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Abstract Magnetic fields in the early solar system may have driven the inward accretion of the
protoplanetary disk (PPD) and generated instabilities that led to the formation of planets and ring and gap
structures. The Allende carbonaceous chondrite meteorite records a strong early solar system magnetic
field that has been interpreted to have a PPD, dynamo, or impact-generated origin. Using high-resolution
magnetic field imaging to isolate the magnetization of individual grain assemblages, we find that only
Fe-sulfides carry a coherent magnetization. Combined with rock magnetic analyses, we conclude

that Allende carries a magnetization acquired during parent body chemical alteration at ~3.0-4.2 My
after calcium aluminum-rich inclusions in an >40 uT magnetic field. This early age strongly favors a
magnetic field of nebular origin instead of dynamo or solar wind alternatives. When compared to other
paleomagnetic data from meteorites, this strong intensity supports a central role for magnetic instabilities
in disk accretion and the presence of temporal variations or spatial heterogeneities in the disk, such as
ring and gap structures.

Plain Language Summary The presence of magnetic fields during the formation stage of
the solar system may have been critical for planet formation. One way to test this hypothesis is to observe
both the strength and the degree of heterogeneity in early solar system magnetic fields; strong fields with
significant local variations would suggest a key role for magnetic fields in governing the distribution of
planet-forming materials. We performed both traditional paleomagnetic analyses and high-resolution
magnetic field imaging experiments on the carbonaceous chondrite Allende. By identifying the sub-
regions that carry a magnetization, we infer that the meteorite was magnetized during reactions between
Fe-bearing minerals and aqueous fluids on the parent asteroid at 3.0-4.2 million years after solar system
formation. These reactions occurred in an ambient magnetic field of at least 40 uT strength, which is
much stronger than inferred from other meteorites of similar age. We therefore find evidence for strong,
heterogeneous magnetic fields in the forming solar system, supporting the idea that magnetic fields
mediated the concentration of solid materials, potentially leading to planet formation.

1. Introduction

Partially ionized gas in the planet-forming region of protoplanetary disks (PPDs) is theorized to have am-
plified and sustained magnetic fields (e.g., Bai, 2017; Béthune et al., 2017). The strength and morphology of
these nebular magnetic fields hold far-reaching implications for mass and angular momentum transport,
the radial distribution of mass, and the source of nebular turbulence, which may have been critical to planet
formation (Johansen, 2009; Klahr et al., 2018; Riols & Lesur, 2019).

Paleomagnetic studies of meteorites and returned samples can, in principle, quantify the strength, orienta-
tion, and duration of magnetic fields in the PPD that formed the solar system, also called the solar nebula.
However, because other potential sources of magnetic fields existed in the early solar system, the interpre-
tation of meteorite paleomagnetism depends critically on correctly identifying the origin of magnetic fields
recorded in a given sample.

FUET AL.

1of 21


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://orcid.org/0000-0003-3635-2676
https://orcid.org/0000-0002-2886-7525
https://orcid.org/0000-0002-6756-5677
https://doi.org/10.1029/2021AV000486
https://doi.org/10.1029/2021AV000486
https://doi.org/10.1029/2021AV000486
https://doi.org/10.1029/2021AV000486
https://doi.org/10.1029/2021AV000486
https://doi.org/10.1029/2021AV000511
https://doi.org/10.1029/2021AV000511

. Yeldd
ra\* 1 V)
ADVANCING EARTH
AND SPACE SCIENCE

AGU Advances 10.1029/2021AV000486

Investigation: Roger R. Fu, Dario
Bilardello

Methodology: Roger R. Fu, Michael W.
R. Volk, Oren Ben Dor

Visualization: Roger R. Fu, Dario
Bilardello

Writing - review & editing: Roger

R. Fu, Michael W. R. Volk, Dario
Bilardello, Guy Libourel, Geoffroy R. J.
Lesur, Oren Ben Dor

Specifically, three non-nebular mechanisms have been proposed as sources of early solar system magnetic
fields. Frequent high-velocity impacts, especially during giant planet migration, may have produced short-
lived but strong magnetic fields on planetesimal surfaces, although such fields have been observed to-date
only in laboratory settings (Crawford & Schultz, 1988, 1999; Johnson et al., 2016; Muxworthy et al., 2017).
Meanwhile, differentiated meteorite parent bodies may have hosted magnetic core dynamos (Weiss
et al., 2010). Finally, after the dissipation of the solar nebula ~4 million years (My) after its formation (Wang
et al., 2017), magnetic fields of the early solar wind, although potentially much weaker than nebular mag-
netic fields, may have been recorded in meteorites (O'Brien et al., 2020).

Distinguishing among the possible sources of magnetic field as described above has proven to be difficult
even for the most intensively studies chondrites including the Vigarano-type carbonaceous (CV) chondrite
Allende. Studies from at least eight laboratories have confirmed that bulk Allende samples, defined as ma-
terial that contains both matrix and inclusions such as chondrules, carry a strong unidirectional remanent
magnetization (Acton et al., 2007; Butler, 1972; Carporzen et al., 2011; Emmerton et al., 2011; Nagata &
Funaki, 1983; O'Brien et al., 2020; Sugiura et al., 1979; Wasilewski, 1981). Following Carporzen et al. (2011),
we refer to this component of magnetization as the “MT” component for “medium temperature,” which re-
fers to the observation that its maximum unblocking temperature is 290 = 5°C. The strength of the ancient
magnetic field that caused the MT magnetization, known as the paleointensity, has been reported to be be-
tween 3 and ~100 uT with the majority of values falling between 20 and 60 uT (Table S1). These intensities
are potentially consistent with all four classes of magnetic fields outlined above except possibly the solar
wind fields, which are likely to be significantly weaker even in case of magnetospheric amplification (Oran
et al., 2018).

Understanding the acquisition mechanism of the MT magnetization can provide insight into the ultimate
origin of the recorded magnetic field. A thermoremanent or chemical remanent magnetization (TRM or
CRM) imparted during metamorphism or aqueous alteration would imply acquisition over 10-10° y times-
cales (Ganino & Libourel, 2020). Such processes could not have recorded impact-generated magnetic
fields, which are present for hour to day timescales after an impact (Crawford & Schultz, 1999; Hood &
Artemieva, 2008).

The mechanism of remanence acquisition would also influence the interpretation of the paleointensity.
Because all three components of solar wind magnetic fields reverse polarity on <<1 year timescales, any
solar wind magnetic fields recorded as a CRM or TRM would be attenuated by a factor of ~100 compared to
the instantaneous field, further exacerbating the inconsistency between solar wind fields and the observed
paleointensity (Oran et al., 2018). For nebular magnetic fields, the reversal of the azimuthal field compo-
nents on 10° or longer year timescales implies that, if the nebular field is recorded over much longer times-
cales as a metamorphic TRM or CRM, the paleointensity would reflect the projection of the net vertical disk
field along the planetesimal rotation axis (Bai, 2017; Fu, Lima, & Weiss, 2014). On the other hand, a shock
remanent magnetization (SRM) or impact induced TRM concentrated in the meteorite matrix would be
acquired over 1 s timescales (Muxworthy et al., 2017), permitting the recording of impact-generated mag-
netic fields and nebular magnetic or solar wind fields without attenuation. Determining the mechanism
of MT component acquisition is therefore critical for understanding the origin and intensity of the ancient
magnetic field.

Close inspection of the MT magnetization's spatial context may provide insight into its mechanism of acqui-
sition. Previous paleomagnetic experiments on separated chondrules and matrix samples have revealed that
only the fine-grained matrix and a minority (~20%) of chondrules carry the strong, unidirectional MT mag-
netization while the remaining chondrules carry only a weaker, non-unidirectional high temperature mag-
netization that fully unblocks between 330 and 580°C (Fu, Weiss, et al., 2014; Sugiura & Strangway, 1985;
Wasilewski & Saralker, 1981).

