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PLANETARY SCIENCE

Meteorite evidence for partial differentiation
and protracted accretion of planetesimals
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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
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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.

Maurel et al., Sci. Adv. 2020; 6 : eaba1303 24 July 2020 30f9

020z ‘9z AInr uo /610 Bewasuslds saoueApe//:dny wolj papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

YT
I 0° Techado
Xt | mint.1
mint. 2

V4
T/ v

0°

270°

Colomera
mint. Amint.C
mint. B mint. D

AN

O---Upper hemisphere
m— Lower hemisphere

180°

180°

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.

Maurel et al., Sci. Adv. 2020; 6 : eaba1303 24 July 2020

50f9

0202 ‘9z AInr uo /610 Bewasualos sadueApe//:diy Woi) papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

A t=0s B t =24,600s

Cc t =24,600s

100 km 1100

100 km

900

700

500

300

(Do) @injesadwal

100

-100

I Impactor (iron/dunite)

I Mantle (dunite)

Il Core (iron)

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 = I-t— M
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

Loy — I
IXMCD — Ci)l‘r corr (2)
Icorr + IC+Ol‘1’

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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S1. Silicates in Techado and Colomera

Here we provide a short description of Colomera’s and Techado’s silicates. The silicates are
important to this study for two main reasons. First, the textures of both chondritic and achondritic
silicates in the IIEs have been used to infer the thermal evolution of the meteorites. Second, the
silicates’ compositions establish the identity, and therefore closure temperature, of the dominant
Ar-bearing phase that has been dated using *°Ar/*Ar chronology of bulk samples. Because the
closure temperatures for Colomera and Techado are similar to the temperature at which tetrataenite
forms, the “°Ar/*Ar ages correspond to the time of acquisition of their NRM (see main text).

Colomera’s achondritic silicates are multiphase assemblages ranging in diameter up to ~5
mm and composed mainly of 70 vol. % plagioclase and ~30 vol. % clinopyroxene and
orthopyroxene (3/). The additional presence of feldspathic glasses in Colomera indicates
quenching (cooling at > 10!° °C My!) to near or below their solidus at 850—-1000°C. The presence
of glasses of similar composition in several IIEs argues in favor of a large early impact exposing
melted silicates to near-surface temperatures (of the order of ~100°C) (/8).

To explain the presence of cloudy zones (CZs) in the matrix metal of Colomera (and
Techado), this period of fast cooling must have been limited and followed by slow cooling (<
10,000°C My™!). Time-temperature-transformation diagrams obtained from devitrification
experiments on tektites (with a similar composition as Colomera’s glasses) demonstrate that if
Colomera’s glasses were quenched below 850°C, they would not have devitrified during the
subsequent slow-cooling episode (~2.5°C My! at ~350°C; Section S10) (58).

Techado contains one cm-sized, near-chondritic silicate inclusion with a dominant mixture
of olivine and pyroxene (~80 vol.%) along with plagioclase (~20 vol.%) (31). The shape of the
silicate and coarseness of its constituent grains suggest that Techado experienced heating, but did
not reach the solidus temperature of its silicates (/8).

S2. Siderophile element pattern of the IIE meteorites
Iron-meteorite groups that formed by fractional crystallization of a metallic core exhibit a strong
negative trend in highly refractory siderophile element concentrations (e.g., Ir) versus volatile
siderophile elements concentrations (e.g., Au) that spans several orders of magnitude (59). This
trend reflects increasing degrees of closed system fractional crystallization of a core. For example,
ITAB meteorites, thought to have formed in a fractionally crystallizing metallic core, have Ir
concentrations ranging from 0.01 to 60 pg/g for Au ranging from 0.5 to 2 pg/g (59). This is not
the case for the IIEs, whose Ir composition extends from just 1 to 8 pug/g over approximately the
same range of Au concentrations.

This absence of correlation between Au and Ir has been interpreted as evidence that the
IIEs did not crystallize within the core of their parent body (20). Instead, ref. (20) proposed that
the mixing occurred at the bottom of impact craters on a metal-rich, undifferentiated body. In that
case, the degree of metamorphism of the IIE chondritic silicate as well as the melting of their
achondritic silicates could either be a consequence of the strong temperature gradient in the metal
pools or be the result of multiple impacts producing different level of heating. Petrological
evidence, in particular the fact that achondritic silicates are close to equilibrium melts, appear to
be incompatible with this scenario (/8). Additionally, our newly measured cooling rates at ~350°C
of the IIEs are only a few degrees per million years (section S10), which requires that the
meteorites were buried under a significant layer of isolating material and is incompatible with the
fast cooling expected at the bottom of impact craters.
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Fig. S1. Diagram showing various quantities associated with XPEEM measurements. A K-T
interface refers to the combination of tetrataenite rims and CZs (entire box). The region of interest
has a width of ~500 nm and is located next to the tetrataenite rim for Techado. It has a width of ~2
pm and is located next to the rim for Colomera (see sections S3 and S8 for details). Multiple
XMCD images are acquired along one side of the K-T interface.

S3. X-ray photoemission electron microscopy (XPEEM) measurements

a) Correction of the raw XPEEM images for Colomera

The XPEEM protocol including the acquisition of off-edge images described in the main text
Materials and Methods was strictly applied for our last measurement campaign conducted for
Techado. For our earlier measurements of Colomera, off-edge images were recorded only during
our second series of measurements (i.e., K—T interfaces A, B and C) but not the first (i.e., K-T
interface D). We also monitored the incoming X-ray intensity, [,, for these two series of
measurements. When off-edge images were available, we did subtract them from the
corresponding on-edge images. For consistency across all K-T interfaces of Colomera, we chose
to only divide each subtracted XPEEM image by this value:

t _ Ii‘
+ __ ‘on-—edge off—edge (Sl)
Icorr_iO - I
0
where I;—rn_edge and I;—rff_edge are the pixel intensities obtained with a left- and right-circularly

polarized beam tuned to on-edge and off-edge energies, respectively.

b) Selection of the region of interest

To include in our datasets only the coarsest islands, which are located close to the rim, we
calculated the average XMCD intensities in a 0.5-pum large region of the CZ next to the tetrataenite
rim for Techado while for Colomera, we used a 2-um large region next to the rim. The motivation
for these sizes is that we seek to minimize the island size variation across one region (since our
paleointensity calculations assume this is constant; see equation S2) while maximizing the number




of islands to minimize the statistical uncertainties associated with finite numbers of islands (section
S6b). Our SEM measurements of both meteorites confirm that island sizes are essentially constant
across both selected regions (section S8). By choosing regions next to the rim, we also avoided
working with the smallest CZ islands formed below ~34 wt.% Ni, whose magnetization acquisition
process remains poorly understood. In all the region of interest analyzed in both meteorites, the Ni
local concentration was higher than 34 wt.%, so that the islands formed above the tetrataenite
ordering temperature.

