changes observed on both sides of the membrane
provide a structural basis for the widely held view
of an alternating access model deduced from
kinetics data.
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Magnetism on the Angrite
Parent Body and the Early
Differentiation of Planetesimals

Benjamin P. Weiss,** James S. Berdahl," Linda Elkins-Tanton," Sabine Stanley,?

Eduardo A. Lima,* Laurent Carporzen®

Angrites are among the oldest known pristine basaltic meteorites and record the earliest stages
of planet formation and differentiation. Our paleomagnetic analysis of three angrites found
that they record a past magnetic field of ~10 microteslas on the angrite parent body
extending from 4564 to at least 4558 million years ago. Because the angrite paleomagnetic
record extends beyond the expected lifetime of the early circumstellar disk, these paleofields
were probably generated internally on the angrite parent body, possibly by an early dynamo in

a rapidly formed metallic core.

asaltic achondrites are thought to be ig-

neous samples of the first differentiated

planetary bodies. Several classes of these
meteorites have crystallization ages within just ~3
million years (My) of the formation of the solar
system and contain geochemical signatures of metal
and silicate fractionation. Remanent magnetization
has been detected in meteorites from five basaltic
achondrite groups, indicating the presence of past
magnetic fields on these bodies (/). However, these

meteorites, as well as nearly all basaltic achondrite
groups, were subjected to brecciation, shock, and
metamorphic events tens to hundreds of millions of
years after their formation that modified and, in
many cases, reset their magnetization. Because
magnetic fields can be generated by large impacts
(2), the fields recorded on these bodies also may not
have been generated internally.

An exception is the angrites, a group of twelve
basaltic achondrites from an as yet unidentified

parent body. Angrites have Pb/Pb and Hf/W ages
of 4564 to 4558 million years ago (Ma) (3—5) that
are within error of their (U-Th)/He ages for all but
two meteorites (6). They entirely lack shock, post-
cooling brecciation, and parent-body weathering
textures (7—/2), which makes them among the
best preserved materials known from the early
solar system. Angrites may therefore record two
fundamental field-generating mechanisms postu-
lated to exist in the early solar system: stellar and
circumstellar disk fields external to the angrite
parent body (APB) and an internal core dynamo
on the APB.

Here we present a paleomagnetic investiga-
tion of 3 of the 12 known angrites: Angra dos
Reis, D’Orbigny, and Asuka (A) -881371. We
found that the angrites Northwest Africa (NWA)
2999 and NWA 4801 have been substantially
remagnetized by collectors’ hand magnets (as
indicated by communication with previous own-
ers of the samples and moments near saturation),
whereas NWA 4931 has been heavily weathered

1Department of Earth, Atmospheric, and Planetary Sciences,
Massachusetts Institute of Technology, 54-814, 77 Massa-
chusetts Avenue, Cambridge, MA 02139, USA. *Department
of Physics, University of Toronto, 60 St. George Street,
Toronto, ON M5S 1A7, Canada.

*To whom correspondence should be addressed. E-mail:
bpweiss@mit.edu

www.sciencemag.org SCIENCE VOL 322 31 OCTOBER 2008

713

Downloaded from www.sciencemag.org on October 30, 2008


http://www.sciencemag.org

REPORTS

714

since arrival on Earth. Most of the remaining six
angrites are either hot desert meteorites (probably
subjected to weathering and magnet remagneti-
zation) or not readily available to the scientific
community.

Nearly all angrites contain several primary
ferromagnetic minerals: low-Ti magnetite (/3),
titanomagnetite [typical composition of 71 to 77
mole percent (mol %) ulvdspinel, with 17 to 21
mol % magnetite] (/4), and rarer kamacite (typi-
cally FegosNig s, except for D’Orbigny, which
reportedly contains FeNi,) and pyrrhotite (7, 14).
Our thermomagnetic, hysteresis, and other rock
magnetic data [see the supporting online material
(SOM)] indicate that the dominant ferromagnetic
mineral in D’Orbigny and A-881371 is pseudo—
single domain, low-Ti magnetite. Angra dos Reis
contains two pseudo—single domain ferromag-
netic minerals, one of which is probably low-Ti
magnetite and the other a higher coercivity phase
(either sulfide or metal). None of these meteorites
exhibits a Verwey transition (see SOM), indicat-
ing that the magnetite is not stoichiometric and
that any effects from inverse thermoremanent
magnetization (ITRM) processes (/5) must be
modest [in any case, the high blocking coercivity
of the natural remanent magnetization (NRM) in
these meteorites implies that ITRM cannot be a
major contributor]. Furthermore, none of these
angrites contain appreciable quantities of ferro-

magnetic weathering minerals (see SOM). Angra
dos Reis is particularly pristine because it was
quickly recovered after it fell on Earth (8, 6).
The well-understood magnetic properties of mag-
netite mean that, relative to most other meteorites,
angrites are very-high-fidelity magnetic recorders.

D’Orbigny is a pristine vesicular basalt con-
taining undevitrified igneous glass (7). It is
among the oldest known angrites, with final cool-
ing ages only ~3 to 4 My younger than calcium-
and aluminum-rich inclusions (CAls) and the
origin of the solar system (3, 4, /7). D’Orbigny’s
large size afforded us the opportunity to acquire
samples ranging from the fusion crust to the cen-
ter (150 mm deep) to identify preterrestrial rema-
nence. Alternating field (AF) demagnetization,
rock magnetic, and paleointensity studies of mu-
tually oriented subsamples revealed that much of
the exterior ~1 mm of the meteorite has been
completely remagnetized by the collector’s mag-
net (see SOM). Subsamples at 12 to 30 mm of
depth had two main components of magnetiza-
tion: (i) a nonunidirectional, near saturation, low-
coercivity (LC) component from the collector’s
magnet (typically blocked up to ~5 to 10 mT) and
(ii) a high-coercivity (HC) component (blocked
up to at least ~40 to >290 mT, depending on the
subsample) with a ratio of NRM to saturation
isothermal remanent magnetization (IRM) <1%.
The HC component trended to the origin and was

unidirectional across all mutually oriented interi-
or subsamples (fig. S1), consistent with a primary
thermoremanence. Subsamples at >8cm of
depth had only a moderate LC overprint varying
in intensity between that expected for a terrestrial
viscous remanent magnetization and a low-field
(<7 mT) IRM (Fig. 1A and fig. S2). Paleointen-
sity experiments (/8) on HC components from
nine subsamples gave paleofield values of 17 + 6
uT after normalizing to anhysteretic remanent
magnetization (ARM) acquired in 50, 200, and
600 uT dc bias fields and 15 + 5 uT after
normalizing to IRM (uncertainties are SDs of
values for nine subsamples) (table S3).
A-881371 is a fine-grained ophitic basalt with
olivine megacrysts (/3) and is nearly the same
age as D’Orbigny (5). AF demagnetization of a
single 66-mg grain from the interior of this tiny
meteorite (>5 mm from nearest fusion crust)
revealed a LC component up to 7.2 mT (Fig. 1B
and fig. S3A). Our magnetic viscosity experi-
ments indicate that this component is almost cer-
tainly a viscous remanent magnetization acquired
during residence on Earth (see SOM). A weaker
HC magnetization is present up to at least 150
mT but does not notably decay in intensity
during AF demagnetization due to the relatively
high ARM noise from our AF system. AF de-
magnetization of a laboratory ARM acquired in a
7-uT dc bias field (chosen to yield a similar pa-

N,U (x10°Am?) B N,U (x1071°Am?) C N,U (x10°Am?)
AF 72.6-81.4 mT AF 3.6 mT
tl:h RE 6.6 T AF 18.8-25.7 { -
AF 18.8-25.7 | NRM 20- RRM
|
T, qP 15 -1 2 45
_0_ E (x10°Am?) g AF5AmT E (x1071°Am?) 154 AF 18 mT
AF 72.6-81.4 mT i
11 % |
" —— AF9.0-11.2
-1.5| AF 10.8 mT
| ¥ AF 6.6 mT
-2 AF66mT 41 AF 3.6 mT
AF 55.0-150.0
-2.5] 5
AF 5.4 mT

-3- NRM -6

35 Lll NRM -0 aiﬁln'ﬁiﬁn -7 1 o _
NRM " AF 290 mT
4
D’Orbigny sample F1 A-881371 sample ,63 Angra dos Reis sample AMC16

Fig. 1. NRM of angrites. A two-dimensional projection of the endpoint of
the NRM vector during AF demagnetization is shown. Closed and open
symbols represent end points of magnetization projected onto horizontal
N-S-E-W and vertical U-D-E-W planes, respectively. Peak fields for selected
AF demagnetization steps are labeled. One or two main components are
visible: (i) sometimes a LC component (blue arrow) and (ii) always a HC
component (red arrow). (A) D'Orbigny interior (~8 cm depth) sample F1.
To reduce spurious ARM noise, steps from AF 7.2 to 8.4 mT were averaged
over three consecutive steps, and steps from AF 9.0 to 83.6 mT were
averaged over five consecutive steps. A least-squares fit to all HC steps
without averaging from AF 6.6- to 50.6-mT deviates from the origin by

dANG = 6° (calculated by anchoring to the AF 6.6-mT direction), which is
less than the fit's uncertainty, represented as the maximum angular
deviation (MAD) = 29.5°, consistent with the HC component trending to the
origin. (B) A-881371 interior sample ,63. Two main components are visible: (i) a
LC component (approximate direction given by blue arrow) and (i) a HC
component identified as an offset of the mean direction above AF 9.0 mT from
the origin. High-AF directions are averages of multiple AF steps (compare with
fig. S3A). (C) Angra dos Reis interior sample AMC-16. A least-squares fit to all HC
steps without averaging from AF 18 to 74.8 mT gives dANG = 4.5° (anchored to
the AF 18-mT direction), which is less than the fit's mean MAD = 5.7°, consistent
with the HC component trending to the origin.

