisphere
of Mars is dominated by the massive Borealis basin.
In a scenario proposed by [2] this basin was formed by
the impact of a roughly 2000 km body with Mars.
Like the Canonical Moon formation scenario this is a
low velocity impact at around 1.1ve.. As such we find
that the impactor must have originated near Mars from
within the range 1.2-2.2 AU. The parameter space of
impactor orbits overlaps only minimally with the other
terrestrial planets (Earth), but origins in the asteroid
belt are readily allowed due its proximity to Mars.

Mercury formation: One method of achieving the
very high present-day core-mantle ratio of Mercury is
to begin with a body that has a core-mantle ratio
similar to that of the other terrestrial planets and then
remove a large fraction of the mantle through a giant
impact. This is achieved in the scenario proposed by
[3] in which a proto-Mercury 2.25 times its present
mass is hit at high speed (~30 km/s) by an impactor 1/6
of its mass. As with the Moon-formation scenario of
[12] this results in a very broad distribution of possible
impactor orbits, but the most plausible way of
achieving such a high velocity is scattering with one of
the giant planets.

[14] propose instead removing the mantle of proto-
Mercury through one or more hit-and-run impacts with
Venus or Earth (such that proto-Mercury is the
impactor in this case). For a single hit-and-run impact
the required impact velocity is very similar to [12] at
around 30 km/s. As such, as with [12], the impactor
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would then have likely been an outer solar system
object for both single impact scenarios.

Alternatively, [14] suggest that 2-3 hit-and-run
impacts at lower impact velocities of ~1.5ve would be
able to remove sufficient mantle material. This lower
impact velocity trajectory can be achieved with
scattering by the terrestrial planets, and individual such
impacts are common [e.g. 15]. Thus we argue the
multiple hit-and-run pathway for the formation of
Mercury should be preferred.

Conclusions and implications: We provide a fast
method for computing constraints on impactor pre-
impact orbits, applying this to the late giant impacts in
the Solar System. These constraints can be used to
make quick, broad comparisons of different collision
scenarios, identifying some immediately as low-
probability events and narrowing the parameter space
in which to target follow-up studies with expensive N-
body simulations. We suggest that high-velocity
impact scenarios in the inner Solar System, including
all currently proposed single impact scenarios for the
formation of Mercury, should be disfavoured. This
leaves a multiple hit-and-run scenario as the most
probable currently proposed for the formation of
Mercury. We benchmark our parameter space
predictions, finding good agreement with existing N-
body studies for the Moon [9], and recommend that
examinations of the origin of the impactor proposed
for the Borealis basin on Mars should focus on the
range from 1.2-2.2 AU.

Acknowledgements: The authors gratefully
acknowledge support for from NASA through grant
NNX16AI31G (Stop hitting yourself).

References:

[1] Canup R.M. (2004), Annu. Rev. Astro. Astrophys.,
42, 441

[2] Marinova M.M,, et al. (2008), Nature, 453, 1216
[3] Benz W,, et al. (2007) Space Sci. Rev., 132, 189
[4] Canup R.M. (2011) Astron. J., 141, 35

[5] Clayton R.N. (2003) Space Sci. Rev., 106, 19

[6] Ozima M., et al. (2007) Icarus, 186, 562

[7] Kaib N.A, Cowan N.B (2015) Icarus, 252, 161

[8] Jackson A.P,, et al. (2014) MNRAS, 440, 3757

[9] Quarles B.L., Lissauer J.J. (2015) Icarus, 248, 318
[10] Canup R.M. (2012) Science, 338, 1052

[11] Reufer A., et al. (2012) Icarus, 221, 296

[12] Cuk M., Stewart S.T., 2012, Sci., 338, 1047

[13] Wyatt, et al. (2017), MNRAS, 464, 3385

[14] Asphaug E., Reufer A. (2014) Nat. Geo., 7, 564
[15] Chambers J.E., (2013), Icarus, 224, 43



Accretion: Building New Worlds (2017)

2017.pdf

IMPACT GENERATION OF HOLES IN THE EARLY LUNAR CRUST A.P. Jackson'?, V. Perera?, L.T. Elkins-
Tanton?, E. Asphaug?. 'Centre for Planetary Sciences, University of Toronto, Toronto, ON, Canada, 2School of Earth
and Space Exploration, Arizona State University, Tempe, AZ, USA.

Email: ajackson@cita.utoronto.ca

Introduction: Magma oceans were common in the
early solar system, whether produced by accretion
energy [1,2], metal-silicate differentiation [3] or
radiogenic heating [4,5]. As the number of small
bodies, and so the frequency of impacts, was much
higher than today, impacts onto bodies hosting a magma
ocean would also have been common, but this has not
been well studied previously.

How these impacts interact with the target body and
influence its evolution depend on the nature of the
target. A magma ocean with a free surface presents a
very different scenario to one with an overlying lid. On
large planets like Earth magma oceans freeze from a
septum in the mantle outwards, maintaining a molten
free surface until the magma ocean has fully solidified.
On smaller planets like the Moon, and possibly
Mercury, buoyant phases that rise to the surface can
form a flotation crust [6]. Asteroids that undergo
internal melting due to radiogenic heating may maintain
a primitive crust that is never melted [7].

Magma oceans on the terrestrial planets formed as a
result of giant impacts will be subject to especially
intense bombardment since the giant impact will release
large quantities of debris onto heliocentric orbits (~1.3
lunar masses for the, rather gentle, Canonical moon
forming scenario [8]). This debris will have high
probabilities for re-impacting the originating body.
Such returning material will also have lower typical
impact velocities than impactors originating from
elsewhere in the solar system. This sets the stage for an
immediate cataclysmic epoch that has been little
studied, and that has important, testable, thermal and
collisional consequences for the Moon and planets.
Crusts as thin as a few tens of metres can serve as an
insulating blanket over a cooling magma ocean. Re-
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impacting debris can therefore substantially influence
the thermal evolution of the body by disrupting this
blanket. In particular, we focus on the magma ocean
that existed on the early Moon.

Methods: We use the well-established iSALE shock
physics code [9,10,11] to simulate impacts into the
flotation crust over the lunar magma ocean. We
examine a range of impactor sizes, impact velocities and
crustal thicknesses. Impacts by objects 10 km and
smaller are simulated in a half-space setup, while those
larger than 30 km use a 2D spherical setup. Impacts by
objects between 10 and 30 km are simulated in both
geometries to ensure continuity between regimes. Our
Moon is constructed with a dunite mantle and a granite
crust using the ANEOS equation of state [12]. These
material choices satisfy our two primary criteria; the
solid crust is less dense than the liquid mantle, and the
crust has a higher melting temperature than the mantle.
The depth of the liquid magma layer is determined by
the crossing point of the mantle adiabat and melting
temperature-pressure curve. This depth is matched to
that in [13] for the appropriate crustal thickness by
adjusting the temperature at the base of the crust.

Results: In fig. 1 we show an example of the state
of the crust at the end of one of our simulations, here for
a 10 km impactor at 5 km/s into crust 10 km deep
(corresponding to a magma ocean depth of 90 km).
There are two particular features of interest:

1) The central hot hole in which the crust has been
substantially thinned and strongly raised in
temperature, bringing the heat of the magma
ocean in direct contact with the surface.

The extensive fracture zone throughout which
the crust is heavily damaged.

2)

Figure 1: iSALE simulation of 10 km
object impacting 10 km thick crust at 5
km/s, snapshot at 3500s. At this time the
simulation volume is well settled into a
post-impact equilibrium.  The liquid
magma ocean is 90 km deep. Left-hand
pane: damage factor (liquid magma is
strengthless and so completely damaged).
Right-hand pane: temperature. Black
contours indicate boundary between crust
and mantle materials. The vertical scale is
exaggerated.  Thermal profiles in the
punctured crust are plotted in figure 2.
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Damage reaches unity once the tensile stress in the
material exceeds a scalar threshold (we use the
implementation of [14] for material damage). Previous
studies of lithosphere rupture [15] show that damage
can extend to several crater radii. Here the 10 km
impactor results in significant damage to surface
material over 100 km from the impact site in response
to shock and large-scale flexure.

Fig. 2 shows the mean temperature between the
surface and 10km depth against radial distance from the
centre of the impact site. We define the hole as the
region within which the mean temperature in the upper
10 km has been raised by at least 10%, however as
shown taking a different threshold of 5% makes little
difference. Here the hole is 29 km in radius. We can
construct an estimate of the work required to excavate
the hole as mpgnZ,.dZ., where 7, is the hole radius,
d.. is the crust thickness, p is the density and g is the
acceleration due to gravity, and find a strong correlation
with the impact kinetic energy, as shown in fig. 3. This
allows us to estimate the efficiency with which impact
energy is transformed into hole opening as 1-10%.

Implications: The combined effects of the creation
of thermal holes and extensive fracturing of the crust
have important consequences for the evolution of the
lunar magma ocean and crust. The presence of hot holes
will decrease the cooling time of the magma ocean by
allowing more rapid escape of heat. The extensive
fracturing will weaken the crust to subsequent impacts
and may indicate that the lunar crust has always had a
substantial mega-regolith component. Quench crust
(the initial thin, rapidly cooled layer analogous to the
surface of terrestrial lava lakes) formed in the holes
could pollute the anorthosite of the lunar crust, while
gradual closure of the holes through rising of new
anorthosite from beneath could lead to variations in
crust thickness. Re-impacting giant impact debris could
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Figure 2: Mean temperature between 0 and 10 km depth
at 3500s after impact (solid) and initially (dashed). Also
shown are 5 and 10% thresholds above the initial value,
used to define the hole boundary.
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also re-dilute the composition of the magma ocean
towards its initial value.
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Introduction: In plots of 30 versus 80O, the
oxygen isotopic compositions of the vast majority of
meteoritic materials plot along a slope ~1 line which
reflects mixing between two major O reservoirs, one
that is °O-rich and the other that is 0-poor. Meas-
urement of implanted solar wind oxygen returned by
the Genesis mission [1] anchors the three-isotope dia-
gram at 580, 30 ~(-60%o0,-60%., “solar”). Canonical
self-shielding models predict the development of 6O-
poor water-rich reservoir from gas that was initially
160-rich. Primitive materials from water-rich bodies
that interacted with a 'O-poor reservoir either through
oxidation or hydration should show evidence of mix-
ing along the slope 1 line beyond (above) the terrestri-
al fractionation line (TFL). Indeed, several examples
exist including cosmic symplectites (COS) and matrix
analyses from Acfer 094 [2-3], the magnetite composi-
tions reported from unequilibrated ordinary chondrites
[4] and from interplanetary dust particles, cosmic
spherules, and Stardust samples [5-12] with AYO from
5%o to ~120%0 (Figure 1). The oxygen isotopic com-
positions of these materials are direct evidence for the
existence of a heavy, '%0-poor reservoir in the outer
solar system that developed via self-shielding. The
compositions of most meteoritic materials however,
plot between solar and (880, 5''0; 0%o0,0%o0, “plane-
tary”), with the Earth, Moon, Mars, and meteorites all
having similar bulk oxygen isotopic compositions that
are enriched in 380 and 87O relative to the Sun.

The intriguing aspect of the three isotope diagram is
the concentration of compositions around and general-
ly below the intersection of the slope 1 line and the
TFL. Here, a model for the distribution of O isotope
compositions in meteoritic materials is proposed,
based on self-shielding [e.g. 13], but allowing for disk
processes to control the mixing between reservoirs. In
this model, the formation of proto-Jupiter opened a
gap in the protoplanetary disk that prevented further
mixing between *60-rich dust and a *O-poor ices. The
lack of further mixing resulted in the concentration of
O isotopic compositions of most inner solar system
materials around planetary.

Results and Discussion: The initial assumption
here is that the pre-molecular cloud dust and gas
shared the same *O-rich composition, given that grain
processing in the interstellar medium is believed to
have resulted in efficient chemical and isotopic ho-
mogenization [14]. Thermal processing of this dust
likely began during the collapse phase of the protoso-

lar core and continued through the time the Sun was a
Class I-111 protostar until the transition to a debris disk.
Refractory inclusions are among the earliest formed
solids and are ®O-rich, with the majority forming
within ~0.2 My after Ty (defined as 4567.3 My [15]).
The major epoch of chondrule formation was largely
complete by ~4 My, with the majority of chondrules
forming ~2-3 My after To [15] and have &%0, &*'0
clustering close to planetary (AYO of ~-5 to 0 %o,
[16]). Others have suggested that this distribution re-
flects mixing between “primordial” *0-poor dust and
180-rich gas [17], whereas we interpret the trend as an
exchange between °O-rich inner solar system materi-
als with a heavy *60-poor reservoir that was situated in
the outer solar system [e.g. 18]. Inner solar system
bodies are water-poor, while the outer solar system
bodies are water-rich, suggesting that the water-
condensation line in the disk (i.e. the snowline) sepa-
rated these two distinct regions of the protoplanetary
disk [19].
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Figure 1. A plot of O isotopic compositions for mete-
oritic materials with 470 >5%.. Data from [2-12].

While stellar accretion was active, *%0-poor ices
were brought into the inner solar system through mass
transfer along the disk midplane as the proto-Sun was
actively accreting disk material. These ices interacted
with ®0O-rich materials producing intermediate O iso-
topic compositions along the slope 1 trend observed in
the 3 isotope plot [18, 20]. However, the mixing be-
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tween these two reservoirs effectively stopped at some
point, and inner solar system bodies accreted (the ter-
restrial planets and main belt asteroids) within ~5 My
of To [21]. A possible mechanism for the disruption of
the mixing between the %0O-poor outer solar system
volatile reservoir and inner solar system refractory
materials was the formation of a gas giant planet (e.g.
Jupiter). Once proto-Jupiter grew to a sufficient size
(~20 Earth masses, [19]), it opened a gap in the pro-
toplanetary disk. Dust and gas densities drop by orders
of magnitude at gaps - a pressure maximum occurs at
the outer edge of the gap that inhibits inward particle
migration. The presence of this gap and its effects on
particle movement in the disk prevented any further
substantial transfer of outer solar system ices and sili-
cates into the inner solar system [19]. Modeling efforts
have constrained the time when Jupiter achieved suffi-
cient mass to open a gap in the disk to ~3 My after Ty
[19], and that is consistent the the ages of the youngest
(dated) nebular solids (chondrules).

In such a scenario, if Jupiter had not formed and
opened a gap, the inner solar system would be more
water-rich than at present, and the O isotopic composi-
tions of solids would have continued to evolve beyond
planetary up the slope 1 line. Dust models suggest that
some fine-grained (<150 um) particles can transit the
gap as long as they are strongly coupled to the gas [22-
23], however, these tiny particles are inefficiently cap-
tured by planetesimals and are rapidly swept up by the
proto-Sun. It is noteworthy that the materials in Figure
1 that have A0 >5%o are all fine-grained (<50 um)
and are associated with mineralogically and chemically
primitive bodies. These materials likely represent par-
ticulate samples of outer solar system bodies that suc-
cessfully transited the gap opened by Jupiter.

Consequences: In our scenario, the carbonaceous
chondrites formed in the inner solar system (~<5 AU),
contrary to dynamical models that suggest that the C-
complex asteroids (the presumed sources of the carbo-
naceous chondrites) formed well beyond Jupiter’s orbit
and were implanted later into the outer asteroid belt
[e.g. 24]. Many of the carbonaceous chondrites are
hydrated, and short-lived nuclides suggest their hydra-
tion occurred early in their history. If the carbona-
ceous chondrites accreted beyond Jupiter, they would
have also accreted outer solar system ices that were
180-poor. Upon melting, the O-poor water would
have reacted with the anhydrous minerals, resulting in
bulk O isotopic compositions that would not plot in the
same region as other chondrites. More recent dynam-
ical models [25] suggest that planetesimals from the
Jupiter-formation zone could have been implanted in
the outer main belt via interactions with scattered Jupi-
ter-zone protoplanets, and this scenario would be con-
sistent with our model.

Samples from outer solar system bodies should be
among the best repositories of material to test our sce-
nario, yet nearly all of the cometary solids that have
been analyzed in the laboratory to date are dominated
by anhydrous materials with inner solar system ori-
gins, many of which formed at high temperatures [e.g.
26-29]. The known materials from primitive, hydrated
bodies that interacted with a *O-poor reservoir either
through oxidation or hydration [2-12] are uncommon
and fine-grained. This observation may be an indica-
tion that water:rock interactions in the outer solar sys-
tem were limited. Alternatively, only fine-grained
outer solar system materials were able to transit the
gap and end up as xenoliths in accreting, primitive,
inner solar system bodies.
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The Lunar and Planetary Institute’s First Billion
Years topical initiative [1] focuses on the major pro-
cesses that shaped the early history of the Solar Sys-
tem’s planetary bodies, including accretion, differen-
tiation, bombardment, and the development of habit-
able environments. An important aspect of the First
Billion Years initiative is to understand the interplay
between these processes. Because accretion and dif-
ferentiation at least partially overlapped in time dur-
ing early Solar System history, the style and rate of
accretion must have influenced early planetary dif-
ferentiation.

The authors of this abstract are members of the
Science Organizing Committee for the forthcoming
LPI Planetary Differentiation topical conference
(planned for spring 2018). The goal of this abstract is
to illustrate some of the ways in which accretion sets
the stage for planetary differentiation, as well as how
the existence of differentiated bodies constrains ac-
cretion rates. In addition to the ideas described here,
we are interested in the varying perspectives of the
participants in the Accretion topical conference about
the dominant mechanisms and rates of accretion in
various parts of the Solar System. Our objective is to
carry a report of the major conclusions (and their
associated uncertainties) from the Accretion confer-
ence forward as input to the Differentiation confer-
ence.

Timescales of Accretion and Differentiation

A broad range of accretion models exist in the lit-
erature ([2] provides a recent review). These range
from models in which planetesimals gradually ac-
crete to form planetary embryos [3-5] to more recent
“pebble accretion” models in which meter-scale
planetesimals very rapidly aggregate into planetary
embryos [6]. In addition, some models incorporate
varying amounts and rates of radial migration of Ju-
piter and Saturn through the solar nebula (the Nice
model [7] and the Grand Tack model [8, 9]). Because
small objects cool more rapidly than large objects,
and because planetary differentiation requires reach-
ing internal temperatures exceeding 1000 °C, the rate
of accretion in the various classes of accretion mod-

els may have important implications for the ability of
planetesimals and planetary embryos to differentiate.
Thus, constraints on how rapidly planetesimals grow
from kilometer scale to 100-1000 km scale in the
various accretion scenarios and how the growth rate
varies with distance from the Sun are important in-
puts to differentiation modelers.

For small (asteroid-size) objects, the primary en-
ergy source for melting and differentiation is radioac-
tive decay of Al (half-life 0.73 million years) and
%0Fe (half-life 2.6 million years). Melting and differ-
entiation of dry objects requires accretion in less than
2 million years [10]. Thus, the very existence of dif-
ferentiated silicate bodies such as the eucrite parent
body (the asteroid Vesta, radius 263 km) and the an-
grite and urelite parent bodies [11-13] constrains the
rate of accretion for at least some objects. Short lived
radiometric chronometers, such as **Hf-*¥W (which
measures the separation of metal from silicate), also
requires rapid accretion. Core formation on the an-
grite parent body occurred within 2 million years of
CAI formation [14] and within 3.3 million years of
CAI formation on the urelite parent body [15]. Melt-
ing in the parent bodies of five different classes of
iron meteorites occurred with 0.6 million years of
CAI formation [16]. Rapid accretion may also have
been required further from the Sun, as models for the
despinning of Saturn’s satellite lapetus have been
interpreted as requiring formation within 5 million
years of CAl formation [17]. Similarly, results from
the Dawn mission indicate that Ceres had to accrete
in less than 5 million years [18].

Mixing in the Solar Nebula and the Existence and
Preservation of Distinct Chemical Reservoirs

It is generally accepted that the decrease in tem-
perature with distance from the Sun resulted in a
chemical composition gradient in the solar nebula,
with volatile-depleted materials in the innermost So-
lar System (similar to enstatite chondrites) and in-
creasingly volatile-rich materials (ordinary chondrites
and carbonaceous chondrites) at greater distances.
Superimposed on this gradient, a sharp division into
inner versus outer Solar System materials [19, 20]
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may have been maintained by the early presence of
Jupiter [21]. In spite of this initial composition gradi-
ent, radial mixing during accretion likely caused all
four of the terrestrial planets to incorporate some
material from each of these compositional zones [22],
partially erasing the original composition gradient.
However, numerical modeling does not predict that
the resulting planets will all be compositionally iden-
tical, and the existence of distinct isotopic composi-
tions (particularly oxygen, chromium, and titanium
[9, 19, 23]) in the Earth and various meteorite classes
clearly demonstrates that radial mixing in the nebula
was incomplete.

One effect of these compositional differences is
on core differentiation. There is a gradient in oxygen
fugacity (fO,) between the various nebula chemical
reservoirs, ranging from low fO, in the enstatite
chondrite reservoir toward increasingly higher fO, in
the ordinary chondrite and carbonaceous chondrite
reservoirs [23, 24]. This is important for core size,
because at low fO, most iron will be in the form of
metallic Fe, resulting in larger cores, whereas in-
creasing the fO, will result in more Fe as FeO in sili-
cates, resulting in smaller cores and thicker mantles.

Accretion-related chemical composition differ-
ences among planets may also influence their long-
term volcanic histories. Even subtle differences in
composition between the various planets can have
substantial effects on the differentiation and long-
term volcanic histories. For example, the best models
for the chemical compositions of the bulk silicate
Earth [25] and Mars [26] indicate differences in the
magnesium number and the alkali contents of the two
planets (Earth: Mg# 89, Na,O 0.35 wt. %, K 260
ppm; Mars: Mg# 80, Na,O 0.50 wt. %, K 305 ppm).
These differences are important, because the Mg#
and the alkali abundance are the two strongest con-
trols of the silicate solidus in the mantle (lower Mg#

and higher Na reduce the solidus) and because *°K is
an important radioactive heat source, particularly
early in Solar System history. The differences be-
tween Earth and Mars result in a lower mantle solidus
and greater radioactive heating on Mars and thus in
greater crustal production on Mars. With all other
factors held constant, just making these small chang-
es in composition can change the long-term crustal
production on Mars by 20% [27].
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Introduction: The Solar System appears to have
started with exteremely heterogeneous '°0 abundances
represented by the Sun (8'70, 8"°0: —60%o [1]), Ca,Al-
rich inclusions (CAls; —50%o [2]) and cosmic symplec-
tites (COS; +200%o [3]). Chondrules in primitive chon-
drites show a smaller and intermediate range of 3'"1%0,
from —15%o to +5%o [e.g., 4]. According to *°Al-**Mg
chronology, most chondrules formed 2-3 Myr after
CAlIs [5] in a dust-rich environment [6]. It is suggested
that chondrule formation occurred in an open system
with respect to oxygen by evaporation and re-condensa-
tion processes [7] and oxygen in the ambient gas during
chondrule formation would have been dominated by
that from solid precursors [8-9]. If true, the O-isotope
ratios of chondrules may reflect temporal and/or spatial
varieties of such reservoirs in the protoplanetary disk.

