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PLANETARY SCIENCE

Meteorite evidence for partial differentiation
and protracted accretion of planetesimals

Clara Maurel'*, James F. J. Bryson?, Richard J. Lyons?, Matthew R. Ball?, Rajesh V. Chopdekar®,
Andreas Scholl®, Fred J. Ciesla3, William F. Bottke®, Benjamin P. Weiss'

Modern meteorite classification schemes assume that no single planetary body could be source of both un-
melted (chondritic) and melted (achondritic) meteorites. This dichotomy is a natural outcome of formation models
assuming that planetesimal accretion occurred nearly instantaneously. However, it has recently been pro-
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posed that the accretion of many planetesimals lasted over =1 million years (Ma). This could have resulted in
partially differentiated internal structures, with individual bodies containing iron cores, achondritic silicate
mantles, and chondritic crusts. This proposal can be tested by searching for a meteorite group containing evi-
dence for these three layers. We combine synchrotron paleomagnetic analyses with thermal, impact, and colli-
sional evolution models to show that the parent body of the enigmatic IIE iron meteorites was such a partially
differentiated planetesimal. This implies that some chondrites and achondrites simultaneously coexisted on
the same planetesimal, indicating that accretion was protracted and that apparently undifferentiated asteroids

may contain melted interiors.

INTRODUCTION

Meteorites are divided into two principal groupings: chondrites,
which are unmelted accretional aggregates, and achondrites, which are
products of planetary melting processes (1). Among the achondrites,
the existence of iron meteorites indicates that some planetesimals—
the ~1- to 1000-km-diameter building blocks of the planets—underwent
melting and large-scale differentiation to form a metallic core overlain
by a silicate mantle. The existence of chondrites and achondrites
has commonly been interpreted as evidence for a dichotomy in the
planetesimal population: These bodies either never melted or other-
wise melted throughout their entire interiors (2).

This apparent dichotomy has fundamentally shaped modern
meteorite classification schemes, which are built upon the assump-
tion of distinct spatial and temporal evolutions for meteorite parent
bodies (1). Because the internal structures of planetesimals reflect
the timing and mechanisms of their accretion due to early heating
by the short-lived radionuclide Al [half-life, 0.717 million years
(Ma)] (3), this framework has been interpreted as evidence that
chondritic parent bodies formed later than their achondritic counter-
parts to have avoided melting (4). However, some modern accretion
models predict that many planetesimals experienced an initial phase
of rapid growth during the first ~1 to 2 Ma after the formation of
calcium-aluminum-rich inclusions (CAlIs), followed by the accu-
mulation of residual chondritic material during the subsequent
21 Ma (5, 6). The resulting planetesimals are expected to be only
partially melted and differentiated, leading to a continuum of differ-
entiation end states including objects with metallic cores, melted
achondritic silicate interiors, and unmelted chondritic crusts (7, 8).
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Petrological, isotopic, and paleomagnetic studies have provided
indirect evidence for the existence of bodies containing both melted
and unmelted regions. For example, type 7 chondrites (e.g., the H7
chondrite Watson 012 or the C7 chondrite NWA 3133) have evi-
dence of equilibrium-based silicate partial melting (9, 10). These
meteorites could have originated from a transition region between
subsolidus and melted silicates in partially differentiated parent
bodies. Achondrite and chondrite groups sharing similar isotopic
(particularly oxygen) and elemental compositions could also repre-
sent different layers of partially differentiated parent bodies. This
has been suggested for the IVA irons and L/LL chondrites, the un-
grouped achondrite NWA 011 and CV chondrites, or the IIE irons
and the H chondrites [as summarized in (8)]. Lastly, paleomagnetic
records of dynamo-generated fields found in meteorites of the CV,
L/LL, H, and R chondrite groups (11-15) have further favored the
existence of chondritic layers covering planetesimals with differen-
tiated interiors (Fig. 1).