A viable hypothesis for the origin of magnetization in Allende must explain this unique spatial heterogene-
ity. A TRM or CRM acquired in a steady nebular or dynamo magnetic field followed by recrystallization of
ferromagnetic grains in chondrules may lead to the observed magnetization pattern (Fu, Weiss, et al., 2014).
This scenario would predict that ferromagnetic grain populations affected by late-stage alteration would
not carry the MT component. Meanwhile, rapid heating of the Allende matrix through impact compression
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may have recorded impact-generated magnetic fields while explaining the matrix-chondrule dichotomy in
magnetization (Bland et al., 2014; Muxworthy et al., 2017). All grain populations in the matrix would, in
this case, carry the MT component. These acquisition mechanisms therefore predict different distributions
of the MT magnetization at the grain scale.

Previous studies of Allende were unable to resolve differences in the magnetic records of different grain
populations due to limitations in spatial resolution. Here we conduct high-resolution magnetic imaging
using the recently developed quantum diamond microscope (QDM) and rock magnetic experiments to
identify the ferromagnetic grain populations that carry the MT magnetization and, by extension, assess
the mechanism of remanence acquisition. We show that the MT component is carried by Fe-sulfides in the
matrix while matrix FeNi metals are non-unidirectionally magnetized. Combined with new rock magnetic
experiments characterizing the demagnetization behavior and the thermal and pressure susceptibility of
different Allende minerals, we conclude that the MT magnetization was likely a CRM acquired during
the alteration of Fe-sulfides in the Allende matrix. Combined with recent geochronology results, we argue
that the MT magnetization most likely records a nebular magnetic field within the first 4.2 My of the solar
system.

2. Samples and Methods
2.1. Samples

We conducted all experiments on Allende samples extracted from slab AMNHS5056 provided by the Amer-
ican Museum of Natural History, at which it had been kept in a cabinet away from magnets but in the
Earth's magnetic field since its acquisition by the museum. This parent sample was studied in Carporzen
et al. (2011) and Fu, Weiss, et al. (2014) and has been kept in magnetically clean environments (<200 nT
ambient fields) since the previous works. The positive fusion crust baked contact test reported by Carporzen
et al. (2011), which demonstrates the preservation of extraterrestrial magnetization in the meteorite inte-
rior, therefore applies to our samples. All samples, except those used in pressure remanent magnetization
(PRM) acquisition experiments, were mutually oriented to <3° accuracy to samples in the previous two
studies using saw-cut edges and photomicrographs.

To identify the ferromagnetic mineral populations carrying the MT magnetization, we used reflected light
optical microscopy on ~100 um thick, polished sections of Allende (Figure 1), which allowed us to distin-
guish FeNi metal, magnetite, pentlandite, and pyrrhotite. Based on our semi-quantitative energy dispersive
spectroscopy (EDS) analyses (Figure S2), previous paleomagnetic studies, and our measured Curie temper-
atures (Fu, Weiss, et al., 2014; Krot et al., 1998), we identify all FeNi metal in our sections as awaruite. We
then conducted stepwise thermal demagnetization of natural remanent magnetization (NRM) on the same
sections up to 540°C or when the magnetization became erratic.

2.2. Paleomagnetic Experiments

The small, <100 um spatial scale of the individual magnetic sources precludes the use of traditional mag-
netometers in measuring their magnetic moments. We therefore used a QDM at the Harvard Paleomagnet-
ics Laboratory to perform magnetic field imaging on 11 isolated ferromagnetic sources named A6-A16 after
each heating step in projective microscopy mode with a reversing bias field of 900 uT canceled to <0.7 uT
and a spatial resolution of 4.7 um per pixel (Table 1; Fu, Lima, et al., 2020; Glenn et al., 2017). Most sourc-
es are between 20 and 100 um in diameter while one larger extract of matrix material has a diameter of
~700 um (Figure 1). Each individual source, as demonstrated below, contains ensembles of ferromagnetic
grains capable of recording a paleomagnetic field direction. Sample-to-sensor distances were set to between
5 and 60 um for each source using non-magnetic plastic spacing film.

We then computed the net magnetic moment of each source using a least-squares algorithm in combina-
tion with upward continuation in the case of sources A12 and A15 (Table 2). Dipolarity parameters, which
measure the fraction of power in a magnetic field map that can be explained by a single fitted dipole, were
generally higher than 0.85, implying typical net moment errors of <10% in magnitude and <8° in angle (Fu,
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Figure 1. Optical images, demagnetization sequences, and magnetic field maps of four spatially resolved sources in Allende. Left image in each panel is

a reflected light photomicrograph with awaruite (Awt) and pentlandite (Pnt) grains highlighted. Dashed square shows the coverage of the corresponding
magnetic field map. Middle or upper right image in each panel shows an orthogonal projection (Zijderveld) diagram of the thermal demagnetization sequences.
Hollow and solid points denote projection of the magnetization vector onto the vertical and horizontal plane, respectively. Right or lower right image in each
panel shows quantum diamond microscope (QDM) magnetic field maps of the source at the indicated demagnetization steps. Magnetic carriers in sample A15
are too fine-grained to image, but are likely sulfides given its demagnetization by ~260°C.

Lima, et al., 2020). Three sources had lower dipolarity parameters of 0.71-0.79, resulting in larger errors of
~15% (Fu, Lima, et al., 2020).

2.3. Rock Magnetic Experiments

To characterize the demagnetization behavior of ferromagnetic grain populations in Allende, we performed

thermal demagnetization of an anhysteretic remanent magnetization (ARM) acquired in a 290 mT AC field and
80 uT DC field on 3 sulfide and 2 FeNi-dominated source regions (samples A1-A5). We performed QDM mag-
netic field mapping and net moment inversions after each heating step as described for NRM samples above.

F;Zl;:rjziw of Experiments and Sample Types Studied in This Work

Experiment Instrument Samples Purpose

Thermal demagnetization of NRM QDM 11 isolated sources Identify carriers of MT component

Thermal demagnetization of ARM QDM 5 isolated sources Characterize thermal unblocking spectrum of grain populations
Partial TRM acquisition QDM 1 FeNi-rich source Test the ability of FeNi assemblages to acquire a partial TRM
Thermal demagnetization of ARM 2G 6 samples (5 matrix; 1 chondrule) Characterize thermal unblocking spectrum of lithologies

PRM acquisition 2G 1 matrix, 1 chondrule Determine PRM susceptibility of grain populations
Thermomagnetic cycling Kappabridge 1 bulk Identify Curie temperatures and alteration

Low temperature cycling MPMS 1 bulk Identify magnetic mineralogy

Semi-quantitative EDS analysis JEOL 7900F EMP 1 polished section Identify FeNi composition

Abbreviations: ARM, anhysteretic remanent magnetization; EDS, energy dispersive spectroscopy; EMP, electron microprobe; MPMS, Magnetic Properties
Measurement System; NRM, natural remanent magnetization; PRM, pressure remanent magnetization; QDM, quantum diamond microscope; TRM,
thermoremanent remanent magnetization.
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Table 2
Summary of NRM Samples and Magnetization Components
Number Context Mineralogy Range (°C) Dec, Inc (°) MAD (°) Dipolarity
A6 Chondrule rim Metal No comp. 0.79
A7 Chondrule rim Metal NRM-430 180.9, 22.2 20.0 0.86
A8 Chondrule rim Sulfide NRM-260 149.2,0.9 15.4 0.87
A9 Chondrule rim Metal® 380-500 204.0, 26.8 11.5 0.92
Al10 Chondrule rim Metal® NRM-500 77.7, —50.9 19.5 0.92
All Matrix Metal NRM-430 160.8, 71.2 17.9 0.91
Al2 Matrix Metal NRM-380 9.1, —45.0 14.2 0.94
Al3 Chondrule Metal NRM-540 95.1,-17.3 14.2 0.89
Al4 Chondrule rim Metal NRM-540 217.1,11.0 12.4 0.90
Al5 Matrix Sulfide NRM-310 74.3,12.3 7.0 0.71
Al6 Matrix Metal NRM-290 104.5,9.1 29.0 0.72
290-570 211.5,9.0 16.6

Note. Context and mineralogy are based on optical microscopy. Range refers to the temperatures over which the
magnetization unblocks. Dipolarity parameter is computed from the root-mean-square of the magnetic field map
before and after source subtraction and approximates the accuracy of net moment inversions (Fu, Lima, et al., 2020).
Samples A1-A5 were subjected to thermal demagnetization after ARM application and are described elsewhere.