We have conducted O 3-isotope analyses of ~600
chondrules from multiple chondrite groups (O, R, EH,
CO, CV, CM, CR, CH, ungrouped C) using a secondary
ion mass spectrometer (WiscSIMS) at sub-%o precision
[8-24]. For most chondrules, multiple spot analyses
(n=4-10; 10-15 um in diameter) were performed to test
internal homogeneity of O-isotopes.

O-Isotope Homogeneity: Most chondrules have in-
ternally homogeneous O-isotopes within analytical un-
certainty [25]. In Acfer 094 (ungrouped C3.00; the least
metamorphosed chondrite), multiple mineral phases and
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glass show indistinguishable O-isotope ratios on a per-
chondrule basis (Fig. 1, [9]). The exception is a minor
occurrence of relict olivine grains with distinct O-iso-
tope ratios, which likely remained solid during the final
chondrule melting event [9-10]. Excluding relict olivine
data, host O-isotope ratios of the final chondrule melt
are calculated from the mean of multiple analyses in
each chondrule (Fig. 1). The variability of host O-iso-
tope ratios among chondrules is commonly reported as
A0 (= 8"70 —0.52x5'%0), which is the §'’0 deviation
from the terrestrial fractionation line (TFL; Fig. 1).

General Trend in the O 3-Isotope Diagram:
Chondrules show two distinct trends in O 3-isotope
space (Fig. 2). Chondrule data from carbonaceous (C)
chondrites plot mainly on the slope ~1.0 primitive chon-
drule mineral (PCM) line [9], which passes through data
from the terrestrial mantle, CAls and COS. Therefore,
the PCM line may represent primary mass independent
fractionation of O-isotopes in the protoplanetary disk.
Chondrule data from ordinary (O) and Rumuruti (R)
chondrites plot above the TF and PCM lines with a slope
of ~0.5, suggesting they experienced mass-dependent
isotope fractionation effects [8, 17-18]. Chondrule data
from enstatite (E) chondrites show similar trends to
chondrules from O and R chondrite [14]. However, a
few chondrules from O, R, and E chondrites also plot
below the TF line and on the PCM line, similar to those
of C chondrite chondrules.
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[FeO+MgO] in mol.%), depend on oxygen fugacity dur-
ing chondrule formation [e.g., 11] and bulk Fe. The Mg#
and A0 values show characteristic distributions in
each chondrite group (e.g., Fig. 3).

Most chondrules in O and R chondrites show posi-
tive A'7O values (~1%o) regardless of Mg# (70-100) [8,
17-18]. The A0 values of chondrules in EH and metal-
rich ungrouped chondrites (NWA 5492 and GRO 9551)
are 0-1%o, similar to O and R, but with very high Mg#
(>98) [14-16].

The distribution of A'’O values of chondrules in CO
and Acfer 094 are bimodal and correlate with Mg#; (1)
Mg# >98 and A'’O~ —5%o and (2) A'"O~ —2.5%o with a
wide range of Mg# (99-30) [9-10]. In CR chondrites, the
A"0 values of chondrules show a monotonic increase
from —6%o to 0%o with decreasing Mg# (Fig. 3b). [11]
interpreted this trend as mixing between '°O-rich anhy-
drous dust (A'70: —6%o) and '°O-poor water ice (A''O:
+5%o) with dust-enrichments of x100-2500. [27] found
a correlation between A'’O values and Al-Mg ages of
CR chondrules, ranging from 2.5 Ma to >3-4 Ma after
CAL
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In CV, CM, and Y-82094 (ungrouped), the majority
of chondrules are those with highest Mg# (>98) and
A0~ —5%o [12-13, 20-23]. They also contain chon-
drules with lower Mg#’s and A'’O values of ~ —2.5%o,
but are less abundant compared to those in CO and
Acfer 094. In addition, a few chondrules in Y-82094,
CV, and Acfer 094 with intermediate Mg# (90-85) show
A0 ~0%o, which are similar to chondrules in O chon-
drites [12, 21]. Negative £>*Cr values are observed for
FeO-rich BO chondrules with A'’O ~0%, in Allende
(CV3), strongly suggesting the mixing of OC-like iso-
tope reservoirs to CV chondrite forming regions [24].

The majority of chondrules in CH have high Mg#
(90-100) with a A0 of —2.2%o [19], similar to those
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reported for chondrules in CB by [28]. They also con-
tain less abundant chondrules with highest Mg# (>98)
and lower A'"O ~—6%o, as well as those with lower Mg#
(90-60) and higher A'’O ~ +1.5%o [19].

Implication for O Isotope Reservoirs: The Mg# -
A0 systematics among chondrules in C chondrites
suggest that they formed near the H,O ice condensation
front (snow line) where precursor solids contained an-
hydrous dust and water ice with distinct A'’O values.
Anhydrous dusts with A'’O~ —5%o would have been
widely distributed in the protoplanetary disk near the
snow line. In contrast, nearly constant and slightly pos-
itive A'’O values are observed from a wide range of
Mg# among chondrules in O, E, R chondrites. They
might have formed at the inner disk regions where O-
isotope ratios were significantly homogenized among
chondrule precursors, possibly by high temperature
heating of the disk that predated chondrule formation.

Each chondrite group shows specific ranges of Mg#
and A0 often with multimodal distributions, suggest-
ing each parent asteroid contains multiple populations
of chondrules. If they represent chondrules from differ-
ent regions of the disk, they provide important con-
straints for radial transport of solids in the disk [29].
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It is suggested that primary accretion minerals in
some meteorites and probably also in the larger
bodies of the Solar system are united by nearness of
their densities rather than by temperatures of their
condensation out of the protoplanet gas (for
examples, common association of iron and troilite,
association of carbonaceous matter and light Ca-Al
rich inclusions in carbonaceous chondrites) [1, 2]. It
is shown that the planetary bodies can be composed
of mixtures of the main minerals from which, as it is
thought judging by composition of meteorites,
accumulated the planets and the parent bodies of
meteorites [1, 2, 4]. Indeed, the specific gravities of
the main minerals vary from >8 to <1 g/cm3: Ni-Fe
7.3-3.2, troilite 4.6-4.8, chromespinels 3.6-5.1,
olivine 3.2-4.35, pyroxene 3.2-3.6, spinel 3.55,
melilite 2.9-3.1, anorthite 2.76, chlorite 2.6-3.4,
serpentine 2.5-2.65, graphite 2.2, carbonaceous
matter 1.4, water ice 0.92. The densities of planets
vary from 5.5 to <1 g/cm3 and decrease on the whole
with their heliocentric distances (in brackets densities
without pressure); Mercury 5.5 (5.2), Venus 5.2 (4.0),
Earth 5.52 (4.0), Moon 3.34 (3.3), Mars 3.9 (3.7),
asteroids ~ 3.5, Jupiter 1.4, Saturn 0.71, Uranus 1.32,
Neptune 1.63, Pluto. Somewhat increased densities
of the three outer planets can be explained by
increased loss of volatiles at the periphery of the
Solar system. The mean density of the Earth-Moon
system is almost equal or even somewhat less (under
zero pressure) than the Venus’ density.

It is suggested that the main cause of forming in
the Solar system of cosmic bodies (planets, moons,
asteroids) of various compositions is preliminary
mechanical (gravitational and aerodynamical) sorting
of solid particles in the protoplanet cloud. A mixture
of solid particles formed in the cooling cloud and
transported from outside (Supernovae explosion) is
sorted by an action of rotating and expanding gas
medium source of which is the Sun. As a result of
this imperfect sorting the narrow inner part of the
cloud (the zone of the terrestrial planets) is enriched
with relatively dense minerals and the wide outer part
(the zone of giant planets)-with relatively less dense
(light) minerals. Similar mechanical mineral
differentiation further continues in limits of zones of
accretion of individual planets which gradually
appear in the cloud. As a result the inner parts of the
zones became also enriched with relatively dense
minerals. An accretion begins in the inner parts of the
zones — thus relatively heavy (dense) planetary cores
appear first. Subsequently, the lighter (less dense)

material of the adjacent parts of the zones accretes on
the cores and so on. Thus primarily layered
heterogeneous planets are formed. This mechanism
does not require very earlier intensive heating and
melting for creating layered structures of cosmic
bodies. If the Saturn’s ring system could, in a
measure, be an example of dust rings around a central
body then the Voyager’s 1 & 2 and Cassini data do
not refute the proposed hypothesis. As follows from
the above, the main issue of the hypothesis is in many
steps layering of the disk cloud with a production of
ring zones, subzones, and the finer divisions of
various compaositions and particle sizes.

An experimental support of the proposed
mechanism of solid particles differentiation in the
primordial cloud could be found in a device called
“spiral separator”. It is constructed for effective
obtaining of “heavy fraction” (schlich) from alluvial
sands during geological prospecting by sampling
stream sediments. By means of descending down and
rotating water-sand mixture “schlich” concentrates in
the inner part of a chute.

The separation of the inner heavy faction zone in
the primordial cloud is not perfect because mineral
intergrowths (dense and less dense minerals) and
various sizes particles take part in the process.
Nevertheless, some examples of the primordial
sorting of solid particles can be observed.

First of all, planetary system itself is remarkably
not homogeneous. In the inner narrow zone small
terrestrial planets formed. They are built of relatively
dense silicates and metal iron. The extremely wide
outer zone is domain of giant planets mainly built of
various not dense ices. Between the inner and outer
zones relatively wide Main asteroid belt occurs. It
itself is heterogeneous. In its inner zone prevail
dense metal rich (M) and stone (S) asteroids. In its
wide outer belt prevail less dense carbonaceous
asteroids (C).

The innermost planet Mercury has remarkably
high sulfur content in its basalts [3]. Along with very
massive iron metal core sulfur in form of dense
troilite also presents. Gaseous sulfur compounds
should be removed further from the Sun. The
innermost Galilean satellite lo is relatively dense and
remarkably sulfur rich as witness its numerous
volcanoes.

The above examples from various systems (Solar
system, planets, satellites, asteroids) indicate that
sorting mineral particles by density occured before
the bodies accretion.
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Introduction: Isotopic studies of meteorites show
that the early Solar System incorporated short-lived radi-
onuclides (SLRs, e.g., A1, "2Hf) produced in previous
generations of stars [e.g., 1,2]. In addition, nucleosyn-
thetic isotope anomalies preserved in meteorites indicate
that stellar materials were not completely destroyed and
homogenized by heating and mixing in the solar nebula
[e.g., 3-5]. In general, older nebular materials (i.e.,
Ca,Al-rich inclusions in meteorites, known as CAIs)
show a larger range of nucleosynthetic anomalies than
younger materials (e.g., chondrules) and bulk meteorites,
suggesting that the isotopic heterogeneity of the solar
nebula decreased with time [e.g., 4,6],

To trace the arrival, processing, and origin of differ-
ent stellar components in the solar nebula, we review the
*A1-**Mg, Ca, and Ti isotopic systematics in different
generations of nebular materials.

Review: /. CAIs. CAls show large textural and min-
eralogical variation and range from <100 pm to cm-size.
[7]. Unaltered CAIs consist of minerals that are predicted
to be among the first to condense from a gas of solar com-
position (e.g., hibonite, spinel, melilite [7]).

The isotopic compositions of the large CAls in CV
chondrites have been studied with high precision. For Ti,
anomalies were found in *°Ti (excesses on the order of
~1%o or less), which correlate well with anomalies in *Ti
[e.g., 4]. Many CAIs have “°Al/*’Al ratios of ~5x107,
which is known as the canonical ratio and generally con-
sidered to be the initial ratio of the Solar System [e.g., 8].

2. FUN CAlIs. Most FUN (fractionated and unidenti-
fied nuclear effects) CAls have large mass-dependent
heavy isotope enrichments in one or more elements (e.g.,
Mg, O, Ca, Ti[9,10]). These are usually attributed to par-
tial evaporative loss of the fractionated element, e.g., due
to melt evaporation [9,10]. Classical FUN CAls have re-
fractory mineralogies similar to non-FUN CAlIs [9], other
FUN objects are more similar to PLACs [10] (see below).

The range of nucleosynthetic anomalies in FUN CAls
is about one order of magnitude larger than in non-FUN
CAIs (e.g., 5*Ca ranges from ~ —14%o to +13%o in clas-
sical FUN CAls, up to ~ +43%o in FUN hibonites [e.g.,
9,10]). Anomalies in *Ca and *Ti in FUN CAlIs are pos-
itive and negative and usually correlate in sign [e.g., 10],
but exceptions exist (e.g., FUN CAI HAL, which has a
resolved positive 5°Tiand a negative *ca[11)).

Many FUN CAls with resolved anomalies in **Ca
and/or *°Ti appear to have incorporated little or no N
(**A1/”’Al unresolved from 0 or as low as (5+2)x10°°
[10,12]). However, some FUN CAls, particularly those

with smaller anomalies (6**Ca <10%o), incorporated live
%Al at an enhanced, but subcanonical level (**Al/*7Al
~(1-5)x10"° [e.g., 9, 10]).

3. PLACs. Most PLACs (platy hibonite crystals) are
single crystals or aggregates of uniform, MgO- and TiO,-
poor hibonite [e.g., 3,6,13]. Most described PLACs are
30-100 pm in size and some have inclusions of perov-
skite [e.g., 3,6,13].

The range of nucleosynthetic anomalies in PLACs is
another order of magnitude larger than in FUN CAls
(e.g., 8°Ti range from ~ —70%0 to +270% [e.g.,
3,13,14]). So far, anomalies of such high magnitudes
have only been found in the two most neutron-rich iso-
topes of Ca and Ti, i.e., **Ca and *°Ti. Similar to FUN
CAIs, anomalies in **Ca and *°Ti in PLACs typically cor-
relate in sign and PLACs do not show evidence for incor-
poration of large amounts of *°Al [e.g., 3,6,13].

Even though the magnitudes of their anomalies fall
within the range found in presolar grains, PLACs are con-
sidered to have formed inside the Solar System based on
their sizes (most presolar grains are <1 um; [15]) and
their O isotopic compositions, which fall within the range
defined by other Solar System materials [6,13].

Interpretation: Chronology. The only CAls that
have been precisely dated with the absolute U-Pb chro-
nometer are the large CAls from CV chondrites. Their
ages are the oldest of all Solar System materials [e.g., 16].
No absolute ages exist for FUN CAls or PLACs.

If the SLR *°Al was homogeneously distributed in the
early Solar System, the °Al-**Mg system has the poten-
tial to yield highly precise relative ages for early Solar
System materials. A chronologic interpretation of the
wide range of A1/*Al ratios inferred for CAls, FUN
CAIs, and PLACs would suggest that the **Al-poor FUN
CAIs and PLACs formed up to 7 Ma after **Al-rich non-
FUN CAIs. If this chronology was accurate, it would
have important implications for our understanding of the
lifetime of the protoplanetary disk. However, there are
three lines of evidence that raise considerable doubt that
the relative chronology inferred from the *°A1-**Mg sys-
tem accurately describes the formation sequence of CAls
and PLACs. 1) Large nucleosynthetic anomalies are lim-
ited to the 26Al—poor FUN CAIs and PLACs, suggesting
that they formed in poorly mixed reservoirs. Such reser-
voirs are easier to reconcile with an early formation, be-
fore disk processes (e.g., mixing, heating) resulted in ho-
mogenization of stellar components [17,18]. 2) A mini-
mum disk lifetime of ~7 Ma is long compared to astro-
nomical observations of protoplanetary disks [19]. 3) A
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recent relative Hf-W age for a FUN CAI does not allow
for a formation as late as required by its *°Al-**Mg age
[2]. Instead, it allows for a formation contemporaneous
with or earlier than °Al-rich non-FUN CAIs. Therefore,
it is often concluded that the **Al-poor, isotopically
anomalous FUN CAls and PLACs formed earlier than
the *°Al-rich CAls [17,18]. Their formation region must
have been initially *°Al-poor and a late admixture of live
Al is required. The origin of live *°Al could have been
an injection from a nearby dying star (e.g., an asymptotic
giant branch star or a massive star) or large-scale spatial
heterogeneity in the distribution of *°Al within the mo-
lecular cloud [17,18].

In summary, the **Al-poor character of isotopically
anomalous PLACs and FUN CAls is attributed to an
early rather than a late formation. The inferred formation
sequence is as follows: 1) PLACs and FUN CAls; 2)
*Al-rich CAls; and 3) most chondrules and chondrite
parent bodies.

Tracing the accretion of stellar components. 1f N
arrived late in the solar nebula, other stellar components
may have arrived late as well. To shed light on this issue,
we compare the isotopic patterns between “°Al-poor
primitive and *°Al-rich evolved Solar System objects.

1. Neutron-rich isotopes (*Ca & *Ti): As summa-
rized above, anomalies in “*Ca and *°Ti have been found
in the **Al-poor PLACs and FUN CAls (large magnitude,
often correlated in sign) as well as in more evolved ob-
jects (in Ti for **Al-rich CAIs, and in Ca and Ti for bulk
meteorites). In bulk meteorites, anomalies in *Ca and
OTi are small (<1%o) and highly correlated [5]. The
anomalies in PLACs and FUN CAls are not only larger
but also more scattered [5,10]. But as these anomalies
typically correlate in sign, their carriers were likely con-
tributed by the same source(s) (e.g., a type Ia supernova
[14]). Given that the different generations of Solar Sys-
tem materials largely show correlated variations in both
isotopes, it seems plausible that the same stellar compo-
nent(s) could be responsible for the anomalies in PLACs,
FUN CAIs, bulk meteorites, and 2 Al-rich CAls (with
different degrees processing and mixing). If true, this in-
terpretation suggests that the anomalous *Ca and Ti
components were present in the Solar System from the
very beginning and that the solar nebula received no sig-
nificant late input of materials with **Ca and **Ti anoma-
lies. However, the relationship between *°Ti and *°Ti
sheds some doubt on this interpretation (see below).

2. Tiisotopes (*Ti and *°Ti): Bulk meteorites and CV
CAIs show a linear correlation between anomalies in **Ti
and *’Ti. In contrast, *’Al-poor PLACs do not show this
relationship as most PLACs lack large **Ti effects in spite
of large variations in °°Ti [6]. This observation could sug-
gest that a ****Ti-rich stellar component present in *°Al-
rich CAIs and bulk meteorites was not present in the *°Al-
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poor nebula. Similar to *°Al, the reason could be a late
arrival of the ****Ti-rich component, due to a late injec-
tion into the nebula or heterogeneity in the molecular
cloud. Alternatively, it has been suggested that disk pro-
cesses such as size sorting or selective thermal destruc-
tion of presolar grains could have produced correlated
isotope anomalies even if their carriers originated from
different sources, which could explain the good correla-
tion between “°Ti and *°Ti [4]. However, if the same *°Ti
component already existed in the *°Al-poor nebula, it is
not clear why the range of *°Ti anomalies is limited in
PLACs compared to the effects *’Ti.
Summary and conclusions: Nebular materials appear
to record the accretion of stellar components and their
processing in the solar nebula. The data suggests that live
Al arrived in the nebula after the first generations of re-
fractory objects had formed. The *°Al-poor, early nebula
was characterized by a high degree of heterogeneity in
the distribution of neutron-rich presolar component(s)
[14]. A comparison of the isotopic patterns of materials
that formed before and after arrival of live *°Al suggests
that other components may have arrived late as well, e.g.,
a component rich in *°Ti and *°Ti. If true, the data sug-
gests that this late addition did not lead to a degree of
heterogeneity comparable to the **Al-poor nebula. This
could be explained if the late components were mixed
well with solar materials before CAls formed, perhaps
during passage through the disk. This scenario seems to
be supported by the available record for *°Al: although
some controversy exists whether a few CAls have supra-
conical ratios [e.g., 8,13,20], the overwhelming majority
of CAIs has *°Al/*’Al ratios between 0 and canonical,
suggesting that °Al arrived in the CAI formation region
gradually alongside *°Al-poor material [20], preventing
the formation of CAls with highly supracanonical ratios.
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Introduction: The asteroid belt is observed to be a
mixture of objects with different compositions, with
volatile-poor asteroids (mostly S-complex) dominant in
the inner asteroid belt while volatile-rich (mostly C-
complex) asteroids dominate the outer asteroid belt.
While this general compositional stratification was orig-
inally thought to be an indicator of the primordial tem-
perature gradient in the protoplanetary disk, there is
growing evidence that that meteorites believed to origi-
nate from those different types of asteroids appear to
come from very distinct reservoirs, with distinct iso-
topic and elemental signatures [1,2,3]. This is sugges-
tive, but by no means guaranteed, that the ordinary and
carbonaceous chondrites originated in well separated lo-
cations in the Solar System.

A few years ago, it was suggested that a dramatic
migration of Jupiter into the inner Solar System may
provide a way to implant outer Solar System material
into the asteroid belt [4,5]. However, this model was
missing an important earlier piece of physics, how the
giant planets actually formed. This is because, at the
time, there was no dynamically self-consistent model
for forming the giant planets.

In recent years, theories surrounding the formation
of small-bodies and planets have been undergoing a rad-
ical shift. Particles with stopping times comparable to
their orbital times, often called “pebbles” (although may
they range from sub-centimeter to decimeter sizes), in-
teract with gaseous protoplanetary disks in very special
ways. Gas drag can first concentrate the pebbles, allow-
ing them to gravitationally collapse and directly produce
the planetesimal building blocks [6], and then drag will
cause them to be efficiently accreted on to these plane-
tesimals, rapidly producing larger planetary embryos
and even gas giant cores [7]. Full dynamically self-con-
sistent models can now show that giant planet can form
in two stages, first pebble accretion can rapidly form 10-
20 Earth mass rocky-icy cores large enough that they
can efficiently accrete disk gas, and form the final gas-
eous planets [8].

Armed with this dynamically self-consistent model
of planet formation we can investigate, how the process
of giant planet formation will impact the surrounding
planetesimal population, without requiring a dramatic
migration of the giant planets.