Nonetheless, a longstanding challenge to the partial differentia-
tion hypothesis has been the apparent absence of a meteorite group
containing petrographic evidence for all the layers expected in a
partially differentiated body (metallic core, melted mantle, and
unmelted crust) (4). A possible exception is the IIE iron meteorite
group. For more than 50 years, the IIE irons have defied simple clas-
sification as chondrites or achondrites (16, 17). They are composed
of an Fe-Ni matrix containing a diversity of both chondritic and
achondritic silicate fragmental inclusions that experienced different
levels of thermal metamorphism and degrees of differentiation (18).
The similar oxygen isotopic compositions of both types of silicates
nevertheless suggest that they originated on a single parent body
(19). The textures of several achondritic silicates in different ITE
irons indicate that they cooled near or below their solidus at
>2.5°C hour™" (text S1), suggesting that they were exposed to near-
surface temperatures during a catastrophic event (18). However,
these textures are difficult to reconcile with the idea of impact-
induced melting of the silicates (text S2) (20). Together, these data
have motivated the proposal that the IIE parent body was partially
differentiated and that silicates from the melted mantle and the
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Fig. 1. IIE meteorites contain evidence for all the expected layers of a partially differentiated body. Diagrams illustrate how IIE meteorites contain both chondritic
and achondritic silicate inclusions exhibiting different degrees of metamorphism/differentiation depending on the meteorite. Mont Dieu is one of the least heated and
contains chondrules. Techado and Watson show more evidence of thermal alteration. In addition, some IIE irons contain achondritic silicates, exhibiting different degrees
of differentiation ranging from Miles with pyroxene-enriched basaltic silicates to Colomera with silicates of andesitic composition (56, 57). This study provides the missing
evidence that the IIE parent body had a metallic core. Direct petrologic evidence for achondritic materials on the CV and H chondrite parent bodies remains to be confirmed.

unmelted crust were mixed with endogenous or exogenous metal
during an impact (18).

However, this scenario has yet to be widely accepted because it is
missing two key pieces of supporting evidence. First, there has been
no compelling evidence that the IIE parent body had a metallic core.
For example, the siderophile element compositions of IIE irons
do not exhibit fractionation trends expected for a core undergoing
fractional crystallization (text S2) (20). Second, it has yet to be demon-
strated that an impact could have form a mixed metal-silicate reser-
voir in a parent body without catastrophically disrupting the body.
Here, we use paleomagnetic analyses to search for the existence of a
molten metallic core within the IIE parent body. We are motivated
by the fact that if the IIE parent body had a metallic core, it could
have powered a dynamo-generated magnetic field that would imprint
a natural remanent magnetization (NRM) in the ITE meteorites (21).
We then combine these paleomagnetic measurements with impact
simulations, thermal modeling, and collisional evolution consider-
ations to establish the likelihood that impacts could form IIE-like
iron meteorites.

RESULTS

Paleomagnetic experiments

We selected the IIE iron meteorites Colomera and Techado, which
contain achondritic and chondritic silicate inclusions, respectively
(18). Their metal matrices contain cloudy zones (CZs), nanoscale
intergrowths of ferromagnetic Ni-rich islands embedded in a para-
magnetic Ni-poor matrix (22) that form at kamacite-taenite (K-T)
interfaces (fig. S1) during cooling at $10*°C Ma™" through ~350°C
(23). Below 320°C, the crystal structure of CZ islands can order
to form the ferromagnetic mineral tetrataenite (y”-FeNi). Micro-
magnetic simulations indicate that during this transformation, a new
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NRM independent of that of the precursor taenite is recorded (24).
CZ islands can retain this NRM as a record of the ambient magnetic
field present during tetrataenite formation over the history of the
solar system (25).

We analyzed four K-T interfaces in Colomera and two in Techado
(Fig. 2). We used the synchrotron-based technique x-ray photo-
emission electron microscopy (XPEEM) to image the x-ray magnetic
circular dichroism (XMCD) signal of multiple locations along each
of the interfaces (26). This technique enables isolation of the vector
NRM carried by the CZ from that of the large surrounding kamacite
and taenite grains, which are poor magnetic recorders. Although
individual CZ islands (~10 to 150 nm in size) are not resolved, we
can estimate the bulk NRM of micrometer-sized regions of the CZ
by comparing the XMCD data to that expected for an underlying
Maxwell-Boltzmann distribution of the islands’ magnetization di-
rections (Fig. 3; see Materials and Methods and text S3) (14).

