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Magnetic fields in the solar nebula may have played a central role in mass and angular momentum
transport in the protosolar disk and facilitated the accretion of the first planetesimals. Thought to be
key evidence for this hypothesis is the high unblocking-temperature, randomly oriented magnetization
in chondrules in the Allende CV carbonaceous chondrite. However, it has recently been realized that
most of the ferromagnetic minerals in Allende are products of secondary processes on the parent
planetesimal. Here we reevaluate the pre-accretional magnetism hypothesis for Allende using new
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paleomagnetic analyses of chondrules including the first measurements of mutually oriented subsamples
from within individual chondrules. We confirm that Allende chondrules carry a high-temperature
component of magnetization that is randomly oriented among chondrules. However, we find that
subsamples of individual chondrules are also non-unidirectionally magnetized. Therefore, the high-
temperature magnetization in Allende chondrules is not a record of nebular magnetic fields and is
instead best explained by remagnetization during metasomatism in a <8 uT magnetic field. This low field
intensity suggests that any core dynamo on the CV parent body decayed before the end of metasomatism,
likely <40 My after the formation of calcium aluminum-rich inclusions (CAls). Despite widespread
practice, the magnetization in Allende should not be used to constrain magnetic fields in the protosolar

nebula.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

During the first several million years of planet formation, dust
in the solar nebula accreted to form 100 to 1000 km-scale plan-
etesimals (Chambers, 2004). Theoretical models strongly suggest
that magnetic fields played a critical role in the dynamics of the
nebular gas and the evolution of solid particles. In particular, large-
scale mass and angular momentum transfer in the nebula may
have relied on magnetocentrifugal winds and/or turbulence gen-
erated by the magnetorotational instability (MRI) (Bai and Stone,
2013; Balbus, 2003). Magnetically-induced turbulence may have
also facilitated mutual collisions and local concentration of solid
matter, thereby allowing for the accretion of solid bodies (e.g.,
Cuzzi and Hogan, 2003; Johansen et al., 2007).

The first known macroscopic solids to form in the solar nebula
were chondrules and CAls, millimeter-sized inclusions now found
in chondritic meteorites. Chondrules are igneous spherules that
melted and cooled quickly in the solar nebula, while CAIs are
nebular condensation products often subjected to subsequent re-
heating (MacPherson, 2007). Because they were heated and cooled
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in the solar nebula, these objects may have recorded the nebular
magnetic field. Therefore, paleomagnetic studies of chondrules and
CAls can potentially provide direct constraints on the strength of
nebular magnetic fields and their role in solar system formation.
Fields in the midplanes of the terrestrial planet-forming region
in protoplanetary disks are currently inaccessible to astronomical
measurements (Crutcher, 2012).

Paleomagnetism of chondrite inclusions such as chondrules and
CAls may also have important implications for the setting and
mechanism of chondrule formation (Desch et al, 2012). Chon-
drule formation hypotheses often predict very different magnetic
field environments (Desch and Connolly, 2002; McNally et al.,
2013). Knowledge of the magnetic field intensity in the chondrule-
forming environment would therefore provide new constraints on
this enigmatic process.

However, paleomagnetic studies of primitive inclusions face the
challenge that chondrules and CAls in all meteorites have been
subject to a combination of secondary alteration and metamorphic
reheating after their accretion onto their parent body. These pro-
cesses may have compromised any pre-accretional natural rema-
nent magnetization (NRM). Furthermore, many meteorite samples
experienced remagnetization in strong artificial magnetic fields on
Earth following their collection. Such strong fields, if not properly
identified and removed, can lead to misinterpretation and severe


http://dx.doi.org/10.1016/j.epsl.2014.07.014
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/epsl
mailto:rogerfu@mit.edu
http://dx.doi.org/10.1016/j.epsl.2014.07.014
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsl.2014.07.014&domain=pdf

R.R. Fu et al. / Earth and Planetary Science Letters 404 (2014) 54-66 55

overestimates of ancient magnetic field strengths (Weiss et al.,
2010).

Paleomagnetic tests can aid in distinguishing between pre-
accretional and post-accretional NRM in chondrites. In the con-
glomerate test, mutually random magnetization directions in chon-
drules and other inclusions provide evidence for magnetization
predating the final assembly of the rock. This is because if the
chondrules were completely remagnetized in a spatially uniform
field following accretion, they should be magnetized in the same
direction within a given meteorite. A second, unidirectionality test
examines the direction of magnetization in subsamples of individ-
ual chondrules and CAls. A pre-accretional thermoremanent mag-
netization (TRM) is expected to be unidirectional across subsam-
ples. Both paleomagnetic tests require analysis of mutually ori-
ented samples.

The Allende CV carbonaceous chondrite is probably the most
extensively analyzed chondrite using paleomagnetic methods.
Measurements of individual, unoriented chondrules (Acton et al.,
2007; Emmerton et al, 2011; Lanoix et al., 1978) have inferred
magnetic field paleointensities of between 10 and 1600 uT. How-
ever, these studies could not establish a pre-accretional origin
for the magnetization or rule out artificial isothermal remanent
magnetization (IRM) contamination. The latter almost certainly
accounts for the paleointensity values >200 pT (Cisowski, 1987;
Wasilewski, 1981). Neglecting those affected by IRM, bulk Al-
lende samples and some isolated chondrules carry a strong uni-
directional overprint that unblocked below ~300°C acquired on
the CV parent body (Carporzen et al, 2011; Nagata, 1979a;
Sugiura and Strangway, 1985). Carporzen et al. (2011) interpreted
this post-accretional magnetization, which they called the middle
temperature (MT) component, as evidence for a past magnetic core
dynamo on the CV parent body, implying that this body under-
went igneous differentiation while preserving a relatively unheated
chondritic crust.

Nevertheless, paleomagnetic studies by Sugiura et al. (1979)
and Sugiura and Strangway (1985) showed that, after removal of
the low temperature overprint at ~300°C, individual, mutually-
oriented chondrules in Allende had widely scattered magnetiza-
tion directions that pass the paleomagnetic conglomerate test at
the 95% significance level (Watson, 1956). Sugiura and Strangway
(1985) concluded that this non-unidirectional component is a pre-
accretional TRM acquired in a nebular magnetic field.

However, a major source of subsequent confusion has been that
no paleointensities were reported for this non-unidirectional HT
component. As a result, many later studies have mistakenly cited
paleointensities derived for the other magnetization components
in Allende as constraints on nebular fields. In particular, many
theoretical studies (e.g., Levy and Araki, 1989; Stepinski, 1992;
Rozyczka et al., 1996; Shu et al., 1996; Niibold and Glassmeier,
2000; Desch and Connolly, 2002; Johansen, 2009) have cited the
~100 pT paleointensity values derived from unoriented chon-
drules or bulk samples (which should be dominated by the post-
accretional MT overprint) or even the high paleointensities of
100-1600 pT from a set of unoriented chondrules likely contami-
nated by IRMs on Earth (Wasilewski, 1981).

Adding to the uncertainty, the paleomagnetic conglomerate test
alone, as performed by Sugiura and Strangway (1985), is in fact
insufficient for establishing the pre-accretional origin of the HT
chondrule magnetization. Post-accretional recrystallization of mag-
netic phases in a near-zero magnetic field can also produce ran-
domized magnetization directions (Uehara et al., 2011), potentially
leading to a false-positive conglomerate test. In fact, the weak
intensity of the HT magnetization and its non-origin trending be-
havior during higher temperature thermal demagnetization are all
characteristics of such null field remanence (see Section 4.1).

Here we report new paleomagnetic analyses on mutually-
oriented Allende chondrules and subsamples of individual chon-
drules with the goal of determining whether the HT component
in Allende chondrules is in fact pre-accretional. We find that, al-
though the HT magnetizations of individual chondrules pass the
conglomerate test, subsamples of individual chondrules also have
statistically random magnetization directions, thereby failing the
unidirectionality test. Coupled with petrographic observations and
modeling of TRM acquisition in the solar nebula, we argue that
all observed magnetization components in Allende chondrules are
post-accretional. Finally, we discuss the implications of these re-
sults for the CV parent body core dynamo hypothesis and the
lifetime of such a dynamo.

2. Samples and methods

We performed two kinds of paleomagnetic measurements. The
bulk of our analyses employed classic moment magnetometry us-
ing a 2G Enterprises Superconducting Rock Magnetometer (2G
SRM) 755 at the MIT Paleomagnetism Laboratory. These were sup-
plemented with magnetic field maps acquired with the MIT SQUID
Microscope (Weiss et al., 2007).