Methods: We use the planet formation code LIPAD
(the Lagrangian Integrator for Planetary Accretion and
Dynamics) [9] to model to collisional and dynamical

evolution of a solar system forming under these condi-
tions. LIPAD is based upon the N-Body integrator
SWIFT [10] but uses novel algorithms to statistically
follow bodies that are too small and numerous to be han-
dled in a traditional N-body integrator. This allows us to
model how our system may have evolved starting from
pebbles and planetesimals all the way to a mature plan-
etary system.

To test the effect of giant planet formation in the as-
teroid belt we placed a population planetesimals in outer
Solar System and allow them to accrete pebbles. To
speed up runs and increase the number of runs we could
carry out we began with 4 larger near Mars-sized plan-
etesimal seeds to serve as the initial location of the giant
planet cores. We place these seeds in positions expected
to approximate the location of the giant planets before
the late instability, i.e. either in their pre-Nice 2 initial
conditions [11] or a bit more widely spaced. These com-
pact initial conditions are consistent with where planets
form in our comprehensive planet formation models [8].
We note that even if we begin the planetesimals in the
pre-Nice initial conditions they tend to move due to their
interactions with the other planetesimals and even with
the pebbles, therefore the planets do not end up in the
same positions.

a, g, Q (AU)

t (Myr)

Figure 1: The semi-major axis, perihelion and aphe-
lion of an outer Solar System body scattered into the
asteroid belt (red) the planets (dark blue, dark green,
indigo).

Results: As the giant planets cores grow via by
pebbles accretion, they scatter surrounding planetesi-
mals both inwards and outwards. In figure 1 we show
the orbital evolution of an example asteroid. As the
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planetary embryos accrete pebbles (and later gas) then
begin to dynamically excite and scatter nearby planetes-
imals. Once the giant planets grow large enough, the
planetesimals chaotically diffuse, scattering from one
planetary core to another.

Additionally, the giant planet cores move modestly
because of interactions with the surrounding planetesi-
mals as well as with interaction with the other growing
cores. This can cause additional outer-Solar Systems
asteroid to be scattered inwards. This is a very stochas-
tic process with large variations between then runs. The
planetesimals detach from Jupiter either due to small
movements of Jupiter or due to gas drag or, more rarely,
due to chaotic interactions with the asteroids already
present within the asteroid belt. In figure 2 we show the
distribution of remaining planetesimals scattered in-
wards, scaling the runs to the final location of Jupiter.

15 20 25 3.0 35 4.0 4.5 5.0
Final position of scattered planetesimals (scaled to location of Jupiter, AU)

Additionally, we ran the resulting distribution in the
presence of the current Juipter/Saturn locations to ob-
serve what would be stable in the current Solar System.

Figure 2: The distribution of planetesimals, scaled to
the final location of Jupiter. In light blue show the
original distribution of implanted planetesimals, dark
blue shows those objects that are stable for 1 Myr for
Jupiter/Saturn in their present day configuration.

Notes on the formation of Ceres. Of particular inter-
est in this system is Ceres. Ceres is observed to have
ammonia on its surface, a material believed to be from
the very distant outer Solar System [12]. In our model,
we have two possible explanations for Cere’s observed
composition. First, as we observe particles transported
into the inner Solar System from the entire giant planet
forming area (although it is less likely to occur from the
more distant regions), it is possible that Ceres is simply
a member of that population. In this case, we should
find many other small bodies in the asteroid belt with
similar compositions. An alternative, and we believe
more likely option, is that as Ceres, as the largest body
in the asteroid belt, underwent a small amount of pebble
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accretion before being scattered inwards. The effi-
ciency of pebble accretion strongly depends upon the
planetesimal’s size; therefore a Ceres sized body could
accrete these pebbles that formed in the very distant
parts of the Solar Nebula much more efficiently that the
smaller counterparts [13,7]. Under this scenario, Ceres
(and possibly the other large asteroids) would have com-
positional differences from the bulk of the asteroids.

Conclusions: We find that the pebble accretion
model can successfully explain many attributes of the
Solar System: an outer Solar System with a few giant
planets and ice giants and a Kuiper belt [8], an inner So-
lar System with terrestrial planets, a small Mars, and a
low mass asteroid belt [13] which, as described in this
abstract consists of material mixed from the inner and
outer Solar System. Furthermore, the asteroid belt can
be excited after formation by excitation from embryos
scattered from the terrestrial planet system, or by exci-
tation by chaotic interactions between the giant planets
[14]. This could potentially provide an alternative non-
Grand Tack [3] solution to the origin of many C-com-
plex bodies, including Ceres.
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Introduction: Pebbles (~mm to cm-size dust par-
ticles) are believed to play an important role during the
early stages of planet formation [1]. The idea is that
these pebbles form throughout the protoplanetary disk
(via the coagulation of smaller solids) and drift inward
because of the gas drag they experience [2,3]. The re-
sulting radial flux of pebbles can kickstart planetesimal
formation by triggering streaming instabilities [4,5], or
speed up growth of existing protoplanets through effi-
cient pebble accretion [6,7].

The creation of pebbles and their tendency to settle
vertically & drift radially are expected to significantly
alter volatile abundances (both gas-phase and in the
form of ice) in different regions of the protoplanetary
disk. In the outer disk, the presence of a population of
pebbles close to the midplane can act as a sink for ices,
leading to the gradual removal of gas-phase volatiles
from the warmer upper parts of the nebula [8—10]. As
icy pebbles drift towards the warmer inner disk, gas-
phase carbon and oxygen abundances in the inner re-
gions can be enhanced [11] while ices potentially pile-
up behind different radial snowlines [12,13].

Observational studies of nearby disks appear to
support this narrative, finding that: (i) volatiles are
depleted from the gas-phase in the outer disk [9,14,15],
and (ii) the radial extent of the pebble population is
usually much smaller than that of the gas disk itself
[e.g., 16]. Interpreting such observations is difficult
however, because we lack a detailed understanding of
how dust evolution and astrochemistry interact, and
because key quantities like the dust-to-gas ratio and
total disk mass are often poorly constrained.

Towards a 2D Hybrid Model: We present new
modeling efforts designed specifically to study how the
formation and subsequent dynamical evolution of peb-
bles impacts volatile abundances spatially and tempo-
rally on a disk-wide scale. The model considers three
distinct physical components: gas-phase volatiles (in
this case, CO), small well-coupled dust grains, and
large decoupled pebbles (see Fig. 1). The CO vapor
and small dust components are treated as concentra-
tions on a 2-dimensional (» and z) grid, while the peb-
bles are represented by Lagrangian tracer particles
[10,17]. Calculating forward in time, we solve for a
variety of interactions between these three components
(the arrows in Fig. 1), including dust coagulation (the
formation of pebbles out of microscopic dust) and
condensation, sublimation, and photo-desorption of
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Figure 1: Schematic of the hybrid approach. Vapor and
small dust concentrations exist on a 2D grid and larger
pebbles are described using Lagrangian tracer particles.

CO molecules. While these processes are taking place,
we follow the dynamics and transport of vapor, solids,
and ices using a combination of grid-based and Monte
Carlo methods that consider turbulent mixing as well
as gravitational settling and radial drift.

A major advantage of this approach is that we can
describe the pebbles as particles with unique histories
(every pebble’s current size and chemical make-up is a
function of its journey through the disk) but still re-
solve interactions in regions of the disk where the dust
density is low.

Results: Figure 2 shows an example of a model
run for a disk around a Sun-like star. The upper panels
show gas-phase CO abundance and the lower panels
indicate locations of the pebble tracer particles (indi-
vidual symbols) and contours representing magnitude
of small dust depletion. The colors in the bottom panel
indicate CO-ice mass fraction of the various solids.
This particular simulation assumes a turbulent o = 10-3
and the region above 3 pressure scale-heights is ex-
cluded from the calculation.

At the start of the simulation (Fig. 2a), the dust-to-
gas ratio is 0.005 everywhere and no pebbles are
present; CO is frozen out in the midplane of the outer
disk while being present in the vapor phase in the
warmer inner region and upper parts of the disk. After
30,000 years (Fig. 2b), pebbles have formed abundant-
ly in the inner disk (where coagulation timescales are
shortest) and are starting to form outside the CO snow-
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Fig. 2: Snapshots of calculation for a disk around a Solar-type star (see text). Upper panels show gas-phase CO
abundance (mass density relative to Hz). In the bottom panels, the colors refer to CO-ice mass fractions of the small
dust (background color) and pebbles (individual circles). The contours denote depletion of small dust relative to the
initial dust-to-gas ratio of 0.005. Faint dashed lines correspond to z/ZH={1,2,3}, with H the gas pressure scale-height.

line as well. After forming, pebbles quickly settle to
the midplane. After 300,000 years (Figs 2c), sufficient
time has passed for pebbles to be present throughout
the midplane of most of the disk. With a increasing
fraction of the CO being sequestered in the midplane in
the form of ice, the gas-phase abundance in the upper
parts of the disk decreasing. Interior to the midplane
CO snowline (around » = 60 AU), the inward radial
flux of icy pebbles has led to an increase in CO vapor.
This freshly-released vapor is in turn diffusing vertical-
ly and radially. As such, the magnitude and shape of
this CO peak is set by a balance between the influx of
icy pebbles and the details of the diffusive process. The
situation after 900,000 years (Fig. 2d) looks fairly sim-
ilar, but the reservoir of pebbles in the outer disk is
beginning to be exhausted. Once the supply of icy
pebbles has ceased, the spike of CO interior to the
snowline will slowly disappear. Note how the outward
diffusion of CO vapor has increased the ice content of
small grains exterior to the (midplane) snowline.

Summary: We have developed a new framework
for simulating the evolution of volatiles and solids in
protoplanetary disks. The method is designed to physi-
cally link several key observables: (1) gas-phase
volatile abundances as a function of height in the inner
and outer disk; (2) the mass and radial extent of the
pebble disk; and (3) the abundance of well-coupled
(sub)micron grains. Solving the gas-phase CO abun-
dance in two dimensions is particularly valuable for
comparing the models to observations, as different
tracers/wavelengths probe different parts of the proto-
planetary nebula [e.g., 18,19].

Understanding how the underlying processes (dust
coagulation, transport, and volatile condensation/sub-

limation) interact and how their behavior depends on
key parameters such as (initial) dust-to-gas ratio and
disk mass are important steps towards connecting as-
trochemical and planetesimal formation models, and
will allow us to identify and interpret observational
signatures of the early stages of planet formation in
nearby young disks.
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tion, Evolution, and Dynamics of Young Solar Sys-
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phys. J. Lett., 807, L32. [15] Du F. et al. (2017), Ac-
cepted for publication in Astrophys. J. [16] Andrews S.
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PLANETARY ACCRETION AS INFORMED BY METEORITIC SAMPLES OF EARLY SOLAR SYSTEM
PLANETESIMALS. David A. Kring, Lunar and Planetary Institute, Universities Space Research Association,
3600 Bay Area Blvd., Houston, TX 77058 (kring@]Ipi.usra.edu).

In the Beginning: Impact events are a key part of
the formation of planets, both during the initial accre-
tional phase and late in the growth of a planet when
giant impact events may dramatically alter the final
outcome. Large collisions, for example, have been im-
plicated in the formation of the Moon from the Earth
[1-3], the stripping of Mercury’s mantle [4], the north-
ern-southern hemisphere dichotomy of Mars [5-8], and
the formation of Charon from Pluto [9]. Periods of
enhanced impact bombardment of post-accretion plane-
tary surfaces have also been deduced from Solar Sys-
tem exploration studies. Apollo, for example, demon-
strated that the Moon was heavily cratered sometime
during the first ~600 million years of its existence in
what has been termed by some to be the period of Late
Heavy Bombardment (LHB). The cadence of that
event is still uncertain, but it is clear there were a large
number of basin-forming impact events in that first
half-billion years.

Dusty circumstellar disks around young stars out-
side our Solar System indicate the collisional evolution
of young planetary systems can be violent. Spitzer
Space Telescope data indicate that some systems have
dust signatures well above the average at ages from
100-600 Myr [10]. Observations by Su et al. [11] and
Beichman et al. [12], for example, support the idea that
the ~350 Myr-old A star Vega and the ~2 Gyr-old G
star HD 69830 recently experienced collisions between
large planetesimals that generated these elevated dust
signatures. Both Vega and Fomalhaut may have plane-
tesimal rings akin to the precursor of our main asteroid
belt [13].

The Accretional Epoch Among Chondritic
Planetesimals: Our record of collisional processes
among planetesimals is extraordinarily ancient. We
have, for example, a fragment of rock from a collision
among planetesimals that occurred during the accretion
of Earth and prior to the formation of the Moon. The
MIL 05029 meteorite is an impact melt breccia that
was produced in a collision ~4.54 Ga that created a 25-
60 km diameter crater and shattered the interior of the
100-200 km diameter L-chondrite parent body [14]. A
similar study showed that the Portales Valley meteorite
may have been produced beneath the floor of a >20 km
diameter crater on the 150-200 km diameter H-
chondrite parent body [15] in an event that occurred
>4.46 Ga [16]. On the R-chondrite parent body, im-
pacts appear to have occurred 4.34-4.38, 4.4, and 4.47
Ga ([17] and references therein]. Other collisions dur-

ing the accretional epoch have been detected on the E-
chondrite (~4.53 Ga), IAB (>4.47 and perhaps >4.52
Ga), HED (~4.48 Ga), and L-chondrite (4.46 and 4.43)
parent bodies ([18] and references therein).

On at least two planetesimals, the impact events
produced significant volumes of melt that differentiated
to form the IAB-MG and IAB-sLLM groups of iron me-
teorites (e.g., [19]). Cooling rates of those meteorites
[20] suggest craters ~150 to 300 km in diameter on
planetesimals ~300 km diameter or larger.

Collectively, these data indicate sizeable impact
events were occurring among planetesimals as the ac-
cretional phase wound down and the largest planetary
collisions (e.g., the Moon-forming giant impact) were
occurring. They also suggest, but do not prove, that
collisional velocities and dynamic stirring of the nas-
cent planetary disk were relatively high.

The Accretional Epoch Among Differentiated
Planetesimals: Variable planetesimal accretion rates
and, thus, abundances of short-lived isotopes for interi-
or heating, produced equally variable outcomes. While
some planetesimals remained chondritic, as described
above, and largely preserve a nebular record, other
planeteismals became hot enough to differentiate. It is
difficult to discern impact-reset radiometric systems in
meteoritic samples of these objects, because simple
cooling of a planetesimal may not reach radiometric
closure temperatures until 4.47-4.49 Ga, as seen in
silicates among IIE iron meteorites (e.g., [18] and ref-
erences therein). That is, if an impact occurred, the
planetesimal may be too warm to quench a radiometric
age of that impact. At some point, the objects were
involved in collisions sufficiently energetic to strip
away the mantle and expose the differentiated cores.
As most of the planetesimals represented by meteoritic
relicts are among iron meteorites, that type of colli-
sional erosion may have been common. That, too, im-
plies relatively high collisional velocities and, thus, an
excited dynamical system.

The Puzzle of Sources. As this is a workshop de-
signed for discussion, let me wade into the curious
problem of the sources of the accreting material and
impactors. Isotopic signatures of volatile elements
suggest the Earth, Moon, and Mars were accreting car-
bonceous chrondritic material (e.g,. [21-23]), sometime
between the main accretional phase of Earth [24] and
the solidification of the lunar crust from a magma
ocean [23]. As noted in the introduction, planetesimals
continued to hit the Earth and Moon (and other inner
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solar system planets) for several hundred million years.
Analyses of lunar impact melts point to sources of
those impactors that remain contested: some suggest
the objects evolved, over time, from carbonaceous im-
pactors to ordinary chondrite impactors, with one or
more iron projectiles stochastically hitting during that
evolution, while others suggest end member mixing
among carbonaceous and iron impactors (see, for ex-
ample, the discussion of [25] and references therein).
Curiously, the first mineralogical relicts of impactors
found in ancient regolith breccia samples [26], pro-
duced near the end of the LHB, are entirely carbona-
ceous. A diverse array of other impactors, more reflec-
tive of the current population of meteorite falls, is not
found until much later in lunar history.

If carbonaceous impactors were entering the inner
solar system, and if they were accreting at vastly dif-
ferent times (e.g., during primary accretion and later
during the LHB), does that mean they were scattered
by a single process or more than one process?

Also, if carbonaceous chondritic objects were en-
tering the inner solar system and, presumably, passing
through the inner asteroid belt, why do we not see
abundant clasts of them among regolith samples of
ordinary chondrite planetesimals?

This is where dynamical modeling is providing a
complementary perspective. At least one other paper
submitted to this workshop [27] will present one of
those models.

Although the sources of the accreting material over
time currently remain a puzzle, renewed attention on
impactor signatures (geochemical, isotopic) in Earth,
on impactor signatures (geochemical, isotopic, miner-
alogical, and geologic) in lunar samples, on meteoritic
samples of planetesimals that either co-accreted with
planets or later pummeled them, and in dynamical
models that complement those data, the community
may be in a position to soon accelerate our understand-
ing of this earliest epoch of solar system history.
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ACTIVE PROCESSES IN ASTEROIDS AND PLANETS DEVELOPED TO WATER PLANET AND LIFE.
Y. Miura, Yamaguchi University (Chuou 4-1-23, Yamaguchi, Japan, 753-0074; yasmiura50@gmaiul.com)

Introduction: Primordial to present stars and
planets are studied from remained solids of Asteroids,
the Moon and planets (with life fossil), where global
data of older atmosphere and ocean are estimated in
remained rocks. Purpose of the paper is to propose
active model of water-planet and life system of the
Earth-type planets to be applied to exoplanets [1-3].

Active process: Active process includes dynamic
and static reactions, where dynamic reaction at ex-
treme conditions of high temperature and pressure in
short time forms widely amorphous mixed solids
found beyond the Solar System. Static reaction with
slow time in Earth is chemical and physical changes
with formation of large crystalline minerals [1-7].

Extreme conditions: The extreme condition ex-
isted in the Space and the Solar system produces ion
states of all elements by shock-wave explosions of
the Big-Bang, nuclear fusions in the Stars, the Super-
nova and active planets of volcano and asteroid im-
pacts. Molecules formed from light elements by reac-
tion with evaporation is produced everywhere in the
Space by any heated processes locally and shortly.
Global ocean water of planet Earth is formed widely
to be changed between gas and solid as quenched
intermediate steps by the giant impacts including
planetary collision process [2-7]

Experiment of water formation by heating:
Author has produced water droplets in laboratory
from heated the Allende carbonaceous chondrite,
which is certificated by molecular formation from ion
elements by heating reaction in this study. This sug-
gests that all molecular fluids in the Space including
celestial bodies of any Asteroids and Mars are
formed by impact heating locally and shortly, which
are observed remained surface topographic features
by image observation of space exploration [5-7].

Chondrule formation: Dynamic process with
short and local melting and evaporation in the Space
and Asteroids produces quenched solids with stopped
at the primordial ages mainly, which are found in
Asteroids and Earth-type planets. Chondrules of As-
teroids are quenched solids with primordial mixture
and some tiny crystalline mineral locally as closed
system without any developed further [7] .

Life in Earth: Planet Earth shows two character-
istics of primordial stage and present water-related
active planet, where the water-planet shows mixture
of static and dynamic systems to be kept global air-
ocean water-rock system. Rock crystals of water-
Earth are formed by continuous shallow-interior heat-
ing developed by active plate tectonics movements.

Dynamic process of the planet Earth is observed
largely at local volcano, quake and meteoritic im-
pacts globally. Life activity on the water-planet which
is called as mini-Earth system of three material
changes in any life and human (Home sapiens) body
system with short existence developed by continuous
generation process on water-Earth [2-7]

Six material steps on the Solar System: On the
Solar System of the Sun star, six steps of formations
from ion, molecules, solid rocks, air-fluid-rock pro-
cesses, global activity of water planet Earth and life
of mini-Earth system are shown as active process
diagram [4-7].

Telescopic image investigation: The present re-
sult indicates application by remote-sensing analyses
of local fluid formation and remained surface trig-
gered by shock-wave explosion of volcano, quake
and Asteroid impact on Earth-type planets, Asteroids
and the Moon. Life existence should be discusses on
global ocean existence formed by carbon-bearing
ocean deposits by remote-image analyses including
exoplanet case in near-future [4-7].

Summary: The results are summarized as follows.

1) Active process includes dynamic and static reac-
tions are formed by amorphous and crystalline solids
by extreme high temperature and pressure conditions.
2) Water droplets formed from meteorite heating are
obtained in the laboratory study to be evidences of
volatiles ions in the meteorite interior.

3) Chondrules of asteroids are formed by dynamic
quenching and local short crystallization with mixed
aggregates stopped at primordial periods.

4) Life of mini-Earth system has to be produced at
large water-planet system relatively as copied system
of larger water-planet system.

5) Life evidence on other planets should be observed
indirect evidence of ocean sea-floor sedimentary de-
posits with carbon elements.

References: [1] Miura Y. and Kato T. (1993):
Amer. Inst. of Physics Conf. Proc., 283, 488-492. [2]
Miura Y. (1994) Astronomical Society of the Pacific
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vier), 85, 192-193.[4] Miura Y. (2010) LPI Contribu-
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(2017): LPSC2017 (USRA, LPI, USA), abstract
#3028. [6] Miura Y. (2017): JpGU-AGU 2017
(Makuhari, Japan), abstracts #C5357, #C2249, #
C2158. [7] Miura Y. and T. Kato (2010) Chondrules
as Astrophysical Objects (UBC, USRA), abstract
#2028.
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COMETARY DUST AND THE YOUNG SOLAR SYSTEM R. C. Ogliore. Department of Physics, Washington

University in St. Louis, St. Louis, MO 63130, USA.

Introduction: Comets are small Solar-System bod-
ies that accreted in cryogenic conditions in the outer so-
lar nebula. By definition, comets show “cometary ac-
tivity” as they near the Sun (Figure 1): the ejection of
gas and dust due to ice sublimation which forms a coma
and dust tail. Comets contain a substantial fraction of
ice but are still mostly made of rocky material (‘“frosty
rocks” instead of “dirty snowballs”). Cometary dust,
mostly unaltered by the aqueous alteration and thermal
metamorphism that affected asteroids, should be among
the most primitive surviving rocky material in the Solar
System.

Figure 1: Left: Composite image of a long-exposure
and short-exposure image of the nucleus of comet Wild
2, showing surface features and jet activity. Right:
Close-up view from a different image showing pinna-
cles, craters, and ridges on Wild 2.