We obtained paleodirections from CZ islands located in a 0.5- to
2-um-wide region of interest next to the tetrataenite rim (Fig. 4,
fig. S1, and text S3). Each K-T interface was then analyzed using
electron backscattered diffraction to mutually orient their NRM
directions (text S4). We found that we cannot reject at 95% con-
fidence the hypothesis that all of the CZs within each meteorite
share a common mean paleodirection (text S5). This result excludes
spontaneous magnetization acquired in zero-field environment as a
source of the observed signal and indicates that the meteorites both
cooled in the presence of a substantial field.

The analytical method based on Maxwell-Boltzmann statistics
also provides paleointensity estimates. We estimated that Techado
and Colomera experienced ancient field intensities of 36 + 11 uT and
15 + 5 uT, respectively (text S3). These uncertainties are 2 SE account-
ing for the measurement noise, the limited number of islands included in
each dataset, and the island size distribution at the tetrataenite-formation

20of9

202 ‘Tz Afeniged uo ofeaiy) Jo AiseAiun e 610:8ousios' mmmyysdiy woly papeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

A B

Plessite N

YT
bT

ZT

Fig. 2. Reflected light images of the four K-T interfaces analyzed in Colomera and Techado. (A) K-T interface D in Colomera. Interface D is located on the other side
of the sample with respect to A, B, and C ~5 mm away from K-T interface C; the reference frame indicates how the sample is rotated with respect to (B). The subscript “C”
of the reference frame refers to “Colomera.” (B) K-T interfaces A, B, and C in Colomera. The CZs are clearly recognizable by their dark gray color, with the surrounding light
gray tetrataenite rim and embedded in the kamacite medium gray matrix. Neumann bands (shock-induced twinning of the kamacite crystal) are shown. The subscript C
of the reference frame refers to Colomera. (C) K-T interfaces 1 and 2 in Techado. Plessite is visible. The subscript “T” of the reference frame refers to “Techado.” The two
meteorite samples (Colomera and Techado) are not mutually oriented. For each image, the sample had been polished and etched between 15 and 25 s with nital
(98% ethanol, 2% nitric acid).
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Fig. 3. Measuring the three components of NRM using XPEEM. (A to C) Single-polarization XPEEM images of one region of K-T interface 2 in Techado taken at three
different orientations of the sample with respect to the x-ray beam. The gray scale quantifies the flux of electron captured in the optics. The beam hits the sample at 30°
with respect to the plane of the image (its in-plane direction is shown with an arrow). The reference frame refers to Fig. 2. (D to F) Corresponding XMCD images obtained
when combining the corrected XPEEM images obtained with left- and right-circular polarizations.
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Fig. 4. Ancient field directions recovered from each K-T interface in Techado and Colomera. (A) Average paleofield directions estimated from the two K-T interfaces
in Techado (1 and 2). (B) Average paleofield directions estimated from the four K-T interfaces in Colomera (A to D). Shown in (A) and (B) are equal area projection in the
reference frames of Fig. 2. Open (closed) symbols and dashed (solid) lines denote upper (lower) hemisphere. Ellipses represent the 95% confidence interval accounting
for the measurement uncertainty, the small-number statistical uncertainty, and the uncertainty associated with the mutual orientations of the CZs.

temperature (text S6). Although they confidently exclude zero field
conditions, they do not account either for systematic uncertainties
associated with magnetostatic interactions between islands or for
an induced field component from the dominant kamacite in the IIE
reservoir. The former could result in an intensity underestimated by up
to an order of magnitude (27); the latter could yield paleointensities
overestimated by a factor of up to ~3 assuming a spheroidal metal
reservoir (text S7). Therefore, the full ranges of paleointensity esti-
mated for Techado and Colomera are 10 to 360 uT and 5 to 150 uT,
respectively.