Samples analyzed using the 2G SRM were extracted from a
slab of Allende provided by the American Museum of Natural
History called AMNH5056, which is a ~10 x 10 x 0.8 cm piece
previously studied by Carporzen et al. (2011). All samples taken
from AMNH5056 are mutually oriented with respect to samples in
Carporzen et al. (2011).

Carporzen et al. (2011) conducted a fusion crust baked con-
tact test (Nagata, 1979b; Weiss et al.,, 2010) on AMNH5056 and
showed that the fusion crust, which was melted during atmo-
spheric entry, carries magnetization distinct from that in samples
taken >1 mm in the interior. This systematic change in mag-
netization direction and intensity indicates that AMNH5056 es-
caped significant remagnetization after its arrival on Earth and
that the interior magnetization is extraterrestrial in origin. Because
AMNH5056 had been stored in the magnetically shielded room at
the MIT Paleomagnetism Laboratory (DC field <150 nT) since the
experiments in Carporzen et al. (2011), their demonstration of ex-
traterrestrial magnetization in AMNH5056 applies to our samples
extracted from this parent piece.

We used nonmagnetic dental tools to extract twenty-one chon-
drules and six matrix-rich samples from thin (0.5-1.0 mm) slices
of Allende cut using a diamond wire saw. Because the Allende ma-
trix is on average 2-4 times more magnetic per unit mass than
typical chondrules and CAls (Table S1; Emmerton et al., 2011;
Nagata and Funaki, 1983), we carefully removed all visible traces
of matrix material adhered to chondrules. When possible, we sub-
sampled individual chondrules using either a diamond wire saw or
dental tools. Seven of the twenty-one chondrules were partitioned
into at least two mutually oriented pieces. All chondrule and ma-
trix samples were mutually oriented to better than 5° accuracy.
Samples were numbered before extraction, resulting in unused
numbers among the successfully extracted and measured samples.
We mounted all samples on GE 124 quartz disks with cyanoacry-
late or non-magnetic silver paste (SPI Silver Paste Plus). All sample
mounts and adhesive had moments less than ~5 x 10712 Am?,
which is the effective noise level of our 2G SRM measurements.

Twelve chondrule samples from six distinct chondrules and four
matrix-rich samples were subjected to stepwise thermal demag-
netization in air up to the point when the magnetization direc-
tion became incoherent or the sample moment spontaneously in-
creased due to alteration of magnetic phases, which occurred at
<420°C. Additionally, two matrix-rich samples and thirteen chon-
drule subsamples from eleven distinct chondrules were subjected
to three-axis alternating field (AF) demagnetization up to 85 mT.
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Samples mapped using SQUID microscopy include one 30 pm
thin section from AMNH5056 and the five isolated chondrules
from a second Allende slab called AMNH4889 (see Supplementary
Data, SD). The thin section was prepared without any heating us-
ing cyanoacrylate and bronze saw blades. Non-magnetic alumina-
based polishing agents were used during thin section preparation
to minimize contamination.

The MIT SQUID Microscope acquires maps of the vertical com-
ponent of the magnetic field produced by geological samples with
100-200 pm spatial resolution and ultra-high sensitivity (Fong
et al., 2005; Weiss et al., 2007). We first measured the mag-
netic field of the AMNH5056 thin section at a sensor-to-sample
distance of ~200 pm with a step size of 80 pm. It is usually
not possible to calculate uniquely the fine-scale (<200 pm) non-
unidirectional magnetization distribution from raw field measure-
ments (Baratchart et al., 2013). Instead, we enhanced the mag-
netic field map using potential field techniques. Following Lima
et al. (2013), we first performed a bilinear interpolation of the
field map by a factor of 2 in each horizontal direction. We then
downward continued the field map to obtain an effective sensor-
to-sample distance of 100 pm with a step size of 40 pm. Finally,
we computed the full three-component vector field using the pro-
cedure described in Lima and Weiss (2009) and used this to obtain
the total field map. The thin section was subjected to stepwise
three-axis AF demagnetization up to 39 mT to remove any possi-
ble low-coercivity overprints due to sample preparation. The close
agreement between NRM directions recovered from the 2G SRM
samples and the thin section confirms the lack of contamination
(see Section 3.2). Finally, to characterize the magnetic mineralogy
of Allende material, we performed electron microprobe analyses
on two isolated chondrules and one matrix-rich sample using a
JEOL-JXA-8200 Superprobe in the MIT Experimental Petrology Lab-
oratory.

3. Results
3.1. The Allende matrix carries a strong, unidirectional magnetization

Isolated matrix-rich samples carry a strong unidirectional NRM
oriented in the same direction as that of the bulk samples mea-
sured by Carporzen et al. (2011) (Fig. 1A; please see online
supplement for all demagnetization data). Among our samples,
the matrix, which composes ~40% of bulk material (Weisberg
et al.,, 2006), has an average mass-normalized NRM intensity for
millimeter-sized samples that is ~4 times higher than that of
chondrules (Tables S1 and S2). Furthermore, the NRMs of most
chondrules are randomly oriented (see Section 3.2), which further
reduces their combined contribution to the net magnetization of
bulk material compared to the unidirectionally magnetized matrix.
Therefore, matrix magnetization dominates that of bulk Allende
material, explaining the similarity in NRM directions of matrix-rich
and bulk samples. The highly uniform NRM intensity varies <40%
among the seven matrix samples.

Thermal demagnetization of four matrix-rich samples reveals
two unidirectional components of magnetization (Fig. 2A) simi-
lar to those observed by Carporzen et al. (2011) for bulk samples.
A weak (~5 x 107° Am? kg_1) low temperature (LT) component
is blocked between room temperature and 100°C. A stronger
(~2 x 1074 Am2kg~!) MT component is blocked between 100 °C
and 260-280°C. Finally, we observe a much weaker (~1 x
1075 Am?kg™'), non-unidirectional HT magnetization in two of
the four matrix-rich samples. The HT magnetization does not decay
to the origin for most subsamples during thermal demagnetiza-
tion and remains stable in direction until ~325-420°C, at which
point it loses directional coherence. Such unstable demagnetization
behavior at higher temperatures is likely due to chemical alter-
ation of magnetic phases, as significant alteration during heating

in air has been observed for Allende material at as low as 320°C
(Carporzen et al, 2011). To test this hypothesis, we conducted
stepwise heating on matrix-rich sample MC while performing IRM
acquisition after each heating step. We observed that the satu-
ration IRM intensity of the sample increased by a factor of 1.7
between 360°C and 390°C, indicating the alteration of magnetic
phases. Therefore, 325-420°C represents a lower bound on the
true upper unblocking temperature of the HT magnetization.

The MT component direction is indistinguishable from those
observed for bulk samples from AMNH5056 (Fig. 1D) (Carporzen
et al., 2011). The small offset between our mean LT component
direction and that of Carporzen et al. (2011) is likely due to
small (5°) errors in the mutual orientations between our sam-
ples and the ones used in Carporzen et al. (2011). Likewise, the
non-unidirectional HT component observed in our matrix samples
was also previously observed in bulk samples from AMNH5056.
During AF demagnetization, two matrix samples exhibited single-
component, unidirectional magnetization whose intensity decayed
by only 38-42% by 85 mT (Fig. 3), again consistent with previous
measurements of bulk samples (Carporzen et al., 2011).

3.2. Isolated chondrules carry mutually and internally
non-unidirectional magnetization

In contrast to the uniform magnetization of matrix samples,
NRM intensities for chondrule samples vary across two orders of
magnitude (Table S2). We assign all Allende chondrules to one of
two classes with systematically different magnetic properties (Ta-
ble 1). Class A chondrules carry the same strong MT component
of magnetization as in matrix material. As with the matrix-rich
samples the MT component in class A chondrules is unblocked
between ~100°C and 274-286°C (Fig. 1D; Fig. 2B) and has in-
tensities of 1.1 x 1074 Am2kg~! or higher. In contrast, class B
chondrules do not carry this overprint and therefore have much
lower NRM intensity (Fig. 2C; Table S2).

Due to the high intensity of their MT overprint, the NRM direc-
tions of class A chondrules cluster around the mean MT compo-
nent direction similar to bulk and matrix-rich samples (Fig. 1B).
Upon the demagnetization of the MT component, matrix and
class A chondrule samples have lost ~90% of their initial NRM in-
tensities (Fig. 4). In contrast, because class B chondrules do not
carry the MT overprint, their magnetic moments exhibit limited
decay below 300°C.