Cometary dust was returned from comet Wild 2 by
NASA’s Stardust mission. A sub-sample of interplan-
etary dust collected by high-altitude aircraft, as well
as fine-grained micrometeorites collected from snow in
Antarctica, is likely of cometary origin [1, 2]. Chem-
ical, structural, and isotopic analyses of this material
yields insight into the first few million years of Solar
System evolution. Below I discuss four questions about
cometary dust and the implications to the early evolu-
tion of the Solar System.

1) What is the origin of coarse-grained cometary
dust? Both giant cluster IDPs and comet Wild 2 sam-
ples in Stardust aerogel tracks are composed of both
fine-grained (<1 pm) and coarse-grained (>1 pm) par-
ticles. The coarse-grained particles in the Stardust sam-
ple survive as terminal particles at the ends of larger
Stardust cometary tracks. The majority of these parti-
cles are high-temperature igneous rocks, like CAI and
chondrule fragments, similar to those seen in meteorites
[3] (Figure 2). The majority of these objects have 160-
poor compositions [4], also similar to chondrules in me-
teorites. Analyses of Mn and Fe contents in olivine
grains from Wild 2 and a giant cluster IDP show a very

broad distribution compared with olivines from UOC,
CC, and CR chondrules [5].

Coarse-grained cometary dust likely formed in the in-
ner Solar System by the same high-temperature process-
ing that formed high-temperature rocks found in primi-
tive meteorites, and was subsequently transported to the
outer Solar System. Comets, which then formed be-
yond the orbit of Neptune, accreted a mixture of high-
temperature dust from various reservoirs of inner Solar
System materials.

Figure 2: (a) BSE image of the Wild 2 particle Iris (Ol:
olivine; Cr: chromite; M: mesostasis; F: fusion crust;
E: epoxy+aerogel). (b) A closer view of the triple junc-
tion between two olivine grains and chromite with the
olivines outlined in green and the chromite outlined in
red. From [6].

2) Did cometary rocks form without 26A1? The
short-lived radionuclide 26Al (t1/2=0.72 Myr) was in-
corporated into most most CAls from CV chondrites
at the “canonical” level of 26A1/27Al ~5.2x107° [7].
Chondrules from various chondrite groups incorporated
less 26 A1 (26A1/27Al =~ 1075-10~?), implying most of
these objects formed 1-3 Myr after CV CAls. To date,
the initial 26 A1/27 Al ratio has been measured in eight
objects from comets: Iris (Wild 2 chondrule fragment,
<3x107% (20 one-sided), Figure 2), Inti (Wild 2 CAI
fragment, <5x 1075 [8]), Coki (Wild 2 CAI fragment,
<1x1075[9]), Pyxie (Wild 2 FeO-poor ferromagnesian
grain, <4x 109 [10]), Manchanito (Al-rich amorphous
grain from a giant cluster IDP, <7 x 1076, [11]), and two
corundum-bearing IDPs (<107 and <7x 1076, [12].

The lack of 26Al can be explained if these particles
formed prior to the injection and subsequent homog-
enization of 26Al in the solar nebula (as is hypothe-
sized to explain FUN CAIs [13]). However, the FeO-
rich and O-poor compositions of Iris and Pyxie indi-
cate that they formed in an oxidizing environment with
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a high dust/gas ratio, which is unlikely to exist in the
very young Solar System. It is much more probable that
these objects formed, or were chemically altered, after
26 Al had decayed.

Though the data set is still small, these analyses hint
that comets preferentially accreted coarse-grained ma-
terial that formed relatively late (>3 Myr after CAls)
in the inner Solar System and was subsequently trans-
ported outward to the comet-forming region. The ne-
cessity of large-scale, late-stage mixing of dust between
the inner and outer Solar System may constrain the for-
mation of Jupiter [6], which opens a gap in the disk and
effectively cuts off outward migration of dust.

3) When and where did secondary minerals in
comets form? Secondary minerals are rare but present
in the Wild 2 samples (e.g. cubanite [14]), interplanetary
dust [15], and UCAMMs (Figure 3). Perihelion pas-
sage, impacts, or cometary activity may create the right
conditions to form secondary minerals on a cometary
nucleus [16, 17]. Alternatively, secondary minerals may
be formed in the inner Solar System on asteroidal parent
bodies and transported outward to the cometary region
following disruption of those bodies. High-precision
Mn-Cr and O isotope systematics may elucidate the tim-
ing of formation and source reservoirs of these phases
and allow for comparison to secondary phases in aster-
oids [18, 19].

Figure 3: BSE image of an ultra-carbonaceous Antarctic
micrometeorite, with carbonate grain circled in yellow.
Image courtesy of Elena Dobricd (University of New
Mexico).

4) What is the origin of fine-grained cometary
dust? Fine-grained Wild 2 material in aerogel tracks
has proven difficult to analyze due to hypervelocity cap-
ture effects (Figure 4). Nonetheless, TEM analyses have
showed that Wild 2 fines are consistent with CI chon-
drites in their Fe-Mg-S composition [20] but are het-
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erogeneous on a particle-by-particle basis. This is con-
sistent with analyses of fine-grained chondritic porous
interplanetary dust particles: they are heterogeneous ag-
gregates of sub-um grains with bulk composition close
to CI [1]. Oxygen isotope measurements of individ-
ual small grains in the bulb of a Stardust track shows a
very wide range of compositions [4]. This suggests that
comet Wild 2 fines are either primitive, unequilibrated
dust inherited from the Solar System’s parent molecular
cloud, or a very diverse sampling of inner Solar Sys-
tem compositional reservoirs that accreted along with
a large number of inner-Solar-System rocks to form
comet Wild 2. More precise analyses of the volatile
content and presolar grain abundances of Wild 2 fines
will help distinguish between these two scenarios.

Figure 4: BSE image of fine-grained Wild 2 dust inter-
mixed with aerogel.
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EFFECT OF RE-IMPACTS ON THE LUNAR MAGMA OCEAN. V. Perera', A.P. Jackson'?, L.T. Elkins-
Tanton', and E. Asphaug', 'School of Earth and Space Exploration, Arizona State University (PO Box 876004,
Tempe, AZ 85287-6004. Email: viranga@asu.edu), “Centre for Planetary Sciences, University of Toronto, Toronto,

ON, Canada.

Introduction: A giant impact likely initiated the
Moon formation process [1, 2]. After a number of re-
finements, the Canonical giant impact model is a low-
velocity, glancing impact by a Mars-sized body [e.g.
3]. However, recent work on isotopic compositions of
the Earth and the Moon have called the Canonical
model into question [e.g. 4, 5]. This has led to other
proposals for re-equilibrating isotopic compositions
between the Earth and the proto-lunar disk [e.g. 6] and
new giant impact scenarios [e.g. 7, 8]. Nevertheless,
the basic premise that the Moon formed from a giant
impact event does not seem to be in doubt [9].

A consequence of a giant impact origin is that the
Moon would have formed partially or completely mol-
ten. Anorthosite fragments found in lunar samples
support the past existence of a lunar magma ocean
(LMO) [10]. Previous work found that it would have
taken at least 10’ years for the LMO to crystallize [11].

Previous LMO works have mostly ignored the ef-
fect of impacts. In this study, we investigate how im-
pacts could have affected the crystallization of the
LMO. While a fairly high background flux of im-
pactors is expected in the early solar system, earliest
bombardment of the Moon is dominated by re-
impacting debris material that escaped the Earth-Moon
system after the Moon-forming impact. In the Canoni-
cal model [3] about 10* kg (1.3 lunar masses) of mate-
rial have sufficient velocity to escape [12, 13]. That
debris would subsequently return to the Earth-Moon
system [13] and they should affect the thermal evolu-
tion of the Moon. New scenarios proposed for the
Moon forming impact [e.g. 7, 8] are more violent
events which would release more debris, thus the Ca-
nonical impact serves as a basis case.

Methods: For this work, we consider a one-
dimensional thermal model for a spherically symmetric
LMO. Initial LMO depth is set to 1000 km following
[11] and, for simplicity, LMO density is set to a con-
stant 3 g/cm’. Small volume fractions of the LMO are
crystalized iteratively at the boundary between the base
of the LMO and the solid interior. Heat of fusion and
secular cooling are accounted for with the rate of ener-
gy release determined self-consistently with surface
conditions. Unlike [11], in this work, we consider a
layer of quench crust (i.e. a thin rapidly crystallized
surface layer, similar to the surface of lava lakes on
Earth). Thus, there is always at least a thin conductive
layer at the surface of the LMO. For each iteration, we
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Figure 1: Fraction of magma ocean remaining over
time for different scenarios. The orange line shows a
scenario similar to [11] with the early thermal evolution
governed by radiation (Flux o« Temp.*), thus no quench
crust, and the later evolution governed by conduction
(due to flotation crust). Like [11], that scenario does not
consider impacts. The blue lines show scenarios that
have quench crust; therefore, the LMO cools only
through thermal conduction. The broken blue line in-
cludes re-impacts.

also consider the mass of impactors that struck the
surface (from [13]). The size of a punctured hole
would depend on parameters such as impactor size,
impactor velocity and on crustal thickness. However,
estimating impactor size is difficult due to the lack of
constraints. Therefore, at each iteration, we use a sim-
ple conversion factor to convert total impactor mass to
a surface area of holes produced. This allows us to
easily explore a wider range of parameter space. Early
in the cooling process, energy released by crystallizing
and cooling the LMO was released conductively
through quench crust and through holes produced by
impacts. The punctured crust would recover by recrys-
tallization (quantified using the Stefan problem), with
a hole considered closed once quench crust in the hole
has re-attained the thickness of the surrounding crust.
[11] found that plagioclase should become stable when
the LMO depth is 100 km, thus at that point the model
partitions the crystallizing material between the interi-
or, the flotation crust, and closing of impact generated
holes. Unlike the early phase of cooling, where holes
were closed by forming new quench crust, in the later
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stage holes are plugged from the bottom due to plagio-
clase buildup. Again, energy is released conductively
through the crust while considering the crustal thick-
ness. Note that we do not consider energy added to the
LMO due to impacts since that is a minor effect. The
iteration is terminated once only 1% of the initial LMO
remains. This is similar to [11] and done to stop the
evolution at the point when the remaining LMO is
equated with the ur-KREEP layer (i.e. layer of incom-
patible elements composed of potassium, rare earth
elements, and phosphorous) [14].

Results: In Figure 1, we show results for the cool-
ing time of the LMO by plotting the fraction of LMO
remaining over time. The orange line is a similar sce-
nario to [11]; however, in this model, we do not con-
sider the geochemistry of the crystallizing process (i.e.
tracking variations in chemical composition due to
fractional crystallization). Similar to [11], the LMO
crystallizes rapidly in 10° years due to the surface flux
being proportional to the forth power of the magma
ocean surface temperature. In that scenario, though the
initial cooling is rapid, the remaining 20% of the LMO
takes about 10’ years to crystallize. This is due to the
conductive plagioclase lid that forms. When quench
crust is considered (blue lines), the first 80% of the
LMO takes considerably longer to cool (i.e. 10* years).
Though quench crust delays the initial cooling process,
without impacts, the overall cooling time is again
about 107 years (solid blue line). Addition of re-
impacts (broken blue line) reduces the cooling time by
around a factor of 2, depending on the scaling of im-
pactor mass to hole area. When comparing quench
cases with and without impacts, the early stages are
nearly identical since impact generated holes fill in
with quench crust and recover quickly. Additionally,
the latter cooling stage is sped up only by a small frac-
tion since again holes do not stay open and release
energy radiatively but rather are plugged by quench
crust and newly formed plagioclase. Each scenario
produced a global crustal thickness of about 40 km,
which is consistent with the modeled average lunar
crustal thickness using GRAIL gravity data [15].

Discussion: As compared to previous work [11],
this work considered two effects that alter the total
cooling time of the LMO in different directions.
Quench crust serves to delay the initial cooling of the
LMO, while re-impacts serve to quicken the cooling
process by puncturing holes that allow more energy to
escape from the LMO. The more intense the bom-
bardment, the quicker the cooling should be. We used
a conversion factor of 5-10° kg/m”. It should be noted
that this conversion factor is constant through time and
groups complexities of impactor size and velocity, as
well as crustal thickness and crust strength over time.

2015.pdf

The conversion factor should be taken as an average
that allows us to convert incoming impactor mass to a
surface area of holes without having to work out, for
instance, the impactor mass distribution. Thus, the
conversion factor should not be interpreted as predict-
ing the size of hole generated by any individual im-
pactor. Re-impacts puncturing holes into the nascent
lunar crust possibly could have left detectable varia-
tions in crustal thickness, since it takes time for holes
to be plugged by plagioclase buildup. Furthermore, the
approximately 10’-year cooling time of the LMO may
imply that the 2-10°-year range in lunar crustal ages is
not solely a temporal record of the LMO crystalliza-
tion. Rather, one way of interpreting the large range of
crustal ages may be to classify the oldest ages as a rec-
ord of the LMO crystallization and the younger ages as
a record of recrystallization events after the initial
LMO crystallization. We note that even after the LMO
has fully crystallized the Moon will still be subject to
intense bombardment by returning debris, which might
re-melt portions of the surface.

Conclusions: (1) Quench crust has a significant ef-
fect on the LMO cooling process. (2) Re-impacting
debris expedite the LMO cooling time by factor of 2 or
more. (3) Crustal ages may span the re-impact time-
scale. Details of the LMO crystallization are important
to the wider lunar science community. For example, if
the LMO stayed fully molten for longer, it could have
implications for the Moon’s orbital elements and pos-
sibly its global shape [16].
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Introduction: Chondrules are major constituents in
the most primitive meteorites called chondrites, and
they provide valuable clues to understand the origins of
the Solar System including the formation of planets.
Specifically, they are key to understanding the energet-
ic processes going on during the initial stages of the
Solar System. Despite their importance, the formation
mechanism(s) of chondrules has yet to be identified
conclusively [1]. Deciphering such a mechanism can
provide further clues pertaining to the timescale for
accretion.

Chondrules display an array of textures that tell a
story and these chondritic textures are the result of
melting and crystallization, and refer to the overall
appearance (size, shape, orientation, etc.) of larger
grains within a matrix. The most common type of these
igneous textures are porphyritic and can make up ap-
proximately 82 to 99% of all chondrules in a given
chondrite group [2]. Porphyritic textures are defined as
euhedral to subhedral phenocrysts set within a fine
grain matrix. Important parameters that control chon-
drule textures include grain size, peak temperature,
heating duration, and cooling rate. Specifically, the
retention of nucleation sites is a very important param-
eter in the formation of porphyritic textures. Due to the
complete dominance of porphyritic textures in the
chondrule population, astrophysical models must be
able to predict these textures.

The nebular shock models are currently the most
favored as a chondrule formation mechanism, which
include large-scale (spiral density wave) shocks and by
bow shocks around planetary embryos. We are investi-
gating the planetary embryo bow shock model and
cooling rates associated with this model are predicted
to be > 1000 K/hr and often are > 3000 K/hr [1]. These
fast cooling rates are due to radiation escaping to cool-
er regions along with chondrules cooling as the trav-
erse pass the gas-cushioned planetary embryo. Previous
investigations of cooling rates are shown in Figure 1
and it is unclear on whether or not porphyritic textures
can be reproduced at such higher end cooling rates.

The planetary embryo bow shock model meets all
the thermal constraints required for an ideal chondrule
formation mechanism. Some of these constraints in-
clude ambient temperature, heating duration, and peak
temperature [5]. First, the ambient temperature is less
than 650 K based on the presence of sulfur in the melt.
Next, the model predicts a heating duration of less than
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Figure 1. Cooling rates previously investigated to pro-
duce chondritic textures [5]. The shaded region shows
the cooling rates being investigated here.

10 minutes which is determined by the evaporation of
volatiles such as Na and K as well as the lack of isotop-
ic fractionation. Lastly, the model agrees with a peak
temperature above the liquidus. This is an attractive
model, but porphyritic textures have only been repro-
duced at cooling rates upwards to 2500 K/hr [6]. This
supports that accretion was very rapid. If porphyritic
textures can be reproduced at cooling rates consistent
with the planetary embryo bow shock model, the model
can be validated as a chondrule formation mechanism.
However, it is presumed that chondrules are the build-
ing blocks of planets, but validating this model as a
formation mechanism would suggest that the accretion
of planetary embryos must have taken place before the
formation of chondrules. To address this, we have con-
ducted vertical furnace experiments to investigate cool-
ing rates consistent with the planetary embryo bow
shock model in an effort to reproduce porphyritic tex-
tures and determine the relative timing of formation of
chondrules versus planetary embryos.

Approach: To experimentally investigate the plan-
etary embryo bow shock model, we have created ex-
perimental chondrule analogs by mixing natural miner-
al separates of olivine, diopside, and albite to produce
bulk compositions similar to chondrules as well as
those used in previous experiments [6, 7] as shown in
Table 1. The liquidus for our bulk composition is cal-
culated to be 1608°C [8]. We have investigated exper-
imental starting mixes with grains sizes of 63-90 um
and 212-250 um, as well as peak experimental temper-
atures at the liquidus and liquidus £50° C. We chose
heating durations of 1,5, and 10 minutes, durations
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consistent with the thermal constraints of chondrule
formation.

Table 1. EPMA analysis of precursor material. Preci-
sion is 1% for major elements.

Oxide  San Amelia Dog Analog

Carlos Albite  Lake (wt%)

Olivine (wt %) Diopside

(wt %) (wt %)
SiO2 40.89 68.55 55.52 49.99
TiO2 n.a. n.a. 0.04 0.01
AlOs  na. 20.09 0.03 5.03
FeO 9.07 n.a. 0.75 5.55
Cr.0s  0.02 n.a. n.a. 0.01
MnO 0.12 n.a. 0.07 0.01
MgO 50.26 n.a. 18.50 32.93
CaO 0.07 0.46 26.04 4.06
Na20 n.a. 11.69 0.06 2.93
K20 0.01 0.12 n.a. 0.04
TOTAL 100.44 100.91 101.01 100.65

Cooling rates investigated include 1000, 3000, and
5000 K/hr. The analogs are placed in Pt baskets sus-
pended from a thermocouple inside a 1 atmosphere
vertical gas mixing furnace located at the Experimental
Petrology and Igneous process Center (EPIC) at ASU,
and undergo various parameter combinations. After
melting and cooling, the analogs are mounted in epoxy,
polished, and carbon coated for electron probe mi-
croalysis.

Results: To begin the investigation, we have used
known parameters to reproduce porphyritic textures
consistent with the results of previous studies [6,9,10]
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Figure 2. BSE image of an experimental run with a
cooling rate of 1000 K/hr. The secondary image shows
the rapid growth of olivine in terrestrial rocks [11].
This result shows several skeletal grains as well as
more matured grains that had essentially “filled” in.
The overall texture shown is porphyritic.

Results show a continuum of textures at cooling
rates around 5000 K/hr (Figure 3). Despite using iden-
tical parameters, we observe different textures empha-
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sizing the importance of grain size. So far, we have not
seen porphyritic textures at cooling rates above 1000
K/hr with the given set of parameter combinations.
However, the planetary embryo bow shock model can
be associated with lower cooling rates than expected if
dust evaporation is present and models have shown a
similar cooling rate at approximately 2000 K/hr
through the crystallization range [1].
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Figure 3. BSE images using a cooling rate of 5000
K/hr with a,b,c having identical parameter combina-
tions. a) b) Spinifex-like texture, a term used to de-
scribe quench crystals. ¢) Possibly larger relict grains
with former skeletal grains that have matured d) Com-
bination of possible relict grains and spinifex texture

Ongoing Work: We are continuing to investigate
our current set of parameters. In addition, we are fur-
ther investigating the role of seed nuclei by incorporat-
ing spinel into our starting bulk composition. By suc-
cessfully reproducing porphyritic textures consistent
with the planetary embryo bow shock model, we can
further understand the timescales for accretion.
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THE SOLAR SYSTEM PERIPHERAL SMALL BODIES. N. I. Perov'. 'State Autonomous Organization of
Cultural and Education named after V.V. Tereshkova. 150000, Russia, Yaroslavl’, Chaikovskogo str., 3. E-mail:

perov@yarplaneta.ru

Introduction: In the work [1] the migration of
comets from Oort’s and Hill’s clouds to the terrestrial
type planets has been considered. The mass of the per-
turbed bodies has been in dozens times less then the
mass of the Moon The perihelion distance of the per-
turbed bodies has been equal to 10*. Here we also de-
termine the conditions of collisions of small bodies and
the terrestrial type planets. Jupiter with the circle orbit
is the perturbed body. The initial perihelion distance of
the small bodies with initial unperturbed parabolic or-
bit equals 10* AU. The region of the initial positions of
Jupiter in which the parabolic orbits of the small bodies
transform into the elliptical orbits of the terrestrial type
planets crossers is investigated.

Fundamental Equations: In the frame of the pla-
nar circular restricted 3 body problem (the Sun — Jupi-
ter — the small body) the vector differential equation of
the small body motion is
d?r/dt*=-Gmsr/r*-Gmy(r-r)/ir-r;l (1)
Here, r and r; are the heliocentric radii - vectors of the
small body and Jupiter, G is gravitational constant, mg
and my are mass of the Sun and Jupiter corresponding-
ly. t is the Newtonian time. r;=5.2 AU.

Using the system of the units in which the semi ma-
jor axis of the Earth’s orbit ag=1 AU, ms=1, G=1 and
independent variable is the true anomaly of the Earth
(ve), which is measured from axis of abscissas. The
equation of (1) may be presented in the form

d2r/dt®=-r/r*-m’s(r-r))/ir-ry, 2)

where m’; is my/ms.

Let’s denote by letter ¢ an angle between the x-axis
and the initial position of Jupiter. At this angle the
small body must cross the orbit of a terrestrial type
planet. Let r(.min is @ minimal distance between Jupiter
and the small body, rsomin IS @ minimal distance be-
tween the Sun and the small body.

Numerical Experiments: The initial conditions of the
small body moving along the heliocentric parabolic
orbit (that is unperturbed only in initial moment of
time) are following x,= 34.0000000000000000000000
(units of length), y,=21.0713075057054776968028

(units of length), (dx/dv)q = -
0.21505813167606566929323
(units of length/units of time), (dy/dv), =-

0.0612372435695794524549320 (units of length /

units of time). In the table 1 and in the figures (1-5) the

results of integrating of the equation (2) are presented.
Table 1.

The minimal distances between the small bodies
and the massive bodies for parameter ¢’

¢’=-8.72323 rad

lsomn =0.9639AU; ve=191.04 rad.

I'3-omin=0.00014 AU < R;, vg=123.9538005 rad.

¢’=-8.7247523821 rad

I s-omin =0.98545AU; ve=132.825 rad.

r(J_C)min:0.01631 AU >R;, ve=123.9695 rad.