Abbreviation: ARM, anhysteretic remanent magnetization; MAD, maximum angular deviation; NRM, natural
remanent magnetization.

*Superscript ‘@’ indicates source not present on polished surface but are inferred to be metal due to unblocking
temperature range.

We also performed partial TRM and PRM acquisition experiments on different Allende grain populations
to test if differences in remanence acquisition efficiency can explain differences in their NRM. We impart-
ed a series of partial TRMs up to 400°C in an 80 uT bias field on an FeNi-dominated region and used the
QDM to recover net moments. For PRM acquisition experiments, which are expected to simulate shock
remagnetization efficiency within a factor of ~2 (Gattacceca et al., 2010), we pressurized one chondrule,
one matrix-dominated, and one larger, oriented bulk sample in a stainless steel cell that has been calibrated
in previous studies (Volk & Gilder, 2016). We measured the samples before and after pressure application
up to 1.8 GPa in a 200 uT DC field using a 2G Enterprises Model 755 superconducting rock magnetometer
(hereafter, 2G).

We further used the 2G to acquire high-resolution demagnetization data to identify mineral Curie tempera-
tures. We performed a thermal demagnetization sequence on 5 matrix-dominated and 1 chondrule samples
carrying a 290 mT AC field and 80 uT DC field ARM, which approximates the published paleointensities
for the MT component. Based on Carporzen et al. (2011), we used 5-10°C steps between 270 and 325°C and
20-25°C steps between 500 and 590°C to achieve higher resolution near the expected Curie temperatures.
We then quantified the Curie temperatures by fitting two sets of hyperbolic tangent and linear functions to
the demagnetization curves. We computed the uncertainties on these Curie temperature using a bootstrap
resampling approach where we constructed 1,000 synthetic demagnetization sequences based on the vari-
ance of magnetizations around the mean for each temperature and fitted each synthetic data set to find the
Curie temperature.

To distinguish among different possible Fe-sulfide phases, especially hexagonal and monoclinic pyrrhotite,
we obtained thermomagnetic curves of susceptibility as a function of temperature for a bulk Allende sam-
ple using an AGICO KLY2 Kappabridge instrument in AC fields of 300 A/m and 920 Hz at the Institute for
Rock Magnetism, University of Minnesota. Further, we measured the remanent magnetization of another
bulk sample during low temperature cycling of a room temperature (300 K) 2.5 T saturation isothermal
remanent magnetization (IRM) to 10 K and back to 300 K on a Quantum Design Magnetic Properties Meas-
urement System (MPMS) both before and after heating to 350°C. Finally, we used a JEOL 7900F electron

FUET AL.

50f 21



A7
ra\%“ 19
ADVANCING EARTH
AND SPACE SCIENCE

AGU Advances

10.1029/2021AV000486

PRM (>290°C) i
30°

OA12

© _JeSulfide
O Upper hemi'\/oMetal
® Lower hemi. S Bulk MT

Figure 2. Equal area stereonet projection of fitted magnetization
component directions. Red and blue points denote magnetization
directions recovered from individual grain assemblages using quantum
diamond microscope (QDM) magnetic field maps. All data points are
natural remanent magnetization except those labeled “anhysteretic
remanent magnetization (ARM)”, “partial thermoremanent
magnetization”, and “pressure remanent magnetization (PRM)”.

“PRM Bulk” indicates the total PRM acquired by the bulk sample

while “PRM > 290°C” indicates PRM remaining after 290°C thermal
demagnetization. Black star indicates the bias field direction for both ARM
and PRM. Gray points are MT magnetization directions of bulk samples
from Carporzen et al. (2011). Gray star and circle indicate the mean and
ags confidence interval of the bulk sample directions.

microprobe at the Harvard Center for Nanoscale Systems to conduct
compositional analysis on FeNi metal grains using semi-quantitative en-
ergy-dispersive spectroscopy.

All data presented here are available from the Harvard Dataverse
(Fu, 2020).

3. Results
3.1. Micromagnetic Imaging of NRM

The 11 sources we analyzed using QDM imaging of a stepwise thermal
demagnetization represent both awaruite and pyrrhotite carriers in both
chondrule and matrix contexts (Table 2). Sources generally show NRM
decay commencing below 200°C and extending up to near the Curie tem-
peratures of pyrrhotite and awaruite (Figure 1; see below). We found that
10 sources carry components of magnetization with maximum angular
deviation (MAD) <20° (Figure 1). Among these, the eight sources associ-
ated with awaruite carried component directions that are overall consist-
ent with a random distribution with vector sum length R, = 4.37 while
the critical R for P = 0.05 is 5.28 (Figure 2; Watson, 1956). Although one
group of four awaruite-hosted component directions belong to a statis-
tically significant cluster with southwesterly declination, we found no
independent feature, such as petrographic affinities or location, to justify
associating these sources. Further, the clustered direction and its reversed
counterpart are not consistent with any identified unidirectional magnet-
ization, including the MT or the poorly defined HT direction reported by
(Carporzen et al., 2011). We therefore make no further interpretation of
these directions as a cluster and regard the awaruite-hosted component
directions as randomly oriented.

Based on the above, we conclude that awaruite sources in all settings,
including the matrix, chondrule rim, and chondrule interior, do not carry
the MT magnetization despite direct contact with matrix material that

hosts the MT component. This conclusion is consistent with the observation of Fu, Weiss, et al. (2014) that
~80% of chondrules, which are rich in FeNi carriers compared to the matrix, do not carry the MT compo-

nent. Our QDM-based observations extend this conclusion to state that FeNi assemblages within the matrix
itself do not carry MT magnetization.

In contrast to the random directions of awaruite-hosted magnetization, the two Fe-sulfide sources measured
using the QDM carry magnetization components broadly similar to the bulk MT magnetization direction
(Figure 2). The sulfide component farther removed from the bulk MT direction, A8, is separated by 22.3°.
The probability of two random directions both coming within 22.3° of a given direction is 0.13%. We there-
fore reject the hypothesis that the two sulfide directions are random at >99% confidence. The discrepancy
between these directions and that of the MT may be due to the low moments of the samples (3.0 X 10™"> and
2.8 X 107" Am?, respectively, for A8 and A15). Our pyrrhotite-dominated samples with similar magnetic
moments of ~1.2 X 107" Am® were able to acquire an ARM in the direction of an 80 uT bias field (Figure 2),
implying that sufficient grains are present in the pyrrhotite assemblages to record an ambient field. Even so,
samples with similar moments may exhibit statistical errors of order 1° or greater in the case of non-single
domain grain distributions (Berndt et al., 2016).

3.2. Rock Magnetic Characterization

Our high temperature resolution thermal demagnetization of ARM-bearing samples revealed two distinct
drops in magnetization at 284 + 6°C and 539 + 9°C in matrix-dominated samples. Meanwhile, an isolated
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Figure 3. Thermal demagnetization of room temperature laboratory remanence, specifically an anhysteretic remanent
magnetization (ARM) acquired in a 290 mT AC and 80 uT DC field. Small gray points are the magnetizations of

5 matrix-rich bulk samples while black points represent their average. Dashed black curves are the best-fit Curie
temperature curves for the matrix-rich bulk sample data (see text). Blue solid and dashed curves denote a chondrule
and single FeNi assemblage, respectively, which show only a single Curie point. Pink dashed curves are two Fe-sulfide
regions mapped using the quantum diamond microscope (QDM). Plotted sequences were truncated at the point where
their magnetization lost directional coherence.

chondrule sample exhibited only the higher unblocking temperature (Figure 3). Regarding the 539 + 9°C
transition, in-field thermomagnetic analysis on Allende bulk samples has revealed a Curie temperature at
610°C (Butler, 1972), which is indicative of awaruite and fully consistent with our electron microprobe anal-
ysis showing the presence of only high-Ni alloy (Section 3.1; Figure S2). Given, in addition, the observed
correspondence between the analyzed magnetic field signals and awaruite (Figures 1 and S1), we conclude
that awaruite is the main carrier of high-temperature magnetization unblocking above ~290°C. In this case,
the 539 + 9°C transition observed from demagnetization of ARM may be due to awaruite unblocking signif-
icantly below the Curie temperature due to restricted grain size distribution or the destruction of awaruite
grains due to alteration at this temperature.