Seven out of thirteen chondrule samples from both classes A
and B subjected to thermal demagnetization carry a weak (~3 x
105 Am?kg™!) LT component unblocked below 110°C and nearly
parallel to the LT component of matrix samples. After the re-
moval of any LT and MT overprints at or below 280°C, all chon-
drules carry an HT magnetization. As with the HT magnetization
in matrix-rich samples, the HT magnetization in chondrules ex-
hibits random directions (Figs. 1D and 2D), and is consistent with
the HT chondrule remanence described in Sugiura and Strangway
(1985). This HT magnetization is directionally stable until at least
314-420°C, at which point mineralogical alteration occurs.

Class A and B chondrules also show systematically different
behaviors during AF demagnetization. The NRMs of class A chon-
drules remain directionally stable during AF demagnetization up
to 85 mT, which is similar to the behavior of matrix-rich samples
(Fig. 3A, B). In contrast, class B chondrule samples exhibit highly
unstable NRM during AF demagnetization at all AF levels (Fig. 3C).
We therefore identify class A and class B chondrules with the “AF
stable” and “AF unstable” chondrules described by Wasilewski and
Saralker (1981), respectively. As further support of this correspon-
dence, Wasilewski and Saralker (1981) reported that 14 out of 20
chondrules are “AF unstable”, which is similar to our proportion of
class B chondrules (17 out of 21).
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Fig. 1. NRM directions in Allende chondrules and matrix-rich samples. Shown are equal area stereographic projections with solid (open) symbols representing lower (upper)
hemisphere. (A) Thermal demagnetization of four isolated Allende matrix-rich samples (MB, ME, MF, and MH). Light blue star and circle correspond to the MT component
direction and associated 95% confidence interval of matrix-rich samples from this study. Orange star and circle indicate the average MT component direction and associated
95% confidence interval for bulk Allende samples measured by Carporzen et al. (2011). Each subsample is assigned a different symbol (i.e., circle, square, diamond, and
triangle). NRM directions for all four subsamples lie within the 95% confidence interval of the mean (i.e., within light blue circle). Selected demagnetization temperatures
are labeled. (B) NRM directions of all chondrule samples. Triangles denote samples subjected to AF demagnetization and circles denote samples subjected to thermal
demagnetization. Red symbols correspond to class A chondrule samples (which have strong MT overprints and are stable upon AF demagnetization), and black symbols
correspond to class B chondrule samples (which have no MT overprint and are unstable upon AF demagnetization). As in panel (A), light blue star and circle correspond to
MT component direction of matrix samples from this study. Note the clustering of class A chondrule sample NRM directions around the matrix MT component direction.
(C) Thermal demagnetization of subsamples from a class A (H2; triangles) and a class B (H1; circles) chondrule. As in panel (A), light blue star and circle correspond to
MT component direction of matrix samples from this study. Selected demagnetization temperatures are labeled. (D) Directions of LT, MT, and HT magnetization components
obtained using principal components analysis. Shown are the LT (blue), MT (red), and HT (black) magnetization directions from all thermally demagnetized chondrule (circles)
and matrix (triangle) samples. Blue and red stars and ellipses indicate the average directions and 95% confidence intervals of the LT and MT components in chondrules from
this study while the green and orange stars and ellipses correspond to the LT and MT components in bulk samples from Carporzen et al. (2011). Note the non-unidirectionality
of the HT component directions.

Importantly, optical microscopy suggests that the major ferro-
magnetic phases in “AF unstable” (class B) chondrules are sulfides,
metal, and magnetite while those in “AF stable” (class A) chon-
drules are predominantly just sulfides (Wasilewski and Saralker,
1981). This is consistent with other previous studies showing that
the magnetic phases in Allende consist of iron sulfides, high-Ni
FeNi metal (awaruite), and magnetite (Butler, 1972; Carporzen et

al., 2011; Emmerton et al., 2011; Funaki and Wasilewski, 1999;
Nagata and Funaki, 1983; Wasilewski and Saralker, 1981). Our elec-
tron microprobe studies of one class A and one class B chondrule
show that sulfides are indeed the dominant opaque phase in the
former, occurring in both the interior and in a highly sulfidized
rim. Meanwhile, awaruite is the most abundant opaque phase in
the class B chondrule (Fig. 5).
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Fig. 2. Thermal demagnetization of (A) matrix-rich sample MH, (B) class A chondrule sample H4a, and (C) class B chondrule sample H1d. Open and closed circles indicate the
projection of the magnetization vector onto the vertical (up-east) and horizontal (north-east) planes, respectively. Inset to panel (A) has same units as main plot. (D) Equal
area stereonet showing the component directions for each sample in panels (A)-(C). All three samples carry a unidirectional low temperature (LT) and non-unidirectional high
temperature (HT) component, but only the matrix-rich and class A chondrule samples carry the strong, unidirectional MT component. As in Fig. 1D, blue and red stars and
ellipses indicate the average direction and 95% confidence intervals of the LT and MT components in chondrules, respectively. Open (closed) symbols denote upper (lower)
hemisphere. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

The composition of the sulfides is homogeneous among the
chondrules and matrix. Six quantitative wavelength dispersive
spectroscopy (WDS) analyses using a ~2 pm resolution beam
yielded a mean composition of Feg1NiygSg . Assuming a low tem-
perature formation significantly below 400°C (Carporzen et al.,
2011), this composition corresponds to an equilibrium assem-
blage consisting of troilite, pentlandite, and hexagonal pyrrhotite
(Vaughan and Craig, 1978), the last of which is ferromagnetic and
may account for the rapid decay in the moment of a saturation
IRM in our samples below 270°C upon thermal demagnetization

(see SD and Fig. S3). Further, pentlandite is commonly observed
in other oxidized CV chondrites where it may be intergrown
with pyrrhotite at the <2 pm scale (Brearley and Krot, 2012;
Krot et al., 1997, 1998a, 1998b).

We note that the dichotomy between class A and B chondrules
is not clearly related to the FeO content (i.e., type I and type II
chondrules) or the textural classification. Both class A and B chon-
drules subjected to electron microprobe analyses (Fig. 5) are type I
porphyritic olivine chondrules, which are the most common clas-
sification of chondrules in Allende (McSween, 1977).
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Table 1
Summary of characteristics of class A and class B chondrules.

Class A chondrules

Class B chondrules

Carry MT component of magnetization also found in all matrix samples

NRM directions close to the MT overprint direction

NRM intensities between 2.0 and 21.6 x 1075 Am? kg™

Subsamples of single chondrules carry unidirectional magnetization below ~280°C
and non-unidirectional magnetization above

Stable, unidirectional magnetization upon AF demagnetization

Higher abundance of FeNi sulfides relative to awaruite

Lack the MT component of magnetization

Random NRM directions

NRM intensities between 0.2 and 10.4 x 10~5 Am? kg™

Subsamples of single chondrules carry stable, non-unidirectional magnetization
between room temperature and ~400°C

Unstable magnetization upon AF demagnetization

Higher abundance of awaruite relative to FeNi sulfides

The differences between class A and B chondrules cannot
be explained by the retention of contaminating matrix material
on class A chondrules. The mass-normalized magnitude of the
MT component in class A chondrules is 5-18 x 10~° Am?kg™!
(Fig. 2). Given that class B chondrule materials carry no MT
component and that the MT component in matrix samples is
~20 x 107> Am?kg~!, class A chondrule samples, if they are in
fact a mixture of class B chondrule material and contaminating
matrix, must consist of between 25 and 90 wt% matrix material

to produce the observed MT component intensities. Such extensive
contamination would be readily observed.

The directions of the HT magnetization in subsamples of indi-
vidual chondrules are randomly oriented (Fig. 1C). In the case of
chondrule H1, which is the only chondrule that yielded more than
two subsamples, subsample HT directions are statistically non-
unidirectional (P = 0.77, where P is the probability that four ran-
dom unit vectors shows greater unidirectionality; Watson, 1956).
In contrast, the MT component in four total subsamples from two
class A chondrule is unidirectional (P = 0.0015).
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Fig. 5. Backscatter scanning electron microscopy image of (A) a class A chon-
drule H28 and (B) a class B chondrule H6. Insets show the composition of opaque
phases in each chondrule. Abbreviations “sulf”, “awt”, and “ol” refer to FeNi sul-
fides, awaruite, and olivine, respectively. The higher relative abundance of sulfides
in class A chondrules and of awaruite in class B chondrules is consistent with opti-
cal microscopy observations and coercivity spectra Curie temperatures (Wasilewski
and Saralker, 1981).