31 OCTOBER 2008 VOL 322 SCIENCE www.sciencemag.org

Downloaded from www.sciencemag.org on October 30, 2008


http://www.sciencemag.org

leointensity as that of the NRM) exhibits the
same high AF-related noise (fig. S3B). If we
assume this is the characteristic magnetization,
then we obtain paleointensities of ~3 to 8 uT
(ARM method) and ~2 uT (IRM method) (fig.
S3, C and D, and table S3). D’Orbigny’s and
A-881371’s great age, excellent preservation state,
and nearly instantaneous (10 to 50°C hour ')
primary igneous cooling rates (/9) indicate that
their HC magnetization is a truly ancient thermo-
remanence (20).

The coarse-grained younger angrite Angra
dos Reis (Pb/Pb age 0f 4557.7 = 0.1 Ma) (3) also
has a preterrestrial magnetization acquired in a
similarly substantial magnetic field. Our AF analy-
ses of mutually oriented subsamples from a chip
of Angra dos Reis from the American Museum
of Natural History (AMNH) traversing the fusion
crust to the interior revealed a unidirectional
magnetization in the interior. Subsamples from
within 2.7 mm of the fusion crust have directions
divergent from (coincidentally nearly antipodal
to) the interior and Earth-strength paleointensi-
ties. This is consistent with the outer few milli-
meters having been baked by atmospheric passage

30°
AMC8 (1:3)

270° AMCS (0)

AMC14 (4.6
AMC16 (5.1)

AMC10(2.7) | AMC11'(12.8)
0N
~_ 7

180°

Fig. 2. Fusion-crust baked contact test on Angra
dos Reis parent sample AMNH. HC magnetization
directions of mutually oriented subsamples rang-
ing from the fusion-crusted exterior to the interior
are shown and plotted on an equal-area projec-
tion. Closed and open symbols represent projec-
tions of vector directions onto the lower and upper
hemisphere, respectively. Ellipses give estimated
orientation uncertainty (either MAD of least-
squares fit or estimated sample positioning uncer-
tainty, whichever is larger). Distance from fusion
crust in millimeters is listed next to each sample.
Only sample AMC5 contains fusion crust. The seven
remaining samples are from the interior, with
AMC8 and AMC10 apparently baked by atmo-
spheric passage. Fisher mean direction (gray star)
and associated 95% uncertainty confidence esti-
mate (095 = 10.7°) are shown for interior subsam-
ples. The shallow depth of divergent magnetization
directions (<3 mm) and the fact that measured
samples have NRWIRM < 1% throughout their full
coercivity range indicate that the exterior has been
thermally remagnetized by atmospheric passage
rather than isothermally remagnetized by a magnet.

and indicates that the magnetization in the un-
baked interior is preterrestrial (Fig. 2). This in-
terior magnetization consisted of a HC primary
magnetization component (extending from 15.8 to
>290 mT) trending to the origin (Fig. 1C), usually
overprinted by a weak LC component that is
probably a terrestriall VRM (see SOM). AF
demagnetization of five mutually oriented sub-
samples of a second chip of Angra dos Reis taken
from the interior (>6 mm from the nearest fusion
crust) of the main mass in Museu Nacional, Brazil
(MNB) revealed an intense LC overprint from
previous sample handling and a unidirectional HC
component trending to the origin interpreted as a
primary thermoremanence (fig. S1). Two addi-
tional subsamples on the opposite side of the chip
were nearly fully overprinted by the high intensity
component and did not yield primary remanence.
Paleointensity experiments on the HC component
for seven subsamples from both the AMNH and
MNB samples gave mean values and SDs of 17 +
11 uT (ARM method) and 19 + 9 uT (IRM
method) (table S3).

Three angrites record magnetic fields on the
order of 10 uT on the APB extending from at
least 4564.4 + 0.1 (Pb/Pb age of the oldest
angrite, D’Orbigny) to >4557.7 + 0.1 Ma (Pb/Pb
age of the youngest studied angrite, Angra dos
Reis) (Fig. 3). Our fusion-crust baked contact test
on Angra dos Reis and unidirectional magneti-
zation trending to the origin observed in the in-
teriors of Angra dos Reis and D’Orbigny (with
Angra dos Reis having an especially low-noise
signal) are collectively strongly indicative of pri-
mary thermoremanence. The implied paleointen-
sities are ~20% of Earth’s field today and far
larger than that of the galactic field, solar wind,
Mercury’s present surface field, and the expected
time-averaged fields of the T Tauri Sun outside
0.2 astronomical units (AUs) (Fig. 3). Angrite
Fig. 3. Summary of paleo- 100
intensity estimates for an-
grites. Each point is derived
from the HC magnetization
in a single subsample. Cir-
cles, D'Orbigny; triangles,
A-881371; squares, Angra 10 FQ
dos Reis (with approximate
magnetization age labeled
next to each meteorite). Solid
symbols, IRM method; open
symbols, ARM method using
50-uT bias field. Mean paleo-
intensities from IRM and ARM
methods are given by thick
black and gray lines. For com-
parison, the surface fields of
Earth and Mercury, the solar Il
wind field at Earth’s orbit (1 AU
from the sun), the galactic field,

Paleointensity (microteslas)

D’Orbigny (~4564 Ma)

solar wind at 1 AU (several nT)

REPORTS

HC magnetization is highly unlikely to be the
product of nebular lightning (27), which cannot
produce the observed low NRM/IRM values. On
the other hand, the paleointensities are within the
range expected for the disk dynamo excited by
magnetorotational instabilities (22), T Tauri flares
at ~0.2 AUs, magnetic fields generated by large
impacts (2), strong crustal ferromagnetic anom-
alies, and a core dynamo. However, our data
indicate that the paleofields on the APB lasted for
at least 10 My after CAls, beyond the likely
lifetime of a circumstellar disk dynamo (23). The
absence of shock textures in angrites means that
it is highly unlikely that the HC magnetization,
which is blocked to coercivities >290 mT in
Angra dos Reis, can be a shock remanence
created in an impact-generated field (24). Addi-
tionally, the slow cooling rates of the coarse-
grained angrites like Angra dos Reis (25, 26)
mean that they would have acquired their thermo-
remanence over a period of thousands to millions
of years, far longer than the expected lifetime of
any impact-generated fields [which last just ~1
day, even for basin-scale impacts on a Moon-
sized body (27)] or T Tauri flares [lifetimes of
several hours (28)]. Such slow cooling rates also
make it highly unlikely that these angrites could
have been magnetized by the spatially complex
fields expected from magnetorotational instabil-
ities while situated on the translating, spinning
APB. Crustal field sources could potentially ac-
count for angrite magnetization, but such strong
crustal fields would probably demand a core dy-
namo for their formation.

This reasoning implies that the source of
these fields was internal, most likely a convecting
metallic core and dynamo. Angrites contain geo-
chemical evidence for the formation of an Fe-Ni
core with a mass ~8 to 60% of the APB (7, 29) by
4 My after CAls (4, 30), possibly coincident with

Angra dos Reis (~4558 Ma)
u

AN ave: pRi disk dynamo

Py impact fields
core dynamo

galactic field (~ 0.5 nT) Uncertainty

'

and the inferred paleofields of the typical T Tauri sun and short-lived flares at 0.2 AUs are also shown. A
magnetorotational instability (MRI) protoplanetary disk dynamo, impact plasma-generated fields, and core
dynamos can produce paleointensities over a wide range of values, including values consistent with angrites.
An estimate of the uncertainty range for an individual angrite paleointensity datum (primarily because of
uncertainty in the ratio of ARM and IRM to thermoremanence) is shown at right.
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Fig. 4. Theoretical constraints on the possibility of dynamo generation on an early planetesimal.
(A) Calculated outward heat flux from the surface of a model early planetesimal. The body is
assumed to have a convecting magma ocean overlying a liquid Fe-Ni core and to be losing heat
radiatively to space through a stagnant, conducting crustal lid (see SOM). The estimated power per
unit surface area as a function of time after formation of the magma ocean [which is estimated to
occur one to several My after accretion, see (32)] is shown. Calculations were conducted for bodies
of radius 500 km (solid red lines), 200 km (dashed blue lines), and 70 km (dotted green lines) and
for a variety of crustal thicknesses (numbers give thickness in kilometers). The dashed curves are
terminated at the time when the magma ocean temperature drops below 850°C. Bold lines (all
nearly overlapping at the bottom) indicate estimated maximum surface heat flux corresponding to
a solely conductive adiabatic core. (B) Estimated conditions under which a planetesimal could
produce a magnetic field like that recorded by angrites as a function of rotation period and planet
size. Solid black squares indicate a supercritical magnetic Reynolds number and a planet surface
field >20 uT (see SOM). Squares with lower left half in black indicate a surface field >20 uT, but a
subcritical magnetic Reynolds number. The dashed line indicates the approximate boundary of

angrite-like dynamo conditions.