¢’=-8.7271 rad

I s-omin =0.98545AU; ve=132.825 rad.

r(J_C)min:O.0163l AU >R;, ve=123.9695 rad.

It should be noted that angular diameter of Jupiter
equals 0.0018 rad for the Earth’s observer, and so, any
of small and fall down Jupiter bodies, moving along
straight lines trajectories do not cross orbits of the ter-
restrial type planets.

] I IID I JID I 3ID-

Fig. 1. Transitions of the small bodies from the helio-
centric parabolic orbits into a jovocentric trajectory
and in a heliocentric elliptical orbit (after approaching
Jupiter). ¢’ = -8.7247523821 rad. i=0°. rg.gmin =
0.004999 AU, 0<ve<200 rad. Radius of Jupiter equals
R; = 0.00047789444440 AU. rungmin = 0.095 AU,
vg=133.45 rad.
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Fig. 2. A heliocentric trajectory of the small body.
0<vg<200 rad. ¢’=-8.72323 rad. rsunc min=0.9639
AU, vg=191.04 rad. Minimal distance between Jupiter
and the small body equals 0.00014 AU < Ry,
ve=123.9538005 rad.
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Fig. 3. A heliocentric trajectory of the small body.
0<vg<200 rad. ¢’=-8.7271 rad. r(sunc min=0.98545
AU, vg=132.825 rad. Minimal distance between Jupiter
and the small body equals 0.01631 AU > R,
ve=123.9538005 rad.

Conclusion: 1. The corresponding “key holes” for the
considered small bodies which must cross the orbits of
the terrestrial type planets, after approaching Jupiter,
are equal approximately 0.004 rad (-8.7271 pan < ¢’< -
8.72323 pan), that is in comparison with the angular
diameter of Jupiter (0.0018 rad for the Earth’s observ-
er). 2. For the extremal cases, the elliptical orbits of the
bodies (initially moving along the parabolic orbit) are
symmetrical in respect of the axis of ordinates (Fig.2
and Fig. 3). 3. The perturbed bodies with mass that in
dozens time less than mass of the Moon are also trans-
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fer of the small bodies to the region of terrestrial type
planets, but the corresponding “key holes” are less in
thousands times [1].

T T T
ofy oy N 1 20 30
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Fig. 4. Jovocentric trajectory of the small body. ¢’=-
8.7271 rad. 0<vg<300 rad. Minimal distance between
the Sun and the small body equals 0.98545 AU,
ve=132.825 rad. Minimal distance between Jupiter and
the small body equals 0.01631 AU > R,
ve=123.9538005 rad.
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Fig. 5. A distance between the Sun and the small body.
0<ve<300 rad. ¢’=-8.7271 rad. rsun) min=0.98545
AU, vg=132.825 rad. Minimal distance between Jupiter
and the small body equals 0.01631 AU > Ry,
ve=123.9538005 rad.

References: [1] Perov N. I. (2016) LPS. IlIL, Ab-
stract #1010.
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ON THE NEED OF CONSTRAINING THE *PU CONTENT OF THE EARLY SOLAR SYSTEM.
M. K. Pets'! and M. A. Lugaro!, !Konkoly Observatory, Hungarian Academy of Sciences (ma-

ria.k.peto@mta.cskf.hu)

The increasing knowledge of both stable and short-
lived radioactive isotope systems allows us to study the
origin and early evolution of matter in the Solar System
(SS) [1-3]. Technological advances over the last dec-
ade have led to a highly improved characterization of
nucleosynthetic components (carrier phases) and their
variability in meteorites [4], and the results have been
used to model nucleosynthesis in different stellar envi-
ronments [e.g. 5]. Using the short-lived radionuclides
we can now investigate temporal constraints on the last
astrophysical events that added freshly synthesized
material to the matter in the interstellar medium that
ended up in the SS and constrain the isolation time of
the star-forming cloud where the Sun was born [6]. We
can trace processes (e.g., production of 2°Al) in mas-
sive stars within this stellar nursery and constrain the
pre-solar history of the SS matter. Importantly, short-
lived isotope sytems may constrain the timing of ele-
ment fractionation during the first few hundred million
years following the formation of the first condensed
mineral assemblages from the hot solar nebula, the
material processing in the proto-planetary disk, as well
as early planetary differentiation events such as core
formation, large scale silicate melting, and major vola-
tile depletion events [7].

However, in order to obtain a consistent picture of
the earliest processes shaping our SS, the initial abun-
dance of each short-lived radionuclide at the time of
the formation of the Sun has to be inferred with very
high accuracy. Specifically, we plan to improve the
current estimates of the initial 2“Pu abundance of the
SS and to apply the Pu-Xe system to both pre-solar and
terrestrial chronometry.

24py is an extinct actinide with a half-life of 81 Ma
produced exclusively by the rapid neutron-capture (r)
process, and whose presence is recorded in the xenon
isotope spectrum of early-formed solids [7]. Due to the
atmophile nature of noble gases, the 2**Pu-Xe chro-
nometer has a great potential to date early volatile de-
pletion events, however, the initial 2**Pu abundances
estimated from equilibrated ordinary chondrites and
angrites vary by almost a factor of two [8,9]. Further,
the two estimates have complementary caveats: i) The
direct approach [8] involved analysis of neutron irradi-
ated samples of the St Severin equilibrated ordinary
chondrite (LL6). The induced fission of 25U produces
fissiogenic Xe isotopes in different proportions to Pu.
With this method an initial (***Pu/?®®U),ss ratio of

0.007+£0.001 (2c) at 4567 Ma was obtained directly
from Xe measurements of stepwise heating experi-
ments (and the (?**U/%8U), ss value). However, St Sev-
erine has a complicated and heterogeneous lithology,
and may not be representative of the bulk SS composi-
tion ii) The indirect approach [9] involved analysis of
pyroxene and whitlockite phases of the Angra dos Reis
angrite using *°°Nd as a reference isotope. This resulted
in a significantly lower value of the initial
(3*Pu/?8U), ss ratio of 0.0044+0.001 (2c) at 4567 Ma.
This approach, however, measured the absolute abun-
dances of Nd on aliquots separate from the Xe analysis.

We show that current noble gas, REE and absolute
age data on different volatile depleted meteorites do
not improve the current estimate of the initial
(>*Pu/>8U), ss ratio, but calls for a new comprerhen-
sive set of experiments. We outline our new approach
that should establish reproducible differences, if any,
between volatile depleted mineral separates, igneous
differentiated meteorites, ordinary chondrites, and
CAls. We present simple volatile degassing models
that consider recent findings in solid Earth noble gas
geochemistry [10,11,12,13] and highlight the im-
portance and the several implications of an updated
estimate of the initial value: from constraints on the r-
process site, to the birth of the Sun and the timing of
the Moon Forming Giant Impact.

References: [1] Dauphas N. et al., (2015) EPSL,
427, p. 236-248. [2] Burkhardt, C. Schonbéachler, M.,
(2015) GCA, 165, 361-375. [3] Dauphas N. and
Chaussidon M., (2011) AR EPS, 39, 351-386. [4] Nit-
ler L. R. and Ciesla F. (2016) Annu. Rev. Astron. As-
trophys. 54, 53-93. [5] Lugaro M. et al. (2003), ApJ,
593, 486. [6] Lugaro M. et al. (2014), Science, 345,
650-652. [7] Carlson R. W and Boyet M., (2009)
EPSL, 279, 147-156. [8] Hudson, G. B. et al. (1989)
LPSC, 19, 547-554. [9] Lugmair G. W. and Marti K.
(1977) EPSL, 35, 273-284. [10] Mukhopadhyay S.
(2012) Nature, 486, 101-104. [11] Pet6 M. K. et al.
(2013) EPSL, 369, 13-23. [12] Caracausi et al., (2016)
Nature, 533, 82-85.[13] Marty B. et al., Science, in
press.
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REDOX VARIATIONS IN EARLY SOLAR SYSTEM MATERIALS AND IMPLICATIONS FOR LATE
STAGE PLANETARY ACCRETION AND PLANET FORMATION. K. Righter?, * Mailcode X12, NASA
Johnson Space Center, Houston, TX 77058; kevin.righter-1@nasa.gov.

Introduction: Oxygen fugacity plays an important
role in determining the detailed physical and chemical
aspects of planets and their building blocks. Basic
chemical properties such as the amount of oxidized Fe
in a mantle (as FeO), the nature of alloying elements in
the core (S, C, H, O, Si), and the solubility of various
volatile elements in the silicate and metallic portions of
embryos and planets can influence physical properties
such as the size of the core, the liquidus and solidus of
the mantle and core, and the speciation of volatile
compounds contributing to atmospheres. This paper
will provide an overview of the range of fO, variation
observed in primitive and differentiated materials that
may have participated in accretion (cosmic dust, Star-
dust and meteorites), a comparison to observations of
planetary fO, (Mercury, Mars and Earth), and a discus-
sion of timing of variation of fO, within both early and
later accreted materials. This overview is meant to
promote discussion and interaction between students of
these two stages of planet formation to identify areas
where more work is needed.

The record in primitive materials: A wide range
of fO. is recorded in primitive materials ranging from
the most reduced enstatite chondrites and CAls both
recording fO, near IW-7, to the most oxidized IDPs
and dust particles that record fO near or just above the
IW buffer [1]. Between these two end members are a
nearly continuous range of fO, recorded in ordinary, R,
and carbonaceous chondrites, Stardust particles, and
chondrules (references in [1]; Figure 1).

The record in planets: All planets experienced re-
ducing conditions that allowed a core to form, but do
not necessarily retain that early reduced nature, as crus-
tal and magmatic products on Mars and Earth are gen-
erally more oxidized than the conditions during core
formation [2]. Mercury seems well defined between
IW-7 and IW-4, the most reduced planet in our inner
solar system [3]. Mars has a significant range of fO;
from IW to FMQ+1 [4]. Earth shows the largest varia-
tion in fO, - nearly 10 log fO, units - from near IW
buffer to as high as the HM buffer [5,6]. The causes of
variation in planetary materials is discussed further
below.

Processes that change fO2: Nebular processes,
such as chemical gradients or variation in volatile spe-
ciation may cause early variations in fO, in materials

[7]. Physical transport of materials from one part of
the nebula to another may also cause redox variation
[8]. Such early records can be modified by heating
(thermal metamorphism) or fluid alteration (aqueous
alteration on parent bodies) [9,10].

Pressure variation does not produce fO, variation in
most cases, but if graphite or diamond is present, the C
phases and co-existing gas can cause large fO, varia-
tion with small pressure changes compared to standard
metal-oxide equilibria (e.g., ureilites and R-chondrites;
[11,12]). High pressure equilibria in planetary interi-
ors have potential to change fO,, whether the equilibria
involve solids [13,14] or liquids [15,16], but much
work remains to understand multi-component rather
than simple two or three component systems (e.g., Fe-S
or Fe-S-C) or reduced peridotitic melts rather than
evolved oxidized MgO-poor melts.

Timing: Variations in elemental valence of V and
Ti have been observed in chondritic materials, and
attributed to both oxidation and reduction processes.
Transient behavior has been proposed for many of
these, and such observations have been made in carbo-
naceous, ordinary, and enstatite chondrites indicating a
widespread phenomenon [17-19]. A connection be-
tween oxygen isotopes, oxygen fugacity, and dust:gas
ratios in the solar nebula has been proposed and argued
based on measurements in CR chondrites, and con-
strained within the first several Ma of solar system [7].

Variations in fO, have also been proposed for the
later planet formation stage, but there is not consensus.
Some argue for early reducing and later oxidized, as
championed by early accretion models for Earth [20]
and utilized more recently [21,22]. Early oxidized
followed by later reduction was proposed by [23], and
shown to be a possible consequence of deep metal-
silicate equilibria [15,24]. However, the latter study
also highlighted uncertainties in high pressure proper-
ties of silicate melts that allow for little to no change in
fO, resulting from deep metal-silicate equilibria
[15,24].

Outstanding questions: There are plenty of out-
standing questions and avenues for future research to
help understand the chemical and physical environ-
ments and the causes of fO, variation.

First, how oxidized was the early nebula — some
matrix material has high Fe3* [25], but it is unclear
what environment or how high fO, was to generate this



Accretion: Building New Worlds (2017)

material. Second, the role of pressure in Fe redox
equilibria — both Fe-FeO in embryos and planets, and
later FeO-Fe,O3 equilibria in planets — is poorly con-
strained, as is the controlling role of volatiles and vola-
tile speciation at pressure. To what extent do dust and
sub-meter sized materials become completely trans-
formed by higher temperature and pressure processes,
thus erasing any nebular or primitive redox signature?
Third, during oligarchic growth, the role of relative
mass and volatiles in controlling redox equilibria needs
to be better defined. For example, if there is an impact
between two bodies with a target:impactor mass ratio
of 7:3, involving a reduced target and oxidized im-
pactor, what is the fO, of the resulting body? Does the
more massive body “win”, or is the resulting body
simply a mix of the two? This is currently unknown.
And fourth, what is the role of heliocentric distance?
Was the inner solar system uniform from Mars in-
wards, or was there nonetheless variation? [26].
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Figure 1: Range of oxygen fugacity (fO; relative to the
IW buffer) recorded in various primitive materials and
chondrites. Total range of all materials is nearly 10
orders of magnitude, which makes fO, an important
intensive parameter for understanding the early solar
system. Figure from [1].
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Forming the Cold Classical Kuiper belt by Collisional Pebble accretion, Considering the Hot. Andrew Shan-
non'?, Yangin Wu®, Yoram Lithwick*®, and Rebekah Dawson'?, 'Department of Astronomy & Astrophysics, The
Pennsylvania State University, State College, PA, USA, *Center for Exoplanets and Habitable Worlds, The Pennsyl-
vania State University, State College, PA, USA, *Department of Astronomy and Astrophysics, University of Toronto,
Toronto, ON, Canada, “Department of Physics and Astronomy and Center for Interdisciplinary Exploration and Re-
search in Astrophysics (CIERA), Northwestern University, Evanston, IL, USA.

Kuiper Belt objects are conventionally thought to
have grown by the pairwise collision of planetesimals
within a massive belt that contained tens of earth
masses of material [1,2,3], a few thousand times its
present-day mass. We show that this picture very
generically results in a low efficiency of forming large
bodies, making it incompatible with Neptune's migra-
tion history[4], and the survival of the long-period bi-
naries[5]. It would also necessitate debris disks parent
bodies growing in a different fashion from Kuiper Belt
objects[6], which seems a dubious preposition. We
present a new model for the growth of Cold Classical
Kuiper Belt objects, where most of the primordial mass
begins in grains of centimeter size or smaller. These
grains collide frequently and maintain a dynamically
cold belt out of which large bodies grow efficiently.
While pairwise growth of large planetestimals is only
~0.1% efficient in making big bodies in the Kuiper
belt, this collisional 'pebble-accretion' model can result
in order-unity of the solid mass being converted into
large bodies. This high efficiency can address all the
problems posed for in-situ formation of the Cold Clas-
sical Kuiper belt. This scenario may also account for
the high binary fraction of Cold Classical Kuiper belt
objects [7], and their flattened mix of prograde and ret-
rograde orbits [8]. While considering the Hot popula-
tions is complicated by the fact that much of the infor-
mation on where they formed and under what condi-
tions was lost when they were scattered outwards [9],
we develop dynamical constraints on the high mass end
of the primordial Hot population as a precursor to eval-
uating whether its growth is compatible with collisional
pebble accretion.

References: [1] Kenyon S. J. and Luu J. X. (1998)
AJ, 115, 2136-2160. [2] Ormel C. W. et al. (2010)
Icarus, 210, 507-538. [3] Schlichting H. E. and Sari R.
(2011) ApJ , 728, 63. [4] Gomes R. S. et al. (2004)
Icarus,170, 492. [5] Parker A. H. and Kavelaars J. J.
(2012) ApJ, 744, 139 [6] Shannon A. and Wu Y.(2011)
ApJ, 728,68 [7] Fraser W. C. (2017) Nature Astron-
omy, 1E, 88F [8] Parker A. H. et al. (2011) ApJ, 743, 1
[9] Levison H. F. et al. (2008) Icarus, 196, 258-273
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Introduction: Planetesimals are the precursors to
planets, and understanding their formation is an essen-

tial step towards developing a complete theory of plan- 10° -2 :t;o

et formation, whether it be that of our own solar sys- ~ 10°F o *3;"0 . 3
tem or of the many extrasolar planetary systems dis- <3100k 309‘,“ '}j iz 1
covered in recent years. Furthermore, a detailed under- = 5 " %”"a‘n Bt

standing of planetesimal formation is necessary for %ﬁ 107 B S :
explaining the observed properties of asteroids and % 102,: ’22“22;:’2‘ °‘\3;~\ 3
Kuiper Belt objects. o'he ve 2 7-01 ]

Traditional theories attempt to explain planetesimal . . .
formation from a “bottom-up” approach; small parti- 0.0001 0.0010 " /MO‘O‘OO 0.1000
s/ Mrotol

cles (e.g., dust grains) continually grow upward in
mass and scale, finally reaching gravitationally bound
objects. For these small solid particles to coagulate
into planetesimals, however, requires that these parti-
cles grow beyond centimeter sizes; with traditional
coagulation physics, this is very difficult [1,2]. The
streaming instability [3,5], however, generates suffi-
ciently dense clumps of these smaller constituents that
the mutual gravity between the particles eventually
causes their collapse towards planetesimal mass and
size scales.

Results: Here, we present a series of high resolu-
tion, first principles numerical simulations of pro-
toplanetary disk gas and dust to examine in detail, the
formation of planetesimals and their resulting size fre-
quency distribution. We find that their differential size
distribution can be well-modeled as a power law with
power law index -2.8. This equates to a top-heavy
distribution, with most of the mass in the largest ob-
jects (see Figure 1). This power law index is robust to
resolution, initial particle size and concentration, rela-
tive strength of gravity to tidal shear, and conditions
prior to collapse. We present tentative evidence that
this universality can be tied to the power spectrum of
particle mass density prior to collapse.

References: [1] T. Birnstiel et al. (2010) A&4,
513, A79.[2] J. Blum & G. Wurm (2008), ARA&A, 46,
21. [3] A. Johansen et al. (2007), Natur, 448, 1022. J.
B. Simon et al. (2016), ApJ, 822, 55 [5] A. N. Youdin,
& J. Goodman, (2005), ApJ, 620, 459.

Figure 1 - The initial differential planetes-
imal mass function derived from simula-
tions with different particle Stokes num-
bers, 1, and concentrations, Z. The simula-
tion with the smallest particles (T = 0.006,
red) forms a significantly smaller total
mass of planetesimals during the duration
of the run, but no significant differences in
the slope of the derived mass function are
observed. The best fit power law is over-
plotted as dashed lines. (This figure is a
modified version of Fig. 2 in [4]).
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Utilizing Stable Isotopes and Isotopic Anomalies to Study Early Solar System Formation Processes. J. I. Simon,
Center for Isotope Cosmochemistry and Geochronology, Astromaterials Research and Exploration Science Division,
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Introduction: Chondritic meteorites contain a di-
versity of particle components, i.e., chondrules and cal-
cium-, aluminum-rich refractory inclusions (CAlIs), that
have survived since the formation of the Solar System.
The chemical and isotopic compositions of these mate-
rials provide a record of the conditions present in the
protoplanetary disk where they formed and can aid our
understanding of the processes and reservoirs in which
solids formed in the solar nebula, an important step
leading to the accretion of planetesimals.

Isotopic anomalies associated with nucleosynthetic
processes are observed in these discrete materials, and
can be compared to astronomical observations and as-
trophysical formation models of stars and more recently
proplyds, e.g., [1]. The existence and size of these iso-
topic anomalies (e.g., [2]) are typically thought to reflect
a significant state of isotopic heterogeneity in the earli-
est Solar System, likely left over from molecular cloud
heterogeneities on the grain scale [3], but some could
also be due to late stellar injection (e.g., [4]). The ho-
mogenization of these isotopic anomalies towards plan-
etary values can be used to track the efficiency and time-
scales of disk wide mixing, e.g., [5-7].

Mass-dependent fractionation recorded by the iso-
topic compositions of early formed solids is primarily
controlled by chemical volatility. Evaporation/sublima-
tion are well understood through both theory and exper-
imental work, but until recently we’ve only had a qual-
itative understanding about the fractionation effects of
condensation (see [8, 9]).

I will present several “case studies” that emphasize
the useful insights that can be had, and the complexity
of the stable isotope records contained in early formed
astromaterials. These isotopic records reflect the tem-
peratures, pressures, and gas compositions in which
early formed solids originated, as well as, the timing in
which these particles exchanged with different nebular
gas reservoirs. In combination with theoretical models
of isotopic fractionation, these results can be used to
critically test assumptions and input parameters (i.e.,
temperature, pressure, nebular gas composition, and
timescale) of contrasting astrophysical models of pro-
toplanetary disk evolution.

Analytical Background: Many current isotopic dis-
coveries are possible because of improvements in ana-
lytical methods. These either reflect advancements in
precision (e.g., calcium, [9]), spatial resolution (e.g., 0x-
ygen [10]), or a bit of both (e.g., magnesium [11]). It is

common for these measurements to be made in conjunc-
tion with radiogenic dating methods (see Wadhwa, this
workshop) and we strive to integrate all of these isotopic
measurements into their petrological context.

Theoretical Background: The anomalous distribu-
tion of oxygen isotopes among planetary materials is a
fundamental chemical feature of the Solar System [12].
Mass independent variations in '°0 relative to '"O and
"0 (expressed as deviations from the terrestrial mass-
fractionation line, A'’0) is commonly ascribed to pho-
tochemical self shielding by CO, which produces '°O-
depleted H,O, and because this H,O gas readily ex-
changes with silicate minerals. The isotopic signature of
CO self shielding is likely a function of position and
time in the protoSolar disk [13]. It can be argued that
heterogeneities in early formed solids reflect their evo-
lutionary history in the nebula, although later parent
body alteration can certainly obscure this history.

Theoretical and experimental studies imply that
evaporative residues must have been heated at low pres-
sures for appreciable mass dependent isotopic fraction-
ation to be preserved [14-22], e.g., the heavy Mg isotope
enrichments of many CAls imply that they experienced
evaporation at low pressures (<10 bar), conditions that
are thought to be typical near the protoSun.