SQUID microscopy of the Allende thin section confirms and
extends our conclusion that class B chondrules have non-unidi-
rectional magnetization (Fig. 6). To quantitatively test chondrule
non-unidirectionality, we solved for the unidirectional magnetiza-
tion model that best fits the magnetic field above a single chon-
drule in the thin section and evaluated whether such a model is

physically plausible (Fig. 6D-H). The greater abundance of awaruite
compared to FeNi sulfides in the chondrule interior, observed via
reflected light optical microscopy, suggests that this is a class B
chondrule. We applied a spatial window to taper off contributions
from adjacent sources outside of the chondrule. Following Weiss
et al. (2007), we then computed the best fit magnetization in-
tensity distribution in the chondrule for 600 uniformly distributed
assumed magnetization directions. The peak magnitude of residu-
als for the best-fit direction is ~100 nT, which is 10 times the
expected noise limit, meaning that a unidirectional solution can be
rejected. Additional strong evidence for non-unidirectional mag-
netization is that this computed best-fit magnetization solution
is nonphysical: it exhibits strong streaking, which is inconsistent
with the expected distribution of ferromagnetic minerals (Fig. 6F).
Thin section SQUID microscopy therefore supports the conclusion
from 2G SRM measurements that class B chondrules are not unidi-
rectionally magnetized. Although AF demagnetization of the thin
section to 39 mT may have altered the magnetization, the MT
component in class A chondrules and matrix material is still di-
rectionally stable at this AF level. Therefore, the non-unidirectional
chondrule magnetization mapped using SQUID microscopy con-
firms that this chondrule belongs to class B and never carried the
MT component.

To demonstrate that the non-unidirectional magnetization in
Allende at sub-chondrule scales is consistent with the unidirec-
tional NRM of bulk samples, we mapped the thin section using the
SQUID Microscope at different sensor-to-sample distances (approx-
imately 200 pm, 450 pm, and 750 pm; Fig. 7A-B). We computed
the upward continuation of the map taken 750 pm above the sam-
ple for three sensor-to-sample distances (1150 pm, 2300 um, and
3450 pm; Fig. 7C). We then used a two-step inversion procedure
on each map to find its best unidirectional magnetization repre-
sentation. The first step consists of computing the magnetization
intensity distribution in the thin section for 200 uniformly dis-
tributed assumed magnetization directions and selecting the one
that best fits the measured map. In the second step, we refined
this result by computing inversions on a ~40 point fine grid span-
ning + 15° around both the inclination and declination found in
the first step (Fig. 7F-G). A net moment estimate was directly
obtained by integrating the best-fit unidirectional magnetization
intensity distribution (Fig. 7E).

The uniform magnetization model is a poor representation of
the Allende magnetization for sensor-to-sample distances smaller
than 1000 pm. It becomes increasingly accurate for maps with
larger sensor-to-sample distances, which show small normalized
residuals and accurately reproduce the net moment measured
by the 2G SRM (Fig. 7D-G). We stress that this progression to-
ward a unidirectional behavior does not stem from a transition
to the far-field, dipole-dominated regime given that the thin sec-
tion has dimensions of ~17 mm x 7 mm, which is much larger
than the <3.45 mm sensor-to-sample distance. Instead, the non-
unidirectional magnetic fields produced by class B chondrules, al-
though they are of a comparable intensity as those produced by
the matrix at the 100 pm scale (Fig. 6), fall off much more rapidly
with distance than the unidirectional MT component carried by
the matrix and class A chondrules. Thus, Allende exhibits non-
unidirectional behavior at sub-chondrule scales and unidirectional
behavior at larger scales. Moreover, at such large spatial scales the
magnetization direction converges to the direction measured for
the strong, unidirectional MT component (Fig. 7D). This experiment
demonstrates that SQUID microscopy can measure the spatial scale
at which a sample is unidirectionally magnetized.

To characterize the magnetic recording limit and rock magnetic
properties of Allende material, we conducted a suite of anhys-
teretic remanent magnetization (ARM) and IRM acquisition exper-
iments. We imparted laboratory ARMs as an analog for TRM on
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Fig. 6. SQUID Microscope measurement of a 30 um thin section of the Allende meteorite and inversion calculations of a single chondrule. (A) Reflected light photomicro-
graph, (B) magnitude of the total magnetic field 100 pm above the thin section superimposed over the optical photomicrograph, and (C) vertical component of the magnetic
field 100 um above the thin section. For a single chondrule (black arrow), we fit for the three-dimensional magnetization intensity pattern assuming unidirectional magne-
tization oriented in 600 trial directions. The residuals (D) between the model and observed vertical fields (E) show a weak minimum (i.e., best-fit direction). However, the
magnetization distribution corresponding to the best-fit direction is non-physical (F). Restricting the location of magnetization to within just the surface of the chondrule
results in high residuals between the observed and model magnetic fields (G) and likewise non-physical magnetization (H). Therefore, the magnetization in this chondrule

cannot be unidirectional, corroborating our results from isolated chondrule samples

three class B chondrules to find the lowest ambient magnetic field
that can be reliably recorded (see SD). Because we identified mag-
netization components based on the existence of a coherent mag-
netization direction across different samples, we define an ARM
bias field level as “recordable” if the set of five ARMs acquired in
the field is non-random at the 95% confidence interval (Watson,
1956) and their mean direction is consistent with the bias field di-
rection at the 95% confidence level. By this definition, two out of
the three chondrules gained a unidirectional ARM in a 2 pT bias
field and one chondrule recorded a 1 uT bias field. No chondrule
reliably acquired an ARM in a 0.7 uT bias field. This ~0.7 pT ARM
recording limit implies that some class B chondrules should have
acquired a 280°C partial TRM (pTRM) in a >2 uT field given a

pTRM/ARM ratio of 0.373, which is well below the 60 pT pale-
ointensity found for the MT component (Carporzen et al., 2011).
Furthermore, the 60 uT value is likely an underestimate since the
earlier authors did not account for the lack of MT magnetization
in chondrules, resulting in higher intensities of laboratory pTRM,
ARM, and IRM used to calculate paleointensities. Assuming that
chondrules have similar mass-normalized saturation IRM intensi-
ties as matrix material and that Allende contain 40% chondrules
by mass, removal of the chondrule contribution to the laboratory
remanences results in a revised MT component paleointensity of
~100 pT.

For possible chemical remanent magnetization (CRM) in Al-
lende chondrules (see Section 4) the ~0.7 uT threshold for ARM
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Fig. 7. Recovery of the NRM magnetization of bulk Allende material via SQUID microscopy at increasing sensor-to-sample distances. SQUID Microscope map of the vertical
component of the magnetic field (A) ~200 pm, (B) ~750 um, and (C) ~3450 pm above the Allende thin section. The map in (C) was obtained by upward continuation of
the magnetic data shown in (B). (D) Equal area stereonet diagram showing the best-fit magnetization direction of the thin section assuming a unidirectional magnetization
model (black points). For increasing sensor-to-sample distances, the best-fit direction approaches the net magnetization direction of the sample as measured in the 2G
SRM (orange) and the mean MT component direction (red star; red circle represents the 95% confidence interval). (E) Recovered net moment (blue circles) as a function
of sensor-to-sample distance assuming a unidirectional magnetization distribution model. The dashed line indicates the net moment strength measured by the 2G SRM for
the thin section. Also shown is the normalized residual (i.e., the norm of the difference between the model and experimental magnetic field maps divided by the norm
of the experimental field map) as a function of sensor-to-sample distance (green stars). (F) Recovered inclination as a function of the sensor-to-sample distance assuming
a unidirectional magnetization distribution model. The dashed line represents the inclination measured by the 2G SRM for the thin section. (G) Recovered declination as a
function of the sensor-to-sample distance assuming a unidirectional magnetization distribution model. The dashed line indicates the declination of measured by the 2G SRM
for the thin section. The convergence of the net magnetization recovered from the SQUID map using a unidirectional magnetization model for sensor-to-sample distances
greater than ~1 mm confirms that the magnetization of Allende material is heterogeneous at scales less than ~1 mm and that the strong unidirectional MT magnetization

dominates the NRM direction of bulk Allende material.

corresponds to a CRM recording limit of <8 uT (see SD). Further-
more, thermal demagnetization of a near-saturation IRM showed
that ~30% of remanent magnetization in class B chondrules un-
blocks between room temperature and 280 °C, implying that the
lack of the MT component in these chondrules cannot be explained
by their unblocking temperature spectrum (see SD).

Finally, progressive IRM acquisition up to 0.9 T (Fig. S2) shows
that matrix material has the hardest coercivity spectrum followed
by class A and then class B chondrule samples. The lower coer-
civities of class B chondrules are consistent with their more un-
stable behavior during AF demagnetization (Tikoo et al., 2012).
FeNi metals, including awaruite, are typically found in the multi-
domain state and exhibit low coercivities (Gattacceca et al., 2014;
Weiss et al., 2010). The lower coercivities of class B chondrules
therefore provide further evidence that they contain a higher ra-
tio of awaruite to pyrrhotite compared to class A chondrules and
matrix material.

4. Discussion

4.1. The non-unidirectional HT magnetization is most likely a parent
body chemical remanent magnetization (CRM)

Earlier studies have documented randomly oriented HT mag-
netization among whole Allende chondrules and used this obser-
vation to argue for a pre-accretional TRM origin (Sugiura et al.,
1979, 1985). However, our measurement of non-unidirectional HT

magnetization among subsamples of single chondrules places fur-
ther strong constraints on its origin. A non-unidirectional TRM
in single chondrules requires that each sector of the chondrule
cooled across the >300°C HT blocking temperature range inde-
pendently. However, the small size of chondrules implies that they
cannot sustain large internal temperature contrasts for more than
~2 s while chondrules cooled across their blocking temperature
spectrum over much longer timescales (see SD). Therefore, temper-
atures in a single chondrule would have homogenized before any
one sector could have acquired a TRM in a unique direction; the
HT magnetization cannot be a pre-accretional TRM. The HT magne-
tization is also not a post-accretional TRM because no heat source
is likely to result in temperature contrasts of >300°C at such fine
scale. Impact heating, if it had a significant effect on Allende, is
predicted to result in the preferential heating of the matrix instead
of chondrules (Muxworthy et al., 2011).

We consider a CRM or thermochemical remanent magnetiza-
tion (TCRM) origin for the HT magnetization. As described above,
magnetic phases in Allende consist of iron sulfides, magnetite,
and high-Ni FeNi metal (awaruite). All of these phases likely
formed due to sulfidization and oxidation of primary low-Ni FeNi
metal (Brearley and Krot, 2012; Haggerty and McMahon, 1979;
Krot et al., 1998a). Sulfides in Allende, which include ferromag-
netic pyrrhotite, show higher S excess compared to those of less
altered CV chondrites such as Vigarano, suggesting an origin due
to low temperature sulfidization of FeNi metal and Fe-rich sul-
fide phases such as troilite (Krot et al., 1998a). The oxygen isotopic
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composition of Allende magnetite is distinct from that of primary
olivine, indicating a secondary origin (Choi et al., 1997). The Ni-
rich composition observed for FeNi metal in Allende (~70 wt%
Ni) is consistent with formation due to Fe-removal in a sec-
ondary oxidation event (Haggerty and McMahon, 1979) and is
broadly consistent with an observed 600-610°C Curie point re-
ported in previous Allende rock magnetic studies (Butler, 1972;
Nagata and Funaki, 1983; Wasilewski and Saralker, 1981), which
corresponds to a composition of 61-64 atomic percent (at%) Ni
(Swartzendruber et al., 1991). In contrast, the primary low-Ni FeNi
metal found in less altered CV chondrites (e.g., Leoville) has a
nickel content of ~5 at% (Krot et al., 1998a) and an expected
Curie temperature of 753 °C. Previous rock magnetic studies of Al-
lende have not identified a magnetic phase with Curie temperature
>610°C, suggesting the complete removal of the primary low-Ni
FeNi metal in Allende by alteration.

Alteration in Allende likely occurred on the CV parent body;
veins of alteration minerals that crosscut chondrule-matrix bound-
aries strongly suggest post-accretional formation (Brearley, 1997;
Kojima and Tomeoka, 1996; Krot et al., 1998a). Summarizing these
lines of petrographic and rock magnetic evidence, all magnetic
minerals in Allende likely formed during metasomatism on the CV
parent body. No evidence exists for the survival of primary low-Ni
FeNi phases from which the observed magnetic phases were al-
tered.

CRM or TCRM due to recrystallization of magnetic phases in
weak ambient fields may give rise to non-unidirectional magne-
tization at small scales. For example, CRM acquired in a <1 uT
field is likely responsible for the non-unidirectional magnetization
at the <5 mm scale carried by tetrataenite in the Bensour LL chon-
drite (Gattacceca et al., 2003).

Analogous to the HT magnetization in Allende and non-
unidirectional magnetization in Bensour, randomly oriented mag-
netizations in the L6 chondrite ALH-769 that pass the paleomag-
netic conglomerate test may also be due to post-accretional recrys-
tallization instead of pre-accretional heating as previously argued
(Funaki et al., 1981). In the case of ALH-769, the high metamorphic
temperatures (>1000°C; Bennett and McSween, 1996) preclude
the retention of any pre-accretional magnetization.

Although in some cases secondary minerals may inherit the
magnetization direction of its precursor mineral phases, such a
process is usually important for reactions that do not involve a
change in lattice structure (Dunlop and Ozdemir, 1997). The for-
mation of magnetite, pyrrhotite, and awaruite (fcc lattice) from 5%
Ni metal (bcc lattice) in Allende would have led to rearrangement
of the parent mineral structure, consistent with these minerals
acquiring a spontaneous non-unidirectional CRM instead of inher-
iting pre-existing magnetization.

Given the pervasive alteration observed in Allende magnetic
phases and the potential for recrystallization to result in non-
unidirectional magnetization at the sub-chondrule scale, we con-
clude that CRM or TCRM acquired in a weak magnetic field during
alteration is the most likely origin for the non-unidirectional HT
magnetization observed in Allende chondrules. As such, although
the HT magnetization passes the conglomerate test, Allende chon-
drules carry no discernible recording of ancient magnetic fields.
We therefore do not refer to it as a magnetization “component”,
in contrast to the unidirectional MT and LT components. Despite
widespread practice, paleomagnetic results from Allende should
not be used to constrain solar nebula magnetic fields or the
chondrule-forming process. Future studies of pre-accretional mag-
netization in chondrules should conduct both the conglomerate
test and the single chondrule unidirectionality test to establish the
pre-accretional origin of magnetization.

4.2. Any dynamo on the CV parent body had declined before the end of
metasomatism

The non-unidirectionality of the HT magnetization can con-
strain the strength of ambient magnetic fields during its ac-
quisition. The background field strength must have been below
the recording limit for a CRM/TCRM; otherwise, Allende sam-
ples would carry a unidirectional HT magnetization correspond-
ing to the magnetic field during alteration (Fig. 8). The capacity
for secondary minerals to acquire a CRM parallel to the direc-
tion of the ambient field depends on the specific alteration re-
action (Dunlop and Ozdemir, 1997). CRM acquisition during ox-
idation and sulfidation of low-Ni FeNi metal has not been ex-
perimentally studied. However, secondary formation of pyrrhotite
and magnetite on Earth leads to recording of the ambient field
direction (e.g., Dinarés-Turell and Dekkers, 1999; Haigh, 1958;
Weaver et al.,, 2002). The strength of the ambient magnetic field
during the acquisition of the HT magnetization was therefore likely
significantly weaker than Earth-strength (i.e., <50 uT). Further-
more, assuming that the efficiency of CRM acquisition is ~0.09
times that of an ARM (see SD for derivation), the 0.7 uT recording
limit from our ARM acquisition experiments implies that the am-
bient field strength during the acquisition of the HT magnetization
was likely <8 pT. We evaluate the implications of this constraint
on the magnetic evolution of the CV parent body given two hy-
potheses for the origin of the MT overprint, which is found in
class A chondrules and matrix material but is absent from class B
chondrules.

4.2.1. Hypothesis I: the MT overprint is a partial TRM

Owing to its 290°C maximum blocking temperature, which is
distinct from the Curie points of ferromagnetic minerals in Allende,
Carporzen et al. (2011) argued that the MT overprint is most likely
a partial TRM acquired in a ~60 pT field (Fig. 8 top). Since class B
chondrule samples are likely capable of recording a 290 °C partial
TRM in magnetic fields stronger than ~2 uT (see Section 3.2), the
absence of the MT overprint in class B chondrules requires a late
remagnetization event that removed the previously recorded MT
overprint but did not affect the overprint in class A chondrules
and the matrix. No known heating mechanism can lead to the
localized heating of only a subset of chondrules to >290°C. Im-
pact shock may lead to localized heating, but is expected to cause
greater heating in the more porous matrix instead of chondrules
(Muxworthy et al., 2011).

On the other hand, ongoing alteration or a late alteration event
is capable of affecting a subset of chondrules while preserving the
MT overprint in the adjacent material. As discussed above, such
alteration in a <8 pT field may lead to the non-unidirectional NRM
observed in class B chondrules. The early timing of metasomatism
in the matrix and class A chondrules before the heating event that
created the MT overprint would have led to the preservation of the
MT magnetization (Fig. 8 top).