an early magma ocean (37). Numerical modeling
indicates that planetesimals will achieve >50
weight % melting and probably produce magma
oceans if they accrete within ~1.3 My of CAls
and have radii exceeding ~20 km (32). On such
bodies, it is conceivable that a metallic core
would form quickly, setting the stage for an early,
short-lived dynamo. We conducted two simple
analytic calculations to assess this possibility (see
SOM). Following (32), we assumed the core and
silicate mantle of the body were initially molten
and convecting beneath a solid conductive outer
crust as a result of early internal heating by *°Al
decay. We found that for bodies with radii of 70
to 500 km and a wide range of crustal thick-
nesses, the heat flux out of the core is superadia-
batic, a likely requirement for dynamo production
(33) for periods lasting for several to several tens
of million years after the end of major 2°Al heat-
ing (Fig. 4A). The main factor that terminates this
early phase of superadiabatic heat flow is the
progressive crystallization of the magma ocean:
When the ocean temperature reaches ~850°C, we
estimate that the ratio of crystals to liquid will be
sufficiently high that convection will cease.
Second, we investigated the possibility that
such bodies could produce a self-sustaining core
dynamo and surface magnetic fields like that
recorded in angrites (see SOM). Using various
estimates of core convective velocities based on
different scaling laws, we found that bodies with
radii exceeding ~80 km and a wide range of spin
rates, internal density distributions, and core sizes
[including possibly ancient Mercury (34)] can
have supercritical magnetic Reynolds numbers

and produce surface fields exceeding 20 uT (Fig.
4B). These calculations are illustrative of the fea-
sibility (perhaps even inevitability) of early plan-
etesimal dynamos.

Magnetization in angrites pre-dates that in
howardite-eucrite-diogenite meteorites (thought
to be from the asteroid Vesta) (35) and lunar (36),
martian (37), and terrestrial rocks (38) by ~100 to
1000 My. Our paleomagnetic data are a unique
geophysical contribution to a growing body of
geochemical evidence indicating that planets and
large planetesimals formed metallic cores within
just a few million years after CAls. If the APB is
representative of these quickly formed bodies,
short-lived planetesimal core dynamos may have
been a widespread process in the early solar
system.
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1.0. Introduction

Measurements of natural remanent magnetization (NRM) were taken in the MIT
Paleomagnetism Laboratory with a 2G Enterprises Superconducting Rock Magnetometer
755 housed inside a magnetically shielded room (DC field < 150 nT). Nearly all sample
handling was conducted inside a class 10,000 clean laboratory within this shielded room.
Chips were subsampled using nonmagnetic tools and a precision wafering saw. Sample
moments were measured prior to and following subsampling and a comparison of the
vector sum of subsamples with the parent moment demonstrated that sawing and
chipping did not remagnetize the samples.

Because of the great value and scarcity of angrites, we made the fundamental
decision to conduct nondestructive magnetic analyses of our samples. This allowed us to
conduct a large range of rock magnetic analyses on the very same samples for which we
had measured and demagnetized NRM.  With the exception of a small number of
thermomagnetic analyses, samples were demagnetized and remagnetized using
alternating field (AF) and isothermal methods. This decision proved to have the
unexpected but critical advantage over thermal demagnetization methods of allowing us
to identify and usually completely remove isothermal remanent magnetization (IRM)
from collectors’ magnets that commonly overprints the exteriors of angrites and other
meteorites (S7-3). The major disadvantages of not doing thermal demagnetization are the
inability to assess the blocking temperature distribution of NRM and to conduct Thellier-
Thellier paleointensity analyses.

Three axis AF demagnetization and rock magnetic remanence experiments were
conducted using an automated sample handling system integrated with the magnetometer
(84). At intervals of 10 mT, selected samples from each meteorite were subjected to
uniaxial AF demagnetization in each of the three orthogonal axes to test whether the
NRM vector was being affected by spurious gyromagnetic remanent magnetization
(GRM) and/or field-impressed anisotropy (S5-9). All samples were AF demagnetized
until either their moments were dominated by spurious anhysteretic remanent
magnetization (ARM) induced by our AF system [e.g., (S10-14)] or, in several cases by
GRM and/or field impressed anisotropy. Following demagnetization of NRM,
paleointensities were estimated using AF methods and a series of rock magnetic
experiments were conducted to assess the fidelity of their magnetic records and determine
the ferromagnetic mineralogy. Selected samples were also subjected to magnetic
viscosity, hysteresis, and low-temperature cycling analyses. Finally, all samples were
analyzed using progressive isothermal remanent magnetization (IRM) and ARM
acquisition and AF demagnetization of IRM and ARM. We discuss each of these
experiments in turn. We then describe our theoretical investigation into the feasibility of
angrite-like paleofield generation by a core dynamo on an early planetesimal. We end by



discussing the implications of our paleomagnetic measurements and dynamo modeling
for the hypothesis that Mercury is the angrite parent body.

2.0. Data on ferromagnetic mineralogy and crystal size

2.1. Hysteresis data. Hysteresis loops at room temperature on selected samples from each
meteorite were measured in order to constrain the mineralogy, domain size and saturation
field (Fig S4). Measurements were acquired with a Digital Measurement Systems
vibrating sample magnetometer (VSM) in the laboratory of C. Ross at MIT. The high-
field slope of each hysteresis loop was used to estimate the contribution of paramagnetic
minerals. This contribution has been subtracted from the loops shown in Fig S4.
Following Dunlop (S15), D’Orbigny, A-881371 and one of the Angra dos Reis samples
(M2) have ratios of saturation remanence to saturation magnetization (M,/M;) and
coercivity of remanence to coercivity (H./H:) that fall along the single domain-
multidomain mixing line (Table S1) [although we note that Dunlop’s calculations (S75)
are strictly only valid for magnetite, whereas as described below Angra dos Reis clearly
contains a second ferromagnetic mineral in addition to magnetite]. The other sample of
Angra dos Reis (3S1) is significantly displaced from the single domain-multidomain line
toward the single domain-superparamagnetic mixing line.

2.2. Anhysteretic remanent magnetization (ARM) and isothermal remanent magnetization
(IRM) experiments. After the completion of AF demagnetization of NRM, samples were
given stepwise ARM in increasing DC bias fields from 0.5 to 2 mT in a peak AC field of
200 mT. These data can be used to infer the degree of magnetostatic interactions in the
sample (S16). Following this, the ARM was then stepwise AF demagnetized. Then, the
samples were given an IRM with a DC field of 200 mT that was also subsequently
stepwise AF demagnetized. The IRM acquisition and AF demagnetization of IRM data
are indicators of the coercivity spectrum of the sample. Comparison of the AF
demagnetization of ARM and IRM constitutes the Lowrie-Fuller test, an indicator of
grain size and stress state (S77, 18).

The results of these experiments are summarized in Table S2. ARM acquisition
data indicate that all the meteorites have highly interacting grains (Fig. S5). The slow-
cooled angrite Angra dos Reis has a Lowrie-Fuller test with low-field type (L-type; ARM
more stable than IRM) behavior character, whereas the “quenched” angrites D’Orbigny
and A-881371 exhibit behavior intermediate between L-type and high-field type (H-type,
IRM more stable than ARM) (Fig. S6). This difference between slowly-cooled and
quenched angrites likely is not a result of differences in crystal size because our
hysteresis loops indicate that the quenched angrites are actually finer grained than the
slowly cooled angrites (as expected from petrographic observations). Rather, the
difference between these two classes of angrites may be reflective of differences in either
internal stress state or ferromagnetic mineralogy.

With respect to mineralogy, IRM acquisition and demagnetization data (Fig. S7)
and associated S ratios (S79, 20) and coercivity of remanence values (Table S2) indicate
that unlike the other two angrites, Angra dos Reis shows a clearly bimodal coercivity
spectrum reflective of two main ferromagnetic minerals, one with coercivities up to ~ 300
mT and a second, higher coercivity phase.