The isotopic consequences of condensation from a
nebular gas can be considered in terms of the kinetics of
condensation, the degree of undercooling, and potential
reservoir effects [8, 9]. The magnitude of fractionation
is controlled mainly by the transformation from vapor
to solid with the exact identity of the solid phase(s) be-
ing of less importance. Ultimately, the relative im-
portance of equilibrium versus the potentially much
larger kinetic effects in the isotope fractionation de-
pends on the degree of “overstepping” thermodynamic
equilibrium, which can be equated with a temperature
difference (i.e., undercooling).

Oxygen isotopes: In general, CAls are understood
to start '®0-rich relative to chondrules and other “more”
planetary materials and to record the isotope composi-
tion of solar nebular gas from which they grew. Recent
high spatial resolution oxygen isotope measurements af-
forded by ion microprobe analysis across the margins
and rims of CAls reveal systematic variations in A'’O,
which suggests formation from a diversity of nebular
environments [10, 23]. The variability implies that CAls
probably formed from several oxygen isotopic reser-
voirs. The observations support early and short-lived
fluctuations of the environment in which CAIs formed,



Accretion: Building New Worlds (2017)

either because of transport of the CAls themselves to
different regions of the solar nebula or because of vary-
ing gas composition near the protoSun.

Recently, NanoSIMS oxygen isotopic imaging of a
primitive spinel-rich CAI spherule (27-2) from the MIL
090019 CO3 chondrite has confirmed the existence of
outward enrichment of '°O [24], indicating that at least
some CAls exchanged with '°O-poor nebular gas fol-
lowed by a more '°O-rich gaseous reservoir. Likewise,
the observed radial oxygen isotopic heterogeneity
among multiple occurrences of the same mineral in this
inclusion strongly supports interpretations of interac-
tions with distinct nebular oxygen reservoirs.

Magnesium (and Silicon) isotopes: Significant ad-
vances in measuring moderately volatile Mg (and Si)
have been made by coupling a short-pulsed laser with a
MC-ICPMS. In particular, this in situ approach affords
the measurement of detailed intra-particle isotope zon-
ing profiles across the margins of inclusions and rims
that make up the outer portion of most CAls [11]. Be-
cause Mg isotope zoning across melilite at the margins
of CAls can be decoupled from the chemical zoning of
the melilite (typically dropping from the relatively
heavy Mg isotopic enrichments indicative of the cores
to normal Mg isotopes at the margins), the Mg isotope
zoning profiles are interpreted to reflect solid-state dif-
fusive exchange with the gas attending growth of their
rims [25]. Furthermore, the near normal Mg isotopic
compositions observed in the rims indicate that these
mineral layers are in part condensates that formed at rel-
atively high gas pressures (P, and/or Py) while the
heavy Mg isotopic enrichments of the interiors of igne-
ous CAls (once molten in space) show that they are
evaporative residues formed at lower gas pressures
(Pr2) [11].

Fractionation of Mg isotopic compositions in rims,
e.g. [11], has not been quantified. These rims can have
lower Mg isotopic compositions than typical of plane-
tary materials and are not convincingly explained by
parent body processes. Using a new fractionation theory
for condensation [9] it can be shown that these rims
likely formed by small (0.5-1.0 °C) degrees of non-equi-
librium condensation (i.e., undercooling) from a gas
with a “normal” planetary Mg isotopic composition.

Because silicon is also a moderately volatile ele-
ment, the comparison of Mg with Si isotope measure-
ments to models for the chemical and isotopic effects of
evaporation of molten CAls can be used to produce a
univariant relationship between pressure (Py) and time
during melting [20]. These results show that igneous
CAls were molten for short periods of time (hours to
days). In some cases, subsolidus heating sufficient to
produce diffusion-limited heavy isotope enrichment at
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the margin is required [20, 25]. The cumulative time-
scale for the sublimation history is longer, years to 100’s
years, but not as long as the 10° to 10 years required for
the inward diffusive exchange computed by modeling
the “normal” Mg isotopic zoning and O isotopic zoning
commonly seen in other CAls [23, 25].

Calcium and Titanium isotopes: Using isotopic
compositions of the refractory elements Ca and Ti to un-
derstand the isotopic effect of condensation allow us to
more accurately assess the initial isotopic ratios of the
more volatile Mg and Si potentially overprinted by later
evaporation events. Furthermore, these results allow us
to assess whether a given CAI is a primary condensate
from a homogeneous solar gas or instead represents a
mixture of materials from a variety of early reservoirs.

Although substantial work remains, it is clear that
many “normal” CAls, and/or their precursor materials,
record a multi-step/source condensation history [2, 9].
The extreme depletions of Ca isotopes and slight enrich-
ments of Ti isotope effects measured in a fine-grained
CAI exemplify the complicated condensation history of
early formed solids. Such fine-grained textures are often
assumed to signify a primitive nature for nebular mate-
rials, but they may in fact reflect condensation from rel-
atively evolved (fractionated) nebular gas. An origin as
primordial condensates might be incorrect. Addition-
ally, the discovery of Ca isotopic zoning [9] in a Type
B1 igneous CALI likely involves condensation from an
evolving gaseous reservoir, presumably after now ex-
tinct Al was added to the Solar System, but before its
moderately volatile element isotopic signatures were
set. Thus, the existence of Ca isotopic zoning in this in-
clusion implies that a majority of its Mg isotope record
pertains to a later, likely subsolidus, nebular history.
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707-715, [6] Moynier, F., et al. (2010) The Astrophys. Journal 718,
L7-L13, [7] Jordan, M.K_, et al. (2017) in 48" LPSC, Abs. #3032, [8]
Simon, J.I. and D.J. DePaolo (2010) EPSL 289, 457-466, [9] Simon,
J.L, et al. (in press) EPSL, [10] Simon, J.L, et al. (2011) Science 331,
1175-1178, [11] Simon, J.I, et al. (2005) EPSL 238, 272-283, [12]
Clayton, R.N., et al (1973) Science 182, 485-488, [13] Young, E.D.
(2007) EPSL 262, 468-483, [14] Davis, A.M., et al. (1990) Nature
347, 655-658, [15] Esat, T.M., et al. (1986) Nature 319, 576-578, [16]
Grossman, L., et al. (2000) GCA4 64, 2879-2894, [17] Nagahara, H.
and K. Ozawa (2000) Chemical Geology 169, 45-68, [18] Yamada,
M., et al. (2006) Planet. and Space Sc. 54, 1096-1106, [19] Young,
E.D. and S.S. Russell (1998) Science 282, 452-455, [20] Shahar, A.
and E.D. Young (2007) EPSL 257, 497-510, [21] Knight, K.B., et al.
(2009) GCA 73, 6390-6401, [22] Zhang, J., et al. (2014) GCA 140,
365-380, [23] Simon, 1.1, et al. (2016) GCA 186, 242-276, [24]
Simon, I.L, et al. (2017) in 80™ MetSoc, Abs. #6123, [25] Simon, I.L.
and E.D. Young, EPSL 304, 468-482.



Accretion: Building New Worlds (2017)

2009.pdf

Broad size-dependent particle populations in chondritic meteorites: implications for planetary accretion. J. 1.
Simonl, K. A. McCainz, M. J. Cato3, P. A. Christoffersen4, K. R. Fisherl, P. Srinivasan3, A. W. Taits, J. N. Cuzzi®.
'NASA Johnson Space Center, Houston, TX 77058, USA (justin.i.simon@NASA.gov), “University of California, Los
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*NASA Ames, Moffett Field, CA 94035, USA.

Introduction: Magnesium-rich silicate chondrules
and calcium-, aluminum-rich refractory inclusions
(CAIs) are fundamental components of chondritic me-
teorites. Concentration of these early-formed particles is
conventionally understood to reflect nebular sorting
processes leading to accretion of planetesimals, plane-
tary bodies that represent the building blocks of the ter-
restrial planets. In principle, studies of chondrule [1]
and CAI [2] size-frequency distributions in chondritic
meteorites can be used to test astrophysical sorting pro-
cesses, but with a few exceptions (e.g., [3]) the data sets
are rather small and differences within and between
these distinct particle groups, both of which are made
up of diverse subgroups with different minerals and
thermal histories, remain poorly quantified.

Here we present particle size-frequency data for
Northwest Africa 5717, a primitive ordinary chondrite
(ungrouped 3.05) and the well-known carbonaceous
chondrite Allende (CV3). Instead of the relatively nar-
row size-distributions often used in astrophysical mod-
els to simulate the dynamics of protoplanetary disks, we
observe broad size-frequency distributions across all
particle types in both meteorites. Detailed microscopic
image analysis of Allende provides evidence that initial
differences in the size-frequency distributions of chon-
drule subtypes existed, but that collectively these sub-
populations comprise a composite “chondule” size-fre-
quency distribution that is similar to the broad size-fre-
quency distribution found for CAls. These data suggest
that astrophysical disk models that predict a narrow par-
ticle size population and conventional particle analysis
methods must be critically reevaluated.

Methods: Energy-dispersive X-ray chemical maps
were obtained by scanning electron microscope (SEM)
analysis of six Allende fragment samples (0.86 cm’,
1.52, cm’, 1.82 cm’, 1.86 cm’, 1.91 cm?, 2.11 cm’ sized
pieces) using the JEOL 7600 field emission SEM at
NASA Johnson Space Center. Integration of character-
istic X-ray emission from multiple elements was used to
create chemical phase maps in which all of the particles
greater than ~50 pm in diameter were characterized.

Results obtained from X-ray image analyses were
compared to results derived from a mosaic of photo-
graphic images obtained from an adjacent slab of Al-
lende that is ~20 cm x 25 cm (see [4]). A similar photo
mosaic was made for a ~11 cm x 14 cm slab of NWA

5171. To evaluate the particles of the slabs, we photo-
graphed each using a camera attached to an optical mi-
croscope. Constituent particles (e.g., chondrules and
CAls) within the photo mosaics were outlined in Adobe
[lustrator or Photoshop using a large digitizing art
board. One side of each slab, comprised of ~300 and 400
images for NWA 5171 and Allende respectively, was
chosen for detailed analysis. Although some particles as
small as ~25 um were identified, an accurate account of
particles less than ~250 um in the slabs was not feasible.

The characterization of all particles identified by
SEM X-ray images (and in the slabs) were divided into
subgroups (after [5]). Unless stated otherwise, the size
measurements denote the geometric mean size of parti-
cle cores without the added thickness of their associated
rims (Fig. 1).

Results and Discussion: From this analysis, 13
size-frequency data sets were selected for which enough
data was collected to yield statistically meaningful re-
sults. These data sets are: (1) Maximum chondrule size
(ChonMax, n=2339) that includes the added thickness
of rim when present, (2) Chondrule core size (All-
chonCore, n=2556) regardless of whether they have
rims, (3) All inclusions types (n=195), (4) Chondrule
cores (CoreNoRim, n=2161) that lack rims, (5) Chon-
drule cores (CoreWRim, n=387) of chondrules with
rims, (6) Porphyritic Olivine (PO) chondrule cores
(n=1306), (7) Porphyritic Olivine Pyroxene (POP)
chondrule cores (n=1042), (8) Porphyritic Pyroxene
(PP) chondrule cores (n=153), and (9) Type A CAIls
(n=157) for Allende SEM data and (10) all particles for
Allende slab (n=6530), (11) particles contained only in
the light lithology of NWA 5717 slab (n=4121), (12)
particles contained only in the dark lithology of NWA
5717 slab (n=8206), and (13) all particles for NWA
5717 slab (n=12,966).

The broad size-frequency distributions of chon-
drules and CAls in Allende are depicted in Fig. 1A. The
distributions of the most abundant particle subgroups
detailed in the SEM images are shown in Figure 1B. The
largest differences observed exist between POP chon-
drules (n=1042) that are relatively more abundant at
larger sizes and PO chondrules (n=1306) that are rela-
tively more abundant at smaller sizes. The third most
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10° abundant chondrule subgroup (PP) defines a distribu-

b . tion that is nearly indistinguishable from the overall

100 L //\’4\»’\ broad distributions of CAls and chondrules

. !’ 2339 \ (“ChonMax”), the latter of which is largely comprised

102 | of POP and PO chondrules. It is remarkable, but un-

likely a coincidence that when the POP and PO chon-

drule populations are grouped together that they exhibit

10° ¢ ChooM nearly the same size-frequency distribution as PP chon-
—cC A(}rsl w drules and CAls.

10+ AllchonCore The SEM results are generally consistent with com-

___ Disaggregated ‘unfolded’ ponent particles identified in the photo mosaic Allende

105 E (P&C 1997) slab sample. Although CAls in the slab are generally

- g;j‘cgglr;g%ed raw visible against the dark matrix, the outlines of chon-

106 drules proved more difficult to delineate as compared to

_n=155 B. X-ray maps and their frequency appears to have been
undercounted due to selection bias at sizes less than
~200 pm (Fig. 1C). A similar apparent drop in particle
counts at the smaller sizes is seen in the NWA 5717 slab

8
8 ol ! T St _
5 107} n=1042 data (Fig. 1C). Likewise, based on the largest particle
g sizes that have been reported in the literature, the X-ray
< et image data are not fully representative for the largest
< — PP ) : A
) sizes. Despite these complications, in both types of Al-
E 104 | — PO lende data and in NWA 5717, broad particle size-fre-
= — POP quency distributions are measured. These observations
Qcé I AllchonCore contrast sharply with existing studies (see [1] and refer-
10 £] __ Disaggregated ences therein) and suggests that there are systematic se-
(P&C 1997) lection bias effects in previous investigations, likely un-
10° dercounting both smaller and larger sized particles to a
n=6530 - nzlf’g% C. degree that is significantly greater than in this study.
10" | ; ~ Summary: The similar broad distribution of particle
and Y, sizes measured among particles in primitive meteorites,
102 \ in particular among subgroups in Allende (i.e.,
ChonMax, unrimmed core, and CAls) suggests that one
10° L|— Slab (Allende) final event or process sorted CAls, rimless chondrules,
—— Slab (NWA 5717) anq qlready-rin'lme'd chondrules c'ollectively prior to
| = Slab (NWA light) their 1pc0rporat10n into the chondrlt'e parent bgdy. The
______ Slab (NWA dark) accretion event would have over—'prlnted previous filf-
- ferences (e.g., PO vs. POP) that existed between particle
10° ¢ lS)]iE‘S]a\gg(r?gl;(t::dorlCOFe) V types, which are either due to differences in their initial
T (P&C 1997) formation or due to previous sorting events of the dis-
106 ‘ ‘ tinct particle types. The similarity between the size-fre-
5x10' 5x10? 5x10° quency distributions of Fe-Mg-Si-O chondrules and the
Diameter (Mm) more refracto'ry Ca—Al-'rich inclu§ions indicate size
played a dominant role in the sorting of early-formed
Figure 1. Size-frequency distributions of the particle particles. The universally observed broad size-fre-
components of Allende and NWA 5717 meteorites. quency distributions reported in this study affords strict
(A) Distributions of chondrules and CAls compared constraints on protoplanetary disk planetesimal models.
to the narrow range of particles disaggregated by [6]. References: [1] Friedrich et al. (2015) Chemie der
(B) Distributions of most abundant petrographically Erde 75, 419-443, [2] Hezel et al. (2008) MAPS 43,
distinct particle types. (C) Slab data of Allende and 1879-1894, [3] Rubin (1989) MAPS 24, 179-189, [4]
ordinary chondrite NWA 5717. Particles are binned Tait et al., (2016) EPSL 454, 213-224, [5] Gooding and
geometrically. The effect of non-diametric particle Keil (1981) EPSL 16, 17-43, [6] Paque and Cuzzi

sectioning is corrected for with unfolding calcula-

. (1997) 28™ LPSC, Abstr. #071, [7] Cuzzi and Olson
tions [7].

(2017) MAPS 52, 532-545.
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THE CURRENT SOLAR SYSTEM AND CLUES TO ITS PAST. C. A. Thomas', 1Planetary Science Institute
(1700 East Fort Lowell, Suite 106, Tucson, AZ 85719, cthomas@psi.edu)

Introduction: The current physical characteristics
of the small body populations enable investigations of
the evolution of our Solar System. For instance, the
range of observed compositions can tell us a lot about
the starting conditions and early dynamical evolution
of the primordial disk. Each measured physical proper-
ty (e.g., size frequency distributions, rotation rates)
sheds light on some past evolution. As we continue to
characterize these populations, we further our under-
standing of the Solar System as a whole.

Small Body Populations: In this talk, I will dis-
cuss compositional and dynamical constraints revealed
by observations of the various asteroid populations.

Main Belt Asteroids. The Main Asteroid Belt is
important because it is what remains of the initial plan-
etesimal population in the inner Solar System. Early
observations of MBAs demonstrated that there was a
heliocentric gradient in the Main Belt with the silicate-
rich, volatile-poor S-type objects preferentially located
in the inner Main Belt and the primitive, volatile-rich
C-type objects more prevalent in the outer Main Belt
[1]. This basic structure of the Main Belt is consistent
with the idea that the protoplanetary disk had decreas-
ing temperature with increasing distance from the Sun.
However, the different taxonomic types are also par-
tially mixed in semi-major axis, which suggests that
the populations have dynamically evolved from their
formation locations [2].

One way of studying the chemical evolution of the
asteroids is to examine asteroid families. Families are
dynamical groups produced by catastrophic collisions
and large cratering events. Due to their formation pro-
cesses, families provide us with the opportunity to
probe the interiors of the former parent bodies.

Trojan Asteroids. Jupiter’s Trojan asteroids are
trapped in the stable L4 and L5 Lagrange regions and
are estimated to be as numerous as the Main Belt as-
teroids. Dynamically, their orbits are stable over the
age of the Solar System [3]. Their composition and
inferred origin of the Trojan asteroids could provide
evidence to distinguish between the different models of
Trojan capture and Solar System dynamical evolution.
Unfortunately, their compositions are still poorly con-
strained.

Near-Earth Asteroids. The majority of near-Earth
objects originated in collisions between bodies in the
Main Belt and subsequently found their way into near-
Earth space through a series of dynamical interactions.
The NEO population is dynamic and has changed over

time as the material entering into the Main Belt source
regions has changed. One of the big challenges in the
study of NEOs is determining the relationships be-
tween the NEOs, their Main Belt source regions, and
the meteorite populations. By solidifying these links,
we can infer the compositions of various asteroids. We
can also compare the compositions of the various pop-
ulations. For instance, we expected the compositional
diversity of the meteorite fall population to match the
variety of compositions seen in the NEO population.
However, as we learn more about the NEO population
we see that the two populations are not as similar as
expected.
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Figure 1: Cartoon of the effects of planetary migration
on the Main Belt from DeMeo and Carry [4]. The fig-
ure shows some major components of current dynam-
ical models.
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TURBULENCE IN PROTOPLANETARY DISK DEAD ZONES - RECENT ADVANCES., O. M.
Umurhan'?, P.R. Estradal’z, J.N. Cuzzil, 'NASA Ames Research Center, MS 245-3, Moffett Field, CA 94035-
1000, SETI, Carl Sagan Institute, Mountain View, CA 94043, (orkan.m.umurhan@nasa.gov)

Introduction: Theoretical advances on the dynam-
ical nature of protoplanetary disk (pp-disk, hereafter),
especially inside their so-called Dead Zones (DZ),
have several important implications for the accumula-
tion and evolution of planetesimal dust. This presenta-
tion reviews the current state of understanding of fluid
dynamical processes in pp-disks with a special empha-
sis on what appears to drive turbulence in DZ’s includ-
ing the Vertical Shear Instability (VSI), Convective
Overstability (CO) and the Zombie Vortex Instability
(ZVI). These processes have been theoretically identi-
fied to be relevant in DZ’s only in the last 5 years.
Each of the mechanisms discussed critically depend on
the thermal distribution and cooling times of the disk
and are fundamentally thermomechanical processes
drawing on the radiant energy of the star.

Given recently developed and published global pp-
disk models, we pin-point which mechanism operates
in which part of the disk for a given evolutionary
epoch of the pp-disk and what qualitative effect they
will have upon the kineamatics of planetesimals. The
opacity and the temperature distributions in many pub-
lished global disk models depend upon the parametri-
zation of the turbulent stresses thought to be present.
Turbulent stresses are often represented in these model
by a classic o — disk parametrization which assumes

these stresses are released in the disk both steadily and
uniformally. Realistic disks exhibiting any one (or a
combination) of these dynamical processes will have
turbulent stresses that are distributed in both space and
time which, in turn, will affect the thermal and cool-
ing-time properties of the disk as well as the concentra-
tion of dust. For typical pp-disk conditions, the above
linear instability mechanisms appears to drive turbu-

lence to the level of a~ 107 —107°.

Instabilities and how they fit together in a pp-
disk turbulence paradigm: The last ten years has
seen a explosion of theoretical interest in the dynam-
ical state of the pp-disk DZ’s [1]. Their importance
hinges on the expectation that bulk of planetesimal
growth likely takes place within these relatively quies-
cent regions of disks. The degree to which the flow is
disordered directly effects the quality of and degree to
which planetesimal growth occurs -- and for how long.
Over these past ten years DZ’s have gone from being
considered absolutely inactive to now possibly harbor-
ing a whole suite of dynamically active processes in-
volving, to varying degrees, the influence and interac-
tion between disk gas and dust particles. These pro-
cesses include those that are classical linear instabili-
ties of Keplerian and near-Keplerian flows as well as

Fig. 1. Numerical simulation of the full turbulent de-
velopment of the VSI [8]. Left panel: midplane view
of vorticity while the Right panel shows radial-vertical
height view of the azimuthal vorticity field.

non-modal growth mechanisms. The former category
includes the dynamics of the subcritical baroclinic in-
stability (SBI), the Rossby wave instability (RWI), the
vertical shear instability (VSI, Fig. 1) [2,4-6] the Zom-
bie vortex instability (ZVI) [7,8], Convective oversta-
bility (CO) [9-11], the elliptical instability (EI) [12],
and the streaming instability (SI) — a summary is found
in [2] and also see [3].

In this presentation we review these various mech-
anisms, under what conditions they operate and, ulti-
mately, how they relate to one another within a pro-
posed hierarchical turbulence framework (e.g., Fig. 2).

These relatively localized small-scale instabilities
occur in stable vertically stratified disk sections. Their
presence or absence depends upon the thermal relaxa-
tion timescales T, of the disk material, which are set

by the optically thick/thin radiative processes, and are
a function of both the radius and vertical location with-
in the disk: (1) The VSI becomes active when
T,<0.1t,, where 7, is the local disk orbit time

[7,8], (2) ZVI is active in the opposite regime where
7. >10-207,, [4], while CO is expected to be active

in a window centered on 7, =7, [10]. For all linear

orb

instability mechanisms, the degree of emergent turbu-
lent activity, as measured by the inverse of the turbu-
lent Reynolds number,or =1/Re broadly falls in

the range of ¢ =107 -107" .

