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Abstract Theoretical investigations suggest that magnetic fields may have played an important role in
driving rapid stellar accretion rates and efficient planet formation in protoplanetary disks. Experimental
constraints on magnetic field strengths throughout the solar nebula can test the occurrence of magnetically
driven disk accretion and the effect of magnetic fields on planetary accretion. Here we conduct
paleomagnetic experiments on chondrule samples from primitive CR (Renazzo type) chondrites GRA 95229
and LAP 02342, which likely originated in the outer solar system between 3 and 7 AU approximately

3.7 million years after calcium aluminum-rich inclusion formation. By extracting and analyzing 18
chondrule subsamples that contain primary, igneous ferromagnetic minerals, we show that CR chondrules
carry internally non-unidirectional magnetization that requires formation in a nebular magnetic field of
<8.0 + 4.3 uT (20). These weak magnetic fields may be due to the secular decay of nebular magnetic fields by
3.7 million years after calcium aluminum-rich inclusions, spatial heterogeneities in the nebular magnetic
field, or a combination of both effects. The possible inferred existence of spatial variations in the nebular
magnetic field would be consistent with a prominent role for disk magnetism in the formation of density
structures leading to gaps and planet formation.

Plain Language Summary Stars and their planetary systems form from large, flattened
structures composed of low-density gas and dust called protoplanetary disks. Two major unresolved
questions regarding protoplanetary disks are the mechanisms that limit their lifetimes to a few million years
and the mechanisms that create the first planets from dust particles. Turbulence in the gas caused by
action of magnetic fields have been hypothesized as explanations for both of these processes. In our study,
we measure the permanent magnetization of ~1 mm-sized inclusions from two meteorites called GRA
95229 and LAP 02342. These inclusions are believed to have formed ~3.7 Ma after the formation of the
protoplanetary disk around the Sun and beyond about 3 astronomical units (AU) from the Sun

(1 astronomical unit is the Earth-Sun distance equal to ~150 X 10° km). We find that the inclusions formed in
a magnetic field of <8 uT, a fraction of the surface magnetic field on Earth and lower than expected from
previous measurements in the protoplanetary disk closer to the Sun. This potentially provides evidence
for heterogeneities in the nebular gas, which may be the locations of planet formation or partial
dissipation of the disk in 3.7 million years.

1. Introduction

Many fundamental questions regarding the mechanisms of planet formation and protoplanetary disk evolu-
tion remain unanswered. Collisions between solid aggregates larger than ~1 cm tend to yield disintegration
instead of growth (e.g., Zsom et al., 2010). This well-documented barrier to planet formation has motivated
the hypothesis that pressure bumps in the nebular gas efficiently concentrated mm- to cm-sized particles
into self-gravitating clumps. In this scenario, self-gravity drives the accretion of particles into the
first planetesimals, circumventing the need for individual particle-particle collisions to result in accretion
[e.g., (Carrera et al., 2015; Chambers, 2010; Johansen et al., 2007; Johansen et al., 2015; Krapp et al., 2018;
Zhu & Stone, 2014)]. At the same time, observed stellar accretion rates and disk lifetimes require highly
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efficient angular momentum transport, which is critical for the inward transport of disk material and is par-
tially responsible for the ultimate depletion of the protoplanetary disk.

However, the ultimate origin of density concentrations and angular momentum transport in disks is
poorly understood, with both magnetic and non-magnetic, hydrodynamic processes invoked in different
regions of the disk (for review see Klahr et al., 2018). A central challenge of modeling the role of magnetic
fields in disks has been the treatment of low ionization fractions in the disk gas, which results in the coex-
istence of multiple non-ideal magnetohydrodynamics (MHD) regimes where magnetic fields are not fully
coupled to the gas. Recent studies have incorporated complex reaction networks to quantify the degree of
gas ionization and explicitly compute all expected non-ideal MHD effects [e.g., (Bai & Stone, 2013; Kunz
& Lesur, 2013; Simon, Bai, Armitage, et al., 2013; Simon, Bai, Stone, et al., 2013; Lesur et al., 2014;
Simon et al., 2015)].

Some such disk models suggest that, once these non-ideal MHD effects are accounted for, magnetically
driven self-organization may lead to local density enhancement (Béthune et al., 2017; Krapp et al., 2018).
Such density enhancements, in turn, can facilitate planet formation if clumps of concentrated particles
become sufficiently large and dense to be self-gravitating. Alternatively, the presence of a “snow line,”
outside of which the presence of ice particles leads to a rapid change in the inward drift rate of particle,
can also result in gap and ring formation (Hu et al., 2019). If such particle traps exist in real protoplane-
tary disks, they may be critical in the accretion of planetesimals and explain recent observations of gap
and ring structures from the Atacama Large Millimeter Array (ALMA; (ALMA Partnership et al., 2015;
Isella et al., 2016)).

With respect to the role of magnetism in angular momentum transport, simulations incorporating non-ideal
MHD effects have begun to converge toward a paradigm where distinct magnetically driven processes oper-
ate in different parts of the protoplanetary disk. In the largely laminar midplane region within ~10 AU,
known as the dead zone (Gammie, 1996), substantial transport may occur due to the Hall shear instability
(see Kunz, 2008 for physical derivation), which amplifies the magnetic field strength (Bai, 2017; Béthune
et al., 2017). In the surface regions of the inner disk, magnetized disk winds may be the primary mechanism
of mass and angular momentum transport, while the magnetorotational instability may dominate the outer
disk beyond ~10 AU (Bai, 2015; Simon, Bai, Armitage, et al., 2013). Although a physical explanation of these
mechanisms is beyond the scope of this paper, review articles are available for the magnetorotational
instability (Balbus & Hawley, 2000) and disk winds (Bai & Stone, 2013).

Despite the rapid progress in theoretical understanding, significant uncertainties remain in key aspects of
MHD disk models. Some outcomes of numerical models depend on the choice of numerical parameters such
as resolution and initial and boundary conditions (Bai, 2017; Ryan et al., 2017). Critical physical parameters
including the net vertical magnetic field flux and the ionization level of the nebular gas remain poorly con-
strained (Bai, 2017; Bai & Stone, 2017; Béthune et al., 2017; Simon et al., 2018). Finally, recent MHD models
diverge significantly regarding the degree and origin of spatial variations in magnetic field strength through-
out the planet-forming region.

Therefore, observational and experimental constraints on the nature of protoplanetary disk magnetic fields
are critical for evaluating the reliability of disk magnetism models and ultimately understanding the role of
magnetism on planetary system formation. Polarimetry observations, which are the telescopic measurement
of alignment in non-spherical dust grain populations, may reveal the geometry and approximate strength of
magnetic fields in distant protoplanetary disks (Alves et al., 2018; Crutcher, 2012; Kataoka et al., 2015; Li
et al., 2016; Stephens et al., 2014; Vlemmings et al., 2019). However, such techniques cannot currently probe
the dense, planet-forming regions in the disk interior with high accuracy, while the mechanism of grain
polarization is poorly understood, leading to uncertainties in the interpretations of the observed magnetic
field geometry (Andersson et al., 2015; Ohashi et al., 2018; Stephens et al., 2017).