c) Theoretical Maxwell-Boltzmann approach

Because the XMCD contrast of individual CZ islands is not spatially resolved, we compare the
XMCD data to that expected for a Maxwell-Boltzmann distribution of the average magnetization
directions (/4). In particular, we account for the fact that each island’s magnetization can adopt
one of the six preferred directions of tetrataenite (see main text Materials and Methods) whose
probability depends on the direction of the field experienced as tetrataenite formed. Each CZ island
has a magnetization MV, where M; is the tetrataenite saturation magnetization (1300 kA m") and
V is the volume of the island at the time the field is recorded, oriented along one of the six preferred
directions, denoted +x, £y and +z. The associated magnetostatic energies in the presence of an
external ancient magnetic field B = (B, By, B,) are given by:

E . = +M,VB,
Eyy = TM,VB, (S2)
E,, = +MJVB,

The Ni-poor matrix that surrounds the islands is paramagnetic (22). As a consequence, it may
contribute to the magnetic energy budget with a component induced by the field generated by the
islands. However, this induced field would be proportional to the paramagnetic susceptibility,
meaning it would be ~107 times less intense than the islands’ field (60). It is therefore not
accounted for in our calculations.

In the Maxwell-Boltzmann framework, the probability p; that the magnetization of an
island adopts direction i equals the ratio of the number of islands adopting this direction (n;) to
the total number of islands (n):

E.
b = % _ (_ kBlT) 3

- E.
j=6 4
Zj:l &P < kBT)

where T is the ordering temperature of tetrataenite [320°C (24)] kg is Boltzmann’s constant and
Jj = *x, £y or £z. Moreover, the average XMCD intensity measured across a region of the CZ
(Ixmcp,cz) can be written as the sum of the six possible XMCD intensities, Ixycp,;, corresponding
to the six magnetic easy axes of tetrataenite weighted by the probability p; that an island adopts
this specific orientation:
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Substituting eq. (S3) into eq. (S4), we obtain an equation relating the XMCD intensities
experimentally measured with XPEEM and the three components of the putative ancient field that
magnetized the meteorite:

)

Y428 Ixmcp,; €Xp (—
e (~5.7)

E;
T

Ixmcp,cz = (S5a)

With the XMCD intensities measured for three different orientations of the sample with respect to

: : ! n ! n
the X-ray beam direction (namely Ixycp ;, Ixmep,is Ixmcep,is and Ixmcp,cz» Ixmep,czo IXMCD,CZ) we

obtain a system of three equations [see equations (4-6) of ref. (/4)].

i E;
=6 g/ _ i
2i=1 Ixmcp i €xp ( _kBT)

=5 exp (—ki—T)

Ixmcep.cz = (S5b)

i E;
=6 g1 _ i
2i=1 Ixmcp i €xp ( kBT)

=5 exp (—ki—T)

" _
XMCD,CZ —

(S5¢)

All parameters in eq. (S5a—c) are known: the ordering temperature, saturation magnetization, and
island size at blocking temperature (with the latter obtained using the cloudy zone formation model
described in Section S9). We can therefore solve the system to obtain the three components B,,
B, and B, of the ancient field relative to the three preferred directions of tetrataenite.

S4. Electron backscatter diffraction (EBSD) measurements

Because dynamo fields are homogenous on spatial scales far exceeding that of meteorite hand
samples, a key quality of NRM acquired in an ancient field at a single time is that it should be
unidirectional across all K-T interfaces of a given sample. Therefore, it is important to obtain the
absolute orientations of the NRM in the interfaces in each meteorite. However, our XPEEM
analysis recovers the projection of the ancient field direction onto the three possible easy axis
orientations of the local tetrataenite grains. Given that we analyzed K—T interfaces that formed up
to ~5 mm apart, these tetrataenite phases might have been derived from different parent taenite
grains with differing crystallographic orientations. Hence, determination of the absolute




orientation of the crystal lattices of the analyzed K-T interfaces is required to test for
unidirectionality of the NRM.

To obtain the crystallographic orientations of the K—T interfaces studied with XPEEM, we
used EBSD with a tilt angle of 70°, an acceleration voltage of 20 kV and incident beam currents
of 5 nA. The measured diffraction patterns were compared to the a-bece iron reference for kamacite
and y-fcc iron reference for taenite/tetrataenite. For Colomera, the measurements were conducted
using the Zeiss Merlin Scanning Electron Microscope at the MIT Material Science Department
and the data analysis used the Orientation Imaging Microscopy (OIM) Analysis software. For
Techado, we used the FEI Quanta 650F SEM at the Department of Materials Science and
Metallurgy, University of Cambridge combined with the Brukers ESPRIT software for data
analysis.

For Colomera, we measured the orientation of the <100> directions for all K-T interfaces,
interface D being located on the opposite face of the sample with respect to the others (main Fig.
2). We found that the <100> directions of each CZ, once rotated into a common reference frame,
are essentially unidirectional (Fig. S2A-B), implying that the directional data obtained from
XPEEM do not need to be rotated to mutually orient the crystallographic axes of tetrataenite. We
drew the same conclusion for the two CZs measured in Techado (Fig. S2C). Therefore, the CZs
formed from a single parent taenite crystal within each meteorite.

Yc Ye vr
l o-_| MEBSD Int. AB | o J‘ o -
Xc mEBSD Int. C Xc ~ Xr m EBSD Int.
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Fig. S2. Mutually orienting the K-T interfaces within Colomera and Techado. (A) Equal area
projection of the <100> directions in the K—T interfaces (i.e., tetrataenite rim and CZ) measured
with EBSD for all four interfaces in Colomera. The easy axes of interface D were measured in a
different sample orientation and are rotated into the same reference frame as the other interfaces
on this figure. Only three of the six directions are shown (the other three being opposite to those
shown here) (B) Equal area projection of the easy axis directions estimated from XMCD intensities
for interfaces C and D in Colomera. For clarity, we did not include interfaces A and B, and show
only three directions. The easy axis directions (same for all interfaces) measured with EBSD are
shown for comparison, with a confidence ellipse representing the spread estimated from (A).
Ellipses represent the 95% confidence intervals, calculated by bootstrapping for the XMCD-
derived directions or estimated from EBSD measurements. (C) Equal area projection of the <100>
directions in the tetrataenite rim and CZ measured with EBSD for the two interfaces in Techado.
Only three directions are shown. In (A-C), open (closed) symbols and dashed (solid) lines denote
upper (lower) hemisphere. The reference frames refer to main Fig. 2.



S5. Statistical tests for unidirectionality

In this section, we consider whether the measured XMCD intensities exclude the possibility that
tetrataenite in CZ islands formed in the absence of a field (section S5a). We then explain the
statistical tests that allow us to conclude that all CZs in one meteorite were likely magnetized by
the same field (section S5b).

a) Directional bias in the cloudy zones

If a CZ grew in the presence of a magnetic field, we expect a bias in the distribution of CZ island

magnetizations towards the easy axis closest to the external field direction (61) [see equation (S3)].

Conversely, if the CZ cooled in the absence of a field or experienced a very weak field, equal

distributions along each of the possible easy axes are expected. To assess whether the CZs in our

samples experienced an ancient field, we first compared the net magnetization measured for a

region of interest to the net magnetization expected if the individual island magnetizations were

evenly distributed along the three preferred magnetization directions. We used a bootstrapping
method in three steps:

1) We choose (with replacement) among the average XMCD intensities measured in the region
of interest in a given CZ and a given orientation of the sample. We repeat as many times as
there are XMCD images for the given CZ in our dataset. We calculate the mean of these values.
We repeat 1,000 times.

2) Using the characteristic XMCD intensities measured in the tetrataenite rim, calculate what
would be the average XMCD value of this region of the CZ assuming equal partition of the
magnetization directions along the three easy axes. To do this, we estimate first the number of
islands in the region of interest. We do so by using the island size measured from SEM images
and the fact that islands occupy ~90% of the given region of the CZ (Section S9; Fig. S7). We
then assign randomly one of the six XMCD intensities measured in the rim. We repeat as many
times as there are XMCD images for the given CZ in our dataset. We then calculate the mean
of these values. We repeat this 1,000 times.

3) Finally, we compare the 95% confidence intervals (i.e., the range of values that contain 95%
of the mean XMCD values calculated above) of the measured data (from step 1) with that of
the simulated random distribution (from step 2).

We found that all CZs studied have, for at least one orientation of the sample, a measured

distribution that does not overlap with the simulated random distribution interval to 95%

confidence (Fig. S3), implying that each CZ exhibits a significant bias in the distribution of island

magnetization directions. This in turns implies that the CZ islands included in our datasets acquired
their magnetization in the presence of a non-zero magnetic field.

In our Maxwell-Boltzmann framework, the paleointensity derived from an XPEEM dataset
is obtained by combining the XMCD intensities of the rim and of the region of interest in the CZ.
Non-overlapping confidence intervals in the XMCD intensity space between our data and
simulated zero-field data (Fig. S3) will therefore automatically yield non-overlapping confidence
intervals in the paleointensity space.
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Fig. S3. Demonstration that NRM in Techado and Colomera was acquired in a non-zero
field. Distribution of the average XMCD intensity of each CZ analyzed in Techado and Colomera
obtained by bootstrapping for the three different sample orientations (red dots), compared to the
distribution obtained with a random distribution of the magnetization directions along one of the
six easy axis directions (grey dots). Dashed lines show the 95% confidence interval of each
distribution. The means obtained after each of the thousand trials are distributed along the abscissas
of the figures.

b) Watson’s test and V,, statistical test

Here we describe two statistical tests conducted on each XPEEM dataset. The first is Watson’s
test for randomness (62), which establishes whether a distribution of directions (i.e., the field
orientations estimated from each XMCD image of one K-T interface) are drawn from a uniform
distribution. The second is the V,, test, which assesses whether two Fisher-distributed three-
dimensional distributions of unit vectors (i.e., mean directions of two K—T interfaces from a given
meteorite) share a common mean direction. It allows us to determine whether, within a given
confidence interval, all CZs studied in one meteorite exhibit a common paleodirection.

For Watson’s test, we compared the set of directions calculated from each set of XMCD
images of a given K—T interface to a uniform distribution on a sphere. We found that each dataset
for each K-T interface studied was not drawn from a random distribution at 99% confidence (Table
S1). The second test consisted of calculating the V,, statistic (63) for each pair of K-T interfaces
within a given meteorite and comparing them to a critical value. The critical value of the V,, statistic
is obtained in three steps: 1) simulate two Fisher distributions with the same number of points and
same dispersion as the two experimental datasets, but with a common true mean direction; 2)
calculate their V,, statistic; 3) repeat this operation a thousand times and take the 950" greatest
value of V,,. If this critical value is larger than the ¥V, statistic for the pair, the hypothesis that the
two experimental distributions have the same mean direction cannot be rejected at 95%
confidence. We found that the differences in the mean paleodirections estimated from K-T
interface A, B, C and D in Colomera, as well as CZ 1 and 2 in Techado, are not significant to 95%
confidence (Table S2).

. . R, or x2
- 2 0 3
Meteorite K-T interface N R or /3R?/N (99% confidence)
1 25 29.2 11.34
Techado
2 33 102.3 7.81
A 7 7.6 5.26
B 8 6.7 4.89
Colomera
C 10 17.2 11.34
D 13 22.4 11.34

Table S1. Calculated statistics and critical values for Watson’s test. Parameters for a test of
uniformity against a unimodal alternative (62, 64). The first two columns indicate the meteorite
and the K-T interface considered. The third column gives the number of locations analyzed (i.e.,



data points obtained) on each interface. The fourth column shows the resultant length of the data
R, if N < 10 or the value /3R?/N if N > 10. This value is compared to the critical value in the

fifth column, namely R, if N < 10 and y% if N > 10. IfR > R, or \/3R?/N > y?Z, the uniformity
hypothesis can be rejected at 99% confidence.

. _ Critical Vw Critical Vi
Pair of K-T Ve 95%, Pair of CZs Ve 95%,
interfaces - .

confidence confidence

B-C 1.61 6.51 A-B 5.08 7.61

B-D 0.40 8.80 A-C 0.68 9.28

C-D 5.07 10.92 A-D 5.77 6.99

1-2 2.3 37.0

Table S2. Calculated statistics and critical values for the Vy, statistical test. The first and fourth
columns indicate the pair of K-T interfaces compared (A, B, C and D for Colomera, 1 and 2 for
Techado). The second and fifth columns give the V), statistics calculated for each pair. If the V5,
value is smaller than its critical value given by the third and sixth columns, we cannot reject at
95% confidence the hypothesis that the field directions recovered from the two CZs are equivalent.
It is the case for all pairs in both meteorites.

S6. Uncertainties in paleodirection and paleointensity

Here, we estimate the uncertainties on the paleodirection and paleointensity inherent to our
measurements. These are due to experimental measurement noise such as time-dependent drifts of
the incoming X-ray beam or varying resolution of the instrument’s electron optics (section S6a),
counting statistics associated with the limited number of islands included in a given XPEEM
dataset (section S6b), and rotation of Colomera’s data into a common reference frame (section
S6c¢). Tables S4 and S5 summarize the results.

a) Measurement noise

To quantify the measurement uncertainty, we proceeded by bootstrapping in a similar fashion as
step 1) of section S5a. Among the measured XMCD quantities, we picked with replacement as
many values as the number of locations we analyzed along a given K—T interface. This was done
for each rim XMCD intensity and each average CZ XMCD intensity, for a total of seven values.
We then calculated the average paleodirection and paleointensity for this dataset using Eq. (S5).
This was repeated a thousand times. The 95% confidence interval in paleodirection is quantified
by the cone that contains 95% of the mean directions calculated. The 95% confidence interval in
paleointensity contains 95% of the paleointensity values calculated.

b) Small-number statistical uncertainty

The small-number statistical uncertainty results from counting statistics associated with the finite
number of islands included in each XPEEM dataset. It quantifies how well the paleodirection
estimated from a CZ reflects the relative orientation of the ancient field. An analytical formula for




this uncertainty has been calculated in the Maxwell-Boltzmann framework by ref. (65) for the field
direction (eq. S6a) and intensity (eq. S6b):

o = tan—t | |SE__KeTs (S6a)
% 3N poHo Vg Msp
3 ksT,
Sm= |[—— B8 (S6b)
N poHoVg M g

where aqs is the half cone 95% confidence directional uncertainty, dm is the 95% confidence
uncertainty in paleointensity, N is the number of CZ islands included in the dataset, Ty is the
blocking temperature (320°C), uoH, is the intensity estimate for the ancient magnetic field, Vy is
the volume of the CZ islands at tetrataenite ordering temperature, Mgp is the saturation
magnetization at blocking temperature and kp is Boltzmann’s constant.

Equations (S6a-b) show that the small-number statistical uncertainty inversely depends on
the size of CZ islands at their blocking temperature for small values of ag5. Larger islands have
larger magnetic moments and couple more strongly to an external field; in this case a smaller
number of islands is necessary to obtain the same net magnetization. We estimated this size using
the model described in Section S9. The equations also show that the small-number statistical
uncertainty inversely depends on the intensity of the ancient field. If the ambient field is weak,
more islands are needed in the dataset for their net moment to reliably match the field orientation.
We used the average field intensities estimated from XPEEM measurements for each CZ and the
approximate number of CZ islands included in each XPEEM dataset in eq. (S6a) and (S6b). The
small-number statistical uncertainties in direction (resp. intensity) for all CZ studied in both
meteorites range between 6° and 10° (resp. 7% and 10%) for Colomera and are within 4° and 5°
(resp. 5%) for Techado (Table S3). This small-number statistical uncertainty was added to the total
uncertainty estimated for each XPEEM dataset.

. . Statistical Statistical
Approximate Average field uncertainty uncertainty
Meteorite Interface number of islands intensity in direction in intensity
in XPEEM dataset estimate (uT) ©) (%)
A 1090 13 9 10
B 954 20 6 7
Colomera
C 1363 14 8 9
D 1772 10 10 10
1 1200 35 5 5
Techado

2 1600 36 4 5




Table S3. Small-number statistical uncertainty for each CZ analyzed. The first and second
columns give the name of the meteorite and which K—T interface is considered. For each CZ found
in the given interface, the third column shows the approximate number of islands in the XPEEM
dataset calculated using the measured average island size, the width of the CZ region of interest
(0.5-um for Techado, 2-pm for Colomera) and assuming the islands occupy 90% of the region.
The fourth column shows the average field intensity estimated assuming an underlying Maxwell-
Boltzmann distribution for individual islands’ magnetizations. The fifth and sixth columns provide
the statistical uncertainty in direction and intensity calculated with Eq. (S6a) and (S6b),
respectively.

c) Island size at tetrataenite formation temperature

Given our uncertainty on the local Ni content in the regions of the CZ included in our datasets, our
knowledge of the size of the islands at 320°C also has an uncertainty. A £ 1 wt.% uncertainty in
Ni content, which is a relatively large estimate given the Ni profiles measured (Fig. S5), propagates
into a 5% uncertainty on the size of the islands at 320°C (28). Because the paleointensity estimate
depends on the volume of the islands, this results in an additional 15% uncertainty on the
paleointensity. To be conservative, we included this uncertainty in our final estimates.

d) Additional directional uncertainty for Colomera

The measurements of K-T interface D in Colomera were acquired with a different sample
orientation than those of interfaces A, B and C. To measure interface D with XPEEM, the
rectangular sample was flipped about its small axis and rotated by ~15° clockwise (main Fig. 2).
The rotation of the inferred NRM directions, initially estimated in the reference frame of the
tetrataenite easy axes, introduces a directional uncertainty that needs to be quantified. The
coordinates of each easy axes in a chosen reference frame can be determined using the XMCD
intensities collected in the tetrataenite rim:

e' -k~ algvcp,
e k'~ alyyep; (S7)

e -k ~a Iyycp,

where €' is the unit vector for the easy axis i; k, k' and k'’ are the unit vectors aligned with the
beam directions for each of the three orientations of the beam with respect to the sample; and
Ixmcp,i> Ixmcp,; and Igycp ; are the tetrataenite rim XMCD intensities corresponding to easy axis

i for each of the three orientations of the beam with respect to the sample. The proportionality
factors a, a’ and a'’ are unknown. To evaluate the error induced by this factor on the easy axis
directions, we proceeded by bootstrapping as follows:
1) We assign a value to the unknown factor picked randomly between 0.01 and 5 and
divide the measured XMCD intensity. The upper value is chosen because maximum
XMCD values are ~0.2 and the dot product between two unit vectors has to remain
smaller than 1. The lower bound is arbitrary; picking smaller values does not affect the
final confidence interval.
2) We calculate the easy axis directions using eq. (S7) and find the closest set of three
orthogonal vectors;
3) We repeat this sequence 1,000 times.



The easy axes directions found with this method, once rotated in a common reference frame, are
close to the directions measured with EBSD (Fig. S2B). For each K-T interface, 95% of the axes
obtained by bootstrapping were within a 20° to 25° cone. This uncertainty was added to the total
uncertainty of the paleodirection estimated from the interfaces in Colomera.

K-T

Meteorite Int Paleodirection (°)

Declination Measurement Small-_nu_mber
statistical

uncertainty uncertainty

Orientation Total

Inclination uncertainty uncertainty

168.3

A 411 27 9 23 37
242.5
B 47.9 34 6 23 42
Colomera
199.7
C 58.8 28 8 25 38
22.3
D 85.1 29 10 20 37
6.05
1 75.4 12 5 0 13
Techado
338.2
2 270.6 14 4 0 14.5

Table S4. Average estimated paleodirections and associated uncertainties. The first and
second columns give the name of the meteorite and which K-T interface is considered. The third
column shows the average declination and inclination obtained from bootstrapping, in the
reference frames of main Fig. 2. The fourth, fifth and sixth columns give the measurement
uncertainty, small-number statistical uncertainty and orientation uncertainty, respectively (section
S6). The total uncertainty in paleodirection is given in the seventh column. All uncertainties refer
to the angle of the 95% confidence cones.