Thermal/Opacity profiles: The thermal cool-
ing/relaxation times, which are directly influential in
the operation of the above mentioned linear in-
staiblities, depend critically on the disk opacities. Disk
opacities, dominated by the growing dust particles,
evolve on a short timescale and are sensitive to the

turb
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degree of turbulence in the disk. However, examining
the long term evolution of global pp-disk models (in-
cluding their dust constituent) while concommitently
resolving the underlying dynamical turbulence mecha-
nisms still remains a computationally expensive propo-
sition. Dimensionally reduced models of pp-disk evo-
lution that take into account growth and transport of
dust necessarily requires parametrizing the momentum
transport induced by the turbulence mechanisms (like
the ones mentioned above) using familiar disk model-
ing techniques. Recent results of [13] (ECM-16)
which describe vertically integrated axisymmetric disk
evolution models predict the density, temperature,
opacity and dust particle distribution as a function of
disk location and epoch for input values of dust porosi-
ty and turbulent ¢ in addition to other gross properties
of the circumstellar system. The evolving nature of the
thermal relaxation times are intimately connected to
the development of the Rosseland/Planck mean opaci-
ties which is a sensitive function of the input values of
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Fig. 2. Proposed scenario of turbulent cascade for pp-
disk mechanisms.

(expressed in terms of local scale height H). Degree

of turbulence is or ~ 4 X107,

As such, the thermal structure and opacity distribu-
tion of a disk depends upon the degree of underlying
turbulent intensity. However, the very same turbulence
and its intensity, as described above with regards to the
operation of the aforementioned linear instability
mechanisms, depends upon the opacities. I will pre-
sent some preliminary results estabilishing the location
of an evolving ECM-16 pp-disk model. Figure 3 of-
fers a flavor of the results of where to expect which
linear instability mechanism in the form of a pp-disk
“butcher” diagram. Similar work along these lines
have been published and these will be discussed as
well [14].
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Turbulence, Where? A Butcher’s Diagram
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Fig. 3. As derived from 1D evolution models of ECM-
16. The mutually exclusive cooling-time/opacity re-
quirements of the 3 primary turbulence mechanisms
means that any one part of a pp-dsk DZ has some tur-
bulent activity. Time corresponds to 200,000 yr and

A indicates radial scale of primary turbulent driving
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NORTHWEST AFRICA 11042: A PRIMITIVE ACHONDRITIC MELT FROM THE L CHONDRITE
PARENT BODY. Z. Vacil, C. B. Agee!, K. Ziegler!, Y. Asmerom?, V. J. Polyak?, M. Humayun®, lInstitute of
Meteoritics, 2Department of Earth and Planetary Science, University of New Mexico, Albuguerque, NM; *Department
of Earth, Ocean, and Atmospheric Science, Florida State University, Tallahassee, FL.

Introduction: Northwest Africa 11042 (NWA) is
an ungrouped primitive achondrite with unique petrol-
ogy and geochemistry that groups it with the L chon-
drites. A single 90.1 g stone was purchased from Ab-
delhadi Aithiba in Morocco in 2016. The stone is cov-
ered in black fusion crust with a broken surface that dis-
plays a low degree of weathering.

Petrography: NWA 11042 is ultramafic and dis-
plays a phaneritic cumulate texture of olivine (FO=75,
46 vol%), pyroxene (En=74 Fs=20, 38 vol%),
maskelynite (Ab=83 An=12, 15 vol%), and chromite (1
vol%). Trace phases are troilite which is usually paired
with kamacite and minor taenite, and trace apatite
(CIA=80). All plagioclase has been transformed to
maskelynite.

Shock-melt pockets that range in size from a few
hundred pum to a few mm are found throughout the
groundmass, and some contain olivines which have
been partially transformed to the high-pressure phase
ringwoodite (Fig. 1). In backscattered electron (BSE)
imagery, dark rims are observed around the melt pock-
ets (Fig. 2). Metal nanoparticles are observed exsolving
from surrounding mineral grains within these dark rims,
indicating that areas surrounding the melt pockets are
being reduced by the melt.

Figure 1 showing plane-polarized light image of a large
shock-melt pocket with blue ringwoodite visible.

Geochemistry: The oxygen isotopic composition
of NWA 11042 does not match that of any grouped
achondrite. Instead, it plots within the range of the L
chondrites (580=4.46; 570=3.34; A’0=1.03) (Fig. 3).
The whole-rock rare earth element (REE) composition

is approximately 2X CI chondritic [1] and displays an
almost entirely flat pattern (Fig. 4). Maskelynite shows
a positive Eu anomaly, and pyroxenes display comple-
mentary negative Eu anomalies, both of which are char-
acteristic of igneous differentiation.

The 3Nd/**Nd and 47Sm/*4Nd values for a whole-
rock sample and olivine, pyroxene, and melt pocket sep-
arates were measured in order to find a crystallization
age. The olivine, pyroxene, and whole-rock samples
plot a 3-point isochron with an age of 4100 £ 160 Ma
(Fig. 5). The melt pocket separate plots off of this
isochron at a much younger age.

curr HV | mag M| mode |spot| WD 200 ym ———
22.6nA|30.0kV| 200x [ZCont 3.5 |9.9 mm 30V

Figure 2 showing BSE image of shock-melt pocket.
Partially melted relict phases are surrounded by glassy
melt, and a dark reduction rim surrounds the melt.

Discussion: While the oxygen isotopic composition
and REE pattern of NWA 11042 is L chondritic, its ma-
jor element chemistry and petrology are distinctly
achondritic. It does not contain any relict chondrules,
and its igneous texture is overprinted by shock-melt fea-
tures and thus is not produced by them. It is also de-
pleted in siderophile elements relative to the L chon-
drites (Fig. 6), suggesting it is a product of differentia-
tion. The oxygen isotope composition of NWA 11042
is similar to that of two other ungrouped achondrites,
NWA 4284 (8'80=4.22; 8'70=3.24; AY0=1.02) and
NWA 6698 (5'80=4.77; §70=3.74; AY0=1.23). NWA
4284 has a similar igneous texture and mineralogy, with
higher modal pyroxene and plagioclase. Some of its
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plagioclase has been transformed to maskelynite, but it
does not feature shock-melt pockets or veins.
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The flat REE pattern of NWA 11042 suggests that it
was derived from L chondritic material. However, its
depleted siderophile element content (Fig. 6) imply that
its parent body underwent a core formation event. Its
Sm-Nd crystallization age is also younger than any
chondrite by several hundred Ma. This includes the
highly metamorphosed L5 and L6 chondrites, which
have younger ages than L3 and L4 because they were
heated for longer by the decay of extinct radionuclides
[3]. The young age of this meteorite could possibly be
an artifact of contamination and incorporation of par-
tially reset shock-melt material into the mineral separate
isochron. Alternatively, if NWA 11042 is a product of
melt and differentiation within the L chondrite parent
body, it could have undergone an unusually long and in-
tense heating event for chondritic material and thus its
Sm-Nd isotopic composition took longer to reach clo-
sure temperature, resulting in a younger age.

The well-known “onion shell” model of the L chon-
drite parent body [4] displays increasing thermal meta-
morphic gradient with depth. The L3 chondrites form
the outer shell, followed by the L4, L5, and L6 chon-
drites with increasing depth. The minimum time re-
quired for material to cool past its closure temperature
increases with temperature and depth, and this is why
the more metamorphosed chondrites are progressively
younger. The existence of a melt within the L chondrite
parent body further raises the necessary temperatures
and minimum time before radioisotope closure. It
would also increase the minimum size requirement for
the L chondrite parent body, as a larger size is needed to
heat chondritic material past its melting point.

References: [1] Lodders K. (2010) Principles and
Perspectives in Cosmochemistry p. 379-417. [2] Was-
son and Kallemeyn (1988) Proc. Roy. Soc. London
A325 [3] Blackburn T. (2017) Geochimica et Cosmo-
chimica Acta 200:201-217. [4] Bennett M. E. and
McSween H. Y. (1996) Meteoritics & Planetary Sci-
ence 31:783-792.
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Introduction: The details of the physical processes
involved in the accretion of planetesimals in the early
Solar System are not well understood, and have been
the focus of several recent theoretical modeling inves-
tigations (e.g., [1] and references therein). The precise
timescales of these processes are key inputs for such
models. Most constraints on the timescales involved in
the transition from dust-sized particles in the pro-
toplanetary disk to planetesimals (diameters ~100-
1000 km) come from chronologic investigations of
meteorites and their components. The following pro-
vides a review of the current state of knowledge in this
area, which has implications for timescales for accre-
tion of planetesimals in the early Solar System.

Constraints from chondritic components:
Chondritic meteorites are composed of variable pro-
portions of four main components formed in the solar
nebular environment, i.e., refractory inclusions, chon-
drules, fine-grained matrix and Fe-Ni metal [2].
Chronologic investigations of the refractory inclusions
and chondrules in particular have provided important
constraints on the accretion timescales of chondritic
parent bodies and are discussed below.

Calcium-aluminum-rich inclusions: The refractory
calcium-aluminum-rich inclusions (CAI) in primitive
chondritic meteorites range in size from tens of mi-
crometers to centimeters, and represent the earliest
solids to form in the solar protoplanetary disk [2,3]. As
such, these objects can be considered to be markers
that define the beginning of the Solar System (T,) and
provide a record of the earliest epoch in the evolution
of the solar protoplanetary disk. Since the confirmation
of *U/°U variation in CAls [4], only a few studies
have been conducted where Pb-Pb ages were reported
for CAIs for which the U isotope compositions were
also measured [5-7]. These ages range from
4567.2+0.5 Ma and 4567.3£0.2 Ma for CAls from
Allende [5] and Efremovka [7] CV3 chondrites, re-
spectively, to 4567.9+0.3 Ma for a CAI from North-
west Africa (NWA) 6991 CV3 chondrite [6]. Previous
studies have shown that both the Allende and
Efremovka parent bodies experienced significant but
variable alteration [8,9] and thus CAls in these CV
meteorites may be affected to varying degrees. This
raises the possibility that the systematically younger
ages of CAls in these meteorites may be the result of
isotopic disturbance, and CAls in other, potentially less
altered, primitive chondrites should be investigated for

accurately determining the absolute chronology of So-
lar System formation.

Regardless of the absolute age of CAI formation,
high-precision *°Al-**Mg systematics indicate that
some CAls that formed as condensates from the nebu-
la, as well as the precursor solids of those that under-
went subsequent melting, formed during a very short
time interval of <20 Ka [10-13]. Furthermore, other
CAls appear to have undergone melting and re-melting
episodes in the solar nebula over a somewhat more
extended time period lasting a few hundred Ka (e.g.,
[13]). This requires CAls to have remained as free-
floating objects in the solar nebula for at least this du-
ration. This time interval is consistent with the AI-Mg
relative ages determined for Wark-Lovering (WL) rims
from some CAls [14,15]. However, a recent high spa-
tial resolution *°A1-**Mg study of WL rims from two
relatively pristine CAls from the NWA 8323 CV3
chondrite suggested that these CAls may have re-
mained as free-floating objects (without accreting into
larger parent bodies) for up to ~2-3 Ma in the solar
nebula [16].

Chondrules: Chondrules are tens of micrometers to
millimeter-sized  igneous-textured ferromagnesian
spherules that typically comprise a significant fraction
of chondritic meteorites [2]. The Al-Mg systematics in
chondrules from a variety of chondrite types have been
extensively studied and suggest that most chondrules
were formed ~2-3 Ma after CAls ([17] and references
therein). Absolute Pb-Pb ages for individual chon-
drules have so far only been reported by [7]. These
authors reported "’Pb-"*Pb ages ranging from
4567.3+0.4 Ma to 4564.7+0.3 Ma for five chondrules
from the Allende CV3 and the NWA 5697 L3 chon-
drites (assuming a **U/*°U ratio of 137.786+0.013),
suggesting that the chondrule formation process began
essentially contemporaneously with CAI formation and
lasted for at least 2-3 Ma thereafter.

Given the absolute and relative ages of chondritic
components (i.e., CAls and their WL rims, as well as
chondrules) discussed above, it is evident that chon-
dritic parent bodies accreted at least ~3-4 Ma after CAI
formation.

Constraints from differentiated meteorites:
High-precision chronologic studies of meteorites that
formed on parent bodies that underwent wholesale
melting and differentiation can provide additional con-
straints on accretionary timescales of planetesimals in
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the early Solar System ([18] and references therein)
and are discussed below.

Achondritic meteorites: Achondrites like the How-
ardite-Eucrite-Diogenite (HED) meteorites and the
angrites represent crustal materials from differentiated
planetesimals [19]. Internal isochron ages obtained
from the absolute Pb-Pb and relative Al-Mg, Mn-Cr
and Hf-W chronometers indicate that some basaltic
achondrites (in particular, some noncumulate eucrites,
quenched angrites and ungrouped basaltic achondrites
such as Asuka 881394 and Northwest Africa 7325)
crystallized as early as ~3-5 Ma after CAls (e.g., [20-
27]). This implies that their parent planetesimals had
accreted and differentiated within this time interval.
Whole-rock isochrons for the Mn-Cr and Hf-W sys-
tems defined by bulk samples of the eucrites and an-
grites additionally provide evidence of early planetes-
imal-scale (metal-silicate and silicate-silicate) differen-
tiation at ~1-2 Ma after CAI formation [20,25,26,28].

Magmatic iron meteorites: Iron meteorites that de-
fine compositional trends consistent with fractional
crystallization of a metallic core of a differentiated
planetesimal are referred to as “magmatic” (e.g., IIAB
and IIAB irons) [29]. The Hf-W chronometer has
been applied to magmatic irons to precisely date the
time of metal segregation on planetesimals, and yields
core formation ages that extend from ~0.7 Ma (for
ITAB irons) to ~3 Ma (for IID and IVB irons) after
CALI formation [30].

The temporal constraints discussed above are for
events on differentiated planetesimals (such as basalt
crystallization and metal segregation) that post-dated
their accretion in the early Solar System. These con-
straints can be used with thermal modeling to estimate
the accretion times for these planetesimals. For exam-
ple, given the time interval for core formation on the
parent bodies of the magmatic irons determined by
[30], these authors made model calculations (assuming
post-accretion heating with *°Al in parent asteroids
with ~40 km radii) that indicated that these parent bod-
ies were accreted as early as ~0.1 to ~0.3 Ma after CAI
formation.

Implications for the accretion timescales of
planetesimals in the early Solar System: Within the
last decade, high-precision chronologic investigations
of a variety of meteoritic materials have provided un-
precedented temporal resolution for processes occur-
ring in the early Solar System. In particular, it is now
evident that the solar protoplanetary disk was a dynam-
ic environment where episodic heating events over the
first ~2-3 Ma resulted in the formation and re-
processing of chondritic components. Accretion of the
earliest planetesimals (ranging from ~100 km to ~1000
km in diameter) in this protoplanetary disk began well

within a million years after the formation of the first
solids. Soon thereafter, these early-accreted planetesi-
mals melted and underwent metal-silicate and silicate-
silicate differentiation (primarily from internal heating
resulting from the decay of *°Al). Specifically, this
resulted in core formation (which extended from ~0.7
to ~3 Ma after CAI formation for these early formed
planetesimals) and crust formation (~3-5 Ma after CAI
formation) on these planetesimals. Chondritic parent
bodies were accreted approximately 3-4 Ma after CAI
formation, after most of the initial abundance of *°Al
had decayed away.

References: [1] Cuzzi J. N. et al. (2017) This
meeting. [2] Scott E. R. D. and Krot A. N. (2014)
Treatise on Geochemistry ond Edition, Vol. 1, 65-137
pp- [3] MacPherson G. J. (2014) Treatise on Geochem-
istry 2™ Edition, Vol. 1, 139-179 pp. [4] Brennecka G.
A. et al. (2010) Science, 327, 449-451. [5] Amelin Y.
et al. (2010) Earth & Planet. Sci. Lett., 300, 343-350.
[6] Bouvier A. et al. (2011) Geochim. Cosmochim.
Acta, 75, 5310-5323. [7] Connelly J. N. et al. (2012)
Science, 338, 651-655. [8] Scott E. R. D. et al. (1992)
Geochim. Cosmochim. Acta, 56, 4281-4293. [9] Krot
A. N. et al. (1995), Meteoritics & Planet. Sci., 30, 748-
775. [10] Thrane K. et al. (2006) Astrophys. J. Lett.,
646, L159. [11] Jacobsen B. et al. (2008) Earth & Pla-
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(2010) Astrophys. J., 711, L117-121. [13] MacPherson
G. J. (2012) Earth & Planet. Sci. Lett., 331-332, 43-54.
[14] Simon J. I. et al. (2005) Earth & Planet. Sci. Lett.,
238, 272-283. [15] Kawasaki N. et al. (2017) Geochim.
Cosmochim. Acta, 201, 83-102. [16] Mane P. et al.
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Wadhwa M. (2017) Planetesimals: Early Differentia-
tion and Consequences for Planets, 224-245 pp. [19]
Mittlefehldt D. W. (2014) Treatise on Geochemistry
2™ Edition, Vol. 1, 235-266 pp. [20] Lugmair G. W.
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Introduction: Models of inner Solar System for-
mation and evolution have struggled for decades to
adequately and consistently produce reasonable ana-
logs of our Terrestrial Planets. Now, a handful of
models utilizing a wide range of evolution scenarios —
migrating planets or accretion directly from cm-sized
pebbles — can regularly produce the planets, but di-
verge on their implications for the early evolution in
the Asteroid Belt. Tracking down the collisional histo-
ry of the asteroid belt can thus help constrain our un-
derstanding of the planet formation processes. Looking
at today’s asteroid belt, and meteorites derived from its
population, constraints and can be built for evolution
models.

Planetesimals and Planet Formation: Models of
planet formation were once nearly independent of
planetesimal formation — they all started from a popu-
lation of ~100-ish km planetesimals regardless of how
they formed. Now, dynamical models have shown that
the cm-sized building blocks (“pebbles”) of planetesi-
mals can also serve to jump-start planet formation and
build planetary embryos very rapidly [1]. While such
speedy growth is very important for the Giant Planets,
it is less clear what problems this can solve for the
inner Solar System and all of the implications [2,3].

The Asteroid Belt: Simply looking at the physical
and orbital properties of today’s asteroid belt can pro-
vide severe constraints for the evolution of the inner
Solar System. With a total mass orders of magnitude
below that expected from smooth distributions of sol-
ids, dynamically excited orbits filling nearly all stable
phase space and overlapping distributions of taxonom-
ic types of bodies, the current asteroid belt is a total
mess of information.

Previous works analyzing the integrated effects on
the size frequency distribution and total mass loss find
that the Asteroid Belt could have been substantially
larger in the past [4]. However, there are numerous
implications to grinding away different amounts of
mass over the history of the Asteroid Belt.

Asteroid Families: Grinding away a huge primor-
dial asteroid belt implies a huge amount of collisions —
including lots of big ones. We see remnants of this
process in large asteroid families and they can trace
some of the collisional history of asteroid belt — but
our ability to detect them decreases going further back
in time, and is potentially completely frustrated by the

Solar System dynamical re-shuffling associated with
the Giant Planet instability (whenever it occurred).
Remnants of the collisions in the gas disk: Similar-
ly a large primordial asteroid belt, depending on when
it was dynamically excited, may have started experi-
encing collisions when the gas disk was still around
[5]. These collisions have long been pointed too as
possible ways to form some types of chondrules [6].

Tracing the Collisional History: Here we focus
on the implications for the primordial asteroid belt
mass and dynamical excitement for different flavors of
terrestrial planet formation models. These implications
are then confronted with the constraints from the As-
teroid Belt. In particular two recent studies will uti-
lized- the first focuses on the Asteroid Belt dynamical
excitement required to form CB Chondrites [5]. Here,
the need for a high-velocity collision between two
large bodies (~100’s km) in the presence of the gas
disk pushes formation models to dynamically excite
the Asteroid Belt very early, which is difficult to do in
the absence of interference by the Giant Planets.

Second, the history of the Asteroid Belt seen
through the population of Asteroid families shows rela-
tively frequency large collisions in the last ~Gyr, but
inability to detect very old families muddies the history
back 3-4 Gya [7]. In a new work very old families are
hunted using a new technique with a possibility to de-
bias our catalog of families over time and constrain the
Asteroid Belt mass over time [8].

References:
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Introduction: A key stage in the origin of planetary
systems is the formation of a gas-rich protoplanetary disk.
Theoretical studies suggest that magnetic fields mediated
the global evolution and structure of protoplanetary disks
by transporting angular momentum and driving disk ac-
cretion [1]. However, the nature and history of nebular
magnetic fields have been poorly constrained. Here we
review recent advances in our understanding of the mag-
netism of the solar nebula as inferred from meteorites.
We discuss their implications for the mechanism and rate
of accretion, the dispersal time of the nebula, the for-
mation of chondrules and the gas giants, and planetary
migration.

The solar nebula and nebular magnetism: Until
recently, evidence for magnetic fields in the terrestrial
planet-forming regions of disks around young stellar ob-
jects (YSOs) and in the early solar system had been ab-
sent. Two recent classes of measurements are filling this
gap: astronomical and meteoritic studies.

Astronomical observations: Although there are pres-
ently no techniques available for resolving magnetic
fields in the midplane region at stellar distances of ~0.1-
50 AU, Zeeman spectroscopy and spectropolarimetry
have mapped magnetic field intensities and directions on
the surface of T Tauri stars and their innermost disks
(<0.05 AU)[2]. The orientations of magnetic fields at
scales of >50-100 AU could be mapped via their align-
ment of the spin axes of aspherical dust grains spun-up by
radiation torques, which leads to emission polarized per-
pendicularly to the field direction [3]. Recent millimeter
and mid-infrared observations have observed polarized
emission of embedded objects and those with visible
disks with masses ranging from ~0.2-2.5 solar masses
(Mo) [3]. However, it is unclear whether the observed
polarization is a signature of magnetic fields or is due to
dust self-scattering [4, 5].