4.2.2. Hypothesis II: the MT overprint is a CRM or TCRM

Alternatively, we assume that the MT overprint is a CRM or
TCRM (Nagata and Funaki, 1983) (Fig. 8 bottom). If class A chon-
drules and matrix material acquired the MT component in this
fashion, then class B chondrules, which also contain secondary
magnetic minerals (see Section 3.2 and Wasilewski and Saralker,
1981) should have acquired the same overprint if the alteration
occurred concurrently. The metasomatism of magnetic phases in
class B chondrules therefore must have taken place in a magnetic
field weaker than both that of class A chondrules and matrix ma-
terial and the CRM recording limit. [-Xe dating of the formation
of secondary phases suggests that matrix material in Allende un-
derwent alteration 0.5-3.2 My before chondrules (Swindle et al.,
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1983). Therefore, if class A chondrules and matrix material ac-
quired a CRM in the same strong field environment, this strong
field epoch must have predated the weak field epoch during which
alteration occurred in class B chondrules.

4.2.3. Synthesis

In the case of either a partial TRM or CRM/TCRM origin for the
MT overprint, alteration in class B chondrules must have occurred
later than in the matrix and class A chondrules in the absence
of a <8 uT magnetic field. In further support of these hypothe-
ses, petrographic observations alteration minerals suggest that the
matrix underwent the earliest alteration while chondrules were al-
tered at a range of ages, with the cores of chondrules experiencing
the least extensive and likely latest alteration (Brearley and Krot,
2012). Because in both cases alteration in class B chondrules oc-
curred after the post-accretional MT overprint, the setting of this
alteration must have been on the CV parent body. Furthermore,
the difference in the mineralogies of the dominant opaque phases
(Fig. 5), which are all secondary in origin, for the two chondrule
classes suggests that alteration in the two classes took place in
distinct events or under progressively changing conditions.

Previous paleointensity estimates found that the unidirectional
MT magnetization was likely acquired in an Earth-strength mag-
netic field (~60 pT; Carporzen et al., 2011). Due to the high pa-
leointensity, unidirectionality, and inferred stability of this field,
Carporzen et al. (2011) concluded that it is most likely due to a
core dynamo in the CV parent body. The low field environment
in which class B chondrule material altered would correspond to
after the cessation or decline of the dynamo. The alteration age
of class B chondrule material would therefore provide an upper
bound to the age of the purported magnetic core dynamo in the
CV parent body.

Radiometric dating using the 129]/129Xe system may directly
constrain the timing of alteration in Allende due to the high I
content of sodalite, an abundant secondary mineral found in all
Allende components (Kirschbaum, 1988). 1221/129%e dates for indi-
vidual Allende components suggest that sodalite formation contin-

ued during a span of up to ~10 My, with the latest major reset-
ting occurring at 10-15 My after CAls (Pravdivtseva et al., 2003;
Swindle et al., 1988) when adopting an absolute age of 4562.3 Ma
for Shallowater enstatite (Gilmour et al., 2009). Furthermore, lim-
ited alteration may have continued to cause Xe loss until up to
40 My after CAls (Carporzen et al., 2011). Based on the I-Xe
data (see SD for discussion of other geochronological constraints),
we propose that, assuming the 2°[ carrier in Allende chondrules
formed concurrently with the secondary magnetic phases, any core
dynamo in the CV parent body had likely declined within 40 My of
CAls. This is broadly consistent with some theoretical models pre-
dicting a 10 to several 10s My lifetime for planetesimal dynamos
(Elkins-Tanton et al., 2011; Sterenborg and Crowley, 2013).

5. Conclusion

We find that, after the removal of unidirectional, post-accretio-
nal overprints blocked up to ~290 °C (the LT and MT components),
all Allende chondrules carry an HT magnetization. This magnetiza-
tion is non-unidirectional across chondrules and subsamples of the
same chondrule. Due to its stability over a range of blocking tem-
peratures and its heterogeneity on <1 mm scales, we rule out a
pre-accretional TRM origin for the HT magnetization and conclude
that it was most likely acquired during metasomatic replacement
of primary magnetic phases in a low field (<8 uT) environment
during alteration on the CV parent body. Allende chondrules there-
fore contain no discernable preaccretional magnetization. Despite
widespread practice, documented magnetization in Allende should
not be used to constrain early protoplanetary disk fields and their
possible roles in mass and angular momentum transfer, chondrules
formation, and planetary accretion and migration (e.g., Levy and
Araki, 1989; Stepinski, 1992; Rozyczka et al., 1996; Shu et al.,
1996; Niibold and Glassmeier, 2000; Desch and Connolly, 2002;
Johansen, 2009).

We found that all chondrule samples fall into one of two classes
based on their remanent magnetization and rock magnetic prop-
erties. Class A chondrules, which make up ~20% of the sampled
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chondrules, carry the MT overprint and exhibit random magne-
tization directions after demagnetization of this component at
~290°C. Class B chondrules show non-unidirectional NRM and
absence of the post-accretional MT overprint. Given that the mag-
netic minerals in Allende are of secondary origin and that alter-
ation in Allende was a heterogeneous process spread across sev-
eral My, late alteration in a weak field environment is the most
plausible explanation for the lack of the MT overprint in class B
chondrules. This scenario requires that any purported magnetic
core dynamo had decayed before the end of alteration. Assuming
that the I/Xe system records the last phases of magnetic mineral
formation, then the lifetime of the CV parent body dynamo was
<40 My.
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No nebular magnetization in the Allende CV carbonaceous chondrite

Roger R. Fu, Eduardo A. Lima, Benjamin P. Weiss

SQUID microscopy of isolated chondrules

To further confirm our finding that most Allende chondrules carry internally non-
unidirectional magnetization, we mapped isolated chondrules using the SQUID Microscope.
In comparison to SQUID microscopy of the Allende thin section (Section 3.1), these
measurements avoid any possible effect on the field map from matrix material surrounding
the chondrules.

We extracted the chondrules used for these experiments from the Allende slab
AMNH4889, which has dimensions of ~ 3.0 x 3.5 x 0.7 cm and was also obtained from the
American Museum of Natural History. This piece is not mutually oriented with respect to
the AMNH5056 slab, although samples from within AMNH4889 are mutually oriented with
respect to one another. To confirm the presence of extraterrestrial magnetization in
AMNH4889, we perform a fusion crust baked contact test by extracting two fusion crust-
bearing and two interior (>3 mm from fusion crust) samples. The angular separation of the
NRM direction between the two samples in each set is <14° while the mean NRM of the
fusion-crusted subsamples is 42° away from that of the interior subsamples. The mean

mass-normalized intensity of the interior samples’ NRM is 1.5x10-4 Am2kg1, which agrees



closely with values for uncontaminated Allende bulk material [Table S1; Carporzen et al.
(2011); Emmerton et al. (2011)]. AMNH4889 therefore passes the fusion crust baked
contact test, strongly suggesting that its interior magnetization is extraterrestrial in origin.

We extracted five isolated chondrules from AMH4889. We cut a 0.4 mm thick
section of AMNH4889 with a diamond wire saw and glued this section to a 150 pm thick
quartz cover slip. Then using a degaussed, tungsten-carbide dental scriber mounted on an
Electro Scientific Industries Inc. Micromill we extracted the chondrules by cutting through
the chondrite section and the coverslip. Each extracted chondrule and quartz coverslip
unit was mounted on a GE 124 quartz disk to be scanned on the SQUID Microscope. These
isolated chondrules were measured at a sensor-to-sample distance of ~200 um with a step
size of 50 um. Similar to the maps of the Allende thin section (see Section 2), these maps
were bilinearly interpolated and downward continued to yield an effective sensor-to-
sample distance of 100 um.

Magnetic field maps of these isolated chondrules (Fig. S1) further corroborate the
non-unidirectional nature of Allende chondrule magnetization. The magnetic field 100 pm
above the isolated chondrules show that each carries several non-unidirectionally oriented
dipolar sources with similar magnitude. The heterogeneous nature of the interior
magnetization in these samples and the large discrepancy between their best-fit NRM
direction and that of bulk material suggest that they are class B chondrules (Fig. S1G).
Sources are distributed throughout the interiors of the chondrules, which rules out
contamination from residual matrix material as an origin of the magnetic signal.

We can also use the SQUID microscope maps of the Allende thin section (Fig. 6) to

simulate the measurement of an isolated chondrule by applying a spatial window that



tapers off contributions to the magnetic field from outside of a single chondrule (see
Section 3.2). Furthermore, unlike the unrestricted model employed in Section 3.2, we can
restrict the magnetization sources to areas within the chondrule while solving for the
magnetization distribution (Fig. 6G-H). As done previously in Section 3.2, we assume
unidirectional magnetization and solve for the best-fit distribution of magnetic sources.
We find large voids in the best-fit unidirectional model. As in the case of streaks in the
unrestricted magnetization model (Fig. 6F), these voids are non-physical and are due to the
inability of the unidirectional model to reproduce the strong observed negative
(downward) fields (blue in Fig. 6E). At the locations where strong negative fields are
measured, the magnetization distribution solution exhibits voids to increase the negative
value by enhancing fringing fields from surrounding, positively magnetized regions
(compare locations of negative fields in Fig. 6G with those of voids in Fig. 6H). These
residuals are as large as the measured field at some locations and again well exceed our
expected noise limit, indicating that the restricted unidirectional model cannot adequately

reproduce the measured magnetic fields.

Recording limit experiments on Allende material

We performed two sets of ARM acquisition experiments on Allende materials to
evaluate their capacity to acquire a pTRM or a CRM in a weak ambient field. First, as
described in the main text, to constrain their capacity to record a pTRM, we find the
recording limit of class B chondrules by imparting ARMs in low bias fields and observing
the directional coherence of the resulting acquired magnetization. We used maximum AC

fields of 290 mT and DC bias fields of 0.5, 0.7, 1.0, 2.0, 5.0, and 10.0 puT in our ARM



acquisition experiments and fully demagnetized the sample using a 420 mT AF application
between each ARM acquisition. We repeat the experiment five times for each sample and
bias field and find the acquired ARM via vector subtraction of the sample moment before
and after each ARM application. The direction of this acquired magnetization is then
compared to the bias field direction. We performed one ARM acquisition experiment in a
strong 100 uT bias field for each sample to evaluate the degree of anisotropy. In each case,
the 100 uT ARM was within 2.5° of the bias field, justifying our direct comparison between
the acquired ARMs and the bias field direction. Two out of three class B chondrules
acquired a mean ARM consistent with the bias field direction at the 95% confidence level in
a 2 uT bias field while one chondrule successfully acquired a 1 uT bias field ARM. No
samples acquired a unidirectional magnetization in a 0.7 uT bias field. Adopting a 0.7 uT
ARM recording limit and a 280°C partial TRM to ARM ratio (pTRM/ARM) of 0.373
(Carporzen et al., 2011), this class B chondrule would have recorded a unidirectional pTRM
overprint if cooled from 280°C in a >1.9 uT field. Because this field is much weaker than
the ~60 uT paleointensity of the MT component, we conclude that at least some class B
chondrules were capable of acquiring an MT component along with class A chondrule and
matrix material during cooling from 280°, ruling out a high recording limit as an
explanation for the absence of the MT overprint in class B chondrules.

Our ARM recording limit for class B chondrules constrains the ability for chondrules
to record a CRM during late alteration on the CV parent body and therefore the magnetic
field environment during that time. The true ratio between CRM and ARM intensity in a
given bias field depends on the specific reaction producing the CRM (Dunlop and Ozdemir,

1997). As noted in the main text, CRM acquisition during oxidation and sulfidation of low-



Ni metal has not been experimentally compared with ARM. Even so, we can approximate

the intensity ratio between a CRM and an ARM using a simple identity:

CRM CRM TRM pTRM
ARM TRM pTRM ARM

(1)

where all three quantities on the right hand side have been experimental constrained. In
general, the ratio between the intensity of a CRM and a full TRM (CRM/TRM) has an
extreme range between 0.04 and 1 with typical values >0.1 (Gie and Biquand, 1988; Heider
and Dunlop, 1987; Kobayashi, 1959; Stokking and Tauxe, 1990). Because ARM acquisition
in Allende is directly calibrated to a 280°C pTRM instead of a full TRM, we must find in
addition the ratio (TRM/pTRM). Thermal demagnetization of a near-saturation IRM in
Allende chondrules shows that 40 + 10% of the remanent magnetization is unblocked
below 280°C (Fig. S3). The value of (TRM/pTRM) is therefore ~2.5. This ratio would imply
a full TRM to ARM ratio of approximately 1 given that the experimental pTRM/ARM ratio of
Allende material is 0.373 (Carporzen et al.,, 2011). A TRM to ARM ratio of ~1 is broadly
consistent with most meteoritic samples (Lappe et al, 2013; Morden, 1992), thereby
corroborating the accuracy of this value. Adopting the full range of possible values for the
CRM/TRM, we find that CRM/ARM is between 0.036 and 0.93 with a likely value of >0.093.
A 0.7 uT ARM is therefore likely to have a similar intensity as an 8 pT CRM. Given that
there may be greater noise during ARM acquisition compared to that of a TRM or a CRM,
the recording limit of a CRM may be <8 uT. In any case, our recording limit experiments
imply that the ambient field strength during late alteration of class B chondrules was <8 puT.
This paleointensity is much lower than that of the MT component (~60 uT), implying the

decay if not the cessation of any dynamo on the CV parent body.



Second, we impart an ARM on one class A chondrule, four class B chondrules, and
one matrix-rich sample in a 15 uT bias to simulate TRM acquisition in a ~40 uT bias field,
which is reasonable lower bound for the MT component paleointensity (Carporzen et al,,
2011). All chondrule and matrix samples acquired a strong, unidirectional [4x10-5-2x10-4
AmZ2kg1; P << 0.001 (Watson, 1956)] ARM oriented <6° from the bias field direction. This
range of magnetization intensities is consistent with the observed strength of the MT
component in class A chondrules samples and matrix samples. We conclude that both class
A and B chondrules and matrix-rich samples are capable of recording a TRM or partial TRM
during cooling in a field of ~40 uT. The lack of the MT component in class B chondrules is
therefore not due to their inability to record such a field as a TRM.

Finally, we perform thermal demagnetization of a near-saturation IRM acquired in a
0.9 T field on one class A chondrule, three class B chondrules, and one matrix-rich sample.
We find that approximately 30% of the IRM in class B chondrules unblocked between room
temperature and 280°C (Fig. S3), implying that the absence of the MT component in class B
chondrules cannot be attributed to their lack of magnetic carriers in the appropriate
blocking temperature range. Consistent with the greater abundance of magnetic sulfides in
class A chondrules and the matrix (see Main Text Section 3.2 and Fig. 5), the class A
chondrule and matrix-rich samples showed greater demagnetization below 280°C (50%

and 80% of initial magnetization, respectively).

Modeling of TRM acquisition in the solar nebula

We model the cooling history of chondrules required for the HT magnetization to be

a pre-accretion TRM as suggested by previous studies. Because the HT magnetization is



non-unidirectional within single chondrules and is directionally stable between ~100°C (in
class B chondrules) and >420°C, a TRM origin would require that a sector of a single
chondrule was heated to >420°C and cooled in the presence of a stable magnetic field
without affecting the magnetization of adjacent sections of the same chondrule. Assuming
a basalt-like thermal diffusivity of 6x10-7 m2sl (Hanley et al., 1978), the timescale of
thermal diffusion across a 1 mm chondrule is ~2 s. Non-unidirectional TRM acquisition
within a single chondrule therefore requires that one sector of a chondrule cooled from
>420°C to 100°C within this timeframe; otherwise, adjacent sectors of the chondrule would
have acquired a partial TRM in the same direction, leading to unidirectional magnetization
among chondrule subsamples for at least a part of the blocking temperature range.

We therefore estimate the cooling rate of a hemisphere of a radius r = 0.5 mm
diameter chondrule heated to 400°C. Assuming purely radiative heat transfer, the rate of

heat loss in the heated hemisphere can be estimated from the Stefan-Boltzmann law:

dE \
o —AoT" (1) (2)

where dE/dt is the rate of thermal energy loss, A = 272 is the exposed surface area, ois the
Stefan-Boltzmann constant, and T is the temperature in Kelvin. Substituting the surface

area for a hemisphere and dE =c,m dT where ¢, is the specific heat capacity and m is the

hemisphere's mass, we arrive at the differential equation:



dl 30 T
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where p is the density assumed to be 3.66 g cm-3, and ¢, is 900 ] kg1 K1 (Hughes, 1980;

Vosteen and Schellschmidt, 2003). This differential equation yields the solution:

1

9 1/3 (4)
( Z t+TO3]
CF /A

T(t) =

where Ty is the temperature at t=0. Substituting To=693 K, we find that a chondrule
hemisphere initially at 420°C cools by only ~15°C during the first 2 seconds. A chondrule in
the presence of heated nebular gas (Desch and Connolly, 2002; McNally et al., 2013) would
experience even slower cooling. The cooling timescale of a chondrule section is therefore
much longer than the timescale needed to thermally equilibrate all sections of the
chondrule. Therefore, TRM acquired in the solar nebula cannot account for the internally

non-unidirectional HT magnetization observed in Allende chondrules.

Radiometric constraints on the age of Allende alteration

The absence of the MT component magnetization in class B chondrules, combined
with the secondary nature of all Allende ferromagnetic phases, suggests that any purported
dynamo on the CV parent body had decayed before the end of chondrule alteration (Section
4). Therefore, the age of alteration in Allende chondrules would provide an upper bound

for the duration of the core dynamo.



Data from several radioisotope systems have been interpreted to constrain the
timing of secondary alteration on the CV parent body. Although no radiometric ages
directly date the formation of ferromagnetic phases, in the main text we cited the 1/Xe
system as the most likely to constrain the age of magnetic carrier. The primary carrier
phase of | in Allende is sodalite (Kirschbaum, 1988), which, like magnetite and pentlandite,
occurs only in the most highly altered CV chondrites. This correspondence in occurrence
suggests that these minerals formed in the same metasomatic event (Krot et al.,, 1998a).
We adopt ~40 My after CAls as the age for the latest disturbance to the [/Xe system
(Carporzen et al, 2011), implying that the dynamo on the CV parent body had decayed
before this time.

Beside the [/Xe system, the 87Rb/87Sr age of Allende chondrules may suggest
mobilization of Rb at 4.3620.08 Ga, nearly 200 My after the assembly of the CV parent body
(Shimoda et al., 2005). However, late disturbance to the Rb/Sr system in Allende
chondrule likely occurred only in the mesostasis (Shimoda et al., 2005), in which elements
are more vulnerable to aqueous remobilization compared to in crystalline carriers such as
nepheline or sodalite (Kojima and Tomeoka, 1996). Therefore, the 4.36+0.08 Ga isochron
from the Rb/Sr system is unlikely to constrain the original crystallization age of secondary
Allende phases. At even younger ages, the 187Re/1870s system has been disturbed at 1.6 Ga
(Archer et al, 2014) while radiogenic Pb may have been remobilized at ~100 Ma
(Tatsumoto et al, 1976). However, both late ages likely reflect the fluid-assisted
redistribution of Re/Os and Pb, respectively. No other radioisotope system shows
disturbances at these ages, which would be expected if these ages correspond to a

significant secondary recrystallization event. Moreover, uncertainty about the host phases



of Re and U implies that these young ages cannot be confidently interpreted as the

crystallization age of any secondary mineral.
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Fig. S1. SQUID Microscope analyses of two isolated Allende chondrules (samples A1b1 and Alb4). Shown
are reflected light, crossed polars photomicrographs (A, D), measured vertical magnetic field maps (B, E), and
model vertical fields from best-fit unidirectional, dipolar sources (C, F). Magnetic fields were mapped 200 um
above the chondrules and downward continued to 100 pm. Fields maps of both chondrules indicate multiple,
non-unidirectional dipolar sources that are similar in strength. Best-fit model maps are calculated using
single dipolar sources magnetized in the direction that minimizes the residual between the observed and
modeled vertical magnetic field. (G) Equal area stereographic projections of the NRM directions of two
matrix-rich samples and the best-fit NRM directions of the two isolated chondrules (note that these matrix
directions differ from those plotted in Figs. 1 and 2 because these samples were extracted from the
AMNH4889 piece, which is not mutually oriented with respect to the AMNH5059 piece; see Section 2). Due to
the large difference before their best-fit NRM direction and that of the matrix, both isolated chondrules are of
class B.
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Fig. S2. Saturation IRM acquisition of class A chondrules, class B chondrules, and a matrix sample. The class
A chondrules shown here are H28 and H29, the class B chondrules are H8, H18, and H22, and the matrix
sample is MD.
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Fig. S3. Stepwise thermal demagnetization of a near-saturation 0.9 T IRM. The rapid decay of magnetization
in the matrix-rich sample below the 280°C unblocking temperature of the MT component suggests that
pyrrhotite is the dominant magnetic carrier. Approximately 40% of remanent magnetization in chondrules
also unblocks below 280°C, implying that all should have recorded the MT overprint if cooled in a field from
this temperature. Based on petrographic data (see Section 3.2), the loss of magnetization near 560°C likely
represents a mixture of magnetite and awaruite.



Table S1: Summary of matrix samples. RT stands for "room temperature."

Thermal Demagnetization

Sample Mass NRM Component Thermal Dec, Inc MAD Np,
name (mg) (Am? kg™) range )
MB 5.4 2.59x10™* LT RT-100°C  92.5, 26.0 8.4 3
MT 110-280°C 57.7, 23.7 9.6 4
ME 3.7 1.95x10™ LT RT-125°C  87.7, 27.6 7.6 3
MT 125-250°C  59.9, 24.0 3.9 4
HT 250-325°C  85.0, 55.1 8.6 5
MF 3.4 1.95x10™ LT RT-285°C  72.2, 25.1 3.6 6
MG 5.1 2.10x10* LT RT-127°C  98.3,30.0 3.5 3
MT 127-286°C  52.8, 30.3 2.9 9
HT 286-450°C 157.2,3.5 11.3 7
AF Demagnetization
Sample Mass NRM Component AF range Dec, Inc MAD N,
name (mg) (Am? kg™?) )
MD 3.7 1.90x10™ HC 0->85mT 71.7,21.6 10.1 109
MH 1.3 1.95x10™ HC 0->85 mT  84.0, 38.7 20.4 109




Table S2: Summary of chondrule samples. Individual chondrules are designated H1, H3,
etc. Mutually oriented subsamples of single chondrules are given identifier a, b, etc.

Thermal Demagnetization

Sample Mass Class NRM Component Thermal Dec., Inc. MAD N,
name (mg) (Am? kg™) range (°)
Hia 8.9 B 2.0x107° HT RT-389°C  87.5,-47.7 1.9 5
Hib 2.7 B 2.5x107° HT RT-420°C 229.9,-28.0 8.8 4
Hic 8.7 B 5.2x10° LT RT-183°C 89.4,22.3 11.5 3
HT 183-389°C  143.5,-2.3 31.4 12
H1id 3.1 B 3.5x107° LT RT-100°C  108.2,29.1 14.5 3
HT 100-420°C  290.5,-1.6 29.6 16
H3 10.1 B 3.0x107 LT RT-201°C 317.4,85.2 21.3 5
HT 201-314°C  46.7,-42.4 8.3 7
H4a 2.5 A 2.2x10™* LT RT-110°C  51.6,129.0 N/A 2
MT 110-280°C  31.8,72.2 82 10
HT 280-314°C  4.5,261.5 153 3
H4b 2.8 A 7.3x107° LT RT-110°C 7.1, 88.9 8.7 3
MT 110-280°C 43.1, 1004 7.8 9
H5a 2.9 A 1.4%x10* LT RT-79°C 79.3, 4.1 N/A 2
MT 79-274°C 54.2,24.4 6.9 9
HT 274-351°C  61.3,-44.3 7.3 4
H5b 2.1 A 1.0x10™ LT RT-100°C 92.9,25.1 189 3
MT 100-286°C  34.5,27.0 11.4 10
HT 286-389°C  11.6,19.6 4.0 5
H13 2.6 B 3.1x107° LT RT-250°C  276.5,-3.0 7.9 6
HT 250-325°C 150.8,-38.9 32.6 5
H17a 1.9 B 1.3x10™* HT RT-341°C  288.3,-15.0 23.2 15
H17b 3.1 B 1.2x10™* HT 163-397°C 125.8,19.3 14.0 12
AF Demagnetization
Sample Mass Class NRM Component AF range Dec., Inc. MAD N,
name (mg) (Am? kg?) ()
H8a 4.5 B 3.7x107° None
H8b 4.8 B 2.0x10° None
Hil4a 2.2 B 1.6x107 None
H14b 1.4 B 2.4x107° None
H18 2.9 B 9.6x107° None
H19 1.3 B 5.1x10° None
H21 1.7 B 7.1x10° None
H22 3.3 B 1.0x10* None
H26 2.7 B 8.3x107 None
H28 2.5 A 6.1x107 HC 0->85mT  81.0,24.2 32.0 109
H29 4.8 A 9.6x107° HC 0->85mT  40.3,32.6 32.0 109
H30 2.6 B 2.6x107° None
H31 4.7 B 1.4x107 None

No Demagnetization (due to weak moment)




Sample Mass Class NRM

name (mg) (Am?® kg™)

H6a 3.8 B 1.6x107°

H6b 2.7 B 1.1x10°

H24 2.7 B 2.4%x107°

H27 2.7 B 2.3x10°

H32 2.5 B 5.9x107
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