2.3. Low-temperature cycling. To search for low-temperature transitions diagnostic of
some ferromagnetic minerals, low-temperature magnetic data were acquired for each
meteorite (Fig S8). Samples were first exposed to a saturating (4 T) field at room
temperature and then their moments were continuously measured while the samples were
cycled in a weak (< ~200 pT, the minimum field in our MPMS) field down to 10 K and
back up to room temperature. All the angrites exhibited a low-temperature transition at
~45 K below which the spontaneous magnetization of the samples increased
dramatically. Given the major phases reported for these angrites, this likely reflects the
ordering of the low-Ti spinel phase whose homogenous mean composition (hercynitess.
50%-Spinelas.soe,-chromites.go,-magnesiochromites.7o,-magnetite; 7o,-ulvospinely.4o, for
D’Orbigny) has its Curie point near this temperature (S217-25).

2.4. Thermomagnetic data. Following the completion of all other rock magnetic
experiments, thermomagnetic data (saturation remanent magnetization as a function of
temperature) were measured for several samples to determine Curie points and search for
any magnetic transitions potentially diagnostic of the ferromagnetic mineralogy (Fig. S9).
These measurements were acquired with the VSM in the Ross laboratory at MIT in an
argon atmosphere from room temperature up to 700°C (maximum limit of instrument).
Room-temperature hysteresis loops were taken before and after the thermomagnetic
measurements to assess whether the samples were altered during heating. The results
suggest that the dominant ferromagnetic mineral in D’Orbigny has a Curie point near
575°C. Angra dos Reis appears to contain a major phase with a Curie point of 550°C,
Both of these results, particularly those for Angra dos Reis, are somewhat uncertain due
to irreversibility (sample alteration) observed during the experiment.

2.5. The ferromagnetic mineralogy of angrites. These two Curie temperatures are very
similar and are characteristic of one or more of several candidate minerals:
titanomagnetite, taenite, tetrataenite, titanohematite, or titanomaghemite. Ni-rich metal
has only been reported for D’Orbigny (S26), so tetrataenite and taenite can immediately
be discounted for the other angrites. Taenite (S27, 28) can be additionally discounted for
D’Orbigny (as well as for the other angrites) because it almost always has multidomain
properties with coercivities far below that observed for these meteorites (Fig. S4, Table
S1). Tetrataenite (S27, 28) can also be discounted for D’Orbigny and the other angrites
for further reasons: the post-heating hysteresis loops do not exhibit the characteristic drop
in My, Hy; and H, after heating, the thermomagnetic curves are not blocky, and finally the
angrites have cooling rates well exceeding the 1-100°C m.y." required for the
formation of this mineral (S29). Titanohematite and titanomaghemite are also highly
unlikely for two reasons: optical and electron microscopy studies of angrites have never
identified these phases (they are typically terrestrial weathering minerals while
microscopy data indicate that none of the four angrites considered here is significantly
weathered) and titanomaghemite almost always breaks down well before its Curie point.
Although Angra dos Reis exhibits similar irreversibility, this is almost certainly due the
high abundance of troilite (S30-32) in this meteorite (S33).

This leaves magnetite as the only likely explanation. Indeed, our IRM-acquisition
and hysteresis data are all consistent with its presence. Primary (preterrestrial) low-Ti
magnetite has been previously reported for A-881371. Furthermore, our electron



microscopy investigation (Section 3.0, Fig. S10) has now also identified low-Ti
magnetite in D’Orbigny. The latter should have a Neel temperature near 550°C, slightly
lower than that observed in the thermomagnetic data (Fig. S9).

In addition to low-Ti magnetite, at least three other accessory ferromagnetic
phases must be present in angrites. D’Orbigny exhibits a secondary Curie point at
~150°C (Fig. S9), probably indicative of the abundant high-Ti magnetite phase reported
in this and nearly all other angrites (although the typically reported composition,
magnetiteg 17.0.21-ulvospinely 71.0.77, should only have a Neel point of up to ~40°C) (526,
33-39). The bimodal IRM-acquisition curves (Fig. S7) and S ratios well below unity
(Table S2) of Angra dos Reis indicate an additional high-coercivity phase; given the
known phases in this meteorite, this is likely either kamacite or pyrrhotite. Both phases
have been previously reported in angrites (526, 33, 40, 41). Although no 34 K transition
characteristic of monoclinic pyrrhotite is visible in our low-temperature cycling data (Fig.
S8), it is possible that this transition could have been suppressed by impurities [although
the effect of impurities on the intensity of the transition is unknown, monoclinic
pyrrhotite has been reported for Martian meteorite ALH 84001 (S42) despite the lack of a
34 K transition for that meteorite (S43)]. It is highly unlikely that angrites contain
ferromagnetic hexagonal pyrrhotite (S44) because even the fasted cooled “quenched”
angrite D’Orbigny cooled at a rate two orders of magnitude slower (S45) than that
required to produce this metastable phase (546).

3.0. Electron microscopy data. Of the four angrites studied here, one is a quickly
recovered fall (Angra dos Reis), one is from Antarctica (A-881371), and one was found
in a field in Argentina. All three meteorites are extremely fresh. The first two contain
primary metal, troilite, titanomagnetite, and magnetite (S33, 39, 47), and therefore it is
highly unlikely that their ferromagnetic mineralogy has an origin by terrestrial
weathering. Published images of D’Orbigny also indicate it is very fresh and it is known
to contain titanomagnetite as well as magnetite of unspecified composition (S26, 36, 48-
50). To determine the exact composition of this magnetite and characterize its textural
relationships with surrounding igneous phases, we conducted backscatter electron
microscopy imaging and quantitative wavelength dispersive spectroscopy analyses on a
polished thick section of D’Orbigny (sample FB14). We identified a wide range of
phases with compositions ranging from about Fe,Tig3Alp704 to near end member
magnetite (Fe,9Z 104 for various impurities, Z) (Fig. S10). These crystals exhibited
primary igneous textural relationships with surrounding phases. All sulfide grains
imaged showed no weathering or alteration and no mantling, veins, or common
weathering minerals like goethite, maghemite, and hematite were detected anywhere in
our section. Note that these images only resolved multidomain grains and not the fine
grained carriers that dominate the remanence as implied by the hysteresis data (Section
2.1).

4.0. Magnetic viscosity experiments

Néel theory calculations for magnetite, pyrrhotite, and kamacite (S5/-54) indicate that
magnetization carried by grains with 1-h blocking temperatures above ~150-250°C are
stable during exposure to room temperatures over the history of the solar system,
indicating that the magnetization in angrites was probably slightly viscously



demagnetized before arriving on Earth. Following landing, many of these demagnetized
grains may then have acquired a viscous remanent magnetization (VRM) in the Earth’s
field. Angra dos Reis and A-881371 landed on the Earth in 1869 (§55) and at <60 ka
(856), respectively, while no terrestrial age has been reported for D’Orbigny. It is
important to (i) establish that the HC magnetization observed in angrites is not entirely a
terrestrial VRM and (ii) assess whether the nearly ubiquitous low coercivity (non-IRM)
overprints observed in our samples are a terrestrial VRM (as opposed to preterrestrially
acquired overprints).

For Angra dos Reis, our fusion crust baked contact test alone essentially rules out
terrestrial VRM (as well as any other magnetization acquired on Earth) as the main
source of the meteorite’s HC magnetization. For the other two meteorites, we can
examine two additional criteria: stability of the various NRM components and laboratory
VRM acquisition rate. In the absence of thermal demagnetization data, probably the best
way to assess the contribution of VRM is by examination of the coercivity range of the
observed LC components (identified by directional changes in the NRM). The coercivity
range depends on VRM acquisition time, grain coercivity and volume distribution,
mineralogy, and temperature history and is therefore difficult to predict. Previous studies
of magnetite-bearing basalts with VRM acquired at ambient surface temperatures over
periods ranging from 1 month to ~50 ky have found that VRM can be mostly erased by
AF fields of ~5-40 mT [see, for instance, (S57-60)]. For comparison, the LC
components in A-881371 sample ,63 and D’Orbigny sample F6 (neither of which have
IRM-overprints from magnets as indicated by our paleointensity data and/or directional
homogeneity tests), are essentially entirely erased by 8.7 mT and 6.6 mT, respectively.
Many Angra dos Reis AMNH samples exhibit LC components blocked to between 5-15
mT. An exception is sample AMC16, which exhibited no obvious LC component during
AF demagnetization (main text Fig. 1C); however, our paleointensity experiments (Fig.
S2C,D) suggest the sample is unmagnetized up to ~11 mT, probably due to relaxation in
our shielded room over the last 6 months. The HC components observed in A-881371
sample ,63, D’Orbigny sample F6, and Angra dos Reis sample AMC16 extend to at least
150 mT, 150 mT, and 290 mT (see Fig. 1C for AMCI16), respectively. This suggests that
(a) the LC components in these meteorites are likely VRM acquired on Earth and (b) the
HC components are unlikely to be terrestrial VRMs.

To further test this conclusion, we measured the acquisition rate of VRM in our
laboratory for selected subsamples of each meteorite. The samples were exposed to the
Earth’s local field (~50 pT) for a period ranging from between several days to several
weeks. The samples were then brought into the shielded room and their remanence
measured repeatedly over a time period up to that spent outside the room. In many cases,
negligible VRM was acquired during the experiments, while for the other samples
detectable but only moderate VRM was acquired.