Alternatively, paleomagnetic measurements on meteoritic materials can quantify magnetic field strengths in
the early solar system and currently represent the only observational means to study magnetic fields in the
protoplanetary disk midplane where planet formation occurs. Igneous components of chondritic meteorites,
such as chondrules and calcium aluminum-rich inclusions (CAls), underwent heating and cooling in the
presence of the nebular gas and therefore may have acquired a thermoremanent magnetization (TRM) that
records information about ancient magnetic field strengths.
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Paleomagnetic studies seek to characterize nebular magnetic fields by isolating the magnetic signal from
such igneous components. A previous paleomagnetic study of the Semarkona LL3.0 chondrite targeted dusty
olivine-rich chondrules, which contain primary ferromagnetic iron particles formed from exsolution during
igneous reduction of fayalitic olivine (Fu, Weiss, et al., 2014). The authors concluded that, assuming that the
chondrule formation mechanism did not significantly enhance background field levels, magnetic fields of
~50 uT existed in the inner solar nebula at ~2 Myr after the formation of CAls, which is approximately
the formation time of the solar system. We will return to the implications of this magnetic field intensity
for disk magnetism in section 4.

In addition to providing information about the magnetization state of nebular gas, paleomagnetic measure-
ments targeting chondrules can constrain how chondrules formed, a long-standing unsolved problem in pla-
netary science. TRM acquisition in a spinning object requires a stable rotation axis orientation with respect
to the magnetic field; therefore, the existence of TRM in individual chondrules places an upper bound on the
interchondrule collision frequency (Fu et al., 2018; Schrader, Fu, et al., 2018). Finally, the strength of mag-
netic fields during the cooling phase of chondrule formation is potentially informative regarding the forma-
tion mechanism itself (Fu et al., 2018; Mai et al., 2018; Shu et al., 1996).

A recent study of three rapidly cooled angrite achondrites, which is a group of rapidly cooled basaltic meteor-
ites, showed that nebular magnetic fields in the angrite formation region were weaker than ~0.6 uT at
3.8 Myr after CAI formation (Wang et al., 2017). These intensities are much weaker than those inferred from
Semarkona and may represent decay in the gas density of the solar nebula by 3.8 Myr after CAI formation.
Alternatively, angrites may have formed in regions of the nebula with very low magnetic field strength
where the net vertical magnetic field is not strongly amplified due to MHD processes or where processes
redistribute the net vertical flux [see section 4; (Bai, 2017; Béthune et al., 2017)]. However, the latter alter-
native is unlikely because MHD simulations suggest that only a small volume of the disk midplane has mag-
netic fields weaker than 0.6 uT (see supplementary section 1.2 of Wang et al., 2017 and Figures 4, 16, and 20
of Béthune et al., 2017).

The recovery of magnetic field records from other chondrite groups may provide constraints on disk
dynamics at other times and locations. The observed diversity in multiple isotopic systems suggests that car-
bonaceous chondrites originated from a distinct chemical reservoir compared to ordinary chondrites, possi-
bly beyond the orbit of Jupiter or another significant gap in the solar nebula (Kruijer et al., 2017; Sutton
et al., 2017). Paleomagnetic studies of nebular magnetic fields based on carbonaceous chondrites have been
limited by the rarity of unaltered ferromagnetic minerals (Fu et al., 2018). Recent studies of both CV and CM
chondrites provide evidence of ancient magnetic fields with 2-60 uT intensity (Carporzen et al., 2011;
Cournede et al., 2015). However, I-Xe isotopic ages from CV chondrites indicate post-nebular formation of
the main ferromagnetic minerals, suggesting that the recorded field was of parent body dynamo origin.
Meanwhile, thermal modeling of the CM chondrite parent body argues that the formation of ferromagnetic
minerals likely preceded any core dynamo, suggesting that these meteorites record a nebular magnetic
field (Bryson et al., 2019). However, the intensity of the recorded field remains highly uncertain due to
the non-thermal origin of the remanent magnetization.

In this work, we present paleomagnetic measurements on isolated chondrules from CR (Renazzo type) car-
bonaceous chondrites, which have an average crystallization age of 3.773:3 Myr after CAIs and may have ori-
ginated from beyond the orbit of Jupiter (Kruijer et al., 2017; Schrader et al., 2017). To minimize the effect of
overprinting mechanisms such as aqueous alteration and impact shock, we limit our samples to igneous iron
sulfide-bearing chondrule rims and FeNi metal-bearing chondrules from the primitive CR chondrites GRA
95229 and LAP 02342, respectively. We find non-unidirectional magnetizations within single chondrules of
both meteorites, indicating that magnetic fields were weaker than ~8 uT in the CR chondrule formation
environment. We then discuss the implications of this and other chondrule-derived paleointensities on

our understanding of protoplanetary disk dynamics.

2. Materials and Methods

We chose the CR2 chondrites GRA 95229 and LAP 02342 for this study due to the low degree of postaccre-
tional thermal metamorphism and aqueous alteration (Schrader et al., 2015). We first studied bulk samples,
which consist of matrix, chondrule material, and sometimes fusion crust, to characterize post-accretion
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Table 1
Summary of Samples, Experiments, and Laboratory Apparatus Used
Samples Experiment Instrument
Bulk fusion crust and interior AF demagnetization of NRM 2G SRM
GRA 95229 sulfide-rich chondrulerim ~ AF demagnetization of NRM QDM; RAPID system
ARM acquisition QDM; RAPID system
Backfield IRM acquisition QDM; ASC IM-10-30 Impulse
magnetizer

Thermal demagnetization of IRM QDM; ASC TD48SC oven
(Lowrie test)
Backscatter electron (BSE) mapping JEOL 7900 SEM

LAP 02342 chondrule samples AF demagnetization of NRM SQUID microscope; RAPID system
Thermal demagnetization of NRM  SQUID microscope; ASC TD48SC oven
ARM acquisition SQUID microscope; RAPID system

Backscatter electron (BSE) mapping JEOL 7900 SEM

Note. RAPID system (Rock and Paleomagnetism Instrument Development) refers to the use of the AF and ARM coils
supplied with the 2G SRM.

overprints (Tables 1 and 2). We then measured subsamples of individual chondrules to recover any record of
nebular magnetic fields (Table 3). Because both meteorites have undergone significant aqueous alteration,
especially in the fine-grained matrix, we focused our chondrule analyses on sub-regions that retain two
classes of primary, unaltered ferromagnetic phases: Fe sulfide-rich chondrule rims in GRA 95229 and
unaltered FeNi grains in the chondrule interiors of LAP 02342.

With respect to sulfide-rich rims in GRA 95229, previous compositional and textural data have shown that
GRA 95229 sulfide rims are primary igneous phases formed during late stage cooling between 600 and
400 °C (Schrader et al., 2015; Singerling & Brearley, 2018). In the case of chondrule interior FeNi grains in
LAP 02342, the low frequency (24-30%) of exsolution textures observed using scanning electron microscope
(SEM) imaging indicates that these grains are likely in the form of martensite (a,-FeNi) and provide evi-
dence for metamorphism well below ~200 °C (Briani et al., 2013; Kimura et al., 2002). Our SEM analyses
of metal grains in our paleomagnetic samples, performed using a JEOL 7900 SEM at the Harvard Center
for Nanoscale Systems (CNS), confirm the lack of chemical alteration and exsolution, especially plessite
exsolution which may compromise the primary paleomagnetic record (Figures 1c-1e). Furthermore, the het-
erogeneous distribution of exsolved metal phases among sub-regions of the meteorite may indicate that the
associated heating events occurred before the accretion of chondrules onto the CR parent body (Briani
et al., 2013). In this scenario, any partial thermoremanent magnetization imparted on the chondrules would
still record the nebular magnetic field, although not necessarily during a chondrule formation event.