Regarding the observed transition at 284 + 6°C, previous thermal demagnetization of IRM in Allende has
revealed similarly rapid demagnetization at ~290°C; however, the same transition was missing from ther-
mal demagnetization of a 320°C partial TRM (Carporzen et al., 2011; Fu, Weiss, et al., 2014). The pres-
ence of hexagonal pyrrhotite, which is a metastable phase with a Curie temperature of 275-295°C and
converts to monoclinic pyrrhotite upon heating (Bennett & Graham, 1980), would explain these observa-
tions. Although hexagonal pyrrhotite is usually antiferromagnetic at room temperature, observations of
pyrrhotite-bearing martian meteorites and terrestrial sediments demonstrate that this pyrrhotite polytype
may in fact be ferrimagnetic (see Supporting Information S1; Haines et al., 2019; Horng, 2018; Horng &
Roberts, 2018; Rochette et al., 2001).

An alternative interpretation of the 284 + 6°C transition is that it represents unblocking of monoclinic
pyrrhotite below the Curie temperature due to restricted grain size distribution. However, we observe a drop
in magnetization at ~290°C in bulk samples as well as fine- and coarse-grained assemblages analyzed with
the QDM (Figures 4 and S1). Because this transition does not appear to depend on grain size, it is likely to
represent a Curie temperature instead of rapid unblocking below the Curie temperature. Further, the disap-
pearance of this transition and the appearance of a transition at 320°C in samples measured after previous
heating to >320°C (Figure 4a; Carporzen et al., 2011) is more consistent with a change in mineral Curie tem-
perature after alteration than the transition having a simple grain size-dependent unblocking temperature
origin. Although Butler (1972) observes a transition at 320°C during thermomagnetic analysis, conversion
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Figure 4. Rock magnetic characterization of Allende grain assemblages. (a) Thermomagnetic analysis showing susceptibility of an Allende bulk sample as a
function of temperature during heating and cooling in air. Note the presence of a 320°C Curie temperature after heating to 350°C. The lack of any transitions
during warming may be due to the low mass (15 mg) of the sample used, resulting in a low signal-to-noise ratio. (b) Low temperature cycling of an Allende
bulk samples before and after heating to 350°C showing the lack of a 32 K Besnus transition in both cases. (c) Partial thermoremanent remanent magnetization
(TRM) acquisition on an awaruite assemblage. Quantum diamond microscope (QDM) maps show the magnetic field pattern within the white dashed box.
Orthogonal projection diagram shows the fitted net magnetic moment of the source. Laboratory bias field direction is due north in the horizontal plane.

of hexagonal to monoclinic pyrrhotite may occur even on the short timescales of thermomagnetic analyses,
as evidenced by our thermomagnetic data that shows a strong 320°C transition upon cooling from 350°C
(Figure 4a). Therefore, differences in heating rate can explain the difference between our thermomagnetic
experiments and those of Butler (1972). The lack of a Besnus transition at 32 K in both heated and unheated
samples (Figure 4b) does not support or rule out the presence of either pyrrhotite polytype as suppression
of the Besnus transition has been previously observed in pyrrhotite-bearing meteorites (see Supporting In-
formation S1; Rochette et al., 2001). Combining the above lines of evidence, we conclude that the 284 + 6°C
unblocking temperature observed in Allende matrix material corresponds to the Curie temperature of fer-
rimagnetic hexagonal pyrrhotite.

A large contrast in the remanence acquisition efficiency of awaruite and pyrrhotite grains can potentially
explain our key observation that only the latter population carries the MT component. We therefore con-
ducted ARM, partial TRM, and PRM acquisition experiments on Fe-sulfide and FeNi assemblages. Our
QDM imaging of grains subjected to an ARM followed by thermal demagnetization found that two out of
3 sulfides and two out of 2 awaruite assemblages acquired a significant component of magnetization, al-
though the latter showed significant deflection from the bias field direction (Figures 2 and S1). These deflec-
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tions are likely due to the inability of the 290 mT ARM AC field to fully remagnetize parts of the FeNi grain
population. Although IRM acquisition data shows that only ~10% of remanence-carrying grains in Allende
have coercivity >300 mT (Fu, Weiss, et al., 2014), isolated FeNi sources can have a much larger fraction of
high coercivity grains if the high coercivity magnetization is carried predominantly by FeNi. Remanence
anisotropy may also lead to the observed deflection; however, the lack of partial TRM deflection in a FeNi
metal source suggests that this carrier population is not strongly anisotropic (see below).

We imparted a partial TRM to one chondrule region containing awaruite and Fe-sulfide at 200, 300, and
400°C in an 80 uT bias field. We identified the Fe-sulfide phase to be nonferromagnetic pentlandite based
on reflected light microscopy and the lack of corresponding magnetic field signals (Figures 1a, 1c, and 4c).
At the same time, the continued acquisition of partial TRM between 300 and 400°C demonstrates that
Fe-sulfide is highly unlikely to be the dominant phase acquiring magnetization. Our thermomagnetic anal-
ysis on a bulk sample heated up to 350°C shows that alteration at this temperature is concentrated in the
formation of a 320°C Curie temperature phase, which, as discussed above, is related to the decomposition
of pyrrhotite instead of oxidation of FeNi metal. The awaruite imaged in Figure 4c therefore did not alter
significantly and likely acquired a partial TRM. We therefore conclude that awaruite is capable of acquiring
a significant partial TRM parallel to an applied field at temperatures as low as 200°C.

Finally, our PRM acquisition experiments on 1 chondrule and 1 bulk sample showed that the magnetization
of the chondrule, which is likely dominated by awaruite (see above and Fu, Weiss, et al., 2014), increased
from 3.0 X 107'° Am® to 9.4 x 107'® Am* when cycled to 1.8 GPa hydrostatic pressure in a 200 T field.
The bulk sample was larger and allowed approximately oriented measurements, although the orientation
of the sample in the pressure chamber itself is uncertain to ~10°. We found that bulk sample remanence
increased by 4.94 x 10~° Am’, which is 27% of the sample's NRM intensity, in a direction 19.9° from the bias
field direction (Figure 2). After a single thermal demagnetization step to 290°C to isolate the remanence
carried by awaruite and Fe-oxide, the remaining remanence differed from the initial demagnetized state by
4.86 x 10~ Am” and was oriented 39.0° from the bias field direction. The discrepancies between the PRMs
and bias field direction may be due to a combination of uncertainty in sample orientation in the pressure
chamber after the chamber is sealed, the PRM affecting the unremoved high-coercivity remanence initially
present in the sample, or inherent PRM anisotropy.

4. Origin of the MT Magnetization in Allende

Our QDM-based magnetic imaging has revealed that awaruite assemblages in both the matrix and chon-
drules of Allende do not carry the MT magnetization component. At the same time, the same awaruite
assemblages are capable of acquiring magnetization under heating and pressure application. Thermal de-
magnetization of NRM and ARM demonstrates that significant awaruite-hosted remanence is unblocked
in the 200-300°C range over which the MT component is blocked (Figures 1 and 3), indicating that a grain
size distribution without remanence unblocking <290°C cannot account for the lack of the MT magnetiza-
tion carried by awaruite. Further, the existence of well-defined, awaruite-hosted magnetization components
blocked over several hundred degrees up to 540°C is inconsistent with viscous removal of magnetization
in awaruite since viscous evolution in the presence of very weak post-nebular asteroid belt magnetic fields
would remove identifiable component directions. We therefore conclude that the lack of MT magnetization
in Allende metal requires a nonthermal origin of the MT component or later, preferential removal of the MT
magnetization from FeNi carriers. We explore these possibilities in detail below, organizing our discussion
around the process that led to the initial acquisition of the MT component.

4.1. MT Magnetization as a Partial TRM

Proposed partial TRM models for the MT magnetizations invoke both radiogenic (Carporzen et al., 2011)
and impact heat sources (Muxworthy et al., 2017). Both scenarios predict that all ferromagnetic grain pop-
ulations in the matrix should initially carry the MT component. However, our observation that awaruite
in both the matrix and chondrules lack the MT component requires complete subsequent removal of this
magnetization from FeNi minerals, possibly due to their later formation during aqueous alteration (Fu,
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Weiss, et al., 2014). As discussed below in Section 4.2, complete chemical removal of MT magnetization
from FeNi grains is unlikely.

A strong argument previously advanced in favor of the partial TRM hypothesis is that the 290 + 5°C max-
imum unblocking temperature of the MT component is resolvably lower than the 320°C Curie tempera-
ture of monoclinic pyrrhotite. However, our experiments show the existence of a Curie point at 284 + 6°C,
which we interpret as evidence for ferrimagnetic hexagonal pyrrhotite (Figure 3). Because heating to higher
temperature or chemical remagnetization can result in remanence blocked up to the Curie point, this find-
ing obviates the main evidence in support of a partial TRM origin.

In addition, an impact-induced partial TRM must explain the observation that the maximum unblocking
temperature of the MT component appears uniform within ~20°C throughout the Allende matrix (Car-
porzen et al., 2011; Fu, Weiss, et al., 2014; Nagata & Funaki, 1983; Sugiura et al., 1979). This uniformity
contrasts with the >100°C spread in matrix maximum heating temperatures due to impact compression
(Bland et al., 2014; Muxworthy et al., 2017). For these reasons, we conclude that the MT magnetization is
unlikely to be a 290°C partial TRM.

4.2. MT Magnetization as a Full TRM

In the case of radiogenic or impact heating above 284 + 6°C, pyrrhotite would have acquired a full TRM
while other phases with higher Curie temperatures would have acquired a partial to full TRM immediately
after the heating event.

This interpretation has two potential challenges. First, as in the case of a partial TRM origin, a later event
is required to remove the MT component from awaruite. Fu, Weiss, et al. (2014) invoked heterogenous
aqueous alteration affecting awaruite to explain the lack of MT magnetization in most chondrules. A key
assumption of this model is that a significant time delay existed between the formation of the Fe-sulfides
and awaruite. Both mineral populations in Allende formed during aqueous alteration, specifically due to
sulfidation and oxidation of primary, low Ni content FeNi metals. The timing of these reactions may have
been near the beginning (Krot et al., 1998, 2004) or the end (Ganino & Libourel, 2017) of the aqueous alter-
ation sequence. In either case, the formation of Fe-sulfide and awaruite is expected to have been contempo-
raneous or associated with a short delay of <10? years (Ganino & Libourel, 2020).

Fu, Weiss, et al. (2014) conjectured that the higher permeability of the porous matrix compared to chon-
drules led to faster and therefore earlier aqueous alteration, leading to a time difference between the forma-
tion of the final ferromagnetic assemblages in the matrix and chondrules. However, our results show that
awaruite in the matrix also do not carry the MT magnetization, contradicting the permeability-dependent
alteration hypothesis. Observations that Fe-sulfide and FeNi metal assemblages in chondrule and matrix
contexts are compositionally indistinguishable further supports their contemporaneous formation (Blum
et al., 1989). Further, some awaruite that lack the MT magnetization are observed intergrown with Fe-
sulfides (Figures 1a and 1c), suggesting that the two grain populations are co-genetic. We therefore find no
compelling independent evidence to support a time delay between the formation of MT-carrying pyrrhotite
and MT-lacking awaruite populations.

A second challenge to a TRM origin for the MT magnetization is that, if the host mineral phase is hexagonal
pyrrhotite as suggested by its 290°C maximum unblocking temperature (see above), cooling from >290°C
is expected to have destabilized these metastable carriers as observed in our thermomagnetic experiments
(Figure 4). Laboratory experiments show that at least some inversion of hexagonal pyrrhotite to the mono-
clinic form is expected to occur during cooling through ~250°C for Fe-S compositions in the range observed
for Allende Fe-sulfides (46.63-48.90 atomic % Fe; Blum et al., 1989; Haggerty & McMahon, 1979; Kissin &
Scott, 1982).

In summary, a TRM origin for the MT magnetization would require a specific sequence of events with
heating occurring after Fe-sulfide formation but before awaruite formation. This alteration and heating
sequence is not supported by petrologic observations. At the same time, the hexagonal pyrrhotite carrier
of the MT should not have survived heating to the >300°C temperature required for imparting a TRM. We
therefore conclude that the MT magnetization is highly unlikely to be a TRM.
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4.3. MT Magnetization as a Shock Remanent Magnetization (SRM)

Impact shock in the presence of a magnetic field can impart an SRM (Gattacceca et al., 2008). A non-ther-
mal origin for the MT magnetization may explain its absence in awaruite carriers because the suscepti-
bility of different minerals to non-thermal magnetization processes may vary widely. Due to the possible
existence of multiple pressure-induced phase transitions in pyrrhotite below the 5 GPa maximum shock
pressure of Allende (Alexander et al., 2007; Rochette et al., 2003), Fe-sulfide in Allende may have been
especially susceptible to acquiring remanence compared to FeNi metals.

However, the complete lack of MT magnetization in FeNi metals requires that these grains have virtually
no susceptibility to SRM acquisition. Our PRM acquisition experiments, which provides an estimate for
SRM susceptibility, showed that chondrules and non-Fe-sulfide grains are able to acquire substantial mag-
netization during pressure cycling, although with potentially significant anisotropy. However, even large
anisotropies cannot replicate the randomly distributed NRM component directions observed in awaruites.
We therefore conclude that the absence of the MT magnetization in FeNi grains cannot be explained by
impact shock.

4.4. MT Magnetization as Magnetization Related to Atmospheric Entry

We further consider the possibility that warming or pressurization of Allende material during Earth atmos-
pheric entry resulted in a record of the Earth's magnetic field (Kletetschka, 2018). Although this previous
study reported a change in the magnetization of three chondrules during heating in an Earth-strength field
between 150 and 270 K, only two of the three samples in fact gained in magnetic moment. In these cases,
the change in magnetic moment in this temperature range was <7% of the NRM intensity. True tempera-
ture change in the presence of the Earth field during atmospheric entry was likely significantly less than
the 120 K used in the experiment because the blackbody temperature of the Allende meteoroid at 1 AU is
~253 K (de Pater & Lissauer, 2010). Therefore, although an inverse TRM during atmospheric entry may have
modified Allende's magnetization, it is more than an order of magnitude too weak to explain the MT com-
ponent. Further, the mineralogy of Allende chondrules on which the previous inverse TRM experiments
were based differ markedly from that of the matrix, which is the predominant carrier of the MT component
(Figure 3; Fu, Weiss, et al., 2014). The Kletetschka (2018) study further suggested that uniaxial stresses of
~18 MPa was sufficient to cause remanence acquisition during arrival on Earth. However, no published
dynamic or static high pressure magnetization experiments have shown that such low pressures can result
in a change in magnetization consistent with the MT component (e.g., Ohnaka & Kinoshita, 1968; Volk
& Gilder, 2016). We therefore conclude that the MT component is not the result of modification during
atmospheric entry.

4.5. MT Magnetization as a Chemical Remanent Magnetization (CRM)

Textural and isotopic evidence provides strong support for the formation of Fe-sulfide, Fe-oxide, and FeNi
metal phases in Allende during aqueous alteration on the parent body (Brearley, 2006; MacPherson &
Krot, 2014). Therefore, all ferromagnetic phases in Allende may have acquired a CRM provided the existence
of a significant magnetic field and a sufficiently high efficiency of CRM acquisition. Experimental studies
have shown that the efficiency of CRM acquisition is highly dependent on the mineralogy, reaction path-
way, and intergrowth relationships involved and may be positive, zero, or negative (Garming et al., 2007;
Heider & Dunlop, 1987; McClelland & Goss, 1993; Stokking & Tauxe, 1990). Although no experiment of
CRM acquisition has been performed on the sulfidation of FeNi metal, the frequent observation of CRM in
diagenetic pyrrhotite on Earth supports the possibility that Allende Fe-sulfides could acquire a strong CRM
(Roberts & Turner, 1993; Weaver et al., 2002).

Meanwhile, the absence of the MT magnetization in awaruite assemblages can be explained if pyrrhotite has
a much higher efficiency of CRM acquisition than awaruite. Therefore, unlike the TRM scenario described
above, a CRM origin would not require a time delay between the formation of the two grain populations,
which is consistent with the expected alteration sequence (Ganino & Libourel, 2020; Krot et al., 1998, 2006).
Furthermore, a CRM may be acquired in a low temperature environment; therefore, metastable hexagonal
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pyrrhotite carrying the MT component would have avoided transformation to the monoclinic form during
heating if the aqueous alteration post-dated any >300°C heating events.

A key assumption required by the CRM origin hypothesis is that the CRM acquisition efficiency of pyrrh-
otite is much higher than that of awaruite. Although no direct CRM acquisition experiments exist for any
of the chemical transformations in Fe-bearing Allende phases, the presence of a CRM in only a subset of
minerals within a set of rock samples is well-documented with some instances showing pyrrhotite retaining
a distinct magnetization compared to Fe-oxide phases (Xu et al., 1998; Zegers et al., 2003). Further, theoret-
ical consideration TRM acquisition efficiency, defined as the ratio of a TRM acquired in a given field to the
saturation remanent magnetization, shows that the efficiency of TRM acquisition in pyrrhotite is ~1 order
of magnitude higher than in FeNi metal due to the lower saturation magnetization of the former (Kletet-
schka & Wieczorek, 2017; Kletetschka et al., 2004). For a grain growth CRM scenario, the dependence of the
efficiency on the saturation magnetization is expected to be similar (compare (Equation 1) in Kletetschka
et al., 2004 and (Equation 1) in McClelland, 1996). Due to the similarly low saturation magnetization of
hexagonal pyrrhotite (Horng, 2018), these conclusions likely apply equally to Allende pyrrhotite. We there-
fore find that large differences in CRM acquisition efficiency among ferromagnetic minerals populations
in Allende are plausible, although future experiments of CRM acquisition using the appropriate starting
compositions and oxygen and sulfur fugacity environments would be required to fully test this scenario.

Finally, a CRM resulting in pyrrhotite grains with unblocking temperatures between ~200 and 290°C should
be stable to viscous decay over solar system timescales. Grains that unblock at ~200°C in the laboratory
would have been viscously relaxed in 4.5 billion years only at temperatures of 120°C, which is far warmer
than equilibrium blackbody temperature between the Earth and the asteroid belt (Carporzen et al., 2011).

4.6. Timing of the MT Magnetization

Based on the above discussion, we conclude that the MT magnetization is most likely a pyrrhotite-carried
CRM. In this case, the acquisition of the MT component would have coincided with the formation of pyrrh-
otite during parent body alteration. Because pyrrhotite from CV chondrites has not been directly dated,
determining its age requires understanding the relative timing of its formation relative to datable secondary
phases.

Two sequences for aqueous alteration in Allende have been proposed. First, pre-accretional, low-Ni metal
may have transformed to Fe-oxides, Fe-sulfides, and high-Ni metal, which in turn altered to form Fe-bear-
ing silicates such as fayalite and andradite (Krot et al., 1998, 2004). In this case, the timing of Fe-sulfide for-
mation would have pre-dated both peak metamorphism and the formation of Fe-bearing silicates. Alterna-
tively, Fe-bearing silicates may have formed first during high temperature (>400°C) alteration, after which
Fe-oxides, Fe-sulfides, and awaruite formed during late stage cooling in analogy with fumarolic hydrother-
mal alteration on Earth (Blum et al., 1989; Ganino & Libourel, 2017, 2020). Pyrrhotite in this scenario would
have formed at between 300 and 150°C after peak metamorphism (Alt et al., 2007; Klein & Bach, 2009).

An important requirement for a CRM origin for the MT component is that no metamorphism above the
284°C apparent Curie temperature is permitted after pyrrhotite formation. Therefore, our interpretation
of the MT component as a pyrrhotite CRM requires the sequence of events described in Ganino and Li-
bourel (2017, 2020) where pyrrhotite formation post-dates peak metamorphism.

In addition to allowing the preservation of a pyrrhotite CRM, this alteration model also holds key implica-
tions for the timing of pyrrhotite formation. Unlike in a one-dimensional onion shell model of chondrite
metamorphism, zones of alteration in the fumarolic model are highly localized, possibly associated with
igneous intrusions or permeability conduits for hot metasomatic fluids. This setting is analogous to hydro-
thermal systems on Earth, which start with a source of sub-surface heat, establish seawater circulation, and
wane over time as the heat source is exhausted and the permeability of the system is modified (Lowell &
Germanovich, 1994).

Consequently, the time delay between the formation of datable secondary Fe-bearing silicates (e.g., fayal-
ite) and pyrrhotite in the fumarolic alteration framework is expected to be short, possibly on the order of
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Figure 5. Summary of radiometric dating of aqueous alteration in Vigarano-type carbonaceous (CV) chondrites.
Absolute age and 20 range of the Shallowater aubrite and D'Orbigny angrite, which are used to anchor the I-Xe

and Mn-Cr systems, are shown to indicate magnitude of additional uncertainty introduced when comparing ages
produced by the two systems. References: (a) Wang et al. (2017); (b) Gilmour et al. (2009); (c) Pravdivtseva et al. (2003);
(d) Pravdivtseva et al. (2013); (e) Carporzen et al. (2011); (f) Swindle et al. (1983); (g) Glavin et al. (2004); (h) Doyle

et al. (2015); (i) MacPherson et al. (2017).

10 years by analogy with terrestrial fumaroles (Ganino & Libourel, 2020). Other chondrite studies have
provided evidence for parent body alteration in such rapid, fumarole-like systems. In the case of the L6
chondrite Villalbeto de la Pefia, large surviving isotopic gradients indicate that the meteorite was brought up
to ~800°C and cooled, possibly multiple times, each in the span of 1-10 years (Dyl et al., 2012). For Allende
itself, a study of diffusion profiles in olivine and pyroxene in the matrix found micrometer-scale Fe-Mg
compositional gradients that correspond to heating times of 10* to 10° y (Cuvillier et al., 2015).

These short timescales for the alteration cycle imply that the age of secondary Fe-bearing silicates can be
directly interpreted as the age of pyrrhotite and of the MT component. Although no such mineral from
Allende has been analyzed to-date, fayalite and kirschsteinite in reduced and Bali-type oxidized CV chon-
drites have been dated to 3.2°0% and 4.27)% My after calcium aluminum-rich inclusions (CAIs), respectively
(Figure 5; Doyle et al., 2015; MacPherson et al., 2017).

A more direct constraint on the formation age of Allende Fe-sulfides potentially comes from the '*I-'*Xe
decay system. Early studies of Xe isotopic composition in Allende components showed that the matrix,
which hosts the MT remanence, and dark inclusions underwent alteration within 3.0-4.1 My of CAIs (Fig-
ure 5; Pravdivtseva et al., 2003; Swindle et al., 1983). Later thermochronological reanalysis of Allende I-Xe
data suggested that some alteration of Allende material continued until ~40 My after CAIs (Carporzen
et al., 2011). However, the main carrier phase or phases of iodine in Allende matrix and chondrule material
have not been conclusively identified. The relationship between I-Xe ages of bulk Allende material and the
formation of ferromagnetic assemblages therefore remains uncertain.

I-Xe ages have also been recovered from four magnetite extracts taken from bulk Allende material and
published in a conference proceedings (Pravdivtseva et al., 2013). Because magnetite and pyrrhotite occupy
the same stage in the alteration sequence regardless of the alteration model (Ganino & Libourel, 2017; Krot
et al., 1998), these magnetite ages likely represent the most direct constraints on the timing of pyrrhotite
formation. The four magnetite extracts have I-Xe ages between 1.6 and 4.0 My after CAI formation with a
mean of 3.0 £ 0.5 My (Figure 5).
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Based on the above, we conclude that 3.0 + 0.5 My after CAIs is the most probable age for pyrrhotite in
Allende, while secondary silicate ages of 3.2-4.2 My after CAIs provide a lower bound. Our estimated age
for Allende magnetization is significantly earlier than the ~5-40 My after CAIs figure adopted by earlier
studies for three principal reasons (Carporzen et al., 2011; Fu, Weiss, et al., 2014). First, our interpretation
of a CRM as the most likely form of magnetization means that the magnetization must have the same age
as the growth of the carrier phase. In contrast, a partial TRM as hypothesized in previous studies can be
imparted during any heating event post-dating carrier mineral formation. Second, due to the recognition of
biases in Cr isotopic sensitivity caused by mineral Fe content, Mn-Cr ages of secondary Fe silicates in Allen-
de have been revised upward from 5 to 8 My to 3.2-4.2 My after CAls, thereby placing a stricter lower bound
on the age of Fe-sulfides (Doyle et al., 2015; Hutcheon et al., 1998). Third, I-Xe ages of Allende magnetite,
which show formation at 3 My after CAIs, were not available at the time of earlier paleomagnetic studies
(Pravdivtseva et al., 2013).

4.7. Origin of the Magnetizing Field

The age of the MT magnetization, which is constrained as a result of this work due to its identification as
a CRM, has strong implications for the origin of the recorded field. Studies of CM chondrites suggest that
magnetic fields in the solar nebula persisted to >3 My after CAIs (Bryson et al., 2019; Cournede et al., 2015).
Further, the presence of fine-grain dust in CR chondrites that formed >3.7 My after CAls supports the pres-
ence of nebular gas until at least that time (Fu, Kehayias, et al., 2020; Schrader et al., 2017). Low magnetic
field intensities recorded in angrites suggest at least local depletion of nebular gas by 3.8 My after CAIs
(Wang et al., 2017). Therefore, the MT magnetization dated to 3.0-4.2 My after CAlIs was therefore likely
acquired in the presence of nebular magnetic fields.

Alternative origins for the magnetic field recorded in Allende include an internally generated dynamo. A
recent thermal evolution model found that a core dynamo on planetesimals is likely to be delayed until
~5 My after CAIs, although dynamo initiation at 4.2 My is possible for small, early accreting bodies (Bry-
son et al., 2019). However, these models assume an instantaneously separated core and a one or two-stage
accretion history.

An updated study by Dodds et al. (2021) includes a time-resolved model of core segregation accounting for
thermally driven changes in the density of newly descended Fe-S melt. The models also consider a wide
range of accretion timescales between instantaneous to several million years. With these refinements, the
Dodds et al. (2021) conclusions remain similar to those of Bryson et al. (2019), suggesting that only a highly
specific scenario with a very small body and a narrow range of intermediate accretion rates can achieve
a core dynamo by 4 My after CAls. In any case, bodies with a substantial unmolten chondritic lid that
could have sourced the CV chondrites do not form dynamos. The inclusion of core stratification makes an
early dynamo more difficult compared to the Bryson et al. (2019) models as early-formed, fast accreting
planetesimals develop with stable thermally stratified cores. Finally, both theoretical studies assume that
Al stays well-mixed in the magma ocean and is not efficiently erupted to the surface as argued by Neu-
mann et al. (2014). As such, these models represent an optimistic case for generating an early planetesimal
dynamo.

One additional uncertainty regarding the timing of a chondrite parent body dynamo is the possibility of
convection driven by the descent of denser, Fe-rich melts evolving under equilibrium melting. Due to the
rapid decay of *°Al, the magma ocean within modeled planetesimals reaches a maximum temperature in
less than 10° y after first silicate melting (Dodds et al., 2021). Any Fe-S melt segregating during this time
may evolve toward a more Fe-rich composition, introducing denser melts into the core that can potentially
drive convection. However, this interval is brief and precedes the accretion of the Allende meteorite by
more than 1 My. Subsequent Fe-S melt may be produced by progressive upward melting of the overlying
chondritic material, especially in the case of continual accretion. However, newly formed Fe-S melt sinking
through the magma ocean would no longer evolve as an equilibrium melt once it has been separated from
its source region. This melt would enter the magma ocean with a composition corresponding to the lower
temperature regions from which the melt was extracted, which would result in less Fe-rich melts than the
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core. As such, this mechanism is unlikely to change the conclusions of the Bryson et al. (2019) and Dodds
et al. (2021) works, especially for the most relevant interval 3.0-4.2 My after CAls.

In parallel, several paleomagnetic studies have found possible experimental evidence for a delayed core
dynamo in planetesimals. Magnetite in the Kaba CV chondrite is unmagnetized between its Curie temper-
ature (580°C) and 250°C, below which a magnetization component ~3 uT paleointensity can be observed
(Gattacceca et al., 2016). Although the nominal paleointensity of 3 uT is highly uncertain, the existence of
any identifiable component of magnetization at <250°C contrasts clearly with the lack of unidirectional
magnetization at highly temperatures. The authors concluded, based on the lack of a CRM blocked up to
the Curie temperature, that there was no appreciable magnetic field on the CV parent body at ~4 My after
CAIs when the magnetite formed during aqueous alteration. Meanwhile, the <250°C component record-
ed a late-starting parent body dynamo at a younger age. In this scenario, the contrast between a nebular
field-induced CRM in Allende and the lack of such a CRM in Kaba may result from a difference in the tim-
ing of alteration, possibly combined with fluctuations in the nebular field intensity (Riols & Lesur, 2019).

At the same time, the paleomagnetic record of angrites may also provide evidence for a delayed dynamo.
Wang et al. (2017) argues that volcanic angrites crystallized in a <0.6 uT magnetic field at 4-6 My after
CAIs; meanwhile the later-formed Angra dos Reis meteorite recorded a ~17 uT magnetic field at 11 My after
CAIs (Weiss et al., 2008). Summarizing these theoretical and experimental lines of evidence, an active dyna-
mo on the CV parent body is unlikely to have existed at the time of Fe-sulfide formation at 3.0-4.2 My after
CAIs. In contrast, this age range of formation overlaps strongly with the lifetime of the solar nebula (Fig-
ure 5), leaving a nebular field as the most likely candidate for the magnetization field of the MT component.

The 3.0-4.2 My after CAI age of magnetization would have likely been too early to record solar wind mag-
netic fields, as solar wind magnetic fields are expected to have only extended out to <0.1 AU in the presence
of partially magnetized nebular gas (Shu et al., 1997). Finally, because alteration in Allende occurred over
extended timescales of 10-10° yr (Ganino & Libourel, 2020; Krot et al., 2006), the MT magnetization could
not have recorded impact generated magnetic fields that persist over hours to days timescales (Crawford &
Schultz, 1999).

5. Implications for Nebular Magnetism

Based on the reasoning above, we conclude that a CRM recording a nebular magnetic field at 3.0-4.2 My
after CAIs is the most likely origin of the MT magnetization in Allende although a dynamo field cannot be
ruled out. The impact of this result on our understanding of disk processes depends on the paleointensity of
the MT component and on the location of the CV parent body when the field was recorded.

Previous studies of Allende have produced paleointensity estimates between 25 and 100 uT for the MT com-
ponent based on Thellier-Thellier dual heating and room temperature normalization methods (Table S1;
Carporzen et al., 2011; Emmerton et al., 2011; Sugiura et al., 1979). All of these protocols assume a TRM
origin for the magnetization. Recovery of paleointensity from a CRM such as the MT component is highly
uncertain because the CRM acquisition efficiency depends strongly on reaction pathway, grain size, and
grain-scale magnetostatic interactions that are difficult to characterize for a particular sample (e.g. Heider
& Dunlop, 1987; Ozdemir & Dunlop, 1985; Stokking & Tauxe, 1990). Furthermore, CRM acquisition in
Fe-sulfides remains less studied compared to in Fe-oxides. In particular, the room temperature remanence
carrying capacity of hexagonal pyrrhotite was not appreciated until recently (Horng, 2018; Horng & Rob-
erts, 2018; Rochette et al., 2001); as such, no experimental constraints on its CRM acquisition efficiency
exists. Future studies of NRM carried by hexagonal pyrrhotite, such as in methane seep sediments, would
permit first-order calibration of its paleointensities.

Here we use CRM efficiencies obtained for other ferromagnetic minerals to compute an order-of-magnitude
estimate for the paleointensity of the MT magnetization. The ratio of CRM to TRM acquisition efficiency
(Xcrm/xTrRM) varies from 0 (i.e., ambient field has no impact on resulting remanence) to ~1 for a broad set
of ferromagnetic minerals including titanomagnetite, maghemite, and hematite (Heider & Dunlop, 1987;
Ozdemir & Dunlop, 1985; Stokking & Tauxe, 1990). If the efficiency of CRM acquisition in hexagonal
pyrrhotite falls within this range, that would suggest that the mean of published paleointensities for the
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Figure 6. Magnetic field intensities of the solar nebula inferred from
chondritic meteorites (CM) and magnetohydrodynamical (MHD)
simulations. Minimum theoretical magnetic field (lower dashed line) is
the net vertical field required to sustain mass transport at 10~ Mg,, yr~
(Bai, 2015). Black error bars on the dashed lines result from a 1 order
of magnitude uncertainty on the solar accretion rate. The upper dashed
line corresponds to an amplification factor of 60 due to a disk dynamo
(Bai, 2017). Field uncertainties on meteorite data are 1o and include
contribution from unknown parent body rotation axis for Vigarano-
type carbonaceous (CV), WIS 91600, and CM. Lower bound on Allende
paleointensity is based on amplifying the 20 uT of Carporzen et al. (2011)
by 2 due to spin axis-magnetic field misalignment. The upper bound is
poorly constrained due to the possibilities of low chemical remanent
magnetization (CRM) acquisition efficiency, nebular field variability, and
pressure demagnetization (see text). Orbital distance uncertainties are
from consideration of the snow line and deuterium to hydrogen ratios (see
Section 5). Meteorite references: (a) Fu, Lima, and Weiss (2014); (b) This
work; (c) Bryson et al. (2020); (d) Fu, Kehayias, et al. (2020); (¢) Cournede
et al. (2015).

1

MT component, which is 61 + 15 uT (Table S1), represents a minimum
value for the true ancient field. The occurrence of impacts depressing
the preserved paleointensity would further support interpretation of this
paleointensity as a lower bound (Volk & Gilder, 2016).

A further implication of a CRM origin of the MT component is that the
timescale of acquisition (>10s of years; see above) is much longer than
the rotational period of the body. As such, the recorded paleointensity
represents the projection of the true nebular field on the spin axis of the
CV chondrite parent body. We therefore assume that the spin axis is ran-
domly oriented with respect to the magnetic field and, because the ratio
between the true and recorded field intensity is not normally distribut-
ed, use Monte Carlo resampling to generate the expected distribution of
nebular field strength. Because this quantity is also not normally distrib-
uted, we report the result as the median. From this effect, the best-guess
and lower bound MT component paleointensity of 61 uT and >20 uT,
respectively, become amplified to 122 and > 40 uT (Figure 6). Depend-
ing on the timescale of CRM acquisition compared to that of magnetic
field reversals in the disk, this value may be the total magnetic field or its
net vertical component. Rapid alteration in a fumarole-like environment
would predict CRM acquisition in as little as ~10 years, shorter than the
expected field reversal timescale of 10%-10° yr (Bai, 2015; Ganino & Li-
bourel, 2020), implying that the 122 uT best-guess and >40 uT minimum
values are a constraint on the total magnetic field.

This paleointensity likely represents the nebular magnetic field strength
within 0.1 scale height of the midplane at an orbital radius between 2.5
and 7 AU based on the presence of water and hydrogen isotopic data (Fu,
Kehayias, et al., 2020; Min et al., 2011; Sutton et al., 2017). Adopting these
constraints on the physical location, the minimum paleointensity of
40 uT can be compared to expected field strengths from magnetohydrody-
namical (MHD) simulations and to the paleomagnetic record from other
carbonaceous chondrites (Figure 6). The MT component paleointensity
is much greater than the 1-4 uT net vertical magnetic field required for
mass and angular moment transport, assuming a magnetocentrifugal
wind mechanism (Bai, 2015). This high paleointensity may be due to am-

plification of the net vertical magnetic field through the Hall shear instability, which may increase the total
field strength by a factor of 10-60 (Bai, 2017; Weiss et al., 2021).

Alternatively and not mutually exclusively, a wind-driven accretion rate about an order of magnitude larger
than the canonical 10™® My, y~* may also explain the high paleointensity. Such a high outer solar system
accretion rate would be consistent with the high ejection efficiency expected for disk winds, which results
from the progressive depletion of inward flowing material through these winds (Lesur, 2021). The existence
of such strong, Hall effect amplified fields may affect the efficiency of gas-mediated planet migration in
the early solar system, although its quantitative effects have not been fully explored (Baruteau et al., 2014).

The 240 uT Allende paleointensity is significantly stronger than the <10 uT values recovered from other out-
er solar system meteorites such as CM and CR group chondrites and the ungrouped chondrite WIS 91600
(Bryson et al., 2019, 2020; Cournede et al., 2015; Fu, Kehayias, et al., 2020). Although the age of the Allende
magnetization may pre-date these other records, the temporal difference is likely less than 1 My. Secular
depletion of the solar nebula during this interval probably cannot fully account for the large paleointensity

contrast.

Instead, we propose that the large discrepancy between paleointensities recovered from Allende and from
other carbonaceous chondrites provides evidence for temporal variation or spatial heterogeneity in the outer
solar nebula due to planet formation or MHD instabilities. MHD simulations suggest that magnetic fields
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and gas density may fluctuate by more than one order of magnitude on the 10* orbit timescale (Bai, 2015),
which is sufficient to account for the full range of carbonaceous chondrite-derived paleointensities.

At the same time, observations of pervasive ring and gap structures in other PPDs from the Atacama Large
Millimeter Array (ALMA) have motivated theoretical investigation into their origin (ALMA Partnership
et al., 2015; Andrews et al., 2018). Hypothesized mechanisms for the formation of rings and gaps include
gravitational interactions with giant planets and MHD-induced self-organization of magnetic fields (Dip-
ierro et al., 2016; Krapp et al., 2018; Riols & Lesur, 2019; Riols et al., 2020; Suriano et al., 2018). In the
latter case, magnetic field strengths are expected to vary by factor of several over <1 AU length scales. In
the case of gaps caused by giant planet formation, MHD simulations also predict nearly order of magni-
tude variations in magnetic field intensity within several 0.1 AU distances of the accretion planet (Gressel
et al., 2013). Therefore, the opening of gaps by either planet formation or MHD instabilities can account for
the strong field intensity recorded in Allende compared to other carbonaceous chondrites.

The presence of ring and gap structures in the outer solar nebula would provide a mechanism for the
formation of distinct isotopic reservoirs, which have been attributed to the formation of Jupiter (Kruijer
et al., 2017). If the strong magnetic fields recorded by Allende were amplified due to the formation of Jupi-
ter (Gressel et al., 2013), our results would provide support for the hypothesis that the CV chondrites formed
in the innermost region beyond Jupiter's orbit (Desch et al., 2018).

6. Conclusion

Based on spatially resolved thermal demagnetization sequences of individual mineral assemblages, we
demonstrate with high confidence that the strong, unidirectional MT magnetization in the Allende CV
chondrite is carried by Fe-sulfide minerals but absent from other ferromagnetic populations. Our high-res-
olution thermal demagnetization of laboratory magnetizations reveals a 284 + 6°C Curie temperature, co-
inciding with the 290 + 5°C maximum unblocking temperature of the MT component. Further, our ARM,
partial TRM, and PRM acquisition experiments show that the FeNi assemblages are capable of acquiring
magnetization when subjected to the degree of heating and shock experienced by Allende.

Consequently, the absence of the MT magnetization in FeNi assemblages, combined with petrographic
observations suggesting the Fe-sulfide and FeNi populations formed contemporaneously, requires that
the MT magnetization was acquired in a non-thermal process, most likely as a CRM. In this scenario, Mn-
Cr and I-Xe dating of secondary phases in Allende implies that the age of magnetization is 3.0-4.2 My
after CAls.

Such an early age for the paleomagnetic record of Allende implies that the recorded field is most likely of
nebular origin due to the expected late start of a dynamo. The paleointensity of the Allende magnetization,
>40 uT after accounting for the rotation of the CV parent body, is indicative of strong MHD instability-driv-
en amplification of magnetic fields in the outer solar system and is much higher than those recovered from
other carbonaceous chondrites of similar age. This large spread in paleointensities may support temporal
or spatial magnetic field variations in the solar nebula caused by MHD instabilities or planet formation,
possibly similar to ring and gap structures observed in other PPDs.
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