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Abstract

With the development of micro-paleomagnetic techinques we can measure the mag-
netic field of micro-scale samples that have direct implications for problems in plan-
etary science. In this thesis I used the techniques from micro-paleomagnetism to
address two main problems: (1) when Earth’s magnetic field started and (2) how did
the magnetic field in the solar nebula varied in space and time. For the first, I con-
ducted paleomagnetic measurements with the Jack Hills zircon grains from Western
Australia to address the early evolution of Earth’s magnetic field, which has implica-
tions for the thermal evolution of the Earth and habitability. For the latter I focused
on the paleomagnetism of three different components from CO carbonaceous chon-
drites: calcium-aluminum-rich inclusions, chondrules and matrix, with them we can
measure the solar nebula magnetic field which have directs implications to plane-
tary formation. This thesis is divided into 6 chapters. The first one introduces the
general theme of the thesis. The second presents my work on the early evolution of
Earth’s magnetic field. The third, fourth and fifth present my results from meteoritic
magnetism. The sixth chapter discusses future work.

Thesis Supervisor: Benjamin P. Weiss
Title: Professor
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Thesis Overview
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Chapter 1

Magnetism in the Early Solar System

While this thesis includes problems from different fields including geophysics, geology,
planetary science and astrophysics, they all fall under one main theme which is what
magnetism from the past can inform about planetary formation and evolution.

Magnetism can be found in several places in the universe, including inside of plan-
etary bodies, evolving planetary systems, molecular clouds and supernovae. In this
thesis I focus on two main types of magnetic fields to address problems in planetary
science: (1) magnetic fields generated in Earth’s interior and (2) magnetic fields that
existed during the very beginning of the solar system.

Several planets in the solar system have magnetic fields that are generated in
their interior. These include Mercury, Earth, Jupiter, Saturn, Uranus and Neptune.
Studying magnetic fields can provide a very unique opportunity to reach the inac-
cessible interior of a planet. Recent missions have provided key constraints on the
structure and dynamics of planetary interiors [e.g., Johnson et al. (2020); Moore et al.
(2019, 2018); Dougherty et al. (2018); Anderson et al. (2011)]. While measurements
of present-day magnetic fields can provide information about the current state of a
planetary body, magnetic fields from the past can provide information to understand
how the planet changed in the last billion years: by obtaining records of the magnetic
field from the past we can understand how magnetic fields evolve and change over
time, providing insights about the mechanisms that sustain them and ultimately con-

straining the evolution of planetary interiors. In turn, these measurements can help
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us understand the interaction between interior and surface of the planetary body and
how magnetic fields could have played a role in controlling their atmospheres (Gunell
et al., 2018). Magnetic fields from the past can be recorded in rocks through mag-
netic minerals and paleomagnetic techniques can help us extract information about
the recorded field (Tauxe, 2010). In Chapter 2, I targeted Earth’s oldest rocks,
the zircon grains from the Jack Hills (Compston and Pidgeon, 1986), as po-
tential paleomagnetic targets to determine when Earth’s magnetic started.
By combining novel techniques in micro-paleomagnetism with rock mag-
netism, geochemistry and high-resolution imaging of magnetic carriers, I
show that different from what has been proposed they are not robust pale-
omagnetic targets and that other minerals are required to establish when
Earth’s field started.

The other type of magnetic fields that I study in this thesis is that active in
protoplanetary disks (we use solar nebula to describe the protoplanetary disk phase
of the solar system), the birth place of planets and stars in the universe. In fact,
magnetic fields, which are coupled to the gas in protoplanetary disks, play a central
role in the evolution of disk (Bai and Goodman, 2009; Bai, 2017; Turner et al., 2014;
Weiss et al., 2021). Obtaining measurements of protoplanetary disk magnetic fields is
very challenging, and ongoing efforts through astronomical observations are pursuing
evidence of magnetic fields in current active disks (Weiss et al., 2021). An alternative
solution is to use meteorites that formed during the solar nebula as a way to probe
the magnetic field of a protoplanetary disk. Similar to Earth rocks, meteorites and
their inclusions can contain magnetic minerals that recorded the ambient magnetic
field. In turn, these measurements can be used to understand how the solar system
and other planetary systems form [see Weiss et al. (2021) for a complete review of
previous paleomagnetic measurements from the solar nebulal. In Chapters 3-5, I
targeted carbonaceous chondrites and their inclusions to determine what
was the magnetic field at the very beginning of the solar nebula, ~2 million
years later and how fast our solar nebula dispersed. I find evidence for

what could be the oldest magnetic record of the solar system (Chapter 3),
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for a gap that played a central role in setting the composition of the early
solar system (Chapter 4) and that the solar nebula dissipation happened
within less than 1.5 million years (Chapter 5).
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Part 11

The Hadean Dynamo
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Chapter 2

Paleomagnetism of Jack Hills Zircon

(Grains

2.1 Chapter Introduction

The time of origin of the geodynamo has important implications for the thermal
evolution of the planetary interior and the habitability of early Earth. It has been
proposed that detrital zircon grains from Jack Hills, Western Australia, provide evi-
dence for an active geodynamo as early as 4.2 billion years (Ga) ago. However, our
combined paleomagnetic, geochemical, and mineralogical studies on Jack Hills zircons
indicate that most have poor magnetic recording properties and secondary magneti-
zation carriers that postdate the formation of the zircons. Therefore, the existence of
the geodynamo before 3.5 Ga ago remains unknown.

Contents from this chapter were reprinted from Borlina et al. (2020). (©) The
Authors, some rights reserved; exclusive licensee AAAS. Distributed under a CC

BY-NC 4.0 License (http://creativecommons.org/licenses/by-nc/4.0/)

2.2 Why Single Crystal Paleomagnetism?

Determining the history of the geodynamo before 3.5 Ga ago is limited by the lack

of a well-preserved Archean-Hadean rock record. However, the discovery of Hadean
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detrital zircon grains in metasediments of the Jack Hills, Western Australia (Comp-
ston and Pidgeon, 1986), opens up the possibility of studying the magnetic history
of Earth during its first billion years. In particular, primary ferromagnetic inclusions
(e.g., magnetite) in the zircons may contain a thermoremanent magnetization (TRM)
that records the paleointensity of the ancient field during primary cooling (Fu et al.,
2017; Weiss et al., 2015; Tarduno et al., 2014; Sato et al., 2015).

To preserve such a record, magnetite-bearing zircon crystals must have avoided
being heated above magnetite’s 580°C Curie temperature over their subsequent histo-
ries (Weiss et al., 2015, 2018). Furthermore, obtaining accurate paleointensity studies
with well-determined ages for bulk zircon grains requires that the grains’ natural re-
manent magnetization (NRM) be dominated by a TRM rather than a secondary
crystallization remanent magnetization (CRM) carried by ferromagnetic inclusions
formed or altered during aqueous alteration events after zircon crystallization (Weiss
et al., 2015, 2018).

Two recent studies (Tarduno et al., 2015, 2020) using single-crystal paleointensity
analyses of Jack Hills zircon grains suggested that a geodynamo existed as early as
4.2 Ga ago with a surface field ~0.1 to 1 times that of present-day Earth. However,
those studies (Tarduno et al., 2015, 2020) had three main limitations: (i) The ages
of the NRMs in the grains analyzed are unknown (Weiss et al., 2015, 2016); (ii) the
grains were not shown to contain a TRM rather than a secondary CRM (Weiss et al.,
2018; Tang et al., 2019; Trail et al., 2016); (iii) the studies’ grain selection criteria,
which targeted grains with NRM intensities >1072 Am?, might inadvertently have
excluded zircons that would have recorded the absence of a dynamo (i.e., that carry
no magnetization). In addition, there have been no independent studies corroborating
their paleomagnetic measurements. The latter issue is particularly important because
Jack Hills zircons have some of the weakest magnetic NRMs measured in the history
of paleomagnetism and therefore require exceptionally sensitive magnetometry tech-
niques and stringent contamination controls. To further evaluate the evidence of an
early dynamo and address these limitations, we conducted coupled paleomagnetic,

geochemical, and mineralogical analyses on Jack Hills detrital zircon grains.
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2.3 Methodology

2.3.1 Location of the Samples

Our field work was conducted in the Jack Hills in 2002 and 2012. We separated zircons
from five rock samples (named D175C, D175H, D175L, and Congl4c) collected at the
Hadean zircon discovery site, location W74 (Cavosie et al., 2004), in the Jack Hills,
Western Australia, Australia (Compston and Pidgeon, 1986), during the 2012 field
trip. Table S1 of Borlina et al. (2020) shows the sampling information about the bulk

samples and the source material for the grains.

2.3.2 Zircon Separation from Host Rocks

The five rock samples were manually sledged to gravel size fragments in the Mas-
sachusetts Institute of Technology Isotope Laboratory. These fragments then were
pulverized in a Shatterbox using an all-ceramic grinding vessel and sieved to <500-
pm grain size. The material then was mixed in water in a 4-liter beaker, and the
suspended material (<5 pm) was decanted; this wash process was repeated 15 times.
The remaining sand- and silt-size fraction then was dried under a heat lamp (maxi-
mum temperature of 45°C). The heavy-mineral aliquot was separated by immersion
in a high-density liquid (methylene iodide; specific gravity, 3.32), followed by rinsing
in acetone and air drying. Zircon grains then were handpicked under a binocular
microscope using nonmagnetic tweezers. Note that our separation procedures did not
involve the standard use of a Frantz isodynamic separator for removing paramagnetic
and ferromagnetic minerals, as the high magnetic field of the Frantz would otherwise

alter any original NRM that might have been present in the grains.