We extracted both bulk and chondrule specimens from parent samples GRA 95229,115 and LAP 02342,41
obtained from the the National Aeronautics and Space Administration (NASA) Antarctic Meteorite
Collection at Johnson Space Center. Both classes of samples have typical dimensions of 100-700 um
(Figure 1). To obtain well-oriented samples of such size with precisely defined boundaries, we first cut the
GRA 95229 and LAP 02342 parent pieces into two to four slices of 100-150 um thickness using a Well dia-
mond wire saw. Each slice was mounted using cyanoacrylate to a non-magnetic GE 124 fused quartz disk,
lightly polished using 1 um alumina grit, and imaged using a petrographic microscope to identify regions
of interest.

We then used non-magnetic tungsten carbide dental tools mounted on an Electro Scientific Industries Inc.
Micromill, which has lateral reproducibility of ~5 um, to cut grooves around the desired regions, thereby iso-
lating them from the surrounding material. We detached the isolated samples using acetone and mounted
them to separate GE 124 fused quartz disks with cyanoacrylate. Because all samples had a flat, saw cut sur-
face, we were able to recover their three-dimensional orientations to better than 3° accuracy based on in situ
petrographic microscope images (see above). Samples subjected to alternating field (AF) demagnetization
remained on the GE 124 disks during the sequence. Following Fu et al. (2017), samples subjected to thermal
demagnetization were placed in micromilled wells in Corning® Eagle XG® glass substrate and immobilized
with high purity quartz powder.
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Table 2

Summary of NRM Directions Observed in Bulk Samples, Including Fusion Crust (“F.C.”) Samples

Name Distance to fusion crust (mm) Component Range (mT) N Dec., Inc. (°) MAD (°) Included in fusion crust mean
GM1 0 LC 0-9.5 18 13.4,13.8 20.8
HC 9.5-120 86 123.2, —24.8 13.5 Yes
GM2 0 LC 0-9 17 34.1, 40.6 134
HC 9-120 87 134.5, —13.2 194 Yes
GM3 1.0 None
GM4 1.0 None
GM5 0 LC 0-11 21 26.6, 6.9 13.3
HC 11-92 81 126.0, —33.7 9.5 Yes
GM6 0 LC 0-11 21 341.0, 52.0 33.5
HC 11-58 79 123.4, —-33.5 18.2 Yes
F.C. Mean (LC) 4 16.4, 29.5 33.5 (ogs)
F.C. Mean (HC) 4 127.0, =264  12.4 (ags)
Name Distance to fusion crust (mm) Component Range (mT) N Direction (°) MAD (°)
LM1 0 HC 0-75 13 301.5, —=2.7 18.5 Yes
LM2 0.2 LC 0-65 12 71.6, —16.3 134 Yes
HC 65-125 7 170.6, 1.2 17.8
LM3 0.2 LC 0-32.5 7 127.4, —62.8 13.9
LM4 0.6 None
LM5 1.3 None
LM6 0 HC 0-85 14 35.0, —38.9 11.8 Yes
LM7 0 HC 22.5-95 11 313.9, —33.3 19.8 Yes
LM8 0.3 HC 0-75 11 459, -11.0 21.9
LM9 0.3 HC 0-37.5 8 62.1, —19.9 9.6
LM10 0.8 None
LM11 0 HC 32.5-135 13 26.6, —58.6 16.4 Yes
LM12 0.7 LC 0-65 11 19.6, —=37.0 13.8 Yes
HC 65-142.5 10 128.6, 56.2 23.6
LM13 5.1 None
LM14 5.4 None
LM15 6.3 HC 17.5-47.5 7 104.3,7.0 11.3
LM16 4.4 None
LM17 4.5 None
F.C. Mean 6 7.1, —42.0 45.0 (ctg5)

Using these techniques, we extracted four fusion crust-bearing samples from GRA 95229 along with two
samples ~1 mm from the fusion crust (Figure 1a and Table 2). For LAP 02342, we measured 17 bulk samples,
four of which are fusion crust bearing. An additional six samples were from within 1.0 mm of the fusion crust
surface, while the remaining samples were from the deeper interior (Figure 1b). To measure the magnetiza-
tion of these bulk samples, we used 2G Enterprises model 755 superconducting rock magnetometers at the
Massachusetts Institute of Technology (MIT) and Harvard Paleomagnetics Laboratories. We subjected all
bulk samples to three-axis AF demagnetization until the remanent magnetization direction became unstable
(£142.5 mT). For each demagnetization step above 50 mT, we measured the sample magnetization after AF
application in each of three mutually orthogonal directions to detect and correct for gyroremanent magne-
tization (Stephenson, 1993). We find no patterns in the resulting scatter of magnetization directions attribu-
table to gyroremanent magnetization and compute the simple vector average of magnetizations measured at
the same AF level to generate the final demagnetization sequence.

After testing for the lack of terrestrial remagnetization using the bulk samples (see section 3), we
extracted and analyzed subsamples of individual chondrules to recover any records of nebular magnetic
fields. We used the techniques described above to extract a total of 7 Fe sulfide-rich samples from a sin-
gle, ~2 mm diameter chondrule from GRA 95229 land 11 subsamples from four separate chondrules from
LAP 02342 (Figures 1a and 1b). All chondrule subsamples were located at least 3 mm from the nearest
fusion crust. As with bulk specimens, chondrule subsamples were mutually oriented with <3° accuracy.
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Table 3

Summary of NRM Component Directions Observed in Chondrule Samples

Name Mass(mg) Component

Range (mT or °C) N Dec., Inc.(°) MAD (°) Forced direction (°) Forced MAD (°) Forced difference (DANG, °)

Gla 0.0013 None
Glb 0.0025 LC 15-82 mT 5 47.1, —16.6 18.4

HC 82-202 mT 3 204.3, —1.3 12.4 216.8, 3.9 9.2 13.5
Glc 0.0025 LC 0-15mT 4 251.7,18.1 15.2

HC 15-82 mT 5 67.6, —42.1 14 104.5, —27.7 16.6 33.2
Gld 0.0017 None
Gle 0.0046 None
Gi1f 0.0091 HC 25-50 mT 6 54.2,23.0 234 36.3, —2.8 15.2 31.2
Glg 0.0075 HC 15-40 mT 3 3448, -12.6 15.1 341.4, —36.9 18.4 24.5
Name Mass (mg) Component Range (mTor°C) N Direction(°) MAD (°) Forced direction (°) Forced MAD (°)  Forced difference (°)
Lla 0.094 None
L1b 0.21 LC NRM to 20 mT 4 182.6, —0.1 9.4

HC 15-60 mT 5 74.2,2.0 14.8 78.9, 10.7 19.9 9.9

Llc 0.86 HC NRM to 50 mT 8 167.4, —7.8 14.6 164.8, —0.8 26.1 7.5
L2a 0.20 None
L2b 0.10 None
L3a 0.036 None
L3b 0.082 None
L3c 0.032 None
L4a 0.11 None
L4b 0.097 HC 146-636 °C 6 141.5, 38.6 10.3 166.7, 44.7 26.3 19.7
L4c 0.097 HC 212-553 °C 4 228.4,29.3 134 242.6, 31.6 31.5 12.4

Notes. Sample names that begin with “G” and “L” indicate GRA 95229 and LAP 02342, respectively. Directions and maximum angular deviation (MAD) were
computed using principal component analysis making no assumption about trending toward the origin (Columns 6 and 7) and assuming that the component
passes through the origin (Columns 8 and 9). The difference between these two computed directions is given in Column 10. In cases where data from multiple
adjacent AF steps have been averaged, the coercivity given in the table is the weighted mean AF level of the averaged measurements. Chondrule subsample
masses were estimated from the sample volume and an assumed density of 3,200 kg m™ ~.

The weak natural magnetic moments of chondrule samples (3 x 107" to 4 x 10~ Am?) precluded their
accurate measurement using the traditional 2G Enterprises superconducting rock magnetometer. We there-
fore used two different high-sensitivity magnetic imaging devices to map the magnetic field over each sam-
ple and quantitatively invert for the net magnetization (Table 1). The sulfide rim samples from GRA 95229
have typical dimensions between 100 and 150 um (Figure 1), which is suitable for measurement on the
Harvard quantum diamond microscope (QDM) with its 2.2 X 1.4 mm field of view (Glenn et al., 2017).
We performed optically detected magnetic resonance (ODMR) experiments using the QDM to image the
magnetic field in a plane ~20 um over the surface of each sulfide sample with a spatial resolution of
4.68 um per pixel. These ODMR measurements were made under a bias field of 0.9 mT, which was reversed
multiple times during the course of measurement to eliminate any contribution from induced magnetiza-
tion. We then upward continued all QDM maps by 50 um to isolate the contribution of the dipole component
and used a least squares fitting algorithm to compute the net magnetic moment (Lima & Weiss, 2009, 2016).
To isolate individual components of natural remanent magnetization (NRM), we subjected all GRA 95229
chondrule samples to stepwise, three-axis AF demagnetization until the NRM became unstable (40-
200 mT; Table 3). We repeated AF application and measurement up to four times at each AF step for higher
demagnetization steps to mitigate noise.

Because sulfide-rich chondrule rims such as those occurring in GRA 95229 have not been studied magneti-
cally, we conducted additional rock magnetic experiments consisting of isothermal remanent magnetization
(IRM) backfield acquisition on samples G1b and Glc and stepwise thermal demagnetization in an ASC
Scientific TD48SC oven of orthogonal IRMs acquired in saturating (0.8 T; oriented North) and 0.3 T (oriented
East) fields, known as the Lowrie test (Lowrie, 1990), on sample G1c (Table 1). We recovered net sample
moments for both rock magnetic samples using QDM imaging as described above. We did not attempt cryo-
genic cooling experiments to identify characteristic low-temperature transitions of magnetite and pyrrhotite
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Figure 1. Optical photomicrographs of example (a) GRA 95229 and (b) LAP 02342 sections used in this study. Insets in panel (a) show sulfide-rich rim samples in
the same orientation frame and were taken using reflected, plane-polarized light. Outlines in panel (b) denote the extraction locations of bulk (LM) and
chondrule (L1-L4) samples. Large-scale maps were taken using reflected light mode with crossed polarizer. (c-e) Electron backscatter (BSE) maps of GRA 95229
chondrule rim sample G1e, an FeNi grain in Gle (red box in panel C), and an FeNi grain in the rim of chondrule L1 near sample L1c. Note the lack of exsolution
features indicative of plessite formation.

because current instruments such as the Magnetic Properties Measurement System® (MPMS) are not
sensitive enough to detect single chondrule samples.

For the larger, typically >500 um chondrule samples from LAP 02342, we used the superconducting quan-
tum interference device (SQUID) microscope in the MIT Paleomagnetism Laboratory to image magnetic
fields over ~10 X 10 mm areas with 200 um sample-sensor distance. We then upward continued the maps
by 300-400 um to isolate the dipole component of magnetic field and applied least squares fitting. The gen-
erally lower coercivity of LAP 02342 samples (Table 3) and the expectation of more multidomain behavior
from FeNi metal implied that these samples are likely more susceptible to AF noise compared to those from
GRA 95229 (Tikoo et al., 2012). As such, we subjected most LAP 02342 chondrule samples to stepwise ther-
mal demagnetization up to 780 °C in a controlled H,-CO, atmosphere with oxygen fugacity 2 log units below
the iron-wiistite buffer (Table 3; Suavet et al., 2014). As a final step for chondrule samples from both meteor-
ites, we performed anhysteretic remanent magnetization (ARM) acquisition experiments with a maximum
AF of 290 mT and DC bias fields between 200 and 5 uT to quantify the magnetic field recording limit of each
sample (Tikoo et al., 2012). All demagnetization data described here are available in the MagIC Database
(Contribution #16701) and on the Harvard Dataverse (Fu et al., 2020). The latter repository also includes
all raw QDM and superconducting quantum interference device microscope images.

3. Results

To identify components of NRM acquired after accretion onto the CR parent body, we performed principal
components analysis on bulk material demagnetization sequences (Kirschvink, 1980). We isolated a low
coercivity (<10 mT) and high coercivity (HC; 10-120 mT) component of magnetization in each of four fusion
crust-bearing samples from GRA 95229 (Figures 2 and 3 and Table 2). In contrast, no coherent
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Figure 2. Orthogonal projection diagrams showing demagnetization behavior of bulk samples. AF demagnetization of
(a) a fusion crust-bearing sample and (b) an interior sample from GRA 95229 reveal two distinct directions of
magnetization associated with the fusion crust and no coherent magnetization direction in the interior. Similarly, (c)
fusion crust-bearing samples from LAP 02342 carry single-component, unidirectional magnetizations, while (d) interior
samples display low-coercivity, non-unidirectional magnetizations or no coherent magnetizations. Blue arrows highlight
interpreted fusion crust remanence components. See Table 2 for tabulated component directions and properties

from bulk samples. Open and closed symbols denote projections on up-east and north-east planes, respectively.

magnetization component is present in the two bulk samples extracted from 1.0 mm from the fusion crust.
We therefore conclude that both magnetizations were likely acquired as the meteorite tumbled during
atmospheric entry (Nagata, 1979a), although the softer coercivity range and larger scatter of the low
coercivity component mayalso be a terrestrial VRM that preferentially affected the magnetic mineralogy
of the fusion crust.

For LAP 02342, we identified a unidirectional HC component of magnetization in only the six samples
extracted from within 0.5 mm of the fusion crust (Figures 2 and 3 and Table 2), again suggesting an atmo-
spheric entry origin. Although low-coercivity components of magnetization were observed in deeper interior
samples, they do not show coherent directions. In both meteorites, the absence of any unidirectional com-
ponents of magnetization in interior bulk samples provides strong evidence that they have not been signifi-
cantly remagnetized after arrival on Earth.
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Figure 3. Equal area stereonets showing magnetization component directions in (a) sulfide-rich rim samples and fusion
crust samples from GRA 95229 and (b) chondrule subsamples and fusion crust-bearing samples from LAP 02342. Each
color represents data taken from distinct chondrules. Note the random orientations of the chondrule subsample
directions. Open and close symbols denote projection on upper and lower hemispheres, respectively.

To check for the presence of secondary ferromagnetic minerals in our GRA 95229 chondrule samples, we
conducted backfield IRM acquisition and thermal demagnetization of orthogonal IRM (Lowrie test) experi-
ments (Figure 4 and Table 1). In particular, the presence of magnetite may indicate aqueous alteration of
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Figure 4. Rock magnetic analyses of Fe sulfide-rich chondrule rims from GRA 95229. (a) Backfield IRM acquisition
sequence obtained after a saturating 1.4 T IRM in the opposing direction. (b) Derivatives of IRM acquisition sequence
shown in panel (a). (c) Decay of magnetic moment in two coercivity ranges in sample G1lc during thermal
demagnetization after applying a saturating 0.8 T IRM in the north direction followed by a 0.3 T IRM in the east direction
(Lowrie test). (d) Change in the moment direction during the Lowrie test sequence.
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igneous Fe-bearing phases, while FeNi metal or Fe sulfides such as pyrrhotite are likely to date from chon-
drule formation (Davidson et al., 2019; Schrader et al., 2016). Based on these experiments, we make five
observations relevant to the identity of the main ferromagnetic phase(s). First, maximum coercivities
between 500 and 600 mT indicate the presence of at least one ferromagnetic carrier besides magnetite, which
has a maximum coercivity of ~300 mT [Figure 4a; (Lowrie, 1990)]. Second, the 0.3 T eastward IRM imparted
for the Lowrie test, which should include all potential magnetite-carried remanence, is not fully demagne-
tized until between 590 and 610 °C as indicated by the consistent northeasterly direction of magnetization
(Figure 4d). These temperatures are above the magnetite Curie temperature of 580 °C, which demonstrates
that at least one ferromagnetic phase other than magnetite carries the low coercivity fraction of IRM. Third,
there is no significant rotation of the total remanence vector during the Lowrie test between room tempera-
ture and 590 °C, suggesting that the all types of ferromagnetic minerals in the sample contain grains with
coercivity both >0.3 and <0.3 T. This provides evidence against the presence of magnetite due to its low coer-
civity. Fourth, the lack of any bimodality in the derivative of IRM acquisition supports the predominance of a
single ferromagnetic mineral (Figures 4b and 4d). Finally, the thermal demagnetization curves of both
coercivity ranges do not appear to show any concave-down behavior typical of Curie temperatures except
a possible Curie point at ~290 °C.

Combining these observations, we conclude that remanence in GRA 95229 sulfide-rich rim samples is car-
ried by a HC ferromagnetic phase that has a maximum unblocking temperature between 590 and 610 °C
with a possible contribution from a second, HC ferromagnetic phase with Curie temperature ~290 °C.
Neither of these phases can be magnetite due to its low unblocking temperature and coercivity. Instead,
FeNi metal with 16-18 atomic percent (at%) Ni has an austenite start temperature consistent with the
observed 590-610 °C loss of magnetization (Swartzendruber et al., 1991; Wasilewski, 1981). Published hys-
teresis experiments further confirm that our observed maximum coercivities are consistent with those of
FeNi metal with 5% to >21 at% Ni (Tikoo et al., 2012; Wasilewski, 1981). Rapid cooling of an Fe-Ni-S system
may result in metal grains with a range of compositions between 15 at% Ni in metastable cores and 30-50%
in typical fully exsolved grains (Schrader & Lauretta, 2010). Based on these lines of evidence, we conclude
that FeNi metal is the main ferromagnetic phase in GRA 95229 chondrule rim samples. In addition, sulfides
such as hexagonal pyrrhotite (FegS;4), which may be ferromagnetic at room temperature under some cir-
cumstances, may account for the possible second ferromagnetic phase with ~290 °C Curie temperature
(Horng & Roberts, 2018). Our SEM imaging of chondrule samples from both CR chondrites further supports
the identification of unexsolved FeNi and Fe sulfides as the main ferromagnetic phases (Figures 1c-1e).

AF demagnetization of GRA 95229 chondrule rims yielded identifiable components of NRM in four out of
seven samples (Table 3). We observed a relatively high degree of scatter among successive measurements
(Figure 5), which is likely due to a combination of multidomain response to AF demagnetization and statis-
tical noise inherent to samples with very low moments (Berndt et al., 2016; Tikoo et al., 2012). We therefore
performed vector averaging of between two and six adjacent AF steps at higher AF levels to reduce the
uncertainty on the magnetization component direction. We identify trends in magnetization sequences as
components of NRM if they contain at least three consecutive averaged demagnetization steps and have a
maximum angular deviation (MAD) of less than 20°. We find that NRM components in all coercivity ranges
exhibit directions that cannot be distinguished from a random distribution at 95% confidence
[Figure 3; (Watson, 1956)].

Similarly, we observe identifiable NRM components in only 4 out of 11 LAP 02342 chondrule samples. The
corresponding directions are again consistent with a random distribution both within and among single
chondrules. Adopting different averaging windows for demagnetization steps or changing the MAD cutoff
for identifying components leads to changes in the number of components and their directions (Table 3).
However, the number of identified components does not alter the conclusions that, overall, a minority of
chondrule samples have identifiable components and that these components display random directions.
In fact, even the complete lack of identified components would result in the identical conclusion that these
CR chondrules do not record a unidirectional magnetization.

To test whether these random distributions can be attributed to remanence anisotropy, we performed ARM
acquisition experiments in strong DC fields (100-200 uT). The recovered magnetization directions in nine
chondrule subsamples from both CR chondrites are within 25° of the laboratory bias field direction with
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Figure 5. Demagnetization of NRM in GRA 95229 and LAP 02342. (a—c) Sulfide-rich chondrule rim sample Gla (a), G1b (b), and Glc (c) from GRA 95229 using
the QDM. (d-f) Chondrule interior subsamples L1b (d), L1c (e), and L4c (f) from LAP 02342 using SQUID microscopy. Directions at higher demagnetization levels
have been averaged to suppress noise. Diagrams in each panel are orthogonal projection diagrams showing evolution of the NRM during thermal and AF
demagnetization, with open and closed symbols representing projections on north-east and up-east planes, respectively. Color inset maps in each panel are NRM
field maps for selected demagnetization steps. Magnetic field maps shown here have been upward continued by 50 um for GRA 95229 samples and by 400 um for
the larger LAP 02342 samples. These maps were then fitted to obtain the magnetization directions shown in the corresponding orthographic projections. Blue
arrows represent the directions of the highest coercivity or temperature component of magnetization (if one was identified). Note that sample Gla carries no
coherent NRM component. The coordinate system is given in the first magnetic field map of each panel where N, E, and D denote north, east, and down,
respectively.

the exception of sulfide rim samples G1d (36°) and G1f (46°). Further, the mean ARM direction of even small
10-15 uT bias fields for multiple chondrule subsamples is within uncertainty (95% confidence interval;
ags = 25-32°) of the bias field direction (see below; Figure 6). In contrast, observed scatter among NRM
components is in excess of 90° indicating that the random NRM orientations cannot be explained
by anisotropy.

The mechanistic origin of non-unidirectional NRM components is uncertain. Our chondrules are not brec-
ciated, ruling out differential mechanical rotations of internal regions. Although the majority of visible fer-
romagnetic phases in our chondrule subsamples show no evidence for secondary minerals under optical and
electron microscopy (see above and Samples and Methods; Figure 1), partial alteration of ferromagnetic
phases on the CR parent body or in Antarctica may have resulted in chemical remanent magnetizations
in scattered directions.
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Figure 6. Results of ARM acquisition experiments to quantify the upper bound on the ambient magnetic field for (a)
GRA 95229 and (b) LAP 02342 chondrules. Blue points, denoting ARM directions acquired in bias magnetic fields of
15 and 10 uT for GRA 95229 and LAP 02342, respectively, are the lowest bias field steps that show statistically
non-random directions at 95% confidence that are consistent with the laboratory bias field direction. Red points, denoting
the results of ARM acquisition in weaker fields of 10 and 5 uT, are indistinguishable from a random distribution at 95%
confidence. Blue star and circle represent the mean and agys uncertainties of non-random magnetizations acquired in
stronger bias fields. Black star represents the ARM bias field direction. All ARMs were acquired in a 290 mT AC field.

Regardless of the origin of these scattered magnetizations, the absence of unidirectional magnetization
within single chondrules in both CR chondrites contrasts with the NRM of dusty olivine-bearing
Semarkona chondrules (Fu, Weiss, et al., 2014). This lack of coherent magnetization directions indicates that
CR chondrule orientations were unstable relative to the background magnetic field or that magnetic fields
during CR chondrule formation were too weak to impart a unidirectional TRM on the chondrules.

3.1. Chondrule Orientation During Cooling

We first consider the possibility that CR chondrules underwent rapid tumbling during cooling, resulting in
the lack of coherent magnetizations. Adopting the commonly assumed minimum mass solar nebula
(MMSN) conditions to describe gas density, the time needed for a chondrule's angular velocity to decrease
by a factor e at 3 AU is approximately 10° hr (Fu & Weiss, 2012), which is longer than the likely cooling time-
scale of chondrules (see below). As such, an isolated chondrule is expected to retain a stable orientation rela-
tive to the background magnetic field and would acquire a remanent magnetization parallel to the spin axis
if no interchondrule collisions occur.

We therefore estimate the frequency of interchondrule collisions for CR chondrules. The low Ni content of
chondrule interior metal grains in LAP 02342 (~6-8 wt%; (Schrader et al., 2015)) corresponds to an expected
Curie temperature of 760 °C and a martensite start temperature of ~650-700 °C (Reisener & Goldstein, 2003;
Swartzendruber et al., 1991). Depending on a TRM or martensite transition origin for the NRM, these repre-
sent the temperature range at which magnetization acquisition initiated. Chondrule cooling rates around
these temperatures are on the order 1-25 K h™* (Wick & Jones, 2012). Meanwhile, inferred cooling rates
at temperatures below the 325 °C Curie temperature of ferromagnetic monoclinic pyrrhotite are lower at
0.1-1Kh™! (Schraderet al., 2018). Therefore, chondrules in both GRA 95229 and LAP 02342 likely acquired
the bulk of their remanent magnetization over the course of order 100 to 1,000 hr.

Although these cooling timescales are longer than those at higher temperatures, the number of chondrule
collisions at such a late cooling stage is also expected to be significantly lower. For the bow shock model
of chondrule formation, the expected ambient density is less than ~4 times the background nebular density
(Mai et al., 2018). Using a conservative estimate of 3 AU for the formation location (see below) and MMSN
conditions with a dust to gas ratio of 25 (Boley et al., 2013), we estimate a chondrule number density of
0.006 m™~>. The expected number of interchondrule collisions then depends on the mean relative velocity,
which remains highly uncertain with estimates between 0.001 and 1 m s~ (Fu et al., 2018). Adopting this
range of velocities and typical chondrule diameter and density of 1.0 mm and 3400 kg m™, we find that
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chondrules undergo an average of 7 x 10~ to 7 x 10~ collisions over the course of 100 hr in the bow shock
model, implying that chondrule tumbling during remanence acquisition is highly unlikely.

For the impact jetting hypothesis of chondrule formation, Johnson et al. (2015) predicted 0.01 to 0.1 colli-
sions per hour between 100 and 1,000 hr after chondrule heating, which may explain the lack of unidirec-
tional magnetization in CR chondrites given an overall cooling timescale of 10-100 hr. However, these
high collision frequencies appear inconsistent with the observed remanent magnetization in Semarkona
chondrules and may be overestimated due to the assumption of an ejecta disk that expands only in the radial
direction (Fu et al., 2018). We therefore conclude that CR chondrules likely underwent stable rotation rela-
tive to the background nebular magnetic field direction during cooling below the Curie temperature.
However, if more refined modeling of impact-driven chondrule formation confirms the high estimated rates
of interchondrule collisions, the lack of coherent magnetization in CR chondrules may support chondrule
formation via this mechanism or another scenario predicting similarly high collision frequencies.

3.2. Chondrule Paleointensity

Second, we consider the possibility of weak ambient magnetic fields to explain the non-unidirectional chon-
drule NRM. Multidomain behavior and the limited number of ferromagnetic grains in chondrules may limit
the ability of our samples to record a robust TRM even in the presence of a significant magnetic field (Berndt
et al., 2016; Tikoo et al., 2012). We therefore performed ARM acquisition experiments on all seven GRA
95229 chondrule rim samples and two subsamples of the L1 chondrule from LAP 02342 in progressively
weaker bias magnetic fields to quantify the minimum field intensity that can be recorded in these samples
as a unidirectional magnetization.

We emphasize that the paleointensity upper bounds derived from this method do not assume that the
observed non-unidirectional magnetizations in chondrule subsamples are of TRM origin and are not
paleointensities derived from the components themselves. Instead, our ARM acquisition-based paleointen-
sity quantifies the maximum field in which the chondrules would have acquired a unidirectional TRM,
which is not in fact observed.

For these ARM acquisition experiments, we followed Fu, Lima, and Weiss (2014) and repeatedly applied AC
magnetic fields with a peak amplitude of 290 mT and DC bias fields between 200 and 5 uT to multiple sub-
samples of single chondrules. Because measurement of a single AF demagnetization step for a single chon-
drule takes between and 1 and 2 hr on the current generation QDM, we found it time prohibitive to obtain
AF demagnetization sequences for all imparted ARMs and instead use only the initial ARM direction.
Because the AC field of the ARM (290 mT) is higher than observed NRM coercivities (<250 mT), the
acquired ARMs are expected to be single component; therefore, the initial ARM directions should be
representative of the component direction if a full demagnetization sequence had been performed.

We consider a certain bias field as recordable if the repeat ARM directions from at least two samples are uni-
directional (i.e., inconsistent with random directions) at 95% confidence. This method of quantifying the
sample recording limit is based on the reasoning that the identification of a chondrule TRM in our NRM
demagnetization sequences relies on the observation of unidirectional magnetizations in chondrule subsam-
ples. If at least two subsamples of a single chondrule are capable of acquiring unidirectional ARMs in a given
bias field, then we would expect that these subsamples should have acquired unidirectional NRM compo-
nents during cooling in an ancient nebular magnetic field of similar strength. The absence of such unidirec-
tional components would then suggest that nebular magnetic fields were weaker than the given ARM
bias field.

We found that GRA 95229 subsamples G1b, G1f, and G1g acquired non-random magnetizations at 95% con-
fidence consistent with the bias field direction during ARM acquisition in a 15 uT bias field [Figure 6;
(Watson, 1956)] but acquired randomly oriented ARMs in a 10 uT bias field. For the L1b and L1c chondrule
subsamples from LAP 02342, we recovered unidirectional and randomly oriented magnetizations after ARM
acquisition in 10 and 5.0 uT bias fields, respectively. Reported values for the TRM to ARM efficiency (f) for
FeNi metal-dominated samples are 0.91 (Lappe et al., 2013), 0.94 (Hoffman et al., 1979), 1.27 (Morden, 1992),
1.3 (Nagata, 1979b; Stephenson & Collinson, 1974), and 1.6 (Stephenson et al., 1976), yielding a mean value
of 1.22 + 0.52 (20). This implies that the GRA 95229 and LAP 02342 chondrule samples cooled in magnetic
fields with effective strength of <8.1 + 5.4 and 4.0 & 2.2 uT, respectively. These calibration factors still apply
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in the scenario that remanence acquisition in the chondrules is due to martensite transition since several of
the calibration experiments listed above were performed on lunar samples with typically >5 wt% Ni, which
would undergo the same transition.

Finally, due to the likely rotation of chondrules (Fu et al., 2018; Fu, Weiss, et al., 2014), the true strength of
the magnetic field during chondrule cooling was statistically a factor of 2 stronger than that recorded by indi-
vidual chondrules. We therefore conclude that chondrules from the GRA 95229 and LAP 02342 CR chon-
drules cooled in magnetic fields weaker than 16.2 + 10.8 and 8.0 + 4.3 uT, respectively. Due to the
potential for ARM noise to impart spurious magnetization on the sample (Tikoo et al., 2012), our
weak-field ARMs likely exhibit greater scatter than TRMs under equivalent bias fields, implying that our
experiments are likely overestimating the true TRM recording limits of the chondrules. As such, our
ARM-derived paleointensities represent a generous upper bound on the field strength during
chondrule cooling.

Given the expectation that the chondrules would have quickly reached internal thermal equilibrium during
the cooling process, the non-unidirectional nature of the HC and HT magnetization components implies
that they do not have a TRM origin. Similar non-unidirectional magnetizations have been reported pre-
viously in the Bensour and Semarkona LL chondrites, although in the latter they are only observed in non--
dusty olivine-bearing chondrules (Fu, Weiss, et al., 2014; Gattacceca et al., 2003). The origin of such
magnetizations is currently unknown, with spontaneous magnetization acquired during crystallographic
growth, especially of tetrataenite, and brecciation following remanence acquisition (for Bensour) identified
as possible explanations. The CR chondrites studied here were not heated to sufficient temperature to permit
tetrataenite ordering [~200 °C; (Yang et al., 1997)]. However, the formation of small amounts of Fe oxides
due to parent body alteration or on Earth may have led to the observed non-unidirectional magnetizations.

For completeness, we compute the ARM-normalized paleointensities of selected chondrule subsamples. In
this technique, widely used for meteorites and other samples that are difficult to process with heating pro-
tocols (e.g., Weiss & Tikoo, 2014), the ancient magnetic field strength is estimated by computing the ratio
of observed NRM component strength to an ARM acquired in a known laboratory field and multiplying this
ratio with the laboratory bias field and a calibration constant (see above) that accounts for the mechanism of
remanence acquisition. We evaluate ARM-normalized paleointensities using the identified component and
the ARM acquired in a 25 uT bias field, resulting in 28 + 12 uT for the four GRA 95229 chondrule subsamples
with fitted components and 4.6 + 1.2 uT for LAP 02342 chondrule subsamples L1b and L1c. The discrepancy
between these values may be due to differences in the magnetic field environment where the magnetizations
were acquired (e.g., Earth vs. parent body field) or different acquisition mechanisms. Because these magne-
tizations are not of TRM origin and their acquisition times are unknown, the implications of these ARM
paleointensities remain unclear.

4. Discussion

Our observations of the NRM recorded in chondrules from CR chondrites GRA 95229 and LAP 02342 reveal
no unidirectional components of magnetization, suggesting cooling in ambient magnetic fields weaker than
~8 uT. This field strength constraint can be applied to the solar nebula if we can establish that the nebular gas
was still present at the time of CR chondrule formation and that the chondrule formation process did not
strongly alter background nebula magnetic field levels.

Long- and short-lived radioisotope systems indicate that CR chondrules formed 3.7703 Myr after CAI forma-

tion (Budde et al., 2018; Schrader et al., 2017). This age is close to the ~3.8 Myr after CAIs age of angrites that
recorded no significant magnetic field, likely due to gas depletion in the angrite formation region (Wang
et al., 2017). However, the matrix of CR chondrules contains abundant <<1 pm-scale grains, which would
be ejected from a gas-poor solar system in <<10’ years due to radiation pressure and the Poynting-Robertson
effect (Burns et al., 1979; de Pater & Lissauer, 2010; Kimura et al., 2002). Therefore, the nebular gas was
likely still present and optically thick at peak solar radiation wavelengths at the time of CR chondrite accre-
tion (Schrader, Nagashima, et al., 2018). Further, CR matrix grains are much finer and have more homoge-
neous thermal histories compared to the impact-produced matrices of CH and CB chondrites (Garvie
et al., 2017). This implies that the CR matrix is not the product of late inter-planetesimal collisions, which
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Figure 7. Comparison of magnetic field strengths from MHD disk models
and paleomagnetic experiments. Paleointensities of Semarkona and CR
chondrules are plotted with 2o uncertainties and probable formation radii
inferred from cosmochemical constraints (see text). The uncertainties
plotted for the formation radii are not formal and likely represent nearly the
full range of possibilities. Minimum field strength from MHD simulations is
the vertical component of the magnetic field assuming transport b%/ disk
winds and a solar accretion rate of 3 x 10% solar masses (M) year , which
corresponds to a plasma 3 parameter of 3 X 10* (Bai, 2015). Depending on
the relative orientation of the disk rotation axis and the net vertical field,
this net vertical field may be amplified by up to 10-60 times, primarily in
the azimuthal direction (Max |BI curves). Due to uncertainty in the solar
accretion rate, these maximum field strength estimates are uncertain to
approximately a factor of 1012 (black error bars). Local total magnetic field
strengths may fluctuate between these maximum values and the minimum
set by the net vertical field at <1 AU scales. Modeled magnetic field
strengths are computed assuming MMSN conditions. Ages of Semarkona
and CR chondrules are based on Kita et al. (2013) and Schrader et al. (2017),
respectively.

may not require the presence of gas. The apparent contrast in gas deple-
tion at the angrite and CR formation regions at approximately the same
time may be due to earlier removal of gas in the inner solar system, which
is the likely formation location of angrites based on isotopic evidence
(Sanborn et al., 2019). Alternatively, uncertainties in the ages of CR chon-
drules and angrites allow the latter to have formed ~0.3 Myr after CR
chondrules, permitting a scenario where the dissipation of the nebula
occurred in the intervening time.

Therefore, unlike that of the angrites, the paleomagnetic record from CR
chondrules reflects magnetic fields in the nebular gas shortly before its
dissipation. Chondrule formation models suggest that paleofield intensi-
ties recorded in chondrules reflect those of the background nebular mag-
netic field and not a magnetic field amplified by the chondrule formation
mechanism, in both the impact and planetary bow shock scenarios
(Fu et al., 2018; Mai et al., 2018). We therefore consider ~8 uT an upper
bound on the nebular magnetic field strength at the time and location of
CR chondrule formation.

To understand the implications of this constraint on nebular magnetism,
we must also estimate the probable formation location of CR chondrules.
The higher volatile contents of carbonaceous chondrites point to an origin
from >3 AU based on the distribution of S- and C-type asteroids in the
modern asteroid belt (Demeo & Carry, 2014). Recent evidence from a
range of isotopic systems point to the existence of at least two distinct che-
mical reservoirs in the solar nebula, which may support the idea that car-
bonaceous chondrites originated beyond the orbit of Jupiter (Kruijer
etal., 2017; Van Kooten et al., 2016). If this scenario is correct, then carbo-
naceous chondrites parent bodies may have originated from a wide range
of orbital radii between ~4 and >10 AU (Raymond & Izidoro, 2017; Walsh
et al., 2011). However, dust traps leading to distinct chemical reservoirs
can potentially be produced by a variety of hypothesized processes that
do not require the presence of Jupiter, although further studies are

required to confirm the validity of these mechanisms (Dong et al., 2018; Flock et al., 2015; Riols &
Lesur, 2019; Suriano et al., 2018). Even if some chondrite groups did form outside the orbit of Jupiter, the
apparent similarity between the hydrogen isotopic composition (i.e., the deuterium to hydrogen or D/H
ratio) of carbonaceous and ordinary chondrite water suggests a formation within ~7 AU for both groups
(Sutton et al., 2017).

The ambient magnetic field strength also depends on the height from the disk midplane. Both the impact
and bow shock hypotheses for chondrule formation require the presence of planetesimals and high ambient
dust concentration. In the absence of dynamical stirring due to giant planets, the nebular gas rapidly dam-
pens orbital inclinations to <0.3° for Vesta-sized and smaller planetesimals (Kokubo & Ida, 2000), which
corresponds to midplane distances of <0.1 scale height in the MMSN. The migration or growth of giant pla-
nets may increase planetesimal inclinations to ~2° (Raymond & Izidoro, 2017), corresponding to ~1 scale
height displacement from the disk midplane at 5 AU. Regarding the distribution of dust, recent ALMA
observations point to efficient vertical settling, likely limiting dust-rich regions capable of chondrule forma-
tion via the planetesimal bow shock mechanism to within ~0.1 scale height of the midplane (Boley
et al., 2013; Morris et al., 2012; Pinte et al., 2016). Combining these constraints, we conclude that our CR
chondrule paleointensity of <8 uT applies to the solar nebula between approximately 3 and 7 AU and within
<1 scale height of the nebula midplane at 3.7 Myr after CAI formation (Figure 7).

We can combine this constraint with the existing estimate of 54 + 21 uT inferred from Semarkona chon-
drules, which likely formed between 2 and 3 AU based on the composition of the modern asteroid belt com-
position and dynamical simulations (Raymond & Izidoro, 2017; Walsh et al., 2011) and ~2.0 Myr after CAIs
[full range of single ordinary chondrite ages is 0.7-2.9 Myr with most clustering around 2.0 Myr; (Kita et al.,
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2013; Mostefaoui et al., 2002; Pape et al., 2019)]. The maximum field intensity of 8.0 + 4.3 uT we infer from
CR chondrites is distinguishable from the 54 + 21 uT value inferred from Semarkona chondrules at the >4c
level. This contrast is broadly consistent with the weaker magnetic fields expected in the outer solar system
assuming a constant rate and mechanism of disk accretion [Figure 7; (Bai, 2015; Fu, Weiss, et al., 2014)].

However, after scaling the paleointensity of Semarkona chondrules to the probable CR formation regions
based on the relationship B « R~'*® where B is the nebular magnetic field and R is orbital radius
[Figure 7; (Bai, 2015)], the nominal magnetic field strength inferred from CR chondrules (<8 uT) is weaker
than the scaled Semarkona value by a factor of >2. This low intensity may be explained if CR chondrites
formed in the outermost portion of their hypothesized range of origin based on D/H data (i.e., ~7 AU).

Alternatively, the low intensity may be due to temporal variations in nebular magnetic fields. Because the
magnetically driven mass accretion rate scales as the square of the magnetic field strength, the weaker ambi-
ent magnetic field of CR chondrule formation may imply a greater than or equal to fourfold decay in the disk
accretion rate between ~2 and 3.7 Myr after CAI formation. Such a decrease in accretion rates is broadly con-
sistent with observed trends in other protoplanetary disks [e.g.,(Sicilia-Aguilar et al., 2006)], although accre-
tion rates in specific disks can vary by orders of magnitude from the mean trend (Hartmann et al., 1998).

The weak paleointensities recorded by CR chondrules may also be due to spatial variations in the magnetic
field strength (Figure 7). Some MHD models have found that vertical magnetic flux may concentrate into
ring-like flux sheets that, after reaching steady state, can result in total field strengths that vary by more than
1 order of magnitude on AU length scales (Béthune et al., 2017; Krapp et al., 2018). However, we note that
these modeled mechanisms have so far not been observed in stimulations that include all non-ideal MHD
effects in a stratified global geometry that resolves disk vertical structure (Riols & Lesur, 2019).
Meanwhile, other ring-forming simulations require strong vertical fields that may not be consistent with
our CR-derived paleointensities (Béthune et al., 2017; Suriano et al., 2018). As another potential, although
less likely, source of spatial heterogeneity, reversals in the direction of the toroidal magnetic field near the
midplane, which is required by symmetrical conditions (Bai & Stone, 2013), may create limited zones of
weak magnetic fields in chondrule-forming regions (Bai, 2017).

MHD instabilities driving heterogeneities in magnetic field strength, if they exist in real disks, are also pro-
jected to cause large-scale fluctuations in dust density (Krapp et al., 2018; Riols & Lesur, 2019). As such, if the
weak paleointensities inferred from CR chondrites are due to spatial variations in the magnetic field, they
would also provide evidence for the magnetically mediated concentration of gas and dust. In this case,
MHD instabilities would be a potential driver of planetesimal formation and the creation of distinct geo-
chemical reservoirs. Further paleomagnetic studies using a range of well-dated samples from both the inner
and outer solar system are required to disentangle the effects of temporal and spatial field variations.

Finally, we consider the possibility of using our paleointensity result to constrain the formation region of CR
chondrules by comparing the paleointensity to an assumed relationship between the orbital radius and mag-
netic field intensity. Such a comparison must first assume a mechanism of magnetic angular momentum
transport and a polarity of the net vertical magnetic field relative to the solar nebula rotation axis
(Figure 7). Even accepting these assumptions, the disk accretion rate in the solar nebula is uncertain by
approximately an order of magnitude (black error bars in Figure 7). This last uncertainty alone limits deter-
minations of orbital radius based on magnetic field strength to a factor of ~3. The possibility of heteroge-
neous MHD enhancements of the toroidal field (see above) introduces further potential uncertainties of a
similar magnitude. Finally, uncertainty in the timing of decay for the nebular magnetic field, coupled with
uncertainties in the ages of chondrules, further reduce the accuracy of any adopted radius-field strength rela-
tionship. As such, paleomagnetic measurements of CR chondrules, similar to other records of instantaneous
local field in the solar nebula, can currently only constrain their formation location to an order of magnitude.
In the case of CR chondrules, the paleomagnetic data permit their formation anywhere within the 3-7 AU
range inferred from compositional data.

5. Conclusion

Our paleomagnetic experiments on 18 chondrule subsamples from two primitive CR chondrites, GRA 95229
and LAP 02342, revealed that the chondrules do not carry any internally unidirectional component of
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magnetization. Given the meteorites’ mild metamorphic history and the primary ferromagnetic mineralogy
of the chondrules as verified by electron microscopy and rock magnetic experiments, our results imply that
the chondrules did not acquire a coherent remanent magnetization during the cooling in the solar nebula.
The expected frequencies of inter-chondrule collisions and the observation of unidirectional magnetization
in the chondrules of other meteorites suggest that chondrule tumbling during cooling is unlikely to explain
fully the lack of unidirectional magnetization; instead, we conclude that the CR chondrules likely formed in
a weak magnetic field below the recording limit of the chondrules’ ferromagnetic assemblage.

We used repeated ARM acquisition experiments in progressively weaker bias magnetic fields to quantify the
threshold magnetic field value below which the chondrule subsamples can no longer acquire a unidirec-
tional TRM. We accepted a bias field intensity as recordable if the resulting group of ARM directions are sta-
tistically non-random and their mean is consistent with the applied bias field direction. Adopting this
criterion and correcting for the TRM to ARM ratio for an FeNi ferromagnetic assemblage, we conclude that
the CR chondrules likely formed in a < 8 uT ambient magnetic field.

This upper bound is significantly weaker than the ~50 uT paleointensity inferred from dusty olivine-bearing
chondrules from the Semarkona meteorite. The discrepancy may be explained simply by the difference in
orbital radii at which the meteorites originated but only if CR chondrites formed near the outer limit of their

likely source region inferred from D/H ratios (~7 AU). On the other hand, the weak CR paleointensities may

be due to depletion of the nebular gas by 3.773 Myr after CAI formation or spatial heterogeneities in the

magnetic field of the solar nebula due to magnetic field self-organization effects. Measurements of nebular
field paleointensity from samples of other chondrite groups with a range of ages and source regions are
necessary to distinguish these possibilities and to understand the role of magnetic fields in the evolution
of the protoplanetary disk and planet formation.
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