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Paleomagnetic evidence for a disk substructure

in the early solar system

Caué S. Borlina'*, Benjamin P. Weiss', James F. J. Brysonz, Xue-Ning Bai?, Eduardo A. Lima’,

Nilanjan Chatterjee’, Elias N. Mansbach’

Astronomical observations and isotopic measurements of meteorites suggest that substructures are common in
protoplanetary disks and may even have existed in the solar nebula. Here, we conduct paleomagnetic measure-
ments of chondrules in CO carbonaceous chondrites to investigate the existence and nature of these disk sub-
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structures. We show that the paleomagnetism of chondrules in CO carbonaceous chondrites indicates the
presence of a 101 +48 uT field in the solar nebula in the outer solar system (~3 to 7 AU from the Sun). The high
intensity of this field relative to that inferred from inner solar system (~<3 AU) meteorites indicates a factor of ~5
to 150 mismatch in nebular accretion between the two reservoirs. This suggests substantial mass loss from the
disk associated with a major disk substructure, possibly due to a magnetized disk wind.

INTRODUCTION

Observations from the Atacama Large Millimeter/submillimeter Array
have shown that substructures, mostly in the form of rings and gaps,
are prevalent in protoplanetary disks (I). Isotopic studies of mete-
orites and their components have been interpreted as evidence that
two isotopically distinct regions existed within ~7 astronomical units
(AU) from the young Sun (see the Supplementary Materials), known
as the noncarbonaceous (<3 AU) and carbonaceous reservoirs (3 to
7 AU) (2, 3), that existed during the protoplanetary disk phase of
the solar system (i.e., solar nebula). It has been proposed that these
two reservoirs were separated by a gap in the disk, perhaps generat-
ed by the growth of Jupiter (4) and/or a pressure local maximum in
the disk (5). Alternatively, these two reservoirs may have formed
because of a migrating snowline with no persistent disk gap (6). Be-
cause the evolution of protoplanetary disks is thought to depend on
the coupling of the weakly ionized gas of the disk with large-scale
magnetic fields (7-10), we can search for evidence of disk substructures
and explore their origin by studying the paleomagnetism of meteorites
that formed in each reservoir.

Previous paleomagnetic measurements of LL chondrites, derived
from the noncarbonaceous reservoir, indicate the presence of a disk
midplane magnetic field of 54 + 21 pT at 2.0 + 0.8 million years
(Ma) after the formation of calcium-aluminum-rich inclusion (CAlIs)
(11, 12). These paleointensities, which were measured from individual
chondrules that carry thermoremanent magnetization (TRM)
acquired before their accretion onto the LL parent body, provide
evidence for the existence of a nebular magnetic field in the noncar-
bonaceous reservoir. Paleomagnetic studies of CM (13), CR (14), and
CV (15) chondrites indicate a field in the carbonaceous reservoir of
>6 uT at ~3 Ma after CAI formation, <8 uT at ~3.7 Ma after CAI
formation (10, 16), and > 40 uT sometime between ~3-40 Ma after
CAI formation (15, 17). However, these records have several key
limitations. For instance, the records in CM and CV chondrites
are postaccretional chemical remanent magnetizations acquired
during parent-body alteration (13). This poses two problems: The
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magnetic record could have been imparted by a parent-body dynamo
field rather than from the solar nebula field and the retrieved pa-
leointensity is likely a lower limit (10). In addition, the age of the CR
record is within error of the estimated lifetime of nebula (18), such that
it may not constrain the strength of the nebular field during the main
period of disk accretion (10). Therefore, the intensity of the nebular
field in the carbonaceous reservoir is currently poorly constrained.

To obtain robust paleointensity records from the midplane of
the solar nebula in the carbonaceous reservoir, we conducted paleo-
magnetic studies on two CO carbonaceous chondrites: Allan Hills
(ALH) A77307 (type 3.03) and Dominion Range (DOM) 08006 (type
3.00) (19-23). We selected these meteorites because they experienced
low peak metamorphic temperatures (200° to 300°C), minor parent-
body aqueous alteration, shock pressures below 5 GPa, and minimal
terrestrial weathering (weathering grades A/B and Ae, respectively)
(19-23). Therefore, they are unlikely to have been magnetically over-
printed following accretion onto the CO parent body, with DOM
08006 in particular being one of the least altered known meteorites (20).

Following the previous paleomagnetic study of LL chondrules,
we targeted dusty olivine chondrules because they contain high-
fidelity paleomagnetic recorders in the form of fine-grained (~25 to
1000 nm) kamacite (a-Fe) crystals formed before accretion onto the
parent body (11, 24-27). Because chondrules cooled quickly in the
protoplanetary disk environment [100° to 1000°C hour™}; (28)], they
should carry a near-instantaneous TRM record of the nebular field
(11, 29, 30). Al-Mg dating of CO chondrules indicate that this re-
cord was acquired 2.2 + 0.8 Ma after CAI formation (12, 31).

We extracted six 100- to 300-um-diameter dusty olivine chon-
drules from both meteorites: two from ALHA77307 (DOC1 and DOC2)
and four from DOM 08006 (DOC3, DOC4, DOC5, and DOCS6).
Three of the DOM 08006 chondrules were split into two subsamples
each (DOC3a/DOC3b, DOC5a/DOC5b, and DOC6a/DOCE6b) to pro-
duce nine total subsamples from both meteorites used for paleomag-
netic measurements. All chondrules and chondrule fragments were
mutually oriented during extraction and paleomagnetic measurements.
Given the chondrules’ weak natural remanent magnetization (NRM)
(ranging from 1.3 x 10™"* down to 1.7 x 10> Am” before demagnetiza-
tion), we obtained magnetic measurements using the superconduct-
ing quantum interference device (SQUID) microscope and quantum
diamond microscope (QDM) in the Massachusetts Institute of
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Technology (MIT) Paleomagnetism Laboratory (see Materials and
Methods) (32).

RESULTS
Backscattered electron microscopy (BSE) images and compositional
analysis using wavelength dispersive spectrometry (WDS) indicate
that the chondrules contain numerous submicrometer diameter in-
clusions of nearly pure-Fe kamacite (see the Supplementary Materials).
Furthermore, QDM imaging confirms that the magnetization-
carrying capacity of the chondrules is dominated by these grains rather
than by any multidomain metal grains and/or secondary ferromag-
netic minerals (see the Supplementary Materials). These fine metal
grains are expected to have formed during subsolidus reduction of
the chondrules before their accretion on the parent body (26). On
the basis of their size and composition, many of these grains are
predicted to be in the single vortex size range and smaller, which has
been shown to have the potential to carry paleomagnetic records
over a period longer than the lifetime of the solar system (11, 33).
Our alternating field (AF) demagnetization showed that some
subsamples carried a low-coercivity (LC) component blocked up to
<20 mT (Fig. 1 and figs. S2 and S3). The LC component may be a viscous
remanent magnetization acquired on Earth and/or a weak-field iso-
thermal remanent magnetization acquired during sample handling.
After the removal of the LC component, all subsamples were found to
contain high-coercivity (HC) components blocked up to atleast 50 mT
(Fig. 1, figs. S2 and S3, and table S1), with two subsamples having HC
components blocked up to 160 and 270 mT (Fig. 1 and fig. S2).

The high AF-stability of the HC components coupled with the
pristine conditions of the meteorites suggest that the HC compo-
nents are likely records of the nebular field. To further test this con-
clusion, we conducted unidirectionality tests and conglomerate
tests (see the Supplementary Materials). Because the nebular field is
expected to have been directionally homogeneous on submillimeter
length scales, a nebular TRM should be unidirectional within each
chondrule. Our measurements confirm this: Pairs of subsamples of
three DOM 08006 chondrules have HC directions within each other’s
maximum angles of deviation (Fig. 2). In addition, if the chondrules
have not been remagnetized since parent body accretion (including
on their parent body and after arrival on Earth), then they should col-
lectively exhibit random magnetization directions. Our measure-
ments of two chondrules from ALHA77307 and four chondrules
from DOM 08006 (Fig. 2) confirm this: We cannot reject the hy-
pothesis that both sets of directions are random with 95% confidence
(34) (see the Supplementary Materials). In summary, the unidirec-
tionality and conglomerate tests strongly support the conclusion that
the chondrules carry robust paleomagnetic records of the solar nebula
magnetic field acquired before accretion onto their parent bodies.

To determine the paleointensity of the recorded field, we com-
pared the AF demagnetization of the NRM to that of an anhysteretic
remanent magnetization (ARM) acquired in a bias field of 200 uT
and a peak AF of up to 145 mT for seven chondrules [following pre-
vious studies (35)]. Paleointensity estimates were estimated assum-
ing a ratio of ARM to TRM of 1.87 as previously measured for dusty
olivine chondrules (see Materials and Methods). The resulting mean
HC paleointensity estimates from two ALHA77307 chondrules and
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Fig. 1. AF demagnetization of CO dusty olivine chondrules. (A and B) DOC1 from ALHA77307. (C and D) DOC4 from DOM 08006. (A and C) Orthographic projections
of NRM vector endpoints during alternating field (AF) demagnetization showing averaged measurements for repeated AF steps and across AF levels. Closed symbols
show the Y-X projection of the magnetic moment, and open symbols show Z-X projection of the magnetic moment; subscripts “A” and “D" denote separate coordinate
systems for ALHA77307 and DOM 08006, respectively. We interpret the steps between NRM and 160 mT for DOC1 and between 50 and 850 mT for DOC4 as constituting
the HC components. Selected demagnetization steps are labeled. Color scales show the AF levels. (B and D) Out-of-the-page magnetic field component (B,) maps for se-
lected steps measured at a height of ~300 um above the chondrules obtained with the SQUID microscope. Each map represents one of six maps associated with different

applications of the AF field to obtain each step shown in the orthographic projection.
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Fig. 2. Direction of the HC components of the dusty olivine chondrules from
CO chondrites. (A) ALHA77307. (B) DOM 08006. Shown are equal area stereo-
graphic projections containing directions calculated from principal components
analysis and their corresponding maximum angular deviations. Points with differ-
ent colors are from different individual chondrules, while points with identical colors
are subsamples from an individual chondrule. The scattered directions from differ-
ent chondrules in (A) and (B) indicate that the meteorites were not remagnetized
since the chondrules accreted. The clustered directions among subsamples of the
same chondrules in (B) are consistent with that expected for a TRM acquired during
primary cooling in the solar nebula.

five DOM 08006 chondrules are 30 + 10 uT and 59 + 31 uT, respec-
tively. Combining the seven samples and accounting for chondrule
spinning during TRM acquisition [which decreases the background
nebular field intensity recorded by the chondrule by an average factor
of2 (11)], we obtained a grand mean paleointensity of the background
nebular field of 101 + 48 uT (table S2).

DISCUSSION

Together with the previous paleomagnetic study of CM chondrites
(13), the magnetic record from CO chondrules strongly supports
the presence of a nebular magnetic field in the carbonaceous reser-
voir at ~2 to 3 Ma after CAI formation. Furthermore, the data from
the CO chondrules provide the first accurate constraints on the in-
tensity of the nebular magnetic field in the carbonaceous reservoir.
In particular, the CO chondrule paleointensities are >16 times higher
than the lower limit measured from bulk CM chondrites, which
highlights the importance of measuring TRMs to obtain robust mag-
netic records. The identification of magnetic fields in the noncarbo-
naceous and carbonaceous reservoirs suggests a widespread role for
magnetically driven accretion in the early solar system.

The structures and evolution of protoplanetary disks are gov-
erned by the mechanisms that drive disk accretion, likely mediated
by magnetic fields. The accretion rate scales quadratically with field
strength in the disk midplane with a prefactor depending on disk
microphysics (especially ionization and field orientation). For a
spatially constant accretion rate, the field intensity should decay as
~R™"™ or ~R"'8 'where R is the radial distance from the Sun, de-
pending on whether accretion is primarily driven by the radial-
toroidal (R@) or vertical-toroidal (z¢) components of the Maxwell
stress (Fig. 3) (10). Because of the Hall effect, the predicted field
intensity is a factor of up to ~10 higher if the background field
threading the disk is aligned with disk rotation axis compared to
the antialigned case. Given typical astronomically observed disk
accretion rates of ~1 x 107° Mg yearf1 (36), the measured CO
paleointensity strongly favors the scenario of aligned polarity
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Fig. 3. Comparison between paleomagnetic constraints and model predic-
tions for the solar nebula magnetic field intensity. Shown are paleointensity
records from the first 3 Ma after CAl formation: LL chondrules (77), CM chondrites
(713), and CO chonderules (this study). Solid and dashed lines show predicted mid-
plane magnetic field, due to vertical-toroidal [z¢; equation 3 of (70)] and radial-
toroidal [Re; equation 2 of (10)] Maxwell stresses, respectively, assuming the nebular
magnetic field and sense of disk rotation are aligned. Dotted lines show the field
due to vertical-toroidal Maxwell stresses [z¢; equation 3 of (10)] assuming the
nebular magnetic field and sense of disk rotation are antialigned. Top and
bottom curves were calculated assuming accretion rates of 10~ and 1078 Mg, year™,
respectively.

(Fig. 3), which would otherwise lead to an unreasonably large ac-
cretion rate (~1 x 10> Mg year ).

Considering the mean paleointensities from LL and CO chon-
drules, we find that the accretion rate was highly variable in the
early solar system: for a disk with aligned polarity and a net vertical
magnetic field (z only), the accretion rates are ~4"3x10™° M, year™"
in the noncarbonaceous reservoir and ~173 ;x10~7 M, year ™" in the
carbonaceous reservoir (Fig. 3). The observed factor of ~5 to 150
variation in the magnetically driven accretion rate between the
two reservoirs could reflect variations in the accretion rate in time
and/or in space. Temporal variations would be broadly consistent
with astronomically observed accretion bursts in protoplanetary
disks that occur on a timescale of hundreds of years (37). However,
our Monte Carlo simulations suggest that the probability that the
observed changes in accretion are due to temporal fluctuations is
<0.4% (see the Supplementary Materials). Thus, our results favor the
presence of a spatial mismatch in the magnetically driven accre-
tion rates between the two reservoirs. This spatial mismatch in
the accretion rate has also been observed in recent paleomagnetic
measurements of the CV chondrite Allende (15). While a spatial
variation in accretion rate has also been proposed to explain the
anomalously weak fields recorded by CR chondrules, it was not
possible to conclusively differentiate between varying accretion
rates or a null magnetic record because of the prior dissipation of the
solar nebula in those samples (10).

The observed mismatch in the accretion rates requires a mecha-
nism that removed mass from the accretion flux between the carbo-
naceous and the noncarbonaceous reservoirs. If proto-Jupiter or
another giant planet was present between the two reservoirs, then
it is possible that part of this accretion flux was intercepted and accreted
onto the growing planet. However, if the mismatch was completely
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due to accretion onto proto-Jupiter, that would require a growth
time scale of just ~10,000 years for the planet. This is several orders
of magnitude faster than the several-million year time scale pre-
dicted by the core accretion model, the favored mechanism for
Jupiter formation (38). Alternatively, a large fraction of accretion
mass flux could be lost through a disk outflow. A substantial mass
loss has been predicted in theoretical models of photoevaporation
leading to inside-out disk clearing [e.g., (39-41)]. On the other hand,
given the likely role magnetic fields in driving disk accretion, photo-
evaporation and magnetized disk winds may operate concurrently
(42, 43), leading to magnetothermal disk winds whose mass loss
rates are comparable to or exceed that of observed accretion rates of
protoplanetary disks. This is sufficient to account for our observed
mismatch in accretion rates and potentially lead to the formation of
an inner cavity (i.e., extreme version of a gap) (44). Note, however,
that this scenario does not preclude a role for Jupiter in gap forma-
tion. Its presence would likely accelerate the formation of the cavity
(45), transforming the solar nebula into a transition disk.

In summary, we present a robust record of magnetic fields in the
carbonaceous reservoir of the solar nebula. When compared to pre-
vious measurements of magnetic fields from the noncarbonaceous
reservoir and models that describe the magnetic field in protoplan-
etary disks, we observe that the accretion rate in the carbonaceous
reservoir is several times higher than that of the noncarbonaceous
reservoir, implying the presence of a mismatch in accretion rates.
This mismatch may be associated with disk mass loss through the
presence of a gas giant, photoevaporation, and/or magnetized
winds. These mechanisms could produce a disk substructure like
those observed astronomically and like that inferred from the iso-
topic dichotomy measured among various meteorites in the early
solar system.

MATERIALS AND METHODS
Chondrule extraction and orientation
Bulk samples of ALHA77307,157 (0.57 g) and DOM 08006,102 (2.8 g)
were obtained from the NASA Johnson Space Center. At MIT, ori-
ented thick sections were cut from these using a wire saw cooled with
ethanol during cutting. Each thick section had an average area of
4 cm? and a thickness of ~500 um. The thick sections were then pol-
ished down to 1-um roughness, and dusty olivine chondrules were
identified using reflected light microscopy. Overall, we found that
dusty olivine chondrules are very rare among CO chondrites, with a
frequency of only ~1 out of 100 chondrules (~0.005 inclusion mm>).
The six dusty olivine chondrules used in this study were obtained
from two thick sections from ALHA77307 and eight from DOM
08006. We note that some thick sections did not contain identifiable
dusty olivine chondrules. All extracted chondrules were at least
3 mm away from the fusion crust of the parent sample (table S1).
Figure S1 shows the procedure for chondrule extraction. Before
extraction, the thick section surface orientation was documented using
imaging with a petrographic microscope (step 1, fig. S1). A region
of ~300 to 500 um in thickness was excavated around the target
chondrule using a degaussed carbide dental drill bit (step 2, fig. S1).
After excavation, we used two different techniques to extract the
chondrules. In the first technique, chondrule samples DOC1, DOC2,
DOC3a, and DOC3b were extracted using a degaussed dental drill
bit (step 3, fig. S1), and a pipette with isopropyl alcohol was used to
transfer the sample to a nonmagnetic quartz disk. The samples were
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then glued to the quartz disk using cyanoacrylate cement. While the
glue hardened, we oriented the sample by comparing its surface
with the previously acquired image of the chondrule in situ. In the
second technique, chondrule samples DOC4, DOC5a, DOC5b, DOC6a,
and DOC6b each had a ~400 pm by 400 um by 1000 pm non-
magnetic quartz glass coverslip glued with cyanoacrylate cement onto
their top surfaces (step 3, fig. S1). We then marked the glass with a
marker to orient it with respect to the thick section. The chondrules
were then extracted using a degaussed dental drill bit and mounted
on a quartz glass with cyanoacrylate cement. After extraction, we added
Kapton tape as standoffs that were at least 2 mm away from the samples
(step 4, fig. S1). The standoffs were added such that they were slightly
higher than the samples, protecting the samples from rubbing against
the SQUID microscope window during the magnetic measurements.
Table S1 shows the orientations of the chondrules during the SQUID
microscope measurements. We estimate that the extraction and
mounting techniques can add up to 15° of total angular uncertainty.

Paleomagnetism

We used AFs to demagnetize the chondrules in steps of 5 or 10 mT,
using an automatic 3-axis degausser system integrated into the 2G
Enterprises Superconducting Rock Magnetometer 755R (46) at
MIT. We demagnetized the samples with repeated AF applications
to reduce spurious ARM and used the Zijderveld-Dunlop averaging
method to correct for gyroremanent magnetization (47). The max-
imum AF field necessary to demagnetize the samples varied among
our samples. Sample DOC1 was demagnetized up to 400 mT, DOC2
up to 410 mT, DOC3a up to 100 mT, DOC3b up to 60 mT, DOC4
up to 100 mT, DOC5a up to 60 mT, DOC5b up to 75 mT, DOC6a up
to 70 mT, and DOC6D up to 100 mT. For each AF step, we measured
the magnetic field of each sample six times: once after applications
of the AF in the X, Y, and Z directions successively, twice after appli-
cations in the X direction, twice after applications in the Y direction,
and once after an application in the Z direction.

NRM measurements were obtained using the SQUID microscope
in the MIT Paleomagnetism Laboratory (32). Measurements of the
samples’ magnetic fields were obtained at an effective sensor-to-
sample distance of ~300 um (32). For samples found to be dipolar mag-
netic field sources (DOC1, DOC2, DOC3a, DOC3b, DOC4, DOC5b,
and DOC6b), we used a previously described inversion technique to
obtain the magnetic moment from the magnetic field (48). For sam-
ples DOC5a and DOC6a, whose fields were found to be nondipolar,
we upward-continued the magnetic maps by 150 um and retrieved
their dipole moments using averages from a first- to the fifth- and
second-degree multipole model, respectively. After obtaining mag-
netic moments from each AF step, we averaged across the six steps
and sometimes also across AF levels. The directions of NRM com-
ponents were calculated using principal components analysis (49).
The demagnetization projections are shown in figs. S2 and S3. If a
NRM component had a deviation angle less than the maximum an-
gle deviation, then this component was inferred to be the character-
istic component and therefore anchored to the origin (49, 50). Table
S1 shows the results of the principal components analysis including
the levels that were averaged.

To obtain paleointensities, we used the ARM method (11, 35)
for which

B
BPaleo = }a;b 2121%1\1\2[ ( 1 )
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where Bpale, is the ancient magnetic field recovered from the exper-
iment, By, is the 200-uT ARM bias magnetic field applied to the
sample, ANRM and AARM are the respective changes in magnetic
moment during the demagnetization of the NRM and the ARM,
and f’ is the ratio of TRM to ARM. The ARM was applied with a
peak AF field of 145 mT for DOCI and DOC2, 100 mT for DOC3a,
60 mT for DOC3b, 100 mT for DOC4, 75 mT for DOC5b, and
100 mT for DOC6b. We AF demagnetized the ARM using the same
sequence used for the NRM. All samples used for paleointensity
determination were nearly dipolar sources, such that we used the
inversion technique for dipolar sources described above. Following
previous paleomagnetic studies of dusty olivine chondrules, we
adopted an experimentally determined value for f* of 1.87 (11, 27).

Figures S5 and S6 show the results of the paleointensity experi-
ments. For all samples except DOC3a, we fit for ANRM/AARM using
reduced major axis least squares. For DOC3a, we used ordinary least
squares because the correlation parameter was <0.6 (51). ANRM
was calculated by vector subtraction from the first demagnetization
step in the HC component fit, while AARM was calculated by sub-
traction from the first acquired ARM step. Table S5 shows a sum-
mary of the paleointensities and their quality criteria.

Mineralogy

Mineral compositions (fig. S4 and tables S3 and S4) were analyzed
on a JEOL JXA-8200 Superprobe electron probe microanalyzer
(EPMA) using WDS in the MIT Electron Microprobe Facility. BSE
images were obtained with the same instrument (fig. S4). The
EPMA was operated at an accelerating voltage of 15 kV and a beam
current of 10 nA, and natural and synthetic standards were used for
calibration. The counting times were typically 40 s per element, and
the 16 SDs of the accumulated counts were 0.5 to 1.0% from count-
ing statistics. The raw data were corrected for matrix effects using
the CITZAF package (52). To identify the origin of the magnetic
signal of these two samples, we mapped the magnetization of chon-
drules using the QDM at MIT (fig. S4) (53, 54). The sensor to sam-
ple distance was ~5 um, and the map resolution was 1.17 um. The
QDM maps were obtained after the demagnetization of an ARM
applied to DOC2 (200 uT bias with an AF of 145 mT) to 145 mT
(fig. S4C) and after the application of an ARM (200 pT bias with an
AF of 100 mT) to DOC6D (fig. S4F).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj6928
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