An example of the latter behavior is that observed for Angra dos Reis sample M7
(Fig. S11A,B). The VRM acquired by M7 during 14.6 d of exposure to the Earth’s field
was equal to approximately 10% of the estimated original NRM upon landing on Earth in
1869 (inferred from a linear extrapolation of the HC paleointensity data to zero ARM
gained). Following an initial plateau, the VRM was observed to decay at a rate roughly
proportional to the logarithm of time (Fig. S11A), S; = dM/d(log 1) = 8.3x10"* Am” (log
s)!. About 90% of the VRM gained during the time interval outside the shielded room



had decayed after the same time interval had elapsed inside the shielded room, suggesting
that the rate of acquisition rate of VRM, S, is approximately equal to S; [previous
investigators (S67-65) have found that S, and S, usually differ no more than a factor of 2].
Assuming that same logarithmic rate with time with S, = S; over the entire 139 y
residency of Angra dos Reis on Earth [and noting the considerable uncertainties
associated with such an extrapolation (562, 66)], we estimate that a VRM equal to about
25% of the preterrestrial NRM of this sample was acquired on Earth.

Although this particular sample exhibited nearly linear VRM decay with log(time)
in the measured time interval, other samples exhibited non-logarithmic decay rates (Fig.
S11C,D). Such behavior has been observed by nearly all previous investigators of VRM,
and underscores the uncertainties associated with extrapolations of data acquired on
laboratory timescales. The best that we can say is that linear extrapolations of the
highest-time data in our experiments for our angrite samples leads to the same basic
conclusion as that derived from sample Angra dos Reis sample M7: VRM acquired on
Earth is unlikely to entirely account for the intensity of the HC components observed in
angrites. The sample most dominated by VRM is A-881371, whose LC component
represents about 71% of its estimated preterrestrial NRM (again inferred from a linear
extrapolation of the HC paleointensity data to zero ARM gained). Linear extrapolation of
the high-time tail of our VRM experiments (Fig. S11C) to the meteorite’s terrestrial age
predicts a VRM intensity about a factor of 2 lower than the actually observed LC
component. Given the uncertainties involved in this exercise, we consider this
reasonably good agreement.

5.0. Paleointensity experiments

5.1. Paleointensity protocol. Nearly every sample was subjected to each of four AF
paleointensity experiments. The goal of these experiments was to obtain nondestructive,
order-of-magnitude estimates of the intensity of the magnetizing paleofield on the angrite
parent body. We note that although such uncertainties are high by terrestrial standards,
the questions being asked in extraterrestrial and terrestrial paleomagnetism are different:
with angrites, we are trying to distinguish between field sources that vary in intensity by
many orders of magnitude (main text Fig. 3) rather than trying to study secular variation,
relationships between reversal frequency and paleointensity, and other time-variable
processes that require much better accuracy.

Three kinds of our paleointensity experiments used ARM as a normalizing
quantity in three different DC bias fields, while the fourth experiment used saturation
IRM as the normalizing quantity. The artificial ARM and IRM were stepwise AF
demagnetized using the same steps as used to demagnetize the NRM, permitting us to
compute NRM/ARM and NRM/IRM for each coercivity bin and therefore for each NRM
component. Our paleointensity methods are multicomponent techniques: our IRM
method is in essence the same as the REM’ and REM(AF) techniques (S7, 67), while our
other paleointensity technique is philosophically equivalent to REM” except that ARM is
used as the normalizer in place of IRM.

It has been demonstrated from studies of a wide variety of terrestrial, and
extraterrestrial minerals and their synthetic analogs that the ratio of a thermoremanent
NRM to the saturation IRM is roughly proportional to the intensity of the paleofield
which produced the NRM (S1, 68-74). Samples containing approximately equant crystal



shapes will have NRM/IRM ~ several % for a TRM component produced in Earth’s field
(~50 uT), although extreme acicular shape and size distributions can have NRM/IRM
that is 50 times higher than that of equant grains (S68, 75). For such samples, the
paleointensity estimate from this technique has an uncertainty of a factor of ~10, with the
chief sources of error being the dependence of TRM intensity on the unknown grain
volume and microscopic coercivity distribution (S76, 77).

Analogously to the IRM method, the ratio of thermoremanent NRM to ARM
(sometimes called f”) is also roughly proportional to the NRM paleointensity (S78-83);
this paleointensity estimate will be most accurate when the ARM bias field is close to
that which produced the NRM (§84). Samples containing magnetite with diameters
greater than ~0.05 pm or less than 0.5 pm will have NRM/ARM(50 uT bias) ~ 2 for a
TRM component produced in a 50 uT paleofield. The ARM paleointensity technique
also has an uncertainty of a factor of ~10, with the chief uncertainty due to the
dependence of ARM/TRM on the unknown grain volume distribution (S85-89).

For all but two subsamples, we first conducted three paleointensity experiments in
which ARM was acquired in increasing AF fields for constant bias fields of 50, 200, and
then 600 pT. These samples were then given a saturation IRM that was then AF
demagnetized. Paleointensity estimates (Table S3) were obtained from plots of NRM
lost versus ARM gained [similar to the Stephenson method (S78)] and NRM lost versus
IRM lost [essentially the REM’ method of Gattacceca and Rochette (S7) but using the
visualization method of Stephenson (S78) to reduce the effects of spurious ARM noise
from our AF system]. NRM lost was computed using vector subtraction for each
component. HC components were identified directionally in Zijderveld diagrams and
then paleointensity values were derived from linear regressions of the equivalent HC data
in the paleointensity plots. For example, two components—LC (blue symbols) and HC
(red symbols)}—were observed in D’Orbigny sample F1 (Fig. 1A) while one component
was observed in Angra dos Reis sample AMCI16 (Fig. 1C). In the paleointensity
experiment for F1 (Fig. S2A,B), NRM lost values up to AF 6.6 mT were computed by
vector subtraction from the NRM, while NRM lost values above AF 6.6 mT were
computed by vector subtraction from the AF 6.6 mT step. For AMCI16 (Fig. S2C,D),
NRM lost values up to AF 18 mT were computed by vector subtraction from the NRM,
while NRM lost values above 18 mT were computed by vector subtraction from the AF
18 mT step.

Because all samples were in the pseudo single domain size range (Section 2.0),
we calculated the IRM and ARM paleointensities using the following formulas and
calibration factors:

ARM paleointensity in microteslas = (ANRM/AARM)/2 x (bias field in microteslas)
IRM paleointensity in microteslas = ANRM/AIRM % 3000,

where ANRM, AARM, AIRM are, respectively, the vector-subtracted gain or loss of
NRM, ARM, and IRM as derived from least squares fits to the paleointensity plots in the
AF range for the HC component. The IRM used for these paleointensity experiments
was usually acquired in a 1 T field (near saturation), whereas the ARM peak field was
usually 200 mT.



The magnitude of the NRM of two subsamples did not substantially decay in
intensity during AF demagnetization after removal of LC magnetization (Table S3).
Although positive slopes are observed for these samples in both the ARM and IRM
paleointensity plots, these data may be contaminated by spurious AF-related noise. We
therefore calculated the paleointensity values for these samples by a second method in
which the NRM remaining after removal of the LC component is divided by the ARM
and IRM remaining removal of the LC component. This method, known as the residual
REM method for IRM paleointensities (S/, 71), makes the implicit assumption that there
is a single remaining HC component.

5.2. Uncertainties. There are two aspects in which our paleointensities are uncertain. The
first and most important is the unknown efficiency of NRM relative to ARM and IRM
discussed above. The second is that our estimates of NRM/ARM and NRM/IRM from
our linear regressions are limited by AF-related spurious ARM (see, for instance Fig. S3).
We estimated the latter uncertainty by computing 95% confidence intervals for the slope
fits using a two-tailed Student’s #-test (S90) (Table S3).

Because all samples in Table S3 were found to have paleointensities of a few tens
of uT, the ARM paleointensities obtained using the 50 uT bias field should have mean
values closer to the true paleointensity than those from the 200 and 600 uT ARM
experiments. However, the 50 uT paleointensities have the highest uncertainty due to the
weakness of the bias field and therefore the greater influence of spurious AF-related
ARM noise.

Remanence anisotropy is another possible error source. However, we found that
all three meteorites have low remanence anisotropy on the scale of our subsamples (tens
of mg). For instance, for Angra dos Reis sample M2, ARM (200 mT AC field, 2 mT DC
bias) and IRM 164 mT applied in the three orthogonal directions varied in magnitude by
a maximum of 4% and 1%, respectively, and deviated from the applied field direction by
a maximum of 8° and 6°, respectively. For D’Orbigny sample F1, ARM (200 mT AC
field, 2 mT DC bias) and IRM 164 mT applied in the three directions varied in magnitude
by a maximum of 5% and 7%, respectively, and deviated from the applied field direction
by a maximum of 2° and 1°, respectively. For A-881371 sample ,63, ARM (200 mT AC
field, 0.2 mT DC bias) and IRM 200 mT applied in the three directions varied in
magnitude by a maximum of 15% and 0.6%, respectively, and deviated from the applied
field direction by a maximum of 3° and 2°, respectively. Therefore, we did not make any
anisotropy corrections (S9/) in computing the paleointensities reported in Table S3.