Meteorite measurements: Recent paleomagnetic
measurements of chondrules from the Semarkona meteor-
ite [6] indicate the that solar nebula magnetic field was 5-
50 uT in the midplane at ~2-3 AU at the time of chon-
drule formation at ~1-3 My after the formation of calcium
aluminum-rich inclusions (CAls) (assumed here to be
4567.30 = 0.16 My ago [7], just after the collapse of the
molecular cloud). Furthermore, paleomagnetic studies of
seven CM chondrites indicate they were magnetized by a
field of >4 £ 3 uT sometime between 2.4-4 My after CAI
formation (from I-Xe dating) although it is unclear
whether this field was nebular or generated by the CM
parent body [8] (note these paleointensities are twice
those reported by [8] to take into account rotation of the

CM body). Collectively, these data indicate a minimum
duration of between ~2 + 1 My after CAIl formation for
the nebular field and a minimum duration of ~3.7 + 0.3
My after CAIl formation for the nebular gas. The CM
chondrite data constrain the field averaged over the time-
scale of aqueous alteration of the meteorites (~1-10*
years) while the Semarkona data are near-instantaneous
field records.

Lifetime of the nebula: There have been few direct,
accurately-dated meteoritic constraints on the lifetime of
the nebula and nebular magnetic fields [9]. We review
recent advances in astronomical and meteorite studies.

Astronomical observations: Measurements of infra-
red excesses have inferred that 50% of all protoplanetary
disks around Sun-like YSOs disperse somewhere between
~2-6 My after collapse of their parent molecular clouds
[10, 11], with this large age uncertainty due to the poorly-
known ages of YSOs [10]. In addition to this uncertainty
in the median disk lifetime, it is also unknown where our
solar system lies in the distribution of disk lifetimes.

Meteorite measurements: Because the sustenance of
magnetic fields requires a conducting medium, the disper-
sal of the solar nebula can be timed by determining when
nebular fields disappeared as inferred from the absence of
paleomagnetism in meteorites younger than a certain age
(see [13] for details). Our recent studies of four different
meteorite groups have provided consistent constraints on
the timing of the dispersal of the nebular magnetic field.

First, the absence of stable magnetization with un-
blocking temperatures above 250°C in the Kaba CV
chondrite indicates that the field during magnetite for-
mation was less than ~0.3-3 uT [12] at ~4-6 My after CAl
formation as dated by 1-Xe and Mn-Cr chronometry [12].
Secondly, it was found that volcanic angrites cooled in a
null field environment (<0.6 uT), precisely timed by Pb-
Pb chronometry to have occurred at ~3.8 My after CAl
formation [13]. Thirdly, the absence of primary magneti-
zation in the ungrouped achondrite NWA 7325 indicates
that it also cooled in the absence of a field (<1.6 uT) at
~4.2 £ 0.3 My after CAl formation as indicated by Al-Mg
ages [14]. Finally, ongoing analyses of chondrules from
the CR chondrite LAP 02342 [15] find that they carry no
internally-coherent components of magnetization, sug-
gesting that the magnetic field strength in the CR chon-
drule formation environment was <15 uT at ~3.7 £ 0.3
My after CAIl formation (from Pb-Pb and Al-Mg chro-
nometry [16]).

Independently from meteorite paleomagnetism, it has
been observed that the elemental (Si/Mg and Fe/Mg) [17]
and isotopic (for W and Mo) [18] compositions of chon-
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drules differ from those of the accompanying matrices in
several chondrite groups even though the bulk composi-
tion of the chondrites is solar. Assuming this complemen-
tarity formed prior to accretion [19], it suggests that both
chondrules and matrix formed out of a single reservoir of
solar composition. If the reservoir was the nebula, this
would imply the nebula persisted until at least the for-
mation of CR chondrules at ~3.7 £ 0.3 My after CAl for-
mation [16]. However, because chondrule-matrix com-
plementarity only requires that the parent reservoir was
chondritic in composition and was not necessarily the
gaseous nebula itself, it does not strictly constrain the
nebula’s lifetime.

Implications:

Accretion and nebular lifetime: The 5-50 pT
paleofield intensities inferred from Semarkona chondrules
are consistent with typically observed protostellar accre-
tion rates of ~10® solar masses (Mo) year™ [20]. This
supports the hypothesis that nebular magnetism played a
central role in mass and momentum transport in the pro-
toplanetary disk.

The most precisely dated zero-field constraint (<0.6
MT inferred from angrites) suggests that accretion rates
dropped to <10° Mo year' by 3.8 My after CAI for-
mation [21]. Astronomical observations and theory have
found that such a decline in accretion rates is associated
with near-total dissipation of the nebula in just 10° years
[21]. Therefore, our near-zero paleointensities suggest
that by ~3.8 My after CAIl formation, the nebular gas
itself in our solar system had similarly dispersed. This
timing is compatible with the observed ~2-6 My half-
lifetimes for extrasolar protoplanetary disks [10, 11].

Giant planet formation and migration: This nebula
lifetime is not so short as to require the giant planets to
have formed by very rapid mechanisms such as collapse
due to gravitational instabilities (which can occur in <0.1
My) [22]. Combined with recent isotopic evidence that
Jupiter reached 50 Earth masses (Mg) following the for-
mation of CR chondrites [23], it indicates that Jupiter then
grew from <50 Mg to its final size of 318 Mg within <0.5
My by ~3.8 My after CAl formation. This rapid rate
strains some variants of the core accretion model, particu-
larly for the ice giants [22]. The nebula lifetime also sets
a 3.8-My limit for planetary orbital migration via planet-
disk interactions.

Chondrule formation: The Semarkona paleointensities
also can be used to distinguish between hypothesized
chondrule formation mechanisms. The paleointensities
are significantly lower than the >80 to 400 uT values
predicted for chondrules formed by the x-wind model
[24]. Furthermore, mechanisms invoking intense currents
such as magnetic reconnection flares and current sheets
predict fields >500 uT during chondrule heating [25].
Instead, they appear to be more consistent with chondrule
formation by nebular shocks [26] (for which fields are
expected to be <100 pT) and/or planetesimal collisions
(which are compatible with a wide range of field values)

[6].

Additionally, the existence of magnetization in
Semarkona chondrules requires that they did not collide
during cooling in order to maintain a steady orientation
with the background field. For relative chondrule veloci-
ties of 0.001-1 m s*, this constrains chondrule number
densities to between 40-4x10* m™, consistent with chon-
drule forming in regions with in the nebula with enhanced

dust-gas ratios relative to solar composition (e.g., [26]).
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Fig. 1. Meteorite paleomagnetism and astronomical con-
straints on the intensity and lifetime of the solar nebula
field and inferred associated solar system events. Each
point in the bottom panel represents the paleointensity of
the ambient field from a given meteorite or meteorite
group. Downward- (upward-) pointing arrows indicate
upper (lower) limits. CV chondrite value is from block-
ing temperatures >250°C. See text for references.
References: [1] Turner, N.J. et al. (2014) in Protostars and Planets
VI, pp. 411-432. [2] Linsky, J.L. & M. Schéller (2015) SSR 191, 27-
76. [3] Tazaki et al. (2017) ApJ 839, do0i:10.3847/1538-
4357/839/1/56. [4] Yang, H. et al. (2016) MNRAS 456, 2794-2805.
[5] Kataoka, A. et al. (2015), ApJ 809, doi:10.3847/1538-
4357/839/1/56. [6] Fu, R.R. et al. (2014) Science 346, 1089-1092.
[7] Connelly, J.N. et al. (2012) Science 338, 651-655. [8] Cournede,
C. et al. (2015) EPSL 410, 62-74. [9] Chaussidon, M. & M.-C. Liu
(2015) AGU Geophys. Mon. 212, 1-26. [10] Bell, C.P.M. et al.
(2013) MNRAS 434, 806-831. [11] Mamajek, E.E. (2009) AIP Conf.
Proc. 1158, doi:10.1063/1.3215910. [12] Gattacceca, J. et al. (2016)
455, 166-175. [13] Wang, H. et al. (2017) Science 355, 623-627.
[14] Weiss, B.P. et al., EPSL 468, 119-132. [15] Fu, R.R. et al.
(2015) LPSC XLVI, 1587. [16] Schrader, D.L. et al. (2017) GCA
201, 275-302. [17] Palme, H. et al. (2015) EPSL 411, 11-19. [18]
Budde, G. et al. (2016) EPSL 454, 293-303. [19] Zanda, B. et al.
(2012) LPSC XLIII, 2413. [20] Hartmann, L. et al. (1998) ApJ 495,
385-400. [21] Alexander, R. et al. (2014) in Protostars and Planets
VI, pp. 475-496. [22] Helled, R. et al. (2014) in Protostars and
Planets VI, pp. 643-666. [23] Kruijer, T.S. et al. (2017) PNAS,
doi/10.1073/pnas.1704461114. [24] Shu, F.H., et al. (1996) Science,
1996. 271, 1545-1552. [25] Levy, E.H. & S. Araki (1989) Icarus
81,74-91. [26] Desch S.J. & H.C. Connolly (2002) MAPS 37, 183-
207.

2054.pdf



Accretion: Building New Worlds (2017)

Experimental and Theoretical Considerations for Proton Processing of Early Solar System Solids C.J. Wette-

land?, M. Crespillo?, D. J. Keffer!, K.E. Sickafus!, H.Y. McSween Jr.2, and L.A. Taylor?;

<cjw @utk.edu>: 'Mate-

rials Science and Engineering, University of Tennessee, Knoxville, TN 37996; 2Earth and Planetary Sciences, Uni-

versity of Tennessee, Knoxville, TN 37996

Introduction: In the first billion years of solar sys-
tem development, the energetic particle environment
was vastly different from that of the present day. Sem-
inal literature from ground-based telescopes describes
episodic events from developing stars, which include in-
creased luminosity (FU Orioni) and massive discharges
of gas and charged particles (T Tauri) [1, 2]. As stars
develop, massive eruptions are replaced by solar ener-
getic particle events (SEP). These events are analogous
to present day solar flares, but are considerably more
powerful and frequent [3, 4].

The enhanced SEP are defined by the types of parti-
cles, energy, flux (particles/area-time), and duration.
The events predominately consist of ionized hydrogen
(protons) and have an energy spectrum generally de-
scribed over the keV-MeV range. The flux (generally
in protons/cm?-s) distribution as a function of energy fa-
vors low energy particles and falls off rapidly in the
MeV range [5]. Flares may last between several
minutes to hours.

While an enhanced flux of energetic particles in the
MeV range has been invoked as a mechanism for the
formation of short-lived radionuclides (SLRs) [6], col-
lateral effects may be present from the much-larger flux
of lower-energy particles. Of interest, could be thermal
processing, which is the result of particles depositing
energy as they come to rest over nm-mm length scales
in solids.

In this work, we report novel results from experi-
mental work and theoretical considerations that suggest
an enhanced SEP may play a significant role in pro-
cessing early solar material.

- .

N 100um @& : Lo
Figure 1. Backscattered electron images showing a) un-irradiated porous microstructure, b) 50

keV irradiated synthetic forsterite, and c) 2 MeV Sc/N mixture. The irradiated microstructure re-
sembles a melt texture. The bright phase is zirconia from the ball milling process.

Experimental: A variety of silicate, sulfide, metal-
lic and pure elemental targets were irradiated using par-
ticle accelerators to explore irradiation conditions likely
present in the early solar nebula. Previous work [7] de-
termined that single crystal fragments irradiated by
high-flux protons catastrophically explode, so polycrys-
talline pellets were additionally examined in this study.
Pellets were fabricated from ball milling: synthetic for-
sterite, San Carlos olivine (Sc), Nain anorthosite (N),
Stillwater anorthosite (Sw), and synthetic corundum
(Crn). Powders were pressed and sintered into 13 mm
diameter pellets and sliced into mm thick slabs; fol-
lowed by grinding to thicknesses of approximately 0.5
mm. The slabs were irradiated with low (50 and 80
keV) and medium energy (2 MeV) protons (p) using
fluxes between ~10%3-10' p/cm?-s; overall fluences
were between 5x10%-1x10% p/cm?. During irradiation,
a Stanford Research Systems Residual Gas Analyzer
(RGA) was used to monitor volatile products that could
be evolved over the course of the experiment. Pellets
were examined post irradiation using a scanning elec-
tron microscope (SEM) and energy dispersive spectros-
copy (EDS) to examine microstructural and chemical
changes.

Results: When subjected to specific combinations
of flux and fluence, both low and medium energy pro-
tons are capable of modifying the microstructure of sil-
icates. Figure 1 shows the microstructure for (a) un-ir-
radiated synthetic forsterite, (b) 50 keV irradiated syn-
thetic forsterite, and (c) 2 MeV irradiation of a mixture
of 80/20 SC/N by weight. The synthetic forsterite was
irradiated with a 6.3x10%* p/cm?-s flux to a fluence of
1.1x107 p/cm?, while the San Carlos/Nain mixture was
irradiated with a flux
of 2x10* p/cm?-s to
2x10'6 p/cm?.  The
unirradiated  micro-
structure shows abun-
dant porosity with
minimal  sintering.
After the respective
proton irradiations,
the porosity is absent,
with the overall tex-
ture resembling iso-
lated grains embed-
ded in a glassy ma-
trix.
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Further SEM interrogation of the San Carlos-con-
taining pellets indicates the formation of metallic micro-
droplets on the surfaces of olivine grains, as observed in
figure 2. The droplet micro-structure can be observed
in both 80 keV and 2 MeV irradiations. In the 80 keV
irradiations, the droplets are sparsely located and often-
times associated with areas of increased surface carbon.
In the case of fig-
ure 2, the subsur-
face of a 2 MeV ir-
radiated pellet was
exposed  during
post experimental
handling. The
droplets were lo-
cated in the epicen-
ter of the beam spot
and have an ap-
proximate 4/1 ratio
of Fe/Ni as meas-
ured with EDS.

Search for vol-
atile products gen-
erated during the
polycrystalline silicate irradiations yielded limited re-
sults. However, an irradiated slab of FeS, showed a dra-
matic response to proton irradiation. Figure 3 shows an
RGA scan of mass 64, S, from an irradiated polished
slab of FeS,. At an elapsed time of 360 seconds, a flux
of 6.2x10% p/cm?-s was applied to the target; no change
in the spectrum was observed. However, at 720 seconds
the flux was increased to 9.5x10*® p/cm?-s, and a signif-
icant change in the S; signal was measured. The scan
shows a steady increase for approximately 720 seconds
before it begins to level out. At approximately 1500
seconds, the signal has a drastic increase again; in this
case there was no change in the beam current. Post ex-
periment SEM and EDS analyses of the target indicate
the irradiated area was sulfur deficient. The sharp in-
crease in Spwas likely the exposure of fresh FeS, mate-
rial to the beam due to a small portion of the surface

Figure 2. Droplet morphology from

the 2 MeV proton irradiation. The

droplets have an approximate Fe/Ni
ratio of 4/1 as measured by EDS.
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Figure 3. Partial pressure of Sz generated during a 2
MeV proton irradiation. The generation of S, was
highly dependent of the flux of the beam.

2018.pdf

spalling off. Significant discoloration in the vicinity of
the beam can be seen as a black coating on the surface
of the sulfide. This is consistent with most other irradi-
ations; however the degree of discoloration was signifi-
cantly less on the silicates.

Discussion

The results indicate that when irradiated with pro-
tons at threshold flux and fluence values, early solar sys-
tem materials can be physically and chemically altered.
Theoretical considerations have examined whether the
flux conditions examined in these investigations are rel-
evant to the particle environment of the early solar sys-
tem.

The total integrated flux for SEP events for an en-
ergy range between 1 keV and 10 MeV was calculated
using equations from [5] and applying the 10° enhance-
ment as predicted in [3]. These calculations indicate an
enhanced integrated proton flux of 10226 p/cm?-s be-
tween 1 keV and 10 MeV at 1 AU can be present in SEP
during stellar evolution. This range of flux is similar to
those performed in the above experiments, which re-
sulted in temperatures exceeding the melting tempera-
tures in some silicates. Furthermore, the energy depos-
ited in SEP exceeds that required to melt chondrule pre-
cursors as determined by [8], and should be considered
as a chondrule formation mechanism. Additional ob-
served consequences of experiments include rapid ther-
mal expansion followed by surface spallation, and hy-
drocarbon deposition.

Conclusions: We present some of the first experi-
mental results and theoretical considerations for irradi-
ation processing of early solar system material. Our ion
beam irradiation experiments have determined that keV
and MeV protons can deposit significant amounts of en-
ergy into early solar system solids; this energy can pro-
vide enough heat to melt and vaporize early solar mate-
rials. Furthermore, the conditions examined during the
experiments align well with predictions of enhanced so-
lar flares, which would have been prominent during stel-
lar evolution. The energy deposited may result in phys-
ical and chemical modification of early solar material
prior to and during the accretion process and should be
considered as an active mechanism during the first bil-
lion years.
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Introduction:  Dust mantles or rims around
chondrules encode important information regarding
processes in the solar nebula. Such rims are generally
considered to have an accretionary origin, that is, they
are thought to have been acquired by free-floating
chondrules in the nebular gas (although there are ar-
guments in favor of rim formation from the impact and
compaction of matrix material around chondrules that
were already incorporated into parent bodies). If the
nebular hypothesis is correct, the structure of chondrule
rims could ultimately be used to infer values of gas
velocities, turbulent viscosity, and ionization state [1,
2].

Calculations derived from measurements of chon-
drule dust rims in the Allende CV carbonaceous chon-
drite [3], as well as experimental measurements of rims
around chondrule analogs [4] indicate that rims are
generally very porous. Porosities of ~60 to 80% have
been reported, although lower values due to compac-
tion or thermal/aqueous alteration are not ruled out. In
this work, we use a molecular dynamics code to model
rim growth through the collection of micron-sized dust
particles. We investigate the impact of the chondrule
size on the thickness and porosity of the rim in two
regions of the solar nebula with different turbulent
strengths (a = 102, 10%). We also compare the rims
formed by the collection of single spherical monomers
and collection of aggregates of spherical monomers in
neutral and charged environments.

Method: The accretion of the chondrule rim was
modeled using the conditions in a MMSN turbulent
protoplanetary disk at a distance of 1 AU. The initial
dust population is silicate spheres with radii 0.5 < a <
10 pum with a power law size distribution n(a)da oc a*®
da. The hydrogen plasma environment had equal elec-
tron and ion temperature, Te = T; = 900 K. In the case
of low dust density, a negligible percentage of the elec-
trons reside on the dust grains, and the number density
of electrons and ions in the gas is set to be ne = n; =
7.49 x 10 m3 [5].

We use an N-body code, Aggregate Builder (AB)
to model the detailed collision processes between the
chondrule, which is represented by a (sub) millimeter-
sized spherical body, and the dust, taking into account
the aggregate morphology, trajectory, and orientation
[6,7]. The temporal evolution of the dust population is

determined by a Monte Carlo algorithm used to select
incoming dust particles [8, 9].

In each iteration, the chondrule is placed with its
center of mass at the origin, and the dust particle is shot
towards its COM plus an offset, with the relative veloc-
ity between the dust particle and the chondrule deter-
mined by coupling of the particles to the turbulent gas
environment [10,11]. The possible collision outcomes
are sticking at the point of contact, bouncing, or rolling
on the surface, which results in compaction. These out-
comes are determined by the critical bouncing velocity
and the critical rolling energy [12]. Charged particles
moving toward the chondrule experience a repelling
electrostatic force; the deflection and deceleration can
cause them to miss the chondrule. For computational
expediency, we restrict dust aggregates to accumulate
on a small patch of the chondrule surface, measuring
~120 um by 120 um.

Results: The dust rim is divided into a few hori-
zontal layers (i.e., parallel to the chondrule’s surface)
to analyze its structure and composition. The porosity
of each layer is the ratio of the volume of voids within
the layer to the total volume of the layer. The inner-
most layer has the lowest porosity, with the rim becom-
ing more porous with distance from the chondrule cen-
ter. The size distribution of monomers in each layer
shows that the outer layers tend to have a higher ratio
of large monomers to small monomers. This is because
small particles can pass through the gaps and travel
closer to the bottom of the rim, while large particles are
usually stopped by other monomers and stick at the
point of contact if they don’t have enough energy to
cause restructuring.

Strong turbulence produces larger relative veloci-
ties between the chondrules and dust particles than
weaker turbulence. Greater relative velocities increase
the collision rate and enhance restructuring, causing the
chondrule rims to be more compact (Figure 1) and
grow more rapidly (Figure 2).
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Figure 1. Rim growth on a 100 um-diameter patch on the
surface of a chondrule with a radius of 800 um for two dif-
ferent turbulent strengths a) =102, b) a=10*, for the addi-
tion of single monomers.

The charge also plays an important role in both the
structure and the growth rate of the dust rim. The de-
creased relative velocity between charged grains causes
small grains to be repelled from the chondrule in re-
gions of weak turbulence, while in regions with strong
turbulence, the main effect is a reduction of the restruc-
turing. Both of these effects result in a more porous
dust rim (Figure 2), which in turn increases the effec-
tive cross-sectional area of the chondrule, enhancing
collisions.
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Figure 2: Porosity of the dust rim formed after 84 days as a
function of the distance from the chondrule surface, for
chondrule radii of 600 pm (solid lines) and 900 pm (dotted
lines). With weak turbulence (o = 10°%), the rim formed with
charged particles is more porous as small monomers are re-
pelled and there is little restructuring.

Another important factor affecting the dust rim is
the size of the chondrule. Larger chondrules have
greater cross-sectional area, as well as larger relative
velocity with respect to the dust particles, and therefore
collide more frequently with the dust. At the same time,
more dust is required to build a rim of a certain thick-
ness than for smaller chondrules. As shown in Figure 3,
the rim thickness scales linearly with the chondrule
radius and as predicted by Paque & Cuzzi [13]. Figure
3 shows that the linear relationship becomes steeper
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over time, as the greater collision cross section and
larger relative velocities of the larger chondrules in-
creases the collision rate, causing the large chondrules
to grow even faster.
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Figure 3: The thickness of the dust rim formed through the
addition of single monomers after 1, 2, 3, 4, 5, 6 years, with
turbulent strength o, = 10 for different chondrule radii (the
outer rim with porosity > 0.9 is removed). The thickness of
the dust rim is nearly proportional to the chondrule radius.

Conclusion: The porosity of chondrule rims built
up after 2 years is ~70% - 75%, comparable to labora-
tory measurements [3,4]. Formation of dust rims by
cluster aggregation leads to higher porosity than rim
formation through the addition of single monomers,
consistent with results reported in [1]. Most collisions
result in little restructuring, with restructuring colli-
sions representing 0.2% of interactions for the turbu-
lence strength o= 10 and 19% for o. = 102, Thus hit-
and-stick is the main process of dust rim growth for
small particles and low turbulence strength (o < 10).

Other factors, such as thermal/aqueous and nebula
shock waves, that may lead to a lower porosity are not
considered in this model. Future work will take these
factors into consideration, and investigate the effect of
the dust rim on the collisions between chondrules.
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