K-T

Meteorite Int Paleointensity (uT)
Average Measurement Small-number Island size Total
intensit uncertainty statistical estimate uncertainty
y uncertainty uncertainty
A 13 3.8 1.3 2.1 4.5
B 20 5.2 1.4 3.6 6.5
Colomera
C 14 3.3 1.3 2.5 4.3
D 10 1.7 1.0 1.5 2.5
1 35 9 1.8 5.2 10.5
Techado
2 36 10 1.8 5.4 11.5

Table S5. Average estimated paleointensity and associated uncertainties. The first and second
columns give the name of the meteorite and which K-T interface is considered. The third column
shows the average declination and inclination obtained from bootstrapping. The fourth, fifth and
sixth columns give the measurement uncertainty, small-number statistical uncertainty and
uncertainty relating to the island size at 320°C, respectively (section S6). The total uncertainty in
paleointensity is given in the seventh column. All uncertainties are the 95% confidence interval.

S7. Phenomena that could affect the estimated paleointensities

a) Magnetostatic interactions

As discussed on p. 218-219 of ref. (60), magnetostatic interactions can be added to the classic
Néel picture (non-interacting single-domain particles) in the following way. Classically,
thermoremanent magnetization (Mygy) at a temperature above the blocking temperature is given
by Boltzmann statistics as:

HOVMS(TB)H>

MTRM = MRS tanh ( ka
B

(S8)

where V is the volume of the particle, Mgg is the saturation remanence, Mg(Tg) the saturation
magnetization at blocking temperature T, H is the applied field, k;, the Boltzmann’s constant and
Uo the vacuum permeability. Considering magnetostatic interactions, the applied field is H =
Hey + Hine Where Hey, is the external field and H;,, the interaction field. Except for rare spatial
distribution of grains such as in a magnetotactic bacteria (lined up end to end), H;,; < 0, which is
expected in the CZ, given the spatial arrangement of the islands (Fig. S4A). This implies that for
an observed Mtgy, one would underestimate the ambient field if one did not take into account
interactions. Opposing signs of Hgy and Hj,, should also typically hold for thermochemical
remanent magnetization for such a grain spatial distribution.

Micromagnetic simulations demonstrate that the CZ islands recorded remanence
immediately after they chemically ordered to form tetrataenite. During this ordering, the



magnetocrystalline anisotropy increases dramatically, which causes the islands to adopt either a
single domain state (if their magnetic easy axis coincides with their major axis—islands are
ellipsoids) or, more likely, a two-domain state separated by a domain wall (24).

The NRM acquisition process is the object of active research. The results of micromagnetic
simulations (66) support the idea that 1) the CZ does acquire a net NRM despite the existence of
magnetostatic interactions and 2) this NRM is proportional to the external field strength, although
the exact relationship between the field strength and the measured NRM remains under
investigation. Independently from the case of the CZ, we can say that not accounting for
magnetostatic interactions in almost any spatial configuration will result in an underestimation of
the paleofield intensity. As a result, a Maxwell-Boltzmann approach is used to obtain a first-order
approximation of the field intensities from average XMCD intensities in the CZ (eq. S5a—c).

Previous XPEEM measurements have provided two major pieces of evidence that the
magnetostatic interactions between islands do not introduce spontaneous remanence into the CZ
in the absence of an external field. The first piece of evidence for this is the unidirectional
remanence observed across several K—T interfaces in this study and others (74, 67, 68); it is
extremely unlikely that a spontaneous remanence adopted by multiple K-T interfaces would be
unidirectional.

The second argument is that if the CZ could spontaneously acquire its magnetization, one
would expect to see a non-zero average XMCD intensity of the CZ in all XPEEM datasets ever
acquired. This would result from the non-random magnetization of individual islands in the region
of interest. However, field intensities indistinguishable from zero have been estimated from
XPEEM measurements of two pallasites and two [AB iron meteorites (69). One caveat of these
analyses is that they were early on conducted for a single orientation of the sample with respect to
the X-ray beam (as opposed to three in the most recent XPEEM studies including this one). It is
possible for a region of interest to have an average XMCD intensity of zero for one rotation (see,
for example, fig. S3) depending on the orientation of the individual magnetizations with respect to
the X-ray beam. However, we argue that it seems unlikely, though not impossible, that all four
measurements were conducted in a configuration such that images would all exhibit an average
XMCD intensity of zero. We take this as an empirical evidence that weakly magnetized CZ exist,
arguing also against the spontaneous acquisition of strong remanences.

Interactions between an assemblage of closely-packed magnetic grains can affect the
magnitude of the remanent magnetization they adopt (27). Simulations of interacting grains with
varying degrees of packing fraction demonstrate that the remanent magnetization in a tightly
clustered, strongly interacting assemblage of particles could be an order of magnitude weaker than
that adopted by particles that are spread far apart and therefore weakly interacting (27). As such,
the closely packed nature of CZ islands suggests the paleointensity recovered from this intergrowth
could be up to an order of magnitude higher than the intensity of the external field it experienced.

Finally, it should be noted that in the regions of interest (i.e., within 0.5 pm of the rim for
Techado and 2 um for Colomera), the local Ni content of the CZ is > 38 wt.%, which implies that
by the time the CZ reached 320°C the islands were already > 70% of the present-day size in both
meteorites (i.e., ~80—90 nm) (28). Given the presence of the interaction field and the very high
field (> 1 T) needed to re-nucleate a domain wall in single-domain tetrataenite islands (24), the
final growth of the islands from >70% to 100% of present-day size will not change their
magnetization state.



b) Field amplification

The IIEs cooled in a large reservoir of metal, which was very likely dominated by large
multidomain kamacite grains like those present in IIE hand samples at the time that the CZ islands
ordered to form tetrataenite. This implies that the field that magnetized the CZ islands may have
had a non-negligible induced component resulting from the low magnetic coercivity of these
multidomain grains. This component would have been recorded by the CZs and, if not accounted
for, could yield an overestimation in our theoretical calculations of the actual magnetizing field
(see main text). Here, we calculate the extent of such field amplification for the limiting cases of
a spherical and a cylindrical geometry of the reservoir.

The total magnetic field inside a magnetized material (H,) is the sum of the external
magnetic field (Hgy ) and the demagnetizing magnetic field (Hy;). In one dimension, the
demagnetizing field and the magnetization (M) are related by a demagnetizing factor N ranging
between 0 and 1 that depends on the shape of the material:

Htot = Hext - NM (89)

Moreover, the magnetic induction inside (Bj,) and outside (Bey;) the cylinder and the magnetic
field are related by:

Bi, = ﬂo(Htot + M) = UrtoHior
(S10)

Bext = Uo Hext

where 1, is the relative magnetic permeability of the material and pq is the permeability of free
space. We can consider two end-member geometries to assess the effect of the demagnetizing field
on the total field. For a sphere, N = 1/3, while for a cylinder of radius R and length L with the
field oriented along its main axis (60):

L

Vel e

which for an infinitely long cylinder gives N = 1. Inserting N = 1/3 into eqs. (S9-S10), we
obtain a relationship between the total field inside the material and the external field for a sphere:

3y
By, =———B 12
mn ﬂr + 2 ext (S a)

Inserting eq. (S11) into egs. (S9-S10), we obtain the field inside an infinite cylinder:

Bin = ﬂrBext (Slzb)



The relative permeability is related to the low-field magnetic susceptibility, y;r as @, =
1 + y.r, which has been measured for more than 180 iron meteorites (70) and found to range
between 1 and 20. Therefore, in the case where the IIE reservoir would have formed a long, thin
metallic dike, the magnetic field estimated from the Maxwell-Boltzmann equation (eq. S5a—c)
could overestimate the paleointensity by a factor of 20, which would result in minimum average
field intensities of 0.8 uT and 1.8 uT for Colomera and Techado, respectively. If the IIE reservoir
had a spherical shape, we would expect a minimal amplification by a factor of ~3, yielding
minimum average paleointensities of 6 uT and 12 pT for Colomera and Techado, respectively.

c) Impact-induced shock waves

Impact-induced shock waves can demagnetize minerals. However, meteoritic tetrataenite retains
more than 97% of its saturation isothermal remanent magnetization at 1.2 GPa (71). Ref. (71)
defines a median destructive stress, which corresponds to the stress needed to erase 50% of the
remanent magnetization. This value can be extrapolated from their experimental data as long as
there is no phase transition occurring in the mineral in the pressure range of interest. Such an
extrapolation shows that the mean destructive stress derived for tetrataenite is above 13 GPa.
Because this is the maximum pressure possibly experienced by Colomera and Techado (as
indicated by the presence of light-shock-induced deformations of the kamacite—Neumann bands,
main Fig. 2), the magnetization of the cloudy zones has not been substantially modified by shock.

S8. Island size measurements for Colomera and Techado

We analyzed K-T interfaces A, B and C in Colomera after etching with 2% nital for 25 s using the
Zeiss-Merlin high-resolution SEM in the Center for Material Science and Engineering at MIT.
Interfaces were imaged with secondary electrons, a beam energy of 5 keV and a beam current of
50 pA. Images were analyzed using the F1JI software (72) (Fig. S4A). We first measured the island
size within the 0.5-um closest to the tetrataenite rim. The sizes of 94 islands were measured for
interface A, 69 for interface B, and 84 for interface C, with average sizes of 126 +4 nm, 125 + 4
nm and 128 + 3 nm (2 s.e.), respectively. These are in agreement with a published value of 123 +
2 nm taken on a different subsample of Colomera (73). This was repeated for three consecutive
0.5-um wide regions away from the rim (covering a 2-um wide region in total). We found that the
island size does not significantly decreases with distance to the rim within this region. Interface D
was not measured; however, given the similarity in size and shape of this interface with the three
others, as well as the narrow range of average sizes found for interfaces A, B and C, we assumed
an average island size of 125 nm for this interface in our calculations.

To image the cloudy zone in Techado, we adopted a different approach using a dual beam
method. We first imaged the boundary between the rim and the coarsest islands using secondary
electrons produced by a Ga ion beam (30 kV and 9.7 pA) on a polished sample. This beam
sputtered the surface of the sample, preferentially etching the matrix in the CZ, creating
topographically high islands (Fig. S4B). A second image was then acquired using secondary
electrons with a 5-keV and 170-pA beam (Fig. S4C). A total of 57 line profiles were taken parallel
to the rim on several cloudy zones—including those analyzed with XPEEM—to estimate the size
of the islands in the region of interest, with an average value of 102 = 4 nm (2-¢ uncertainty). In
some regions of the cloudy zones, polishing led to the deposition of material shadowing the
surrounding material from the ion beam. This resulted in large, unsputtered areas obscuring the
islands beneath them, which we avoided during island size measurements. These measurements




were taken on a FEI Helios FIB-SEM at the Department of Materials Science and Metallurgy,
University of Cambridge.
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Fig. S4 Island size measurements for Colomera. (A) Secondary electron image of a region of
cloudy zone in K-T interface C in Colomera. The separation between the cloudy zone and the
tetrataenite rim is delimited by a white line. The sample was polished down to a surface roughness
of 0.3 um with a diamond paste and etched with 2% nital for 25 s. The reference frame refers to
Fig. S3. (B) Secondary electron image of a region of cloudy zone in K—T interface 2 in Techado
produced by a Ga ion beam. The separation between the cloudy zone and the tetrataenite rim is
delimited by a black line. (C) Secondary electron image of the same region after the Ga ion beam
etched the sample.

S9. Cloudy zone formation model

The CZ forms by spinodal decomposition, a diffusion-controlled phase separation that occurs
spontaneously when an alloy becomes unstable to inherent fluctuations in composition (74). The
Ni-rich taenite in iron meteorites, whose Ni content decreases with distance from the K-T
interface, may undergo spinodal decomposition and form the CZ if the meteorite cools sufficiently
slowly compared to the atomic diffusion timescale (< 5000°C My!). Next to the interface (where
taenite is up to ~41 wt.% Ni), spinodal decomposition occurs at ~360°C. The formation
temperature decreases with the local bulk Ni content of the cloudy zone.

We used a one-dimensional numerical model to simulate cloudy zone formation in the cooling
environment of a meteorite parent body (28). The size of cloudy zone islands can be obtained at
any temperature, providing a means of constraining the island size at 320°C when they acquired
their remanence. Paleointensity estimates, as well as the small-number uncertainty on this estimate,
depend on the size of the islands at this temperature (Section S6). Moreover, at the end of a
simulation, the CZ island sizes are essentially equivalent to their present-day sizes. Consequently,
the cooling rate of a meteorite at the CZ formation temperature can be estimated after measuring
the average island size and Ni content of the coarse-island region of the CZ.

Using wavelength dispersive spectrometry (WDS) with ~1-um spatial resolution, we measured
the average composition of the region of the CZ within 2 pm of the rim approximately between 39
and 40 wt.% Ni for all CZs analyzed in Colomera, and between 38 and 40 wt.% within ~0.5 pm
for the CZs in Techado (Fig. S5). Moreover, the average island size next to the tetrataenite rim is
125 +4 nm and 102 + 4 nm for Colomera and Techado, respectively (Section S8). Combining
these measurements with the cloudy zone formation model, we estimate that Colomera and




Techado cooled below 350°C at 2.5 + 1.4°C My! and 4.6 + 1.9°C My"!, respectively. In addition,
given the measured local bulk composition (i.e., the composition of the region of interest in the
CZ), we estimate that the islands were 78 £+ 5% of present-day size when they cooled through
320°C and acquired their magnetization. The WDS measurements were conducted on the JEOL-
JXA-8200 Superprobe available in the Earth, Atmospheric and Planetary Science department at
MIT, with a 15 keV, 1 nA electron beam.
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Fig. SS. Ni-compositions across K-T interfaces in Colomera and Techado. (A) Secondary
electron image of Colomera’s K—T interface D. The dark dots forming a line show where
compositional measurements shown in (B) were taken. The reference frame refers to Fig. S3. (B)
Ni content (in wt.%) across Colomera’s K-T interface D. The approximate distance covered by
the CZ is shown. The peak in Ni content in both sides of the CZ indicate the tetrataenite rim. The
surrounding kamacite is also visible at ~5 wt.% Ni. (C) Same measurement across Techado’s K—
T interface 1.

S10. Field intensity calculations

Assuming a dipole magnetic field generated by core dynamo activity, we calculated the intensity
of the field expected at different depths in the silicate layer of the parent body. We considered two
cases treated separately below: 1) a thermochemical convection dynamo powered by core
solidification generating a magnetic field when the meteorites cooled through the tetrataenite
blocking temperature and 2) a remanent crustal field resulting from the previous magnetization of
the unmelted crust of the parent body. In both cases, we calculated the resulting field for a 170-km
radius parent body with a 60-km radius metallic core (like the one used in our impact simulations)
generating a dipole field with an origin at the body’s center.

Assuming the dynamo is still active, the field intensity at the surface (Bgy,r) is given by:

3

R

Bgure~ d <R;0;e> BCMB,dip (S13)
ody

where Rcore and Rpoqy are the radii of the metallic core and the planetesimal, respectively,
Bcmg gip 18 the dipole field at the core-mantle boundary (CMB). The d = 1/7 factor is the ratio of
the dipolar field strength to the total field strength at the top CMB for an Earth-like convection-



driven dynamo (75). A dipole field between 0.1 and 2500 uT at the CMB generates a field between
0.0006 and 16 pT at the surface of the body and a 0.002- to 60-uT field midway through the silicate
layer.

Assuming that the top 20 km of the body acquired a thermoremanent magnetization due to
an early thermally-driven dynamo field, the crust’s magnetization (Mtgry) can be written as:

Bsurers

where By, is the surface field in units of T (from eq. S13) and M, is the saturation remanence of
the crust (76). The upper crust of the parent body must have cooled fast enough to acquire its
magnetization while the thermally-driven dynamo was still active [i.e., less than 15 My after CAI-
formation (37)]. Assuming an H-chondrite-like crust, we considered M, values of fast-cooled H
chondrites. The H4 chondrites Forest Vale and Saint Marguerite cooled through ~600°C at > 5000
°C My! (77) and have M, values of 0.03 and 0.06 A m!, respectively (78).

The crustal remanent field is then given by:

3
41 (R o4y — |Rbody — R
T[( body [ body crust] ) TRM (SIS)

Bcrust = HUo—~ 3
3 [Rbody - Rcrust]

where Rt 1S the thickness of the magnetized silicate layer (79). According to egs. (S13-S15),
if the crust recorded a field between 0.1 and 2500 pT at the CMB, the intensity of the crustal
remanent field would range between ~1x108 uT and 0.0003 uT, which is orders of magnitude
below the paleointensities measured from IIEs.

Unlike the calculated crustal field, the thermochemical dynamo field ranges within the
same order of magnitude as our paleointensity estimate. With our current understanding of how
the paleointensity is affected by magnetostatic interactions and amplification due to the high
permeability of tetrataenite or surrounding kamacite (Section S7), this strongly favors the direct
dynamo hypothesis. It should also be noted that an additional magnetic study of Forest Vale has
shown that this meteorite is only capable of retaining an unstable low-coercivity (< 16 mT)
remanent magnetization (/4), which strongly suggest that a Forest Vale-like IIE crust could not
have preserved the record of an early dynamo long enough to be the source of the magnetic field
recorded by Techado and Colomera.

Finally, it has been shown that to generate a dynamo powered by thermal convection, a
planetesimal should be > 350 km in radius (37). Our thermal evolution model suggests that the IIE
parent body could have been much smaller (> 170 km in radius; section S11). Although our
simulations do not exclude the possibility of a larger parent body, they also favor the direct dynamo
hypothesis.



S11. Thermal model
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Fig. S6. Accretion history and core crystallization of model planetesimal. (A) Radius of a
planetesimal, Ryoqy, during its simulated accretion process, composed of two instantaneous
accretion events and resulting in the formation of a 170-km radius, partially-differentiated object.
Initial instantaneous accretion at 0.5 My after CAl-formation creates a planetesimal seed that
differentiates into a liquid metallic core overlaid by a melted silicate mantle. This seed is covered
instantaneously at 2.4 My after CAl-formation by cold material that does not differentiate and
form a chondritic crust. (B) Time after which the latent heat resulting from the instantaneous
solidification of the entire core at the Fe-S eutectic temperature (930°C) is extracted across the
core-mantle boundary in a 1D simulation of a planetesimal’s accretion and thermal evolution,
based on ref. (37). Dotted lines show the minimum size of the parent body for which the core
crystallization is completed only after Colomera recorded a field, ~97 My after CAl-formation.

S12. Impact simulations

The objective of our impact simulations is to demonstrate, using two representative scenarios, the
feasibility of an impact-induced formation of the IIEs. The results of these simulations are analyzed
in light of three major experimental constraints:

1. A liquid core has to be preserved to allow a magnetic field to be generated at a later time;

2. Molten silicates have to be exposed to near-surface temperatures;

3. The created IIE reservoir has to be buried in the upper half of the silicate layer of the body.
We also briefly show how the two selected scenarios can be compatible with textural features
resulting from the mixing of metal and silicates found in the IIEs. Note that our simulations are
not meant to find the specific set of impact conditions that could have formed a IIE reservoir on a
partially-differentiated parent body. They should be considered as a proof-of-concept.




Composition of Time of impact Radius of impactor Impact velocity

impactor (My after CAI-formation) (km) (km s1)
Iron 10 30 1,2,3,4,5
30 10 1,2,3,4
20 1,2,3,4
30 1,2,3
Dunite 30 40 3,4,56,9

Table S6. Summary of the sets of initial conditions investigated in the impact simulations.
The first column shows the nature of the impactor, the second column gives the time of the impact,
the third column is the radius of the impactor and the fourth column is the impact velocity.

From the suite of simulations conducted with a 30-km radius metallic impactor at 30 My,
it appears that the implantation of metal into the target during a vertical impact requires impact
velocities < 1 km s!. The iron impactor merges into the core at velocities > 2 km s!. However,
one of our simulations shows that a smaller, 10-km radius impactor could be implanted when
impacting at >4 km s! (Fig. S7TA). We discuss how the impact velocity would likely increase
with a decreasing impactor radius in Section S13. The texture and arrangement of silicate and
metal grains in the IIEs suggest the metal was partly solid during mixing (/8). In this iron impactor
scenario, the marginal heating (< 100°C) of the exogenous metal during impact could explain
silicate mixing with solid, ductile Fe-Ni, while the thermal re-equilibration could have allowed the
metal to partially melt after the impact.

On the other hand, we found that collisions involving a chondritic impactor of 40 km in
radius can sometimes excavate small amounts of core material into the mantle. We find such a
result for impacts with a 40-km radius body at 4 and 5 km s! (main text Fig. 6A-B). The range of
impact energies needed for this outcome is relatively narrow as impacts at 3 and 6 km s do not
produce similar results (Fig. S7B). Higher energy impacts fully break up the core, leaving no
central core, and lower energy impacts fail to excavate core material.

Head-on impacts are less likely than impacts at an angle with respect to the normal to the
surface of the target, with 45° being the most probable configuration (80). Such oblique impacts
were not explored here as they necessitate more computationally expensive three-dimensional
simulations while we were only interested in a proof of concept that exogenous and/or endogenous
metal can be implanted in the silicate layer of a partially-differentiated planetesimal. However,
three-dimensional iSALE simulations of non-vertical impacts onto non-differentiated
planetesimals have shown that impacting at an angle shallower than vertical yields less heating
and less material excavation for the same impact velocity (81). Oblique impacts may therefore
allow for faster impactors than those used in our simulations for a similar implantation of
exogenous iron or excavation of endogenous iron into the mantle. One limitation to highly oblique
impacts would be that the amount of material from the impactor effectively accreted during these
collisions significantly decreases.
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Fig. S7. Outcomes of additional impact simulations using iSALE-Dellen. (A) End of the impact
simulation after 18,000 s for a 10-km radius, pure iron impactor impacting vertically at 4 km s!.
The left half of the figure shows the constituent materials, and the right half shows the temperature
in the target and impactor. Small amounts of projectile material are identifiable in the upper half
of the target’s silicate layer. A finite number of tracers was used to identify the different materials
on the left half of the figure; the impact may result in areas where no tracers are present (white),
but it does not mean no material is present. (B) End of the impact simulation after 54,000 s for a
40-km radius, pure dunite impactor impacting vertically at 6 km s™!. The core is scattered in the
outer layers of the target leaving no central or dominant metal reservoir for the dynamo activity to
likely occur.

S13. Scaling of the impact parameters

In this section, we estimate from cratering scaling laws how small an impactor could be to yield a
similar outcome as the simulations we conducted (section S12). We are motivated by the fact that
the early population of the inner solar system was likely dominated by objects < 10 km in radius
(i.e., smaller than the 30-km radius body we simulated) and impact velocities ranging between 5
and 15 km s’ (40).

Scaling laws have been developed and widely used to scale the outcomes of a laboratory
experiment to a planetary impact or infer impact and impactor properties from crater observations
(82). These scaling laws in theory do not extend to the type of outcomes we are studying in this
paper (i.e., implantation of metal or core excavation). However, in the absence of other means to
efficiently investigate the outcomes of such events as a function of impactor size and impact
velocity, we assumed these scaling laws approximately apply to our problem. In the strength
regime, the impactor radius (R;yp) and velocity (viymp) are related by:

R{yp Vimp = constant (S16)



where the constant contains information about the target density, impactor mass, target strength
and outcome (successful implantation and excavation; in theory, crater volume). With the
simulations we conducted, we find that a 30-km radius iron impactor can be implanted at 1 km s;
on the other hand, a 40-km radius chondritic impactor can excavate core material permanently if
the impact occurs at 5 km s'!. This allows us to estimate the constant in both cases. We find that
iron impactors as small as 5 km in radius could be efficiently implanted for a velocity of 15 km
s'!, while for the same velocity, a 20-km radius chondritic impactor would be needed to excavate
part of the parent’s core (Fig. S8). Note that for the iron impactor scenario, this approximation
suggests that a 10-km radius impactor would be implanted for an impact velocity of ~5 km s,
which is in good agreement with the simulations we conducted (Section S12).
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Fig. S8. Conditions required to emplace metal into the mantle of the target. Estimated impact
velocity required for a given impactor radius to obtain the same crater volume with either
permanent implantation of an iron impactor (solid line) or excavation of core material by a
chondritic impactor (dashed lines).

S14. Likelihood of the IIE-forming impact
Here, we seek to establish whether our IIE-forming impact scenarios (sections S12—S13) are
compatible with the size distributions and impact velocity distributions provided by collisional
evolution models.

First, we note that IIE irons isotopically fall within the non-carbonaceous chondrite clan
(83). This indicates that the IIEs formed in the terrestrial-planet region or asteroid belt; they are
not likely the byproduct of an impact between an asteroid and an outer solar system body. Second,
the number of impacts (Njpp) on the IIE parent body can be written as:

2
Nimp ~ Pi(Rtarget + Rproj) Nproj timp (817)



where Riarger and Ry are the radii of the target and projectile in km, respectively, Npyo; is the

number of potential projectiles required to have Ny, impacts, tiyp is the time of the impact

relative to CAI formation and P; is the intrinsic collision probability between the projectiles and
the target body (84).

To produce the IIEs, we need at least one impact (Njy,p, = 1). For main belt bodies striking
main belt bodies, P; is probably of the order of 3x107'® km yr! (85). Therefore, if the impact
occurred at 30 My after CAl-formation, assuming a 10-km radius projectile and a 170-km radius
target, we get Nproj = 3.5X10°. This is approximately 200 times the current population of the main
asteroid belt with > 10-km radius and is roughly equivalent to the entire early population predicted
in this region (84). Such substantial small body population lasting for 30 My would undergo
extensive collisional evolution. It would not only decimate the > 10-km radius asteroid
population, but would also yield a main belt size-frequency distribution that looks very different
than the observed one (47). Therefore, it seems improbable that the IIE-forming impact could
occur in the main belt region.

One way to overcome low collision probabilities and small populations is to move the
impact to the terrestrial planet region. For example, the ejecta produced by the Moon-forming giant
impact have a probability P; = 190x 1078 km2 yr'! of hitting one another (42). Using this value in
eq. (S17), we get Npr6j~5,500. This number could have been achieved as a byproduct of terrestrial
planet formation. In this region, at > 30 Myr after CAl-formation, models indicate numerous
protoplanets were colliding with one another, with the largest event represented by a roughly Mars-
size impactor slamming into the proto-Earth to make the Moon (42). These events should have
produced an abundance of iron-rich debris, some which could have struck the IIE parent body if it
was located within the same approximate zone.

Another alternative to explain how endogenous metal could have impacted the IIE parent
body is to consider subsequent grazing impacts, where one or several hit-and-run impacts (86)
would have stripped the mantle of a differentiated impactor dynamically bound to the target,
eventually resulting in an impact between an iron-rich, small object and the undisrupted target.
However, this concept has until now only been suggested for giant impact involving planetary
embryos that are much larger than the IIE parent body (87).
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