Origin of the magnetization

The meteorites acquired their NRM when they cooled through
the tetrataenite formation temperature (320°C). Using a thermo-
dynamical model of CZ formation (28), we found that Techado
and Colomera cooled through ~350°C at 4.6 + 1.9°C Ma™' and
2.5 +1.4°C Ma™, respectively. This is consistent with the slow cool-
ing ($5000°C Ma™) required for subsequent tetrataenite formation
at 320°C due to the very slow atomic diffusion of Ni at this tempera-
ture (texts S8 and S9) (29). For such cooling rates (i.e., of the order
of ~10°C Ma™}), the tetrataenite formation temperature is within
error of the estimated Ar closure temperature of 330 + 70°C (2 SD)
for 0.1- to 1-mm size feldspars, the dominant **Ar-bearing minerals
in both meteorites (text S1) (30, 31). Therefore, the measured
*“Ar/*Ar ages indicate that Techado and Colomera recorded a
magnetic field of approximately 78 + 13 Ma and 97 + 10 Ma after
the formation of CAls, respectively (31). A subsequent short-lived
thermal event like brief impact heating (e.g., 600°C for a minute)
that would reset the NRM but not disturb the *°Ar/*°Ar ages
is excluded by the fact that such events would remove CZ and
tetrataenite (32).

The magnetizing field could conceivably have been generated by
at least four main sources: the solar nebula, the early solar wind,
impacts, or a core dynamo. The relatively young age of the NRM
rules out the solar nebula, which dissipated within 5 Ma after CAI
formation (33). On the other hand, the slow kinetics of tetrataenite
formation exclude time-variable or transient field sources like the
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early solar wind and impact-generated plasma, which are expected
to have varied on time scales shorter than a few days (34, 35).

This leaves one remaining source capable of magnetizing Colomera
and Techado: a core dynamo. Because core dynamos powered by
thermal convection were only sustainable during <20 Ma after plan-
etesimal formation (36, 37), the dynamo would have been powered
by the thermochemical convection driven by core crystallization.
Such a dynamo could feasibly have initiated within a few tens of
million years following planetesimal formation and been sustained
until the core fully solidified (37). Assuming a planetocentric dipolar
geometry, dynamos powered by thermal convection can produce
field intensities 0.002 to 60 uT midway through the silicate layer of
a planetesimal with core radius equal to 33% of its total radius (text
§10) (21). Dynamos powered by core crystallization may generate
more intense fields than those powered by thermal convection (38),
which is consistent with our estimated paleointensities. We conclude
that Techado and Colomera were most likely magnetized by such field,
which, in turn, requires that the IIE planetesimal had a metallic core.

Thermal evolution and high-velocity impact simulations

Our results place important constraints on the IIE parent body.
If the meteorites formed through an impact, the core must have
been preserved and at most be partially crystallized at least until
Colomera’s “*Ar/*’Ar age (~97 Ma after CAI formation). Moreover,
to explain the formation of CZs, this impact must have emplaced
the IIE metal-silicate mixture at a depth where it could cool suffi-
ciently slowly. In the following, we test the compatibility of these
constraints with impact-induced formation on a partially differen-
tiated body. Our simulations act as a proof of concept; they are not
meant to identify the specific set of impact conditions that could
form an IIE reservoir.

We first address the issue of whether a core could only be
partially crystallized when the IIE irons acquired their NRM. We
simulated the convective and conductive cooling of partially differ-
entiated planetesimals using a simple, one-dimensional (1D) model
where planetesimals form in two instantaneous accretion events
(Materials and Methods; fig. S6A). For partially differentiated bodies
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of radius >170 km with a core radius >50 km, we found that the core
fully crystallizes later than the estimated acquisition times for the
meteorites’ NRM (fig. S6B). On such planetesimals, a IIE reservoir
buried between ~30 and ~60 km below the surface is compatible with
Techado’s and Colomera’s **Ar/*’Ar closure temperature-age and
cooling rate constraints (Fig. 5).

This still leaves open the question of whether an impact on a
170-km radius body could create a ITE reservoir in the upper part of
its silicate layer while preserving a core. We addressed this by con-
ducting a suite of 2D impact simulations using the iSALE2D (im-
pact-simplified arbitrary Lagrangian Eulerian 2D) shock hydrody-
namics code (39). We focused on two idealized scenarios involving
either a pure chondritic or pure iron impactors impacting at 30 Ma
after CAI formation, where ~20% of the target’s silicate layer is still
above its solidus (~1100°C; Fig. 6A). We simulated >10-km radius
impactors with velocities <9 km s~ (text $12). These objects are likely
larger and slower than the population dominating the early solar
system (40). However, by analogy to scaling laws applied to crater
formation, we estimate that smaller impactors and higher impact
velocities would yield similar outcomes (text S13).

We find that impacts between 4 and 5 km s™' by a purely chon-
dritic object can result in portions of the target’s molten core being
sequestrated into the silicate layer and subsequently impeded from
percolating back to the stirred-up core (Fig. 6B). On the other hand,
a pure iron impactor can be implanted permanently in the upper
half of the silicate layer at low impact velocity (1 km s '; Fig. 6C). In
both cases, the liquid or solid metal equilibrates to the temperature
of its surroundings by conduction and the planetesimal is left with
potential ITE-like metal-silicate reservoirs compatible with IIE
siderophile element patterns showing no obvious fractional crystal-
lization trend (20).

DISCUSSION

Like nearly all asteroidal meteorites, IIE irons are inferred to have
originated from a parent body presently located in the asteroid belt
(although this could be a fragment of a larger body that was cata-
strophically disrupted). Two scenarios can be considered to explain
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where and how likely a planetesimal could have been impacted to
form the ITE meteorites. It is possible that (i) the ITE parent body was
already in the asteroid belt at the time of the impact or (ii) the IIE
parent body was impacted in the terrestrial planet region [ <2 astro-
nomical units (AU)] and was then dynamically captured into the
main belt. According to collisional evolution models (text S14), sce-
nario 1 appears improbable. It would require a number of potential
10-km radii impactors equivalent to 200 times the current population
of the main asteroid belt to exist on crossing orbits with the ITE parent
body >30 Ma after CAI formation (41).

Moving the IIE-forming impact to the terrestrial planet region,
as described in scenario 2, would increase the collision probabilities
for impactors to strike the IIE parent body and thereby reduce the
number of projectiles needed to get a very large impact at >30 Ma
after CAIs. These conditions may have been readily achievable during
the late stages of terrestrial planet formation, when collisions between
protoplanets, or the giant impact that made the Moon, were poten-
tially liberating large quantities of iron-rich debris [e.g., (42)]. The
size distribution of these fragments is unknown. However, simply
based on the volume ratio between the mantle of a planetary embryo
and its core for a body of chondritic bulk composition, the volume
ratio between metal-rich and silicate fragments would only be <10%
(43). This suggests that more than one giant impact might be needed
to obtain an acceptable population of potential iron-rich impactors
and decreases the plausibility of such scenario.

Could the IIE parent body have been transported from the inner
solar system to the main asteroid belt after an impact at 30 Ma after
CAI formation? A recent numerical model suggests that during
terrestrial planet formation, gravitational scattering efficiently trans-
ported planetesimals from the inner solar system to the current
main asteroid belt (44). According to the simulations, half the initial
population of planetesimals would have been implanted in the main
belt by ~60 Ma after CAI formation, allowing the IIE-forming
impact to occur in the inner solar system region. The increase in
eccentricity necessary for belt-crossing trajectories could also have
favored impacts among planetesimal and embryo fragments.

From a dynamical capture perspective, planetesimals that formed
in the 1.5 to 2 AU region are more likely to have intact or fragmented
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Fig. 5. Cooling profiles of a partially differentiated IIE parent body. (A) Time-temperature constraints. Circle and square denote “OAr/*Ar ages for 0.1- to 1-mm feldspar
grains for Techado and Colomera, respectively (30). Curves represent the temperature of material on a 170-km radius, partially differentiated planetesimal at depths
between 33 and 66 km below the surface. (B) Time-cooling rate constraints on same body shown in (A). Circle and square denote cooling rates at ~350°C of Techado and
Colomera, respectively. Curves show the evolution of the cooling rate at same depths as in (A). In (A) and (B), the dotted line shows when the core of the planetesimal is

completely crystallized and error bars indicate 2 SD.
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Fig. 6. Initial and final states of representative IIE-forming, 2D impact simulations. (A) Initial state of a 170-km radius target with a 60-km radius iron core and a
110-km-thick dunite layer before impact. Impactor is 30 km in radius, is solid, and is made of either iron or dunite. The left half of the figure shows the constituent materials,
and the right half shows the temperature obtained from the thermal evolution model at 30 Ma after CAl formation. (B) End of the impact simulation after 24,600 s for a
40-km radius, dunite impactor impacting vertically at 5 km s™'. Small amounts of core material are placed in the upper half of the target's silicate layer. A finite number of
tracers were used to identify the different materials on the left half of the figure; this can result in regions with no tracers (white) but does not mean that no material is

present at these locations. (C) End of the impact simulation (after 24,600 s) for a 30-km-radius iron impactor impacting vertically at 1Tkms™".

remnants in the current main asteroid belt than planetesimals formed
closer to the Sun. It is possible that (4) Vesta was one of them (45).
The existing five apparently metal-rich asteroids >50-km radius (46)
could be relics of differentiated planetesimals formed in the terres-
trial planet region; these bodies also have sizes comparable to the
largest metallic impactors assumed in our simulations. The NASA
Discovery mission Psyche, which plans to visit the largest M-type
asteroid (16) Psyche in 2026, will shed light on the plausible link be-
tween metal-rich asteroids and the core of ancient planetesimals (47).

Our findings show that the IIE irons most likely formed from
impact mixing of materials that originated on a single planetesimal
exhibiting the full range of planetary differentiation states: metallic
core, melted silicate mantle, and unmelted silicate crust. The sili-
cates in the IIE irons likely formed on the same body, while the iron
matrix could have originated from the same body as the silicates or
else from a metallic impactor. Combined with earlier studies indi-
cating partial differentiation of the CV, H, L/LL, and R chondrite
parent bodies, this indicates that partial differentiation was likely
a common end state for planetesimals (7, 9-15). It has even been
suggested that H chondrites themselves could have originated on the
IIE parent body (8). This, in turn, supports a two-stage formation
process involving early initial accretion and differentiation followed
by later protracted accretion of a chondritic, undifferentiated crust,
as proposed by most recent accretion models (5, 6). A consequence
is that some chondrite and achondrite meteorite groups likely coex-
isted on the same planetesimal, challenging the topology of existing
meteorite classification schemes.

MATERIALS AND METHODS

Paleomagnetic experiments

Figure S1 graphically summarizes the various geometric quantities
associated with our XPEEM measurements. The XPEEM experiments
were conducted at the beamline 11.0.1.1 of the Advanced Light Source
(ALS) at the Lawrence Berkeley Laboratory. Polished samples were
first argon-sputtered with the following sequence: 8 hours at a voltage
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of 1.2 keV and 4 mA intensity, 6 hours at 0.8 keV and 4 mA, and
1 hour at 0.6 keV and 4 mA. This sequence typically sputters a thickness
of ~80 nm of material from the surface, removing any oxidation
that occurred during polishing. XPEEM images were acquired with
a 10-pm field of view along each CZ (fig. S3). At each location, two
images (left- and right-circular polarization) were acquired with the
x-ray beam tuned at the Fe L3 absorption edge (707.4 eV) along with
two others, with the beam tuned off-edge (702 eV) to capture the
background signal (i.e., the constant flux of secondary electrons
generated by the excitation of atoms other than Fe). Each of these
four left- and right-circular polarization images was taken sequen-
tially five times, and the whole sequence of 20 images was itself
repeated four times to minimize the effect of possible x-ray beam
drifts during the measurements and to reduce noise. Once XPEEM
images were acquired for all K-T interfaces of interest in one sample
orientation, the sample was rotated by approximately 120° with re-
spect to the initial orientation along an axis normal to the sample
surface and each location was measured again using the same imaging
sequence. Once all the locations had been imaged in this second
orientation, we rotated the sample another 120° and repeated the
same procedure for this third orientation (Fig. 3). In total, for
Colomera, we analyzed an 80-um-long transect along K-T interface A
(8 locations), a 70-um-long transect along interface B (7 locations),
a 100-um-long transect along interface C (10 locations), and a
130-um-long transect along interface D (13 locations), while for
Techado we analyzed a 250-pum-long transect along K-T interface 1
(25 locations) and a 330-um-long transect along interface 2 (33 loca-
tions; Fig. 2). In total, this produced a minimum of 560 and a max-
imum of 2640 left- and right-polarization images (for interface B
and interface 2, respectively).

Our experimental protocol and approach to data processing builds
upon that described in (14). The amount of absorbed circularly
polarized x-rays depends on the angle between the helicity of the
x-ray and the local magnetization direction, as well as contributions
from the sample work function, elemental concentration of iron,
and oxidation state of the element of interest. The contrast between
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XPEEM images obtained with left- and right-circularly polarized
x-rays, called XMCD, is proportional to the local sample magnetiza-
tion direction and magnitude (48). To obtain XMCD contrast maps,
we first subtracted the average images obtained for both x-ray
polarizations at on-edge (707.4 eV) and off-edge energies (702 eV)
to remove the contribution to the XPEEM signal from atoms other
than Fe. To compensate for gradual fluctuations in the incoming
x-ray flux and improve the XMCD contrast, we also divided the pixel
intensities by their off-edge values

+ Ii
+ on—edge ~ “off-edge
Ioon = IE @
off edge

This correction with off-edge images was only applied systemat-
ically for Techado because not all K-T interfaces of Colomera (measure-
ment campaigns pre-dating that of Techado) were analyzed off-edge.
The correction applied for these images is described in text S3.

XMCD contrast maps (Fig. 3) were generated for each loca-
tion along each CZ by combining the corrected XPEEM images
as follows

corr corr

Iy + 12

corr corr

i (2)

Ixmep =

where Ixmcp is a pixel intensity on the XMCD contrast map, and
I, and I}, are the intensities of the same pixel on a corrected
XPEEM image obtained with right and left circularly polarized
x-rays, respectively. On these XMCD contrast maps, three shades of
red and three shades of blue are observable in the tetrataenite rim,
which correspond to spatially resolved, micrometer-sized magnetic
domains formed from the same parent taenite as the CZ. For each
XMCD image, we recorded the Ixmcp values of these six colors,
which correspond to the six preferred orientations of the magneti-
zation of tetrataenite (the <100> crystallographic axes of the parent
taenite). Because of the islands’ small sizes (between 102 and 125 nm,
on average, for the largest islands in Techado and Colomera, re-
spectively; text S8), the XMCD contrast of individual CZ islands
cannot be resolved; instead, a continuum of red and blue colors is
visible in the CZ. The average intensity of a 0.5-um-wide region of
interest was collected for each XMCD images of Techado. We used
a 2-um-wide region for Colomera (text S3). These quantities are
used to calculate the three spatial components of the ambient field
that magnetized the meteorite by comparing the XMCD data to that
expected for a Maxwell-Boltzmann distribution of their magnetization
directions. The theoretical approach is described in detail in text S3.

Thermal modeling

A full description of the model and all of the parameter values are
presented in (37). Here, we provide a summary of the procedure.
We adopted a model in which the growth of the body to its final
radius occurs in two discrete steps. The first instantaneous accretion
event occurs sufficiently early that the accreted material contains
abundant *°Al (3), which causes this material to heat up to its partial
melting temperature and differentiate into a core and partially molten
magma ocean within less than 0.25 Ma after accretion. The second
accretion event occurs at a later time such that the material added
during this event contains substantially less *°Al and does not heat
up to its partial melting temperature through radiogenic heating.
Hence, this second accretion event results in the addition of an un-
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melted, chondritic crust to the surface, forming a partially dif-
ferentiated planetesimal. This is analogous to the two phases of
accretion that are observed in accretion models incorporating detailed
dynamics (6).

All the simulations that we conducted had their first accretion
event occur at 0.5 Ma after CAI formation. The precise timing of
this accretion event has a minor effect on the resulting planetesimal
as long as it occurs when the decay rate of *°Al is sufficient to melt
the planetesimal seed ($1.8 Ma after CAI formation) (37). The sec-
ond accretion event occurs in all the simulations at 2.4 Ma after CAI
formation. This time was chosen because at this point, the remain-
ing Al in the added material produces a temperature in the un-
melted crust up to the peak metamorphic temperature estimated for
Netschaévo (~900°C), another IIE with chondritic silicate inclusions
(49). We use this temperature as an estimate for Techado in the ab-
sence of a published value for this meteorite. We simulated the thermal
evolution of bodies with initial radii (after the first accretion event)
of 100, 130, 180, and 230 km. The radii of all of these bodies in-
creased instantaneously by 70 km during the second accretion event,
creating bodies with final radii of 170, 200, 250, and 300 km, re-
spectively (fig. S6). Simulating a linear, protracted accretion of the
70-km-thick chondritic crust between 0.5 and 2.4 Ma after CAI
formation would result in an average accretion rate of ~35 km Ma ™.
This is two orders of magnitude faster than heat dissipation by conduc-
tion through the deposited chondritic material, equal to ~0.3 km Ma™
assuming a thermal diffusivity of ~9x10”” m*s~'. Therefore, simu-
lating instantaneous accretion of the crust actually results in com-
parable amounts of crustal material being melted at the contact point
with the seed as would have occurred for constant accretion. It produces
in a similar structure of the planetesimal at the end of accretion.

Regardless of the uncertainties surrounding the mechanism that
could drive compositional dynamos, a core cannot generate a mag-
netic field once it is completely solid. As a consequence, we considered
that a crystallization-driven dynamo could have been generated during
the time window before the latent heat resulting from solidification
of the entire core at the Fe-S eutectic temperature (930°C) was
extracted across the core-mantle boundary (i.e., while the core is at
least partially molten). Our 170-km final radius simulation has core
solidification finishing at 97 Ma after CAI formation (the approxi-
mate age of NRM acquisition by the CZs in Colomera), suggesting
that it is unlikely that bodies with radii smaller this value were able
to exhibit dynamo activity when Colomera recorded its remanence.
It is therefore possible that both Techado and Colomera could have
been magnetized by compositionally driven activity if the final radius
of their parent body was >170 km (fig. S10). It should also be noted
that the core must have started to crystallize before Techado acquired
its magnetization 78 + 13 Ma after CAI formation. This timing is
compatible with Re-Os ages estimated for the IIABs [37 + 50 Ma
after CAI formation (50)], which are often taken as an example of a
fractionally crystallized group that originated in an undisturbed
mantled core.

High-velocity impact simulations

The numerical simulations were conducted using the latest version
of the iSALE2D shock hydrodynamics code (39, 51, 52), iSALE-Dellen,
with a cylindrically symmetric computational mesh (53). Given the
2D geometry of the simulations, only vertical impacts were simulated.
The target planetesimal was 170 km in radius with a 60-km radius
iron core and a 110-km-thick silicate layer. For simplicity, the same
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material (dunite) was used to represent the material properties for
the partially solidified mantle and never-melted crust. The initial
thermal profiles of the target at 10 and 30 Ma after CAI formation
were obtained from our 1D thermal model. These times are in agree-
ment with a recent Hf-W isotopic investigation that dates the IIE-
forming impact event(s) within the first tens of million years after
CAI formation (54).

In all simulations, the core was molten (T > 1250 K) and treated
as a fluid with a constant viscosity of 100 Pa s. For an impact at
10 Ma after CAI formation, 53% of the silicate layer is still above its
solidus (~1100°C) and therefore is only partially molten. At 30 Ma,
27% of the silicate layer is above its solidus. We adopted the semi-
analytical ANEOS package to determine the equation of state of each
material using published rheological properties of dunite for the
silicate layer and iron for the core (55). The spatial resolution was
between 14 and 16 cells per projectile radius (CPPR), which resulted
in a grid spacing between 2 and 2.5 km. The simulations were stopped
after internal flows within the body had ceased. Depending on the
scenario investigated, the projectile was entirely made of iron or
dunite. In either case, the impactor had a radius ranging from 10 to
40 km and a velocity between 1 and 9 km s™". Table S6 summarizes
the combinations of parameters investigated. Text S12 discusses
additional simulations.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/30/eaba1303/DC1
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