For two samples, the IRM paleointensity experiment was conducted before the
ARM experiments; because we could not fully demagnetize the saturation IRM prior to
beginning the ARM experiments, this resulted in high ARM paleointensity uncertainties
for these two samples.

5.3. Magnet contamination tests. As discussed previously, some of our subsamples have
been partially overprinted by hand magnets. During AF demagnetization, we observed
directional changes in the magnetization vector to origin-trending HC components that
correlate with a distinct break in slope in ARM and IRM paleointensity plots, indicating
that the LC components should not be contaminating our HC paleointensity estimates.
To confirm this, for every sample we conducted magnetic contamination tests in which



samples were given a laboratory IRM in a field equal to that inferred to have created the
LC magnet component measured during AF demagnetization of NRM. We then AF
demagnetized the samples, and in all cases observed that the laboratory LC magnetization
was completely removed at an AF level close to the applied field value.

We conducted additional experiments in which samples were given an ARM to
yield an artificial HC paleointensity equal to the inferred natural thermoremanent HC
paleointensity (assuming the ratio of thermoremanence to ARM is ~2 as discussed
above). The samples were then overprinted with an approximately perpendicular IRM in
a field equal to that inferred to have created the LC magnet component. We then AF
demagnetized these samples and used these data to construct ARM and IRM
paleointensity plots for this artificial magnetization. In all cases, a clear break in the
direction of magnetization and slope in the paleointensity plot were observed near the
applied DC field value. Paleointensities from the magnetization above this value agreed
with the actual field intensity that created the artificial HC magnetization within the
expected uncertainties. An example of such experiments is shown in Fig. S12.

6.0. Modeling early planetesimal dynamos
We have argued in the main text that the prolonged record of angrite magnetism (lasting
at least 10 m.y. after solar system formation and at least 7 m.y. after the formation of the
parent body) as well as the substantial angrite paleointensities (in some cases exceeding
20 uT) suggest that the magnetizing field was generated by an internal core dynamo.
This proposal would be greatly strengthened if theoretical estimates confirmed that such
an intense, >7 m.y. long dynamo is feasible on typical planetesimal objects. We
addressed this question by examining whether (a) convection of a metallic liquid core
could be initiated on the angrite parent body and how long this would last and (b)
whether this core could produce surface magnetic fields exceeding 20 uT.

Our simplified approach was to consider the model bodies of Hevey and Sanders
(892), in which sufficiently large and early-formed planetesimals acquired global magma
oceans due to radiogenic heating by °Al.  Under these conditions, melting may have
occurred from the interior outward, leaving a solid conductive lid overlying a magma
ocean and a liquid metallic core. The quenched angrites may have originated as melts
that erupted through the solid crust and solidified, thereby recording the field, while the
slowly cooled angrites formed parts of the conductive lid that slowly cooled through their
Curie temperatures. Because the magma ocean likely had high Rayleigh number and was
vigorously convecting (593), heat conduction through the crust should have ultimately
limited heat flux out of the core.

6.1. Timing of core convection. A straightforward scenario leading to a core dynamo is
one in which thermal convective motion of the conducting Fe-Ni liquid is driven by heat
loss from the planet. For this to occur, the heat flux out of the core should at minimum
exceed the heat flux that would be carried by conduction along a core adiabat (S94), Feona
= kaTg/C, = 4nGprkaT , where k is thermal conductivity [taken conservatively to be 50
W m 'K, following (595)], a is thermal expansivity [10*K! following (S96)], T is the
temperature at the core-mantle boundary [~1273 K when the body is just at the solidus
temperature (§96)], C, is the heat capacity at constant pressure [800 J kg 'K for the core
following (S97)], and g = 4aGpr is the gravitational acceleration for gravitational



constant G, core density p, and core radius . For 70 km, 200 km, and 500 km radius
bodies with 10 km, 63 km and 350 km radius cores that are just cool enough to have a
solid mantle, we find that F.,,; = 5.7x10™, 0.0034, and 0.0187 J m™s™, respectively.
These are the estimated core heat fluxes that must be exceeded to produce a dynamo.

The next step is to determine if and when the cores of our model planetesimals
have heat flows exceeding this criterion. We calculated heat conduction through the solid
crustal lid with a one-dimensional model using the following expression for temperature
controlled by conduction in a spherical shell:

T(t,r)=T(t—dt,r)+ Kdz{l dr[T (¢ —dt,r +dr)y—T(t - dt,r — dr)]
r

+%[T(t —dt,r =2T(t—dt,r)+T(t—dt,r —dr)]}
,

for time ¢ and distance » from the center of the body. Because our calculations start at
times >3 m.y. after CAls, we have neglected radiogenic heating from *°Al (which
otherwise might blanket the core). We have also neglected any heating from *“Fe
because angrites apparently did not contain this short-lived isotope (S98) (which
otherwise would enhance core convection). We used parameter values characteristic of
asteroids with a range of different body and core sizes (Table S4). We assumed that the
magma ocean under the lid begins at approximately the liquidus temperature for the
estimated bulk composition of Vesta. Heat conducts upward through the lid to a cold
surface, cooling the magma ocean beneath. This calculation gives the heat flux coming
out of the magma ocean into the crust. As Fig. 4A in the main text indicates, heat flux
through the conductive lid is sufficient to drive superadiabatic heat loss from the core in
every case considered, and for a significant amount of time.

As heat conducts through the lid, the underlying magma ocean is cooled. As the
body cools, the magma ocean temperature drops and eventually will reach a temperature
at which the ratio of solid to liquid is sufficiently high to further inhibit convection. We
estimate this temperature to be ~850°C: as solidification proceeds, the solidus
temperature of residual liquids drops, so although the bulk body’s silicate composition
would be solid at 850°C, evolved liquids will not be. We find this will occur after ~3
m.y., ~5-20 m.y., and >~30 m.y., respectively, for 70 km, 200 km, and 500 km radius
bodies. These times should be viewed as lower limits because the heat flux would drop
drastically as crystal fraction rises, and this effect is not included in our calculations.
This effect would also mean that the core heat fluxes shown in Fig. 4A are overestimates
when the temperature approaches 850°C.

6.2. Conditions for dynamo action. Superadiabatic heat flux out of the core is likely a
necessary but not sufficient condition for dynamo action. To further test the hypothesis
that early planetesimals could generate angrite-like dynamos, we estimated the magnetic
Reynolds numbers (Ren, ratio of field generation to field diffusion) and expected surface
fields on bodies with a wide range of properties like that represented by asteroids today
(Table S5).

To generate a self-sustaining dynamo, Re,, must exceed some critical bound that
is at least unity. A theoretical argument gives the bound Re,, > 7 where Rey, is based on
the maximum fluid velocity (S§99).  This bound would suggest that Re,, >1 is a
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reasonable estimate for critical dynamo action if Rey, is calculated from the characteristic
rather than maximum fluid velocity.

We estimated Rey,, ~ ur./n, where u is the characteristic fluid velocity, 7. is the
core radius, and # is the magnetic diffusivity. Because all the bodies considered here
(Table S5) are rapid rotators, we assume their dynamos are in magnetostrophic balance

(§94) to estimate u:
0.5
u= aTg cony
C,p.Q

where F_,n = Fior — Feona 18 the core convective heat flux for a total core heat flux Fi,, p.
is the core density (see Table S5), and Q is the angular rotational velocity of the planet
(specified by the rotation period in Table S5). Other scaling relations between convective
heat flux and fluid velocity generally give larger values, so the velocity estimates we use
here are conservative. We estimate the core field strength for unity Elsasser and

magnetic Reynolds numbers as:
B, =.2Qp, /o

for electrical conductivity o ~ 5x10* S m™ at the pressures expected in our planetesimal
cores (S7100) (this number is not well constrained). If we further assume that the dipole
field is Bgip = 0.1By at the core-mantle boundary (similar to the Earth’s value), then using
the fact that the dipole will decay as (r./)° we can estimate the surface fields for r =
planetary radius. As shown in Fig. 4B there are many combinations of parameters that
can produce an APB dynamo and angrite-like surface fields for bodies with radii > 80
km.

7.0. Implications for the Mercury hypothesis

Irving and Kuehner (S7017) and Kuehner et al. (S7/02) have postulated that the angrites are
samples of the planet Mercury. Our mean paleointensity values are ~50 times higher
than Mercury’s surface field today (S703). However, this does not rule out Mercury as
the angrite parent body because the angrites record fields from long ago. Mercury’s
present weak surface field has been attributed to the possibility that its dynamo operates
in a thin shell regime due to a high mass ratio of the solid core to the liquid core (S704).
We might expect early Mercury to have had a core that contained relatively more liquid
than that today. Our dynamo calculations suggest that a thick shell ancient Mercury
dynamo could generate angrite-like paleointensities. Therefore, our angrite
paleointensities may in fact be consistent with an origin on ancient Mercury.
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Table S1. Summary of Hysteresis Data for Angrites

Xp Mis Ms

Meteorite  Sample 'zﬂni‘s‘;’ (<105 (x10% (<107 nﬁ’;) M/M.  HulH,
D AmTH  AmD)  AMD)

Dorbigny L1 51 1.8 58.0 209 175 027 155

12 24 069 261 10.0 18.0 0.26T 1.51

A-881371 63 66 1.9 341 162 163 021 1.72

Angrados M2 90~ 019 _ 7.58 829  13.5 0.09f 2.65

Reis 351 20 026 228 301 150 0.08 6.42

Note: Shown is a summary of room-temperature hysteresis data measured with a
DMS vibrating sample magnetometer at room temperature. The first column gives
the meteorite name, the second column gives the subsample name, the third column
gives the sample mass, the fourth column gives the paramagnetic susceptibility as
estimated from the high-field slope, the fifth column gives the saturation remanent
moment, the sixth column gives the saturation moment, the seventh column gives
the coercivity, the eighth column gives the computed squareness (ratio of saturation
remanent magnetization to saturation magnetization) and the ninth column gives the
ratio of coercivity of remanence (see Table S2) to coercivity.

*Mass of this subsample is approximate (within a factor of 2 of actual mass) because
it was weighed following thermomagnetic analyses.

TSubsamples taken from these samples were later subjected to thermomagnetic
analyses (Fig. S9A,B). Hysteresis measurements taken before and after the
thermomagnetic analyses (Fig. S9C,D) measured M,/Ms of 0.27 (before) and 0.23
(after) for the subsample taken from D’Orbigny 12 and 0.13 (before) and 0.30
(after) for the subsample taken from Angra dos Reis M2.
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Table S2. Summary of Rock Magnetic Remanence Data for Angrites

S MDF ARM  MDF IRM L-F

Meteorite Sample ratio R (mT) (mT) Test He (MT)
11 0.95 0.33 15.3 18.2 H 27.2
12 0.96 0.32 15.9 18.1 L/H 27.2
F1 0.96 0.32 16.2 19.1 H 29.3
F2 0.95 0.27 18.0 18.3 L/H 35.9
D'Orbigny F6 0.97 0.30 15.4 16.4 H 27.3
FB8 0.95 0.31 16.1 18.0 L/H 27.8
FB1OAA 0.96 0.32 13.6 15.8 H 24.7
FB1OAB 0.95 0.31 17.3 18.2 L/H 28.9
FB10B 0.96 0.32 15.3 18.0 H 28.0
FB14 0.96 0.31 15.0 15.9 H 25.7
A-881371 ,63 0.97 0.30 15.1 17.1 H 27.9
M3 0.38 0.40 17.6 40.6 L 73.4
M4 0.40 0.42 16.4 29.6 L 52.5
Angra dos M6 0.47 0.39 18.9 30.0 L 58.6
Reis M7 0.33 0.40 18.4 51.7 L/H 94.0
3s1 0.34 0.39 15.2 52.6 L/H 96.3
AMC3 0.78 0.31 18.6 20.4 L 31.9
AMC16 0.82 0.32 18.0 19.2 L 27.8

Note: Shown is a summary of room temperature rock magnetic remanence data
measured with the 2G Superconducting Rock Magnetometer. The first column gives
the meteorite name, the second column gives the subsample name, the third column
gives the S ratio = - (IRM_3p0 m1/IRMggo mt) following (519, 20), the fourth column
gives the Cisowski R value (516), the fifth column gives the mean destructive field
for an ARM acquired in 200 mT peak AF field with 2 mT DC bias field, the sixth
column gives the mean destructive field for an IRMyoomt, the seventh column gives
the outcome of the Lowrie-Fuller test (518) (L = low field remanence/ARM more
stable, H = high field remanence/IRM more stable, L/H = ARM equally stable to
IRM), and the eighth column gives the coercivity of remanence. Masses for all
samples here except for D’Orbigny FB10AB (which has a mass of 2.1 mg) are listed
in Table S3.
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Table S3. Summary of Paleointensity Estimates for High Coercivity (HC)
Components in Angrites

ARM Paleointensity (uT) IRM
Meteorite Sample Source Mass Paleointensity
(mg) 50 uT 200 puT 600 uT
: : : 1T
bias bias bias
F1 PS 75 12+3 15+3 13+3 9.6+2
F2 PS 10 10+5 18+4 17+4 15+3
F6 MT 75 9.2+4 11+3 10+2 7.7x2
11 MT 51 14+10 207 12+4 17+5
D’Orbigny 12 MT 24 17+15* 17+21* 26+23* 21+18
FB8 MT 22 2612 2445 25+5 2145
FB10OAA MT 28 7.2+18 18+15 20+17 16+14
FB10B MT 21 29+18 26x17 22+16 20+14
FB14 MT 163 8.8+3 13+4 14+4 12+4
2.5+1t 2.5+0.9f 2.7%1%t 2.1+0.8%
A-881371 ,63 NIPR 66 81 6.9 71 52
M3 MNB 20 7.2+6 6.9+5 7.1+5 7.8+5
M4 MNB 7 1649 13+6 13+6 22+8
6.2+71 7.3x81 7.3x81 11+11¢
Angra dos M6 MNB 40 12 11 11 5.1
Reis M7 MNB 70 36+5 28+2 28+2 35+3
3S1 MNB 20 2.8+9* 414+23* 31+23* 1614
AMC3 AMNH 58 20+0.9 17+0.7 15+0.5 21+1.2
AMC16 AMNH 76 17+0.9 16+0.4 15+0.3 22+0.5

Note: Shown are paleointensity estimates for HC components measured during this
study. The first column gives the meteorite name, the second column gives the
subsample name, the third column gives the source of the sample (PS = private
source, MT = La Memoire de la Terre, NIPR = National Institute of Polar Research,
Japan, MNB = Museu Nacional, Brasil, AMNH = American Museum of National
History), the fourth column gives the sample mass, the fifth column gives the
paleointensity estimate using the ARM method (assuming paleointensity in
microteslas = (NRM/ARM)/2 x (bias field in microteslas) as typical for pseudo single
domain grains) (578, 88), and the final column gives the paleointensity estimate
using the IRM method (assuming paleointensity in microteslas = NRM/IRM x 3000)
(51, 76). The given uncertainties are formal 95% confidence intervals associated
with least squares fitting to the paleointensity plots. The actual uncertainty for each
value is estimated to be a factor of ~3 primarily due to the poorly known ratio of IRM
and ARM to thermoremanence.

*ARM paleointensities for these two samples were measured after saturation IRM
experiments and therefore have high uncertainty.

TThese samples exhibited high-AF noise which obscures decay of the magnitude of
the NRM vector at high AF values. Therefore, two paleointensity estimates are
reported for these samples. The first row gives the estimate derived from the least
squares slope observed in the NRM-ARM and NRM-IRM demagnetization plots (the
same technique used to calculate other values in this table). The second row gives
the values calculated by taking the ratio of the NRM remaining after removal of the
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LC component to the ARM and IRM after removal of the LC component. The latter
should be less affected by ARM-related noise but lacks confidence intervals because
it is not a least squares fit.

Table S4. Parameters Used to Calculate Core Heat Fluxes for Model
Planetesimals

Parameter Values
Planetesimal radius 70, 200, and 500 km
Core radius for 70, 200 and 500 km bodies 10, 63, and 350 km
Thickness of conductive lid for 70 km body 30, 20, and 10 km
Thickness of conductive lid for 200 km body 50, 40, 30, 20, and 10 km
Thickness of conductive lid for 500 km body 100, 80, 60, 40, and 20 km
Initial temperature at base of crust 1100°C
Temperature at surface -23°C

Density of the magma ocean 3000 kg m™
Density of the mafic crust 3200 kg m™
Thermal diffusivity 1x10°m?s™

Heat capacity of silicates 1260 J kgt K™*

Table S5. Range of Parameters Used to Calculate Re,, and Surface Fields for
Model Planetesimals

Parameter Values

Planetesimal radius 10, 20, 40, 60, 80, 100, 120, 140, 160,180 and 200 km
Core mass fraction 0.08, 0.2, 0.3, 0.4, 0.5 and 0.6

Rotation period 6, 12, 24,48, 72 h

Average core density 5000, 600, 7000, 8000 kg m™

Average mantle density 1000, 2000, and 3000 kg m™

Total heat flux 0.01, 0.03, 0.05, 0.1, 0.2, 0.3, 0.4 W m™
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Figure Captions

Figure S1. Magnetization directions of mutually oriented subsamples of angrites.
Shown for each angrite are least squares fits to each subsample and associated
uncertainty ellipse. The diameter of each uncertainty ellipse has been set to either the
mean angular deviation (MAD) of the associated least squares fit or else the ~10°
orientation uncertainty (whichever is greater). Fisher mean direction (red star) and
associated 95% uncertainty confidence estimate (a9s) are shown for interior subsamples.
(A) Angra dos Reis parent sample from the Museu Nacional, Brasil. Mean direction for
interior samples M3, M4, M6, M7 and M9 has a¢s = 28.1° and estimated precision
parameter k= 6.7. (B) D’Orbigny parent sample FB. Mean direction for interior samples
FBS, FB10AA, FB10AB, FB10B, and FB14 has a¢s = 24.9° and estimated precision
parameter k = 8.3.

Figure S2. Paleointensity experiments on D’Orbigny sample F1 and Angra dos Reis
sample AMCI16 (see Fig. 1C). (A) Anhysteretic remanent magnetization (ARM) method
for D’Orbigny sample F1, in which cumulative ARM acquired in laboratory DC bias
fields of 0.05 mT (squares), 0.2 mT (circles), and 0.6 mT (diamonds) superimposed on
stepwise increasing alternating field (AF) is plotted as a function of the peak AF. Data
points from LC and HC components are colored blue and red, respectively. The HC
component is estimated to have been acquired in a field of 12 = 3 uT (0.05 mT bias
field), 15+ 3 uT (0.2 mT bias field) and 13 = 3 uT (0.6 mT bias field) (uncertainties are
formal 95% confidence interval derived from linear regression). (B) Isothermal remanent
magnetization (IRM) method on D’Orbigny sample F6, in which cumulative AF
demagnetization of a saturating IRM is plotted as a function of peak AF. Data points
from LC and HC components are colored blue and red, respectively. The HC component
is estimated to have been acquired in a field of 10 £ 2 pT. (C) ARM paleointensity for
Angra dos Reis sample AMCI16 for laboratory DC bias fields of 0.05 mT (squares), 0.2
mT (circles), and 0.6 mT (diamonds). The HC component is estimated to have been
acquired in a field of 17 = 0.9 uT (0.05 mT bias field), 16 £ 0.4 uT (0.2 mT bias field)
and 15 + 0.3 uT (0.6 mT bias field). (D) IRM paleointensity on Angra dos Reis sample
AMCI16, in which cumulative AF demagnetization of a saturating IRM is plotted as a
function of peak AF. The HC component is estimated to have been acquired in a field of
22 +£0.5 uT.

Figure S3. Alternating field (AF) demagnetization and paleointensity data for A-881371
sample ,63 (A) Equal area plot showing direction of magnetization vector. Black dots
are single measurements (shown for all steps between NRM and AF 11.0 mT). Red dots
are mean directions for multiple steps calculated for six AF bins: AF 9.0 to 11.2 mT (11
steps), AF 11.4 to 18.4 mT (30 steps), AF 18.8 to 25.7 (20 steps), AF 26.4 to 37.4 (20
steps), AF 38.4 to 52.8 (19 steps), and AF 55.0-155.0 mT (21 steps). Between NRM and
AF 8.7 mT, a relatively strong low coercivity overprint is removed, reflected by motion
of the remanence vector (arrow). Above, AF 8.7 mT, the mean direction is
approximately stationary around the 8.7 mT direction but with a wide dispersion due to
spurious ARM from our AF system. (B) AF demagnetization from 7.2-200 mT of a
laboratory ARM (200 mT peak AC field with 7 uT DC bias field in direction given by
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star) intended as a model thermoremanence acquired in a field of 3.5 puT. Sample
directions are averaged as in (A). Observed scatter is similar to that observed during AF
of NRM, with laboratory ARM essentially lost in the noise by AF 150 mT. (C) ARM
paleointensity experiment with 0.2 mT bias field. ARM paleointensity experiments were
also conducted in 0.05 and 6 mT bias fields (data not shown for clarity). Inferred
paleointensity was 2.5 = 0.9 uT (95% confidence interval from regression). (D) IRM
paleointensity experiment. Inferred paleointensity was 2.1 + 0.8 puT.

Figure S4. Room temperature hysteresis loops for selected samples. Shown is the
sample moment as a function of applied field. (A) D’Orbigny sample 11. (B) A-881371
sample ,63. (C) Angra dos Reis sample 3S-1. The contribution from paramagnetic
susceptibility as estimated from the high-field slope (Table S1) has been subtracted from
these data.

Figure S5. Anhysteretic remanent magnetization (ARM) acquisition experiments on
selected characteristic samples. Shown is the ARM acquired in a 200 mT AC field as a
function of DC bias field. Lower dotted curve is that of highly interacting chiton tooth
magnetite and upper dotted curve is noninteracting magnetite in magnetotactic bacteria.
(A) D’Orbigny sample F6. (B) A-881371 sample ,63. (C) Angra dos Reis sample M6.

Figure S6. Lowrie-Fuller tests for selected samples. Shown is alternating field
demagnetization of an anhysteretic remanent magnetization (ARM) acquired in a 200 mT
peak AC field with 0.2 mT DC bias field (light blue symbols) and of an isothermal
remanent magnetization (IRM) acquired in a 200 mT field. Both curves are normalized
to the starting value just prior to AF demagnetization. (A) D’Orbigny sample F6. (B) A-
881371 sample ,63. (C) Angra dos Reis sample M6.

Figure S7. Isothermal remanent magnetization (IRM) acquisition and demagnetization
experiments on selected samples. (A) IRM acquisition and alternating field (AF)
demagnetization of IRM by D’Orbigny sample F6. Both curves are normalized to the
highest-field IRM value. (B) Derivative of IRM acquisition (purple crosses) and AF
demagnetization of IRM (light blue crosses) for D’Orbigny sample F6, with running
average given by solid lines. (C) IRM acquisition and AF of IRM for A-881371 sample
,63. (D) Derivatives of IRM acquisition and AF of IRM for A-881371 sample ,63. (E)
IRM acquisition and AF of IRM for Angra dos Reis sample M4. (F) Derivatives of IRM
acquisition and AF of IRM for Angra dos Reis sample M4.

Figure S8. Low temperature cycling of selected samples. Each sample was briefly
exposed to a saturating field (4 T) at room temperature. The sample moment was then
progressively measured during cycling down to 10 K and back up to room temperature.
in a near-zero (<0.2 mT) field. (A) D’Orbigny sample 11. (B) A-8813171 sample ,63. (C)
Angra dos Reis sample M2.

Figure S9. Thermomagnetic data for selected samples. Shown is the sample moment

during heating and cooling from room temperature to 702°C. Samples were exposed to a
1 T field at room temperature prior to starting the measurements. (A) Subsample taken
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from D’Orbigny sample 12. (B) Subsample taken from Angra dos Reis sample M2. (C)
Room temperature hysteresis loops taken for subsample in (A) before (blue points) and
after (black points) thermomagnetic treatment. (D) Room temperature hysteresis loops
taken for subsample in (B) before (blue points) and after (black points) thermomagnetic
treatment.

Figure S10. Backscatter electron microscopy imaging of D’Orbigny sample FB14. (A)
Intergrowth of troilite (tr) (FeS) with near-end member magnetite (mt) (Fe;.9Z 104 where
Z = various impurities), and Al-Ti magnetite (Ti-mt) (Fe,0Alp7Tip304). Surrounding
phases are anorthite (an), Ca-rich olivine (ol), and Al-Ti-diopside-hedenbergite (cpx).
Scale bar is 30 pum. (B) Intergrowth of troilite with near-end member magnetite
surrounded by olivine. Scale bar is 10 pm.

Figure S11. Viscous remanent magnetization (VRM) experiments on angrites. Samples
were exposed to Earth’s field for time given by star and then returned to our shielded
room (<150 nT) where their moments were semi-continuously measured as they
viscously decayed. (A) Intensity of Angra dos Reis interior sample M7. After 15 d, the
sample decayed to the pre-VRM moment intensity (noted by asterisk). A least squares
regression to data for # > 154 s gave a magnetic viscosity decay coefficient Sq = dM/d(log
) = 82x10"% Am® (log s)'. (B) Direction of Angra dos Reis interior sample M7.
Sample had acquired a component in the direction of the Earth’s field and decayed to the
original pre-VRM direction after 15 d. (C) A-881371 sample ,63. (D) D’Orbigny sample
11.

Figure S12. Magnet contamination test for Angra dos Reis sample M7. Following
analysis and demagnetization of the NRM, the sample was given an artificial remanence
consisting of an anhysteretic remanent magnetization (ARM) in a peak AC field of 200
mT and a DC bias field of 50 puT (equivalent to a thermoremanence acquired in 36 uT
field assuming the ratio of thermoremanence to ARM = 2) overprinted by an isothermal
remanent magnetization (IRM) acquired in a 21.6 mT DC field (equal to the inferred
IRM magnet overprint on this sample). (A) AF demagnetization of artificial remanence
up to 83.6 mT. Shown is a two dimensional projection of the endpoint of the
magnetization vector. Closed (open) symbols represent end points of magnetization
projected onto horizontal (vertical) planes. (B) Close-up of AF demagnetization shown
in (A) for fields above 16.8 mT. (C) ARM paleointensity experiment for artificial
remanence shown in (A) and (B). (D) IRM paleointensity experiment for artificial
remanence shown in (A) and (B). Peak fields for selected AF demagnetization steps are
labeled in each plot.
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