2.3.3 Ion and Electron Microprobe Measurements

U and Pb isotopes, backscattered electron microscopy (BSE microscopy), CL, and
Li-ion measurements were carried out in the UCLA Secondary Ion Mass Spectrom-

etry (SIMS) Laboratory at the University of California, Los Angeles (UCLA). The
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samples were transported between MIT and UCLA in magnetically shielded cans.
Approximately 400 grains were placed in 10 separate 2.5-cm-diameter epoxy EPO-
TEK 301 mounts and polished to approximately their midplanes. Information about
bulk rock source for the zircon grains and their respective mount number are com-
piled in Table S1 of Borlina et al. (2020). U and Pb isotopes were measured on
a CAMECA IMS 1270 SIMS, using an 160~ primary beam, with beam currents
of 12 to 15 nA. A beam diameter of ~20 to 30 pum was used. Isotopes measured
were 47r?0, 204pp 206py, 207ph 208ph 232Th 238(] and 238U160. The mass-resolving
power was >5500. We used oxygen flooding for improved Pb ionization (Quidelleur
et al., 1997). For the common Pb correction, we used a 2**Pb correction assuming
laboratory contamination with environmental Pb from southern California, specif-
ically the San Diego sewage (Patterson et al., 1976), with common 2%Pb/2%4Ph —
18.86, common 2°7FPh/2%4Ph = 15.62, and common 2*Pb/2%4Ph = 38.34. An initial
206Ph /207Ph ratio survey on 3754 grains was used to identify grains older than 3.5
Ga for all mounts except UCLA 1, 2, and 3; the latter were instead surveyed for
grains older than 3.8 Ga. U-Pb measurements and BSE, CL, and Li images were
then acquired from grains that passed this criterion. We calculated the 2°"Pb /2%6Ph
and 2%Pb /23U dates and inferred the 2°"Pb/?35U using the known U isotope ratio
(338U /U = 137.88). We assigned ages using 2°"Pb/?%Pb ratios. 2°"Pb/?%Pb and
206Ph /2381 were used to compute the discordance (Spencer et al., 2016; Wang and

Wilde, 2018)

0
206 pp,
38 pp

-1

207Pb
' % 100% (2.1)

Table S2 from Borlina et al. (2020) compiles U-Pb measurements for the grains
that passed the initial 2°°Pb/2°"Pb survey. Table S3 from Borlina et al. (2020) contains
age and uncertainties for the 77 grains selected for the paleomagnetic experiments.
BSE and CL images were acquired with a TESCAN VEGA3 scanning electron mi-
croscope equipped with a TESCAN three-channel color CL detector and TESCAN
retractable BSE detector (Bell et al., 2015). Li-ion images were acquired using a
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CAMECA IMS 1290 SIMS at the UCLA SIMS Laboratory. We used the Hyperion
IT radio frequency plasma primary ion source (Liu et al., 2018) with a 250 to 300 pA
160- beam focused to a <1-um spot size. We rastered the beam over a 50x50-um
area and recorded 10 frames of ion images of "Li and *°Si. We used the program
Winlmage to accumulate the 10 frames each of “Li and 3°Si (image intensity was
integrated over all 10 frames), and computed the ratio of the two to get an image
of "Li/*Si intensity. We normalized “Li to 3°Si to account for charging (where the
ionization rate may be heterogeneous because of accumulation of charge in the sample
as it is continually bombarded with negative secondary ions). The spatial resolution
of the images is equivalent to the spot size, so any feature >1 mum is not an arti-
fact. Because boundaries on zones are resolved to <1 pm, blurring of zones by more
than this value means they are actually physically smooth over that length scale. A
detectable Li zoning with thickness of <20 pum provides evidence that the sample has
not been heated >550°C for more than 1 million years ((Trail et al., 2016). However,
this method might provide an underestimation of the peak temperature experienced
by the grains in some cases Tang et al. (2017). As discussed in the main text, whether
or not the Li band criterion is used to filter our samples does not change the overall
outcome of this study. In the supplementary material of Borlina et al. (2020) we
provide evidence that the ion and electron microprobe work measurements did not
remagnetize the samples. We also provide the complete set of images taken from all

measured grains

2.3.4 Acid Washing

We previously showed that most Jack Hills zircon grains, when untreated with con-
centrated (6 M) hydrochloric acid (HCI) acid, have magnetization likely dominated
by secondary minerals coating the zircons (Weiss et al., 2018). Therefore, before
paleomagnetic measurements, all grains and one sample (18-11-13) fragmented into
three pieces. All acid washing steps were performed in the MIT Isotope Laboratory

cleanroom facilities.
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2.3.5 Paleomagnetism

Following HCI and H,SO, acid-washing, grains were mounted in pits drilled into
Corning Eagle XG glass slides, following similar procedures previously developed for
analyzing zircons from the Bishop Tuff (Fu et al., 2017). Figure S3 of Borlina et al.
(2020) shows the overall measuring setup. Optical and magnetic field images of the
four glass holders with the analyzed here (with the exception of four whole grains;
see section S5 of the supplementary materials of Borlina et al. (2020)) were washed
with a 6 M HCI solution for 12 min at room temperature, followed by rinsing in
Milli-Q water and air drying. Zircon crystals from samples D175C and D175H were
washed with HCI before U-Pb measurements, while grains from D175L and Congl4C
were washed with HCI after U-Pb measurements. All grains selected for paleomag-
netic measurements were extracted from the epoxy mounts using nonmagnetic tools
(Semprex probe needle, lot 18) and washed in 70% H,SO, for 3 hours to remove any
residual epoxy deposits before magnetic measurements. During extraction, five sam-
ples (18-8-12, 18-15-18, 18-4-8, 1-1-9, and 18-2-12) fragmented into two pieces. The
absolute orientation of the grains was not maintained between mounting in the epoxy
for the electron microscopy and ion probe measurements and in the glass mount for
paleomagnetic measurements. However, the orientation of the grains and the glass
mount was kept fixed throughout the paleomagnetic measurements. Heating steps
were conducted with an ASC Scientific TD48-SC thermal demagnetizer, which pro-
vides temperature control with accuracy of better than £5C. An IZZI protocol was
used in this experiment (Yu et al., 2004). The in-field step used a 50-uT laboratory
magnetic field.

Because of the overall weak magnetic moments of the samples (between 6.05x 10715
and 4.15x10712 Am?), NRM measurements were conducted with the SQUID micro-
scope (Weiss et al., 2007) in the MIT Paleomagnetism Laboratory. The configuration
used in these experiments, including the sample holder and the mount with the zircon
crystals, yields an approximate distance from the SQUID sensor to the midplane of

the sample of ~360 pum [see Fig. S3 from Borlina et al. (2020)|. This distance includes
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the sensor to the window separation (~200 um), the thickness of the Corning Eagle
XG glass left at the bottom of the wells (~60 pm), and half of the size of the grain
(~100 pm).

2.3.6 Quantum Diamond Microscopy

After paleomagnetic measurements, select grains were extracted from the glass mount,
placed in epoxy EPO-TEK 301, and polished again. We used the QDM (Glenn et al.,
2017) in the Harvard Paleomagnetics Laboratory to constrain the location of the
magnetization carriers within the grains. Samples were measured in contact with the
sensing diamond after a 0.4-T IRM was applied in the out-of-plane direction using an
ASC model IM-10-3 impulse magnetizer. We measured the magnetic field intensity at
a height of ~5 pm above the sample along the [111] direction of the diamond crystal
lattice using projective magnetic microscopy with a resolution of 1.17 micrometers
per pixel (Glenn et al., 2017). We isolated the remanent field signal of ferromagnetic
grains by measuring the sample successively under two mutually antiparallel 0.9-mT
bias fields and computing the out-of-plane magnetic field using a spectral algorithm
(Lima and Weiss, 2016). The absolute orientation of the grains differed between the

SQUID microscopy measurements and these QDM measurements.

2.3.7 Transmission Electron Microscopy

TEM was conducted in the Wolfson Electron Microscopy Suite at the University of
Cambridge. Our TEM analysis targeted locations based on the QDM maps previ-
ously measured. The TEM foil was prepared using a dual-beam focused ion beam
microscope FEI Helios NanoLab (Hillsboro, OR, USA) with an area of ~60 ym?
and a depth of ~7 pm. An in-situ lift-out technique was used to site-specifically
extract the foil from the place with magnetic signals mapped with the QDM, and a
cleanup procedure with low acceleration voltage was used to reduce surface damage
of the foil. The TEM sample was examined using a FEI Tecnai Osiris TEM with

an extreme Schottky field emission gun. The instrument was equipped with four
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large-area energy-dispersive x-ray spectrometer detectors, providing a fast chemical
compositional measurement. The analysis was carried out at scanning TEM mode
at 200 kV, where both bright-field and high-angle annular dark-field images were

acquired.

2.4 Results

We extracted the zircon crystals from the pebble conglomerate that we sampled in
2012 at the Hadean zircon discovery locality at Erawandoo Hill [site W74 (Weiss et al.,
2015, 2016))| using nonmagnetic techniques described above. From these samples,
3754 zircons were washed with HCI acid and mounted in nonmagnetic epoxy, polished
to approximately their midplanes, and dated using U-Pb chronometry. Grains found
to have U-Pb ages older than 3.5 Ga (a total of 250) were analyzed using backscattered
scanning electron (BSE) microscopy, cathodoluminescence (CL) imaging, and Li-ion
imaging. BSE and CL images were used to assess the likelihood of secondary CRM by
identifying zircon overgrowths, recrystallization zones, metamictization, cracks, and
secondary deposits of minerals in void spaces (Corfu et al., 2003). The goal of Li-ion
imaging was to constrain the possibility of secondary TRM by providing estimates of
the peak metamorphic temperatures experienced by zircons (Trail et al., 2016).

We defined a set of selection criteria that enables the identification of detrital
zircon grains minimally affected by secondary TRM and CRM overprints Fig. 2-
1 (1) U-Pb age discordance <10%; (2) lack of visible cracks, metamictization, and
secondary deposits in BSE images and the presence of zonation in CL images inter-
preted as a primary igneous texture; and (3) presence of detectable primary Li zoning
with thickness of <20 um as observed by Li-ion imaging (11). Criterion (3) indicates
the absence of TRM overprints acquired during 21 million years (Ma) long, 2550°C
metamorphic events under the assumption that natural Li diffusivity is similar to ex-
perimentally determined values (Tang et al., 2017). Note that these three criteria are
based on measurements that only probe the polished surface of the grain (i.e., do not

survey the full grain volume). Furthermore, the analytical methods used for criterion
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Grain 7-13-20
(3.973 £ 0.001 Ga)

7Li/*°Si
0.28

/ U-Pb discordance < 10%

4 Lack of cracks and alteration
in BSE and CL images

/ Detectable Li zoning <20 ym

1 LIS
046

Grain 12-2-8
(3.666 + 0.004 Ga)

/ U-Pb discordance < 10%

/ Lack of cracks and alteration
in BSE and CL images

X Detectable Li zoning <20 ym

Grain 15-18-8
(3.527 +0.007 Ga)

v/ U-Pb discordance < 10%

X Lack of cracks and alteration
in BSE and CL images

X Detectable Li zoning <20 ym

Figure 2-1: Examples of grains that pass and fail the selection criteria.
(A to C) Example of a zircon grain (7-13-20; 3.973 £ 0.001 Ga) that passes all
selection criteria: U-Pb age discordance <10%, presence of zonation in CL (A), no
signs of secondary deposits on the exposed surface from BSE (B), and <20-pm-thick
Li zonation banding (black arrow), indicating that the sample may not have been
fully thermally remagnetized since crystallization (C). (D to F) Example of a zircon
grain (12-2-8; 3.666 £+ 0.004 Ga) that passes some of the selection criteria: U-Pb age
discordance <10%, presence of zonation in CL (D), no signs of secondary deposits
on the exposed surface from BSE (E), and no observed Li zonation (F). (G to I)
Example of a zircon grain (15-18-8; 3.527 £ 0.007 Ga) that fails most of the selection
criteria: U-Pb age discordance <10%, absence of igneous zonation (G), presence of
secondary mineral filling cracks at the lower right side of the grain (white arrow) (H),
and no observed Li zonation (I).

(2) are unable to resolve the <1 pm-diameter single-domain magnetite grains that
would carry stable primary magnetization. Thus, these criteria likely are necessary
but not sufficient requirements for identifying a zircon with primary NRM.

Of a total of 250 zircon grains, only 3 grains passed all of the above selection cri-

23



teria. We selected these 3 grains, along with 53 grains that failed one or more criteria
(including 13 subsamples from 6 grains), for subsequent paleomagnetic studies. As a
control to confirm that our polishing and ion and electron microprobe measurements
do not fundamentally alter the zircons” NRMs, we also analyzed an additional 21
grains in their natural unpolished forms from the same host rocks using nonmagnetic
methods, 4 of which were acid-washed. We conducted paleomagnetic analyses on a
total of 77 grains.

NRMs of the zircons ranged between 6.05x107 and 4.15x1072 Am?, and their
magnetic moments were analyzed using SQUID microscopy as described above (Weiss
et al., 2007; Lima and Weiss, 2016). Following methods previously developed for the
Bishop Tuff zircons (Fu et al., 2017), we obtained paleointensity estimates for the
77 grains using the in-field zero-field zero-field in-field (IZZI) double-heating protocol
(Yu et al., 2004) with partial TRM (pTRM) alteration checks at every other heating
step starting at 300°C.

We defined paleomagnetic quality criteria that are permissive compared with those
of typical paleointensity studies of younger rocks [see the supplementary materials of
Borlina et al. (2020) for a discussion on this|. This is because the overall goal of this
study was to establish the presence or absence of a geodynamo at >3.5 Ga ago, which
only requires paleointensities with order-of-magnitude uncertainties. Therefore, pa-
leointensity estimates were considered acceptable when a sample (a) had a difference
ratio sum <25% (Tauxe and Staudigel, 2004) and (b) gained a moment in the direc-
tion of the laboratory field during in-field steps with a maximum angular deviation
<15° (Kirschvink, 1980). Criterion (a) indicates that minimal thermochemical al-
teration occurred during the paleointensity experiments, while criterion (b) provides
evidence that the sample can record an ancient field’s direction and intensity (while
not requiring the presence or absence of such a field when the zircon acquired its
magnetic record). In summary, samples that pass our initial selection criteria and
paleomagnetic criteria are candidates for providing a robust constraint on the dy-
namo at the time of their crystallization. Conversely, samples with unstable NRM

would either indicate the absence of a dynamo (if the sample passes the selection

24



and paleomagnetic criteria) or that the sample is unsuitable for paleointensity experi-
ments (either because of poor magnetic recording properties and/or sample alteration
during laboratory heating). Following the paleointensity experiments, we analyzed
selected grains with quantum diamond magnetometry (QDM) (Glenn et al., 2017)
coupled with transmission electron microscopy (TEM) to elucidate the origin of the
magnetic sources within the grains.

Of the 77 zircon grains analyzed for paleointensity estimations, only a total of 6
grains passed the two paleomagnetic criteria. We found that 63 of the 77 samples
failed paleomagnetic criterion (a), indicating alteration during our experiments. In
addition, we found that 54 samples have poor magnetic recording properties, as in-
dicated by their failure of paleomagnetic criterion (b). Among the six grains that
passed both paleomagnetic criteria, only two passed all five combined selection and
paleomagnetic criteria (Fig. 2-2). Even if we were to exclude Li zonation as one of
the selection criteria, there would be no additional grains that would pass the other
selection and paleomagnetic criteria (Tang et al., 2017). In addition, our analyses of
the unpolished control grains confirm that polishing the grains did not increase the
incidence of alteration during experiments or the magnetic recording quality [see the
supplementary materials of Borlina et al. (2020) for a discussion on this].

The two grains that passed the five combined criteria were sample 7-13-20, with a
U-Pb age of 3.973 4+ 0.001 Ga, and sample 8-2-11, with a U-Pb age of 3.979 4+ 0.007
Ga. Fig. 2-2 summarizes the selection process starting from the initial 3754 grains and
ending at these 2 grains. Figures 2-3 and 2-4 show BSE, CL, Li, and paleomagnetic
data for these two grains. The two grains each have at least two NRM components.
Sample 7-13-20 (Fig. 2-3) has a low-temperature component that unblocked between
room temperature and 200°C, a medium-temperature component that unblocked be-
tween 200° and 300°C, and a high-temperature component that unblocked between
300° and 580°C. Sample 8-2-11 (Fig. 2-4) has a low-temperature component that
unblocked between room temperature and 510°C and a high temperature component
that unblocked between 510° and 580°C. The 580°C peak demagnetization tempera-

ture of the NRMs for both samples indicates that the high-temperature components
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Figure 2-2: Summary of zircon selection from the initial 3754 dated grains.
Each circle shows the number of zircon grains remaining after each selection step. The
histogram on the top right shows the measured age distribution of the 3754 grains.
From the 250 grains that were older than 3.5 Ga, we selected all grains that passed all
the selection criteria (3 grains) and an additional set of 53 grains. The histograms at
the bottom left show the number of grains that satisfy the various selection criteria
[(1) U-Pb age discordance <10%; (2) lack of visible cracks, metamictization, and
secondary deposits; and (3) detectable primary Li zoning with thickness of <20 pm]
and paleomagnetic criteria [(a) the NRM component had a difference ratio sum 25%,
and (b) the sample gained a moment in the direction of the laboratory field during in-
field steps with a maximum angular deviation 150 over the same temperature range
as the NRM component| for the 56 grains selected for paleomagnetic analysis. Only
two grains pass all the selection and paleomagnetic criteria. In addition to the 56
polished grains shown here, 21 whole grains were also analyzed paleomagnetically as
a control. No grain showed evidence for a Hadean-Eoarchean dynamo.

are carried by nearly pure magnetite.

Figure 2-5 shows an example of a grain that passes all of the selection criteria
but fails all of the paleomagnetic criteria. Most of our grains present NRM demag-
netization similar to the one in Fig. 2-5: unstable demagnetization, thermochemical
alteration in the laboratory, and no in-field acquisition of remanence.

Subsequent to the paleointensity studies, grains 7-13-20 and 8-2-11 were analyzed

in more detail to elucidate the nature and origin of their ferromagnetic inclusions.
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Figure 2-3: Paleomagnetic data for zircon grain 7-13-20 (3.973 4+ 0.001 Ga)
that passes all selection and paleomagnetic criteria. (A) Orthographic projec-
tion of NRM vector endpoints during thermal demagnetization. Closed symbols show
the X-Y projection of the magnetization; open symbols show Z-Y projection of the
magnetization. Selected demagnetization steps are labeled. (B to D) Out-of-the-page
magnetic field component (B,) maps measured at a height of 360 pm above the grains
obtained with the SQUID microscope for the NRM, 500°C, and 575°C steps. We use
a “1” subscript on X, Y7, and Z; to denote the fact that the grain orientations during
the thermal demagnetization and paleointensity experiments are different from the
grain orientations during the BSE, CL, and Li measurements and during the QDM
measurements (Fig. 2-6). (E) Vector-subtracted NRM from the 300°C step versus
pTRM grained during progressive laboratory heating. Blue triangles show pTRM
checks. The red line shows the measurements used to compute paleointensity values
(300° to 580°C). (F to H) CL, BSE, and Li images of the grains.

First, the isothermal remanent magnetization (IRM) of the samples was imaged with
QDM (Glenn et al., 2017) to determine the location of the magnetization sources
(Fig. 2-6). Following this, we used TEM to investigate internal regions with the
strongest magnetization. We found no evidence of primary ferromagnetic inclusions.
Instead, we observed magnetite crystals (identified using Moiré diffraction interfer-
ometry) (Tang et al., 2019) growing inside voids fed by iron that diffused along the

regions of intersecting dislocations. We also identified magnetite crystals with high
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aspect ratios, crystallographically aligned with the host zircon, and growing along
dislocation cores |Fig. 2-6; see also (Tang et al., 2019)]. The alignment, aspect ratios,
and locations of the magnetite grains within regions of recovery from accumulated
radiation damage demonstrate that the grains are secondary in origin (White et al.,
2017; Timms et al., 2012; Piazolo et al., 2016). No evidence has been put forth
to support the speculation that they formed by exsolution and/or vapor deposition
(Tarduno et al., 2020). The presence of secondary magnetite is not linked to alter-
ation during laboratory heating steps, as demonstrated by the fact that these two
grains passed paleomagnetic criterion (a) and that they contain voids with a diver-
sity of shapes and sizes that commonly are empty or filled with phases other than
magnetite, most commonly baddeleyite and ilmenite (Geisler et al., 2007). The mag-
netite apparently formed as a result of natural fluid alteration at an unknown time
during the last 3.9 Ga, at which time their bulk host zircons would have acquired a

secondary CRM.

2.5 Discussion

The data presented here suggest that the vast majority of Jack Hills zircons are not
suitable for paleointensity studies of the Hadean-Eoarchean magnetic field. In partic-
ular, only 2 of 77 grains passed our five selection and paleomagnetic criteria. These
two grains yielded results similar to those previously reported for Jack Hills zircons
(Tarduno et al., 2015, 2020) and that were interpreted to be a record of a Hadean-
Eoarchean dynamo: initial NRM intensities of ~1x 10712 Am?, no signs of alteration,
and stable NRM demagnetization exhibiting multiple components. However, close
examination of both of our grains shows that their magnetic carriers are most likely
secondary in origin. Therefore, the ages of their NRMs are unknown and certainly
younger than their U-Pb ages. Their multicomponent NRMs are consistent with being
CRMs overprinted by pTRMs because of heating events in the Jack Hills outcrop or
else by younger CRMs. The presence of a CRM means that the thermal paleointensity
experiments, which implicitly assume that the NRM is a TRM, will yield unreliable
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Figure 2-4: Paleomagnetic data for zircon grain 8-2-11 (3.979 + 0.007 Ga)
that passes all selection and paleomagnetic criteria. (A) Orthographic projec-
tion of NRM vector endpoints during thermal demagnetization. Closed symbols show
the X-Y projection of the magnetization; open symbols show Z-Y projection of the
magnetization. Selected demagnetization steps are labeled. (B to D) Out-of-the-page
magnetic field component (B,) maps measured at a height of 360 pm above the grains
obtained with the SQUID microscope for the NRM, 500°C, and 580°C steps. We use
a “1” subscript on X, Y7, and Z; to denote the fact that the grain orientations during
the thermal demagnetization and paleointensity experiments are different from the
grain orientations during the BSE, CL, and Li measurements and during the QDM
measurements (Fig. 2-6). (E) Vector-subtracted NRM from the 510°C step versus
pTRM grained during progressive laboratory heating. Blue triangles show pTRM
checks. The red line shows the measurements used to compute paleointensity values
(510° to 580°C). (F to H) CL, BSE, and Li images of the grains.

paleointensity values. We also note that unlike the previous studies (Tarduno et al.,
2015, 2020), we found that the majority of grains analyzed paleomagnetically have
poor demagnetization and remagnetization behavior. In conclusion, the existence of

the dynamo before 3.5 Ga has yet to be established.
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Figure 2-5: Paleomagnetic data for zircon grain 15-1-7 (4.094 + 0.005 Ga)
that passes all selection and paleomagnetic criteria. (A) Orthographic projec-
tion of NRM vector endpoints during thermal demagnetization. Closed symbols show
the X-Y projection of the magnetization; open symbols show Z-Y projection of the
magnetization. Selected demagnetization steps are labeled. (B to D) Out-of-the-page
magnetic field component (B,) maps measured at a height of 360 pm above the grains
obtained with the SQUID microscope for the NRM, 500°C, and 560°C steps. We use
a “1” subscript on X1, Y7, and Z; to denote the fact that the grain orientations during
the thermal demagnetization and paleointensity experiments are different from the
grain orientations during the BSE, CL, and Li measurements and during the QDM
measurements (Fig. 2-6). (E) Vector-subtracted NRM from the 510°C step versus
pTRM grained during progressive laboratory heating. Blue triangles show pTRM
checks. The red line shows the measurements used to compute paleointensity values
(550° to 580°C). (F to H) CL, BSE, and Li images of the grains.

2.6 Conclusion

We suggest that the difference in results between our study and that of (Tarduno et al.,
2015, 2020) may be due to our different measurement protocol, in which we washed
the grains using concentrated (6 M) HCI to remove considerable amounts of sec-
ondary magnetic deposits before paleomagnetic measurements, used high-sensitivity
magnetic microscopy that enabled measurements of samples with up to 1000 times
weaker NRMs, and used QDM and TEM to constrain whether the magnetic carriers
are primary in origin. Elucidating the early evolution of the geodynamo may require

as yet unidentified detrital minerals that are less prone to radiation damage.
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Figure 2-6: Magnetite grains located in dislocations and filling parts of voids
postdating igneous formation of the zircon host. (A to C) Zircon grain 7-13-20.
(D to F) Zircon grain 8-2-11. (A and D) QDM maps of the out-of-the-page magnetic
field component (B,) of an IRM applied to the grain used to locate magnetic sources
at a height of 5 pum above the samples. We use X5, Y5, and Z, to denote that the
grain orientations for these measurements differ from those during the paleointensity
experiments (Figs. 2-3 to 2-5). (B and E) BSE images of the grains. The grains were
repolished after the paleomagnetic experiments and before these BSE images. Note
the difference when compared with the earlier BSE images of the same grains in Figs.
2-3 and 2-3; the images here expose several cracks that were not previously visible.
(C and F) TEM analyses conducted in the vicinity of the strongest magnetic region
of the grain by extracting rectangular focused ion beam sections (from rectangular
regions visible in the BSE images). Magnetite (“mag”) grains are seen to be forming
inside voids that intersect dislocations (“disloc”) and growing along dislocation cores
that formed during recovery. Magnetite commonly is associated with baddeleyite
(“badd”), a secondary product formed after recovery from radiation damage (Geisler
et al., 2007), pointing to the fact that the magnetite crystals were not present in the
zircon structure when the zircon crystal formed.
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Chapter 3

Paleomagnetism of

Calcium-aluminium-rich Inclusions

3.1 Chapter Introduction

Magnetic fields have been proposed to play a central role in the evolution of proto-
planetary disks by transporting mass and angular momentum. Paleomagnetic studies
of meteorites have shown that magnetic fields of ~50-100 nT existed within 7 AU
of the Sun at ~2-3 million years (Ma) after the formation of calcium-aluminum-rich
inclusions (CAls), dispersing by ~4 Ma after CAI formation. Nonetheless, the ex-
istence of magnetic fields and their role prior to 2 Ma after CAI formation remains
undetermined. In this chapter, I seek to establish the magnetic field of the solar
nebula during its first ~20-50 thousand years by obtaining paleomagnetic measure-
ments of CAls. This might also shed light on CAI’s poorly-understood formation and
transport mechanisms. Our results indicate the presence of magnetic fields during the
very beginning of the solar system and is likely the oldest known paleomagnetic record
yet identified from any sample. When coupled to models that describe magnetically-
driven accretion in protoplanetary disks, our results suggest that CAls likely acquired
their magnetic record at >8 AU. Given that previous isotopic, mineralogical and re-
dox studies favor a formation of CAls <0.1 AU from the Sun, our records suggest that

CAls acquired magnetization through reheating during or after transport to the outer
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solar system, potentially associated with magnetized disk winds and stellar outbursts.
Ongoing studies will investigate the CAI’s isotopic composition and rock magnetic

properties to determine the nature and origin of their magnetization.

3.2 Introduction

Calcium-aluminium-rich Inclusions (CAls) were the first solids to form in the solar
system (Krot, 2019). They have the oldest ages of any other inclusion in the solar
system, dating back to ~4567-4568 million years (Ma) (Connelly et al., 2017; Bouvier
et al., 2011). CAls are very diverse in terms of mineralogical composition, but they
all contain one or more high temperature minerals such as corundum, hibonite, per-
ovskite and/or melilite, potentially also containing clinopyroxene, anorthite, spinel,
Fe-Ni metal, forsterite, and enstatite (Krot, 2019). CAls formed through conden-
sation, evaporation, aggregation and melting in a gas of solar composition near the
proto-Sun (Krot, 2019). The formation of CAls was fast, ~10-50°C hr~! (Richter
et al., 2002; Simon et al., 2019; Davis and MacPherson, 1996), and after their initial
formation, secondary heating events likely happened within ~0.2 Ma after CAI for-
mation (Scott and Krot, 2013; Gounelle et al., 2009; Kita et al., 2013; Krot, 2019;
MacPherson, 2013; McSween, 1999).

Although numerous petrological and geochronological studies have been conducted
on CAls [e.g., (Kita et al., 2013; Chi et al., 2009; MacPherson et al., 2017; Sugiura and
Krot, 2007; McKeegan et al., 2000; Brennecka et al., 2018, 2020; Ebert et al., 2018)]
along with a preliminary paleomagnetic study on an altered CAI from CV chondrites
(Smethurst and Herrero-Bervera, 2002), no systematic paleomagnetic study of CAls
has been conducted to date. Here, we conduct paleomagnetic studies with CAls to
understand their formation mechanisms and to determine how they were transported
to the >3 AU region of the solar nebula. The latter issue is of particular interest
because while CAls are expected to form close to the proto-Sun, they are currently
found more commonly in carbonaceous chondrites, meteorites that likely formed >3

AU (Krot, 2019).
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While some mechanisms account for both formation and transport of CAls, others
explain formation and transport independently. The X-winds (Shu et al., 1996) and
the magnetically-driven disk wind (Salmeron and Ireland, 2012) mechanisms describe
both formation and transport of CAls. In the X-wind model, refractory inclusions
are thermally processed <0.1 AU, then ejected to outer areas of the disk through
magnetocentrifugal outflows. This model predicts that chondrules and refractory
inclusions recorded fields of >80 to 400 T while thermally processed at <0.1 AU from
the proto-Sun (Shu et al., 1996). However, this model has been generally dismissed
because if fails to explain several key observations about CAI formation [see Desch
et al. (2010) and Krot et al. (2009) for a complete discussion on this|.

Alternatively, magnetically-driven disk winds have been invoked to explain the
formation of chondrules and refractory inclusions (Salmeron and Ireland, 2012; Scott
et al., 2018). In this scenario, magnetically-driven winds that are active within several
AU of a Young Stellar Object can lift dust up to ~0.2 AU of the midplane of the disk,
causing it to heat up to temperatures as high as ~2000 K. The dust cools down as
it returns to the disk due to drag at larger radial distances than their starting place.
In this scenario, the magnetic record is that of the solar nebula at a few AU from the
proto-Sun, which is expected to be of a few hundreds of uT (see discussion).

A mechanism that includes only formation is the proposed idea that CAls formed
close to proto-Jupiter due to temperatures associated with the formation of the gas
giant (Brennecka et al., 2018). In this mechanism, CAls would have recorded the
ambient nebular field of a few hundreds of yT present in the 1-10 AU region.

Finally, a proposed mechanism of CAI transport is meridional flow, where viscous
transport through magnetorotational instabilities leads to a outward meridional flow
in the midplane region (Ciesla, 2007). Nonetheless, such meridional flow was not
identified in global simulations of turbulence driven by the magnetorotational insta-
bility (Fromang et al., 2011). Moreover, in the recently more favored scenario of disk
accretion driven by magnetized disk winds (Bai, 2017), transport of solids is more
complex and outward transport appears inefficient (Hu and Bai, 2021).

Here, we discuss the first extensive study of CAls as potential paleomagnetic
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Figure 3-1: Example of compositional maps from two selected CAls used
in this study. (A) CAI 11 is a hibonite-bearing CAIL (B) CAI 19 is a melilite-rich
CAI Red indicates Mg, blue indicates Al and green indicates Ca.

targets. We used a meteorite that has experienced little alteration and metamorphism
in the parent body Dominion Range (DOM) 08006 (3.00), and in fact one of the least
altered samples available in the meteorite record (Davidson et al., 2019). We present
our results and discuss them in the context of the different mechanisms for formation

and transport of CAls in the early solar system.

3.3 Methodology

3.3.1 Identification, Selection and Extraction of CAls

We conducted an extensive survey among inclusions from two thick sections of DOM
08006 obtained from the same parent sample described in Chapter 4 and Borlina
et al. (2021c). We targeted the thick sections by obtaining mineral maps, similar to
the ones shown in Figs. 3-1A-B, and mineralogical identification. To obtain these,
we used a EOL JXA-8200 Superprobe electron probe microanalyzer (EPMA) using
wavelength dispersive spectroscopy (WDS) in the MIT Electron Microprobe Facility.
Backscattered electron (BSE) images were obtained with the same instrument. The

EPMA was operated at an accelerating voltage of 15 kV and a beam current of 10
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Figure 3-2: AF demagnetization of ARMs from two distinct Mudtank zir-
con grains after microprobe work. (A) ARM was applied and immediately after
microprobe work was performed on this sample. We do not observe any difference
between the value of the NRM and that immediately before ARM demagnetization
providing evidence that the microprobe does not remagnetize or overprint the sam-
ples. (B) Same as (A), but this time we waited two days between ARM application,
microprobe work and ARM demagnetization (black line). The blue line shows an
example of ARM application, two-days waiting period and ARM demagnetization.
The behavior of the two lines is very similar, providing further evidence that the
microprobe does not remagnetize or overprint the NRM of the samples.

nA, and natural and synthetic standards were used for calibration. The counting
times were typically 40 seconds per element, and the 1o standard deviation of the
accumulated counts were 0.5 to 1.0% from counting statistics. The raw data were
corrected for matrix effects using the CITZAF package (Armstrong, 1995).

Prior to use the microprobe, we used test samples to establish if the microprobe
would remagnetize CAls priot to our paleomagnetic experiments, potentially elim-
inating any original natural remanent magnetization (NRM). To achieve this, we
applied anhysteretic remanent magnetizations (ARMs) with AC fields of 2600 G and
DC fields of 200 pT to zircon grains from Mudtank Australia (see Borlina et al. (2020)
for more details of these samples). Fig. 3-2 shows the result of these experiments.
Fig. 3-2A shows ARM application, followed by microprobe work, followed by ARM
demagnetization. We observe no variation on the NRM value between initial appli-

cation and after microprobe work. Fig. 3-2B shows ARM application followed by
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microprobe work and ARM demagnetization after two days from the initial ARM
application (black line). The decay between the initial ARM application and that
measured two days after, following microprobe work, is similar to what is observed
in that of an ARM application, followed by two days of waiting, and ARM demag-
netization (blue). These observations suggest that conducting microprobe work prior
to NRM demagnetization does not erase or overprint the potential NRM recorded in
the samples.

We identified a total of 25 CAls. Following the classification of Zhang et al. (2020),
we observed 14 melilite-rich CAls, 7 hibonite-bearing CAls, 2 grossite-bearing CAls
and 2 pyroxene-anorthite CAls. We selected five CAls to conduct paleomagnetic stud-
ies with: CAI 6 (melilite-rich), CAI 10 (hibonite-bearing), CAI 11 (hibonite-bearing),
CAI 18 (melilite-rich) and CAI 19 (melilite-rich). Fig. 3-3 shows the BSE images
along with the WDS interpretation for all samples studied here. After identification,
all CAls were extracted following the procedures described in Borlina et al. (2021c).
We also attempted to conduct an unidirectionality test with one of the CAls. Because
the nebular field is expected to have been directionally homogeneous on submillime-
ter length scales, a nebular TRM should be unidirectional within each CAI (Borlina
et al., 2021c). For this test, we split CAI 18 into two subsamples, CAI 18a and CAI

18b, after extraction.

3.3.2 Paleomagnetism

We used alternating fields (AFs) to demagnetize the CAls in steps of 5 mT, using an
automatic 3-axis degausser system integrated into the 2G Enterprises Superconduct-
ing Rock Magnetometer 755R (Kirschvink et al., 2008) at MIT. We demagnetized the
samples with repeated AF applications to reduce spurious ARM (Stephenson, 1993).
The maximum AF field necessary to demagnetize the samples varied among our sam-
ples. Sample CAI 6 was demagnetized up to 145 mT, CAI 10 was demagnetized up
to 100 mT, CAI 11 was demagnetized up to 105 mT, CAI 18a was demagnetized up
to 225 mT, CAI 18b was demagnetized up to 70 mT and CAI 19 was demagnetized

up to 145 mT. For each AF step, we measured the magnetic field of each sample three
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Figure 3-3: BSE images and WDS interpretations for all CAls used in this
study.(A) CAI 6 is a melilite-rich CAI. (B) CAI 10 is a hibonite-bearing CAI. (C)
CAI 11 is a hibonite-bearing CAIL (D) CAI 18 is a melilite-rich CAIL (E) CAI 19 is
a melilite-rich CAIL
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Figure 3-4: AF demagnetization of CAI 10. Orthographic projections of NRM
vector endpoints during alternating field (AF) demagnetization showing averaged
measurements for repeated AF steps. Closed symbols show the Y-X projection of the
magnetic moment, and open symbols show Z-X projection of the magnetic moment.
Selected demagnetization steps are labeled. Color scales show the AF levels. Out-of-
the-page magnetic field component (B,) maps for selected steps measured at a height
of ~300 pum above the chondrules obtained with the SQUID microscope. Each map
represents one of three maps associated with different applications of the AF field to
obtain each step shown in the orthographic projection.

times. Each measurements was conducted after applications of the AF in the X, Y,
and Z directions.

NRM measurements were obtained using the superconducting quantum interfer-
ence device (SQUID) microscope and the quantum diamond microscope (QDM) in
the MIT Paleomagnetism Laboratory (Weiss et al., 2007; Glenn et al., 2017; Fu et al.,
2020c). CAI 11 was measured with the QDM from 0-45 mT and from 45-105 mT
with the SQUID microscope. All other samples were measured with the SQUID mi-
croscope only. Measurements of the samples’ magnetic fields were obtained at an
effective sensor-to-sample distance of ~300 pm with the SQUID microscope and ~30
pm with the QDM. Most sources were found to be dipolar and we used a previously

described inversion technique to obtain the magnetic moment from the magnetic field
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(Lima and Weiss, 2016; Fu et al., 2020c). We upward-continued non-dipolar maps and
used the inversion technique described in Fu et al. (2020c) to obtain magnetic mo-
ments. After obtaining magnetic moments from each AF step, we averaged across the
three repeated AF steps. The directions of NRM components were calculated using
principal components analysis (Kirschvink, 1980). If a NRM component had a devia-
tion angle less than the maximum angle deviation, then this component was inferred
to be the characteristic component and therefore anchored to the origin (Kirschvink,
1980; Tauxe and Staudigel, 2004).

To obtain paleointensities, we used the ARM method (Fu et al., 2014; Tikoo et al.,
2014; Borlina et al., 2021c) for which:

Biay ANRM

Booteo = —ab =" T 1
paleo = "t AARM (3.1)

where Bpgeo is the ancient magnetic field recovered from the experiment, By, is
the 200-uT ARM bias magnetic field applied to the sample, AN RM 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 260 mT for all samples, except CAls 11 (peak 105 mT) and 19 (peak
145 mT). We also demagnetized an ARM from CAI 19 with a bias field of 200 ¢T and
peak AF field of 260 mT and we did not observe variations in the demagnetization
behavior of this sample when compared to the that with a peak field of 145 mT. 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. Because the only potential
magnetic carriers in CAls are likely to be Fe-Ni metal grains, we adopted an f of
1.34 (Tikoo et al., 2014; Krot, 2019). Paleointensities fits followed the procedures
described in Borlina et al. (2021c).
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Figure 3-5: AF demagnetization of CAls (A) CAI 6, (B) CAI 11, (C) CAI 18a,
(D) CAI 18b and (E) CAI 19. Orthographic projections of NRM vector endpoints
during alternating field (AF) demagnetization showing averaged measurements for
repeated AF steps. Closed symbols show the Y-X projection of the magnetic moment,
and open symbols show Z-X projection of the magnetic moment. Color scales show
the AF levels.
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3.4 Results

AF demagnetizations are shown in Figs. 3-4 and 3-5. Fig. 3-4 shows the NRM de-
magnetization of CAI 10 data along with SQUID microscope maps of selected steps.
The remaining NRM demagnetizations are shown in Fig. 3-5. Table 3.1 shows the
results of the principal components analysis. Overall, all CAls, with the exception
of CAI 11, show a low coercivity (LC) component that is completely removed by
30 mT. Three CAls showed high coercivity (HC) components that were completely
demagnetized by 145 mT. The remaining three CAls did not have HC components.
Fig. 3-6 show the LC and HC components of the CAls (red) including maximum
deviation angles. In the HC plot, faded red datapoints indicate the fits from the
non-magnetized components. Directions from dusty olivine chondrules obtained from
Borlina et al. (2021c) are presented in black. The random direction of the HC com-
ponents presented in Fig. 3-6 further support that that these inclusions were not
remagnetized since accretion to the parent-body. In fact, a conglomerate test that
included both CAIls and dusty olivine chondrules, in total seven samples, indicates
that we cannot reject the hypothesis that both sets of directions are random with
95% confidence, since the length of the resultant vectors is 0.46, which is less than
that of the critical length of 4.13 for 7 samples (Watson, 1956; Borlina et al., 2021c¢).
An unidirectionality test conducted with CAI 18 turned out to be inconclusive since
this particular sample did not record a component. Nonetheless, the fact that the
HC components from CAI 18a and CAI 18b are non-magnetized suggest that both
subsamples could have experienced the same field conditions during acquisition of the
TRM.

We obtained paleointensities from all CAls (Figs. 3-7 and 3-8; Table 3.3). CAls
10, 11 and 19 recorded a mean field of 73.9 4+ 11.3 T. If accounted for spinning during
acquisition of the magnetization, we have a magnetic field record of 147.7 + 22.7uT.
For the CAls that we did not observe HC components (CAI 6, CAI 18a and CAI 18b)
we conducted repeated ARM acquisitions to establish the weakest magnetic field that

they could record. These acquisitions are presented in Fig. 3-10 and the upper limits
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Figure 3-6: Direction of the LC and HC components of CAls. Shown are
equal area stereographic projections containing directions calculated from principal
components analysis and their corresponding maximum angular deviations. Red dat-
apoints show directions from CAls and black datapoints show directions from dusty
olivine chondrules from Borlina et al. (2021c). Shaded red datapoints show princi-
pal component analysis for non-magnetized ranges of the CAls. The scattered HC
directions from different chondrules and CAls indicate that the meteorites were not
remagnetized since the inclusions accreted to the parent-body.

of the magnetic field recorded by the CAls that they provide is summarized in Table
3.3. Measurements of ARM acquisitions of CAI 6 suggest an upper limit of ~100
#'T, while the same acquisitions for subsamples of CAI 18 suggest an upper limit of
~20 u'T. Both of these values include a correction for spinning during acquisition of
the magnetic field. The observation that both subsamples of CAI 18 record the same
upper limit to the field further suggest that they experienced the same field conditions
during acquisition of the TRM.

3.5 Discussion

The distribution of magnetic fields recorded by the CAls could favor a diversity of
mechanisms and locations for CAI formation. Nonetheless, conducting a Kolmogorov-
Smirnov test with the paleointensities and assuming the upper limits of CAls 6, 18a
and 18b, we cannot reject the hypothesis that these paleointensities come from a
normal distribution. This suggests that the spread in paleointensities among CAls

could come from a normal distribution of paleointensities across the mean solar nebula
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Figure 3-7: Paleointensity experiments of CAls 6, 10, 11 and 19. Shown are
NRM lost versus ARM lost during AF demagnetization of CAls. (A) CAI 6. (B)
CAI 10. (C) CAI 11. (D) CAI 19. Red line shows the least squares fit over the
coercivity range used to calculate the paleointensity.

field, resulting from the distribution of spin axis directions of CAls during acquisition
of the magnetic field (Fu et al., 2014).

Focusing on the paleointensities recorded in CAls 10, 11 and 19, they suggest that
a mean field of 147.7 + 22.7 u'T was present at the time of their record acquisition.
During this early phase, the proto-Sun was likely to be a Class 0 or 1 Young Stellar
Object with accretion rates that fluctuated within a few to 10° years (Krot, 2019;
Brennecka et al., 2020; Audard et al., 2014). In Fig. 3-10, we compare our measure-

ments with models that describe how magnetic fields under different configurations
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Figure 3-8: Paleointensity experiments of CAls 18a and 18b. Shown are NRM
lost versus ARM lost during AF demagnetization of CAls. (A) CAI 18a. (B) CAI
18b. Red line shows the least squares fit over the coercivity range used to calculate
the paleointensity.

are expected to scale with radius in the early solar system. For a spatially constant
accretion rate, the field intensity should decay as ~R™>/% or ~R™!Y/8 where R is the
radial distance from the Sun, depending on whether accretion is primarily driven by
the radial-toroidal (R¢) or vertical-toroidal (z¢) components of the Maxwell stress
(Fig. 3-10) (Weiss et al., 2021). We assumed two accretion rates for these models:
one typical of class 0-1 objects of ~107¢ M, year~! (Cieza et al., 2016) and another
one of ~10™* My, year! typical of an outburst by class 0-1 objects (Audard et al.,
2014). We highlight that these models assume that nebular fields decay smoothly,
an assumption that has been questioned a few Ma later in the lifetime of the solar
nebula (Borlina et al., 2021¢; Fu et al., 2021).

Because of the fluctuation in accretion rate associated with Young Stellar Objects
outbursts, we have to determine how fast the magnetic records were acquired during
CAI formation. A longer cooling rate might suggest that these records are time-
averages of the field, while a shorter cooling rate might indicate an instantaneous
record. The cooling rates of the different types CAls found in CO chondrites have

not been determined, however we can use the experimentally determined cooling
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Figure 3-9: NRM and ARM demagnetizations and multiple ARM acquisi-
tions at different bias levels for CAls 6, 18a and 18b. AF demagnetization of
NRM and 200 pT-ARM are shown for (A) CAI 6, (B) CAI 18b and (C) CAI 18b.
ARM acquisitions at biases levels of 200 and 50 T are shown for (A) CAI 6, ARM
acquisitions at biases levels of 200, 50 and 10 pT are shown for (B) CAI 18a and
ARM acquisitions at biases levels of 200, 50, 10 and 5 T are shown for (C) CAI 18b.

rate of type B CAls of ~10°C hr~! as a baseline for that of CAls from CO chondrites
(Richter et al., 2002; Simon et al., 2019). This cooling rate would suggest that if CAls
cooled below the Curie temperature of kamacite of ~760 °C, or ~1033 K, the magnetic
record would have been acquired over several days, suggesting an instantaneous record

of the nebular field. We note that the midplane temperatures of the disk are likely
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Figure 3-10: Comparison between paleomagnetic constraints and model pre-
dictions for the solar nebula magnetic field intensity. Shown are paleointensity
records obtained in these study. Blue line shows the mean paleointensity and 95%
confidence error from the CAls 10, 11 and 19. Orange lines shows the upper limits
of CAls 6 and 18. Solid and dashed lines show predicted midplane magnetic field,
due to vertical-toroidal [z¢p; equation 3 of Weiss et al. (2021)] and radial-toroidal
[Re; equation 2 of Weiss et al. (2021)] 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 Weiss et al. (2021)]
assuming the nebular magnetic field and sense of disk rotation are antialigned. Top
and bottom curves were calculated assuming accretion rates of 107* and 107¢ M,
year ! respectively.

to be below that of the Curie temperature of kamacite for most regions of the disk
(Wood, 2000; Weiss et al., 2021). We discuss below how outbursts could change the
temperature of the disk.

Comparing our measurements with the models from Fig. 3-10, the magnetic
records of CAls were likely acquired in the >1.3 AU. In fact, previous magnetic
measurements suggest that the solar nebula was in an aligned configuration (Borlina

et al., 2021c). Under this configuration, CAls would have acquired their magnetic
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record >8 AU.

There are two main scenarios that could explain acquiring a magnetic record from
>8 AU. In scenario (1), CAls formed and cooled below the Curie temperature of
kamacite somewhere >8 AU from the proto-Sun. This scenario is unlikely because
the beryllium and oxygen isotopic systematics, and the redox state of pyroxenes of
CAlIs point to refractory inclusions forming close to the proto-Sun, much less than
8 AU (MacPherson et al., 2005; McKeegan et al., 2000; Krot, 2019; Righter et al.,
2016) rather than close to proto-Jupiter. In scenario (2), CAls could have formed
and potentially cooled below the Curie temperature of kamacite close to the proto-
Sun, transported to the >8 AU region and re-heated above the Curie temperature of
kamacite during transport, acquiring a magnetic record from the >8 AU region. This
scenario is consistent with formation through magnetized disk winds, which could
have operational in the 1-10 AU region, forming and/or transporting CAls in the
early solar system (Salmeron and Ireland, 2012).

An adapted version of Scenario (2) includes the variation in temperatures associ-
ated with Young Stellar Object outbursts. Observations of how outbursts of Young
Stellar Object affect the water snow-line in protoplanetary disks indicate that out-
burst can move the water snow-line of a system with a Young Stellar Object of 1.3M,
to ~42 AU (Cieza et al., 2016). This suggests that CAls could have been transported
outwards through a mechanism that might not heat the inclusions above the Curie
temperature of kamacite, but temperature fluctuations in the disk associated with
the proto-Sun could increase the temperature of the disk above that of the Curie
temperature of kamacite. The magnetic record would have been acquired when the
disk cools down below the Curie temperature of kamacite.

Overall, our paleomagnetic measurements are consistent with CAls forming within
and /or being heated due to magnetically-driven disk winds and outbursts, acquiring
a magnetization from their settling location, in the >8 AU region. This interpretation

does not preclude that CAls could have formed through other mechanisms.
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3.6 Conclusion

We present here the first comprehensive paleomagnetic study of CAls from CO chon-
drites to investigate the magnetism of the solar nebula during the very beginning of
the solar system. We conducted paleomagnetic measurements with six CAls, with
three of them showing records of the nebula field with an average intensity of 147.7
+ 22.7 pT, while the other three (two of them being subsamples from one CAI) place
upper limits on the nebular field of 10-20 ¢'T. When coupled with models that predict
what the expected decay of the protoplanetary disk should be during the time the
disk is Class 0-1, we observe that CAls acquired their magnetic record >8 AU. This
record is consistent with formation/heating due to magnetically-driven winds and/or

stellar outbursts.

Table 3.1: Summary of components from AF demagnetization of CAIs. The first
column lists the sample name, the second column lists the name of the component (LC for
low coercivity and HC for high coercivity), the third column lists the range used to calculate
the fit in mT, the fourth, fifth and sixth columns show the results of the principal component
analysis which includes the declination, inclination and maximum angle deviation (MAD), the
seventh column lists the deviation angle (DANG) for the component, the eighteenth column

denotes whether the component is anchored (Y for yes and N for no).

Sample Component Range (mT) Declination (°) Inclination (°) MAD (°) DANG (°) Anchored?

CAI 6 LC 0-20 254.9 -13.4 19.8 -
HC* 20-145 138.4 52.7 45.3 - N
CAI 10 LC 0-15 127.8 -60.1 2.9 -
HC 15-85 162.8 -47.9 14.1 16.7 Y
CAI 11 HC 0-90 179.2 46.8 16.8 18.2 N
CAI 18a LC 0-30 71.2 115 27.5 -
HC* 30-105 340.5 -36.6 45.3 - N
HC*(?) 30-225 66.8 -72.1 45.3 - N
CAI 18b LC 0-10 337.3 51.9 7.3 -
HC* 10-70 52.8 -17.1 42.1 - N
CAI 19 LC 0-10 31.5 -60.8 2.5
HC 20-135 77.8 -46.8 15 2.2 Y
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Table 3.2: Summary of paleointensities from AF demagnetization of
CAls. The first column lists the sample name, the second column lists the name
of the component (LC for low coercivity and HC for high coercivity), the third
column lists the range used to calculate the fit in mT, the fourth column shows
the number of datapoints used to calculate the fit, fifth and sixth columns show
the calculated paleointensity and the 95% confidence interval of the paleointensity,
and the seventh column shows the fit used to calculate the paleointensity where

OLS for ordinary least square and RMA reduced major axis.

Sample Component Range (mT) N  Paleointensity (uT) 95% Confidence Interval (nT) Fit

CAI 6 LC 0-20 13 148.7 125.8 OLS
HC 20-80 38 38.7 24.3 OLS
CAI 10 LC 0-15 10 445.7 56.3 OLS
HC 15-85 45 95.6 14.4 RMA
CAI 11 LC 0-5 4 852.5 3900 OLS
HC 5-90 38 57.4 12.9 RMA
CAI 18a LC 0-30 19 24.9 6.7 OLS
HC 30-105 48 11.8 16.6 OLS
CAI 18b LC 0-10 7 98.3 87.7 OLS
HC 10-70 39 8 15.5 OLS
CAI 19 LC 0-10 7 62.7 76.8 OLS
HC 20-135 72 68.6 8.7 RMA

51



Table 3.3: Summary of high-coercivity paleointensities and upper limits

from AF demagnetization of CAls. The first column lists the sample name, the

second column lists the range used to calculate the fit in mT, the third and fourth

columns show the calculated paleointensity and the 95% confidence interval of the

paleointensity, and the fifth column shows the corrected paleointensity for each CAI.

Sample Range (mT) Paleointensity (nT) 95% Confidence Interval (uT)  Corrected Paleointensity (nT)
CAI 6 20-80 <50 <100
CAI 10 15-85 95.6 14.4 191.2
CAI 11 5-90 57.4 12.9 114.8
CAI 18a 30-105 <10 <20
CAI 18b 10-70 <10 <20
CAI 19 20-135 68.6 8.7 137.2
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Chapter 4

Paleomagnetism of Dusty Olivine

Chondrules from CO Chondrites

4.1 Chapter Introduction

Astronomical observations and isotopic measurements of meteorites suggest that sub-
structures are common in protoplanetary disks and may even have existed in the solar
nebula. Here, we conduct paleomagnetic measurements of chondrules in CO carbona-
ceous chondrites to investigate the existence and nature of these disk sub-structures.
We show that the paleomagnetism of chondrules in CO carbonaceous chondrites in-
dicates 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.

Contents from this chapter were reprinted from Borlina et al. (2021b). () The
Authors, some rights reserved; exclusive licensee AAAS. Distributed under a CC

BY-NC 4.0 License (http://creativecommons.org/licenses/by-nc/4.0/)
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4.2 Introduction

Observations from the Atacama Large Millimeter /submillimeter Array have shown
that substructures, mostly in the form of rings and gaps, are prevalent in protoplane-
tary disks (Andrews, 2020). Isotopic studies of meteorites 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)
(Kruijer et al., 2020; Scott et al., 2018), 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 generated by the growth of
Jupiter (Kleine et al., 2020) and/or a pressure local maximum in the disk (Brasser
and Mojzsis, 2020). Alternatively, these two reservoirs may have formed because of a
migrating snowline with no persistent disk gap (Lichtenberg et al., 2021). Because 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 (Bai and Goodman, 2009;
Bai, 2017; Turner et al., 2014; Weiss et al., 2021), 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 noncar-
bonaceous reservoir, indicate the presence of a disk midplane magnetic field of 54 +
21 uT at 2.0 + 0.8 million years (Ma) after the formation of calcium-aluminum-rich
inclusion (CAIs) (Fu et al., 2014; Kita and Ushikubo, 2011). These paleointensities,
which were measured from individual chondrules that carry thermoremanent mag-
netization (TRM) acquired before their accretion onto the LL parent body, provide
evidence for the existence of a nebular magnetic field in the noncarbonaceous reser-
voir. Paleomagnetic studies of CM (Cournede et al., 2015), CR (Fu et al., 2020b),
and CV (Fu et al., 2021) 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
(Weiss et al., 2021; Schrader et al., 2017), and >40 uT sometime between ~3-40 Ma
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after CAI formation (Fu et al., 2021; Carporzen et al., 2011). 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 (Cournede et al., 2015). This poses two problems: The magnetic record
could have been imparted by a parent-body dynamo field rather than from the solar
nebula field and the retrieved paleointensity is likely a lower limit (Weiss et al., 2021).
In addition, the age of the CR record is within error of the estimated lifetime of nebula
(Wang et al., 2017), such that it may not constrain the strength of the nebular field
during the main period of disk accretion (Weiss et al., 2021). 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 paleomagnetic studies on two CO carbona-
ceous chondrites: Allan Hills (ALH) A77307 (type 3.03) and Dominion Range (DOM)
08006 (type 3.00) (Bonal et al., 2007; Davidson et al., 2019; Alexander et al., 2018;
Scott et al., 1992; Alexander et al., 2007). 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) (Bonal et al., 2007; Davidson et al.,
2019; Alexander et al., 2018; Scott et al., 1992; Alexander et al., 2007). Therefore,
they are unlikely to have been magnetically overprinted following accretion onto the
CO parent body, with DOM 08006 in particular being one of the least altered known
meteorites (Davidson et al., 2019). 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 (-
Fe) crystals formed before accretion onto the parent body (Fu et al., 2014; Shah
et al., 2018; Einsle et al., 2016; Lappe et al., 2011, 2013). Because chondrules cooled
quickly in the protoplanetary disk environment [100° to 1000°C hour™!; (Scott and
Krot, 2013)], they should carry a near-instantaneous TRM record of the nebular field
(Fu et al., 2014; Desch et al., 2012, 2010). Al-Mg dating of CO chondrules indicate
that this record was acquired 2.2 + 0.8 Ma after CAI formation (Kita and Ushikubo,
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2011)L.

We extracted six 100- to 300-um-diameter dusty olivine chondrules from both
meteorites: two from ALHA77307 (DOCI and DOC2) and four from DOM 08006
(DOC3, DOC4, DOC5, and DOC6). Three of the DOM 08006 chondrules were split
into two subsamples each (DOC3a, DOC3b, DOC5a, DOC5b, and DOC6a, DOC6b)
to produce nine total subsamples from both meteorites used for paleomagnetic mea-
surements. All chondrules and chondrule fragments were mutually oriented during
extraction and paleomagnetic measurements.

Given the chondrules’ weak natural remanent magnetization (NRM) (ranging from
1.3x1071 down to 1.7x107'2 Am? before demagnetization), we obtained magnetic
measurements using the superconducting quantum interference device (SQUID) mi-
croscope and quantum diamond microscope (QDM) in the Massachusetts Institute of
Technology (MIT) Paleomagnetism Laboratory (see Materials and Methods) (Weiss
et al., 2007).

4.3 Methodology

4.3.1 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, oriented thick sections were cut
from these using a wire saw cooled with ethanol during cutting. Each thick section

2 and a thickness of ~500 pm. The thick sections were

had an average area of 4 cm
then polished 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~2). 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.

'Recent high-precision Al-Mg ages of LL chondrules support a shorter formation interval than
previous Al-Mg ages. See Supplementary Text for more information.
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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 pum 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 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 pym
by 400 pgm 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.

4.3.2 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 (Kirschvink et al., 2008) 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 (Stephenson,
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1993). The maximum 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, DOCbHa up to
60 mT, DOC5b up to 75 mT, DOC6a up to 70 mT, and DOC6b 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
applications 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 Pale-
omagnetism Laboratory (Weiss et al., 2007). Measurements of the samples’ magnetic
fields were obtained at an effective sensor-to-sample distance of ~300 pm (Weiss
et al., 2007). For samples found to be dipolar magnetic field sources (DOC1, DOC2,
DOC3a, DOC3b, DOC4, DOC5b, and DOC6b), we used a previously described in-
version technique to obtain the magnetic moment from the magnetic field (Lima
and Weiss, 2016). For samples DOCba 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 magnetic moments from each AF step, we av-
eraged across the six steps and sometimes also across AF levels. The directions of
NRM components were calculated using principal components analysis (Kirschvink,
1980). The demagnetization projections are shown in figs. S2 and S3. If a NRM
component had a deviation angle less than the maximum angle deviation, then this
component was inferred to be the characteristic component and therefore anchored to
the origin (Kirschvink, 1980; Tauxe and Staudigel, 2004). Table S1 shows the results
of the principal components analysis including the levels that were averaged.

To obtain paleointensities, we used the ARM method (Fu et al., 2014; Tikoo et al.,
2014) for which:

Bjay ANRM
B lab

= b 4.1
paleo = "t AARM (4.1)
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where B, is the ancient magnetic field recovered from the experiment, B, is
the 200-uT ARM bias magnetic field applied to the sample, AN RM 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 DOC1 and DOC2, 100 mT for DOC3a, 60 mT for DOC3b, 100
m'T 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 (Fu et al., 2014; Lappe et al., 2013).

Figures S5 and S6 show the results of the paleointensity experiments. 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 param-
eter was <0.6 (Smith, 2009). ANRM was calculated by vector subtraction from the
first demagnetization step in the HC component fit, while AARM was calculated by
subtraction from the first acquired ARM step. Table S5 shows a summary of the

paleointensities and their quality criteria.

4.3.3 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 1o SDs of the accumulated
counts were 0.5 to 1.0% from counting statistics. The raw data were corrected for
matrix effects using the CITZAF package (Armstrong, 1995). To identify the origin of
the magnetic signal of these two samples, we mapped the magnetization of chondrules

using the QDM at MIT (fig. S4) (Fu et al., 2020c; Glenn et al., 2017). The sensor to
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sample distance was ~5 pum, 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 T bias with an AF of 100 mT) to DOCG6b (fig. S4F).

4.4 Results

Backscattered electron microscopy (BSE) images and compositional analysis using
wavelength dispersive spectrometry (WDS) indicate that the chondrules contain nu-
merous submicrometer diameter inclusions of nearly pure-Fe kamacite (see the Sup-
plementary 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 ferromagnetic minerals (see the Supple-
mentary Materials). These fine metal grains are expected to have formed during
subsolidus reduction of the chondrules before their accretion on the parent body
(Lappe et al., 2011). 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 (Fu et al., 2014; Nagy et al., 2019a).

Our alternating field (AF) demagnetization showed that some subsamples carried
a low-coercivity (LC) component blocked up to <20 mT (Fig. 4-1 and figs. S2
and S3). The LC component may be a viscous remanent magnetization acquired
on Earth and/or a weak-field isothermal 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 at least 50 mT (Fig. 4-1 ,
figs. S2 and S3, and table S1), with two subsamples having HC components blocked
up to 160 and 270 mT (Fig. 4-1 and fig. S2).

The high AF-stability of the HC components coupled with the pristine conditions
of the meteorites suggest that the HC components are likely records of the nebu-

lar field. To further test this conclusion, we conducted unidirectionality tests and
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Figure 4-1: AF demagnetization of CO dusty olivine chondrules. (A and
B) DOCI from ALHA77307. (C and D) DOC4 from DOM 08006. (A and C)
Orthographic projections of NRM vector endpoints during alternating field (AF) de-
magnetization 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” de-
note 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 selected steps measured at a height of ~300 yum 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.

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. 4-2). In addition, if the chon-
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Figure 4-2: Direction of the HC components of the dusty olivine chondrules
from CO chondrites. (A) ALHA77307. (B) DOM 08006. Shown are equal area
stereographic 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.

drules have not been remagnetized since parent body accretion (including on their
parent body and after arrival on Earth), then they should collectively exhibit random
magnetization directions. Our measurements of two chondrules from ALHA77307
and four chondrules from DOM 08006 (Fig. 4-2) confirm this: We cannot reject
the hypothesis that both sets of directions are random with 95% confidence (Wat-
son, 1956) (see the Supplementary Materials). In summary, the unidirectionality 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 compared the AF de-
magnetization of the NRM to that of an anhysteretic remanent magnetization (ARM)
acquired in a bias field of 200 4T and a peak AF of up to 145 mT for seven chon-

drules [following previous studies (Tikoo et al., 2014)|. Paleointensity estimates were
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estimated assuming a ratio of ARM to TRM of 1.87 as previously measured for dusty
olivine chondrules (see Materials and Methods). The resulting mean HC paleointen-
sity estimates from two ALHA77307 chondrules and five DOM 08006 chondrules are
30 £ 10 pT and 59 £ 31 uT, respectively. Combining the seven samples and account-
ing for chondrule spinning during TRM acquisition [which decreases the background
nebular field intensity recorded by the chondrule by an average factor of 2 (Fu et al.,
2014)], we obtained a grand mean paleointensity of the background nebular field of
101 £ 48 uT (table S2).

4.5 Discussion

Together with the previous paleomagnetic study of CM chondrites (Cournede et al.,
2015), the magnetic record from CO chondrules strongly supports the presence of a
nebular magnetic field in the carbonaceous reservoir at ~2 to 3 Ma after CAI for-
mation. Furthermore, the data from the CO chondrules provide the first accurate
constraints on the intensity of the nebular magnetic field in the carbonaceous reser-
voir. 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 magnetic records. The identification of magnetic
fields in the noncarbonaceous and carbonaceous reservoirs suggests a widespread role
for magnetically driven accretion in the early solar system.

The structures and evolution of protoplanetary disks are governed by the mecha-
nisms that drive disk accretion, likely mediated by magnetic fields. The accretion rate
scales quadratically with field strength in the disk midplane with a prefactor depend-
ing on disk microphysics (especially ionization and field orientation). For a spatially
constant accretion rate, the field intensity should decay as ~R~%/* or ~R~'/® where
R is the radial distance from the Sun, depending on whether accretion is primarily
driven by the radial-toroidal ( Ry) or vertical-toroidal (z¢) components of the Maxwell
stress (Fig. 4-3) (Weiss et al., 2021). 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
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Figure 4-3: Comparison between paleomagnetic constraints and model pre-
dictions for the solar nebula magnetic field intensity. Shown are paleointensity
records from the first 3 Ma after CAI formation: LL chondrules (Fu et al., 2014), CM
chondrites (Cournede et al., 2015), and CO chondrules (this study). Solid and dashed
lines show predicted midplane magnetic field, due to vertical-toroidal |z¢; equation
3 of Weiss et al. (2021)] and radial-toroidal [Rep; equation 2 of Weiss et al. (2021)]
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¢p; equation 3 of Weiss et al. (2021)] assuming the nebular magnetic field
and sense of disk rotation are antialigned. Top and bottom curves were calculated
assuming accretion rates of 10=7 and 10=® M, year~! respectively.

aligned with disk rotation axis compared to the antialigned case. Given typical as-
tronomically observed disk accretion rates of ~1x1078 M, year™' (Hartmann et al.,
1998), the measured CO paleointensity strongly favors the scenario of aligned polar-
ity (Fig. 4-3), which would otherwise lead to an unreasonably large accretion rate
(~1x1075 Mg, year™1).

Considering the mean paleointensities from LL and CO chondrules, 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
~ 475x107° M year—' in the noncarbonaceous reservoir and ~ 172,x10~7 M,

year ™!

in the carbonaceous reservoir (Fig. 4-3). 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
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would be broadly consistent with astronomically observed accretion bursts in pro-
toplanetary disks that occur on a timescale of hundreds of years (Hartmann et al.,
2016). 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 Sup-
plementary Materials). Thus, our results favor the presence of a spatial mismatch
in the magnetically driven accretion rates between the two reservoirs. This spatial
mismatch in the accretion rate has also been observed in recent paleomagnetic mea-
surements of the CV chondrite Allende (Fu et al., 2021). 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 (Weiss et al., 2021).

The observed mismatch in the accretion rates requires a mechanism that removed
mass from the accretion flux between the carbonaceous 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 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 predicted by the core accretion model, the favored mechanism for
Jupiter formation (Atreya et al., 2018). 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
le.g., (Clarke et al., 2001; Owen et al., 2012; Picogna et al., 2019)]. On the other hand,
given the likely role magnetic fields in driving disk accretion, photo-evaporation and
magnetized disk winds may operate concurrently (Wang et al., 2019; Bai, 2016),
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) (Suzuki et al., 2016). Note,
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however, that this scenario does not preclude a role for Jupiter in gap formation. Its
presence would likely accelerate the formation of the cavity (Rosotti et al., 2013),
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 previous measurements of magnetic
fields from the noncarbonaceous reservoir and models that describe the magnetic
field in protoplanetary 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 isotopic dichotomy measured

among various meteorites in the early solar system.
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Chapter 5

Paleomagnetism of CO chondrites

5.1 Chapter Introduction

The evolution and lifetime of protoplanetary disks (PPDs) play a central role in the
formation and architecture of planetary systems. Astronomical observations suggest
that PPDs go through a two-timescale evolution, accreting onto the star over a few
to several million years (Ma) followed by gas-dissipation within <1 Ma. This timeline
is consistent with gas dissipation by photoevaporation and/or magnetohydrodynamic
winds. Because solar nebula magnetic fields are sustained by the gas of the protoplan-
etary disk, we can use paleomagnetic measurements to infer the lifetime of the disk.
Here we use paleomagnetic measurements of meteorites to investigate whether the
disk that formed our solar system had a two-timescale evolution. We report on pa-
leomagnetic measurements of bulk subsamples of two CO carbonaceous chondrites:
Allan Hills A77307 and Dominion Range 08006. If magnetite in these meteorites
could acquire a crystallization remanent magnetization that recorded the ambient
field during aqueous alteration, our measurements suggest that the local magnetic
field strength at the CO parent-body location was <0.9 nT at some time between
2.7-5.1 Ma after the formation of calcium-aluminum-rich inclusions. Coupled with
previous paleomagnetic studies, we conclude that dissipation of the solar nebula in
the 3-7 AU region occurred <1.5 Ma after the dissipation of the nebula in the 1-3 AU

region, suggesting that protoplanetary disks go through a two-timescale evolution in
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their lifetime. We also discuss future directions necessary to obtain robust records
of solar nebula fields using bulk chondrites, including obtaining ages from relevant
chondrites and experimental work to determine how magnetite acquires magnetiza-

tion during chondrite parent-body alteration.

5.2 Introduction

The lifetimes of protoplanetary disks (PPDs) have important implications for the
formation of planetary systems that emerge from them. Determining the lifetime of
PPDs (i.e., the dissipation of the gas) constrains the formation time of gas giants
and when gas-driven planetary migration can occur. The lifetimes of PPDs have
been measured astronomically through observations of dust infrared spectral energy
distributions (SEDs) (Haisch et al., 2001; Hernandez et al., 2007). SED observations
have provided evidence that disks pass through different stages during their evolution
from that of protostars to transition disks (disks that have low or no near-infrared
excess and high mid- to far-infrared excess) and to debris disks (no remaining gas)
(Ercolano and Pascucci, 2017; Owen, 2016). With the exception of a few observed
PPDs that are likely in the transition phase, the majority ( 90%) of observed PPDs
are either in PPD phase with a protostar or completely dissipated (Owen, 2016).
This observation has been interpreted to suggest that PPDs have a two time-scale
evolution during their lifetime: during the first evolutionary stage, which lasts ~ 3-5
million years (Ma), the disk evolves via magnetohydrodynamic and/or hydrodynamic
processes, with angular momentum transported outwards that enables accretion onto
the star (Armitage and Kley, 2019; Gorti et al., 2016); during the second stage, the
remaining gas disperses rapidly, in < 1 Ma (Ercolano and Pascucci, 2017). Several
modes of disk dispersal have been proposed (Ercolano and Pascucci, 2017), including
photoevaporation by the central star (Alexander et al., 2006) or a nearby high-mass
star (Concha-Ramirez et al., 2019; Scally and Clarke, 2001), magnetohydrodynamic
(MHD) winds (Armitage et al., 2013; Bai, 2016; Shadmehri and Ghoreyshi, 2019;
Suzuki et al., 2016), planet formation (Zhu et al., 2011), grain growth (Dullemond
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and Dominik, 2005)and close-binary effects (Ireland and Kraus, 2008). The two-
timescale evolution is generally consistent with gas dissipation by photoevaporation
and/or magnetohydrodynamic winds. Because the lifetimes of PPDs are far greater
than the times over which we can observe them, testing the two timescale hypothesis
through observations of any one PPD is essentially impossible. However, the two-
timescale hypothesis can be tested using paleomagnetic measurements of our solar
system’s PPD, also known as the solar nebula. Due to the coupling of magnetic
fields with gas, the nebular magnetic field is a proxy for the presence of gas in the
disk, and thus the lifetime of the disk (Wang et al., 2017; Weiss et al., 2021). By
obtaining paleomagnetic measurements from meteorites that formed at different times
and locations, it is possible to constrain the lifetime and spatial evolution of the PPD
of our solar system. Previous paleomagnetic studies of meteorites have provided
evidence for a large scale magnetic field present in the disk up to at least 3.91“8:‘5L Ma
after the formation of the calcium-aluminum-rich inclusions (CAls) (Borlina et al.,
2021¢; Cournede et al., 2015; Fu et al., 2014). Additional studies have also found
evidence for the dissipation of the gas at <3 AU (inner solar system) by 3.2-5.0 Ma
after CAI formation, with Pb-Pb ages indicating a mean dissipation time by 3.71 +
0.2 Ma after CAl-formation (Wang et al., 2017; Weiss et al., 2021).

Here we use carbonaceous chondrites to obtain better constraints on the timescale
of the dissipation of the solar nebula. Carbonaceous chondrites are unmelted accre-
tional aggregates of refractory inclusions (CAls and amoeboid olivine aggregates),
chondrules and matrix, which likely formed in the 3-7 AU region (i.e., outer solar
system). In this study, we investigate the magnetic record of bulk subsamples of
carbonaceous chondrites that contain all of these constituents. If not overprinted
or remagnetized, chondrules and refractory inclusions are expected to carry pre-
accretional magnetic records, while the matrix would recorded a post-accretional
magnetic record obtained during parent-body alteration. Paleomagnetic measure-
ments conducted with bulk samples are likely to provide magnetic records from the
matrix material, because if chondrules and refractory inclusions are randomly ori-

ented in the bulk and, even if magnetized, the magnetic moments of the inclusions
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cancel out and the matrix would dominate the magnetic record (see appendix).

We report on paleomagnetic measurements of bulk matrix-rich material of two
carbonaceous chondrites from the CO group. A previous study of the CV chondrite
Kaba provided an upper limit on the magnetic field at 3-7 AU of <0.3 puT at 4.2f8:§
Ma after CAI formation (Doyle et al., 2014; Gattacceca et al., 2016). We further in-
vestigate this region by targeting another group of carbonaceous chondrites that likely
acquired a post-accretional magnetic record in this region but that, unlike Kaba, are
much less likely to carry thermally induced parent-body magnetic overprints. Assum-
ing that magnetite could have acquired its magnetic record during alteration in the
parent-body, we show that the matrices of the CO chondrites carry no stable natu-
ral remanent magnetization (NRM) despite having high fidelity magnetic recording
properties and ferromagnetic minerals that formed after accretion. We show that
the lack of magnetization in the matrix of the CO chondrites, together with pre-
vious paleomagnetic measurements, suggests that the dissipation of the outer solar
system nebula occurred by ~4.2 Ma after CAI formation. By comparing the inner
and outer solar system lifetimes of the nebula, we find that the outer solar nebula
dissipated <1.5 Ma after the dissipation of the inner solar nebula, suggesting that our
solar nebula passed through a dual-timescale evolution. We also discuss future work
necessary to obtain robust records of the solar nebula by conducting paleomagnetic
and rock magnetic measurements of bulk chondrites. This includes obtaining more
high-precision ages from relevant meteorites and conducting experimental work to es-
tablish the mechanisms for acquisition of magnetic field records during parent-body
alteration, including in particular if secondary magnetite can record CRMs imparted

by the solar nebula field.
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5.3 Methodology

5.3.1 Samples

In this study, we focused on the type 3.03 CO chondrite Allan Hills (ALH) A77307
(Bonal et al., 2007) and on the type 3.00 CO chondrite Dominion Range (DOM)
08006 (Davidson et al., 2019). We selected these samples for several reasons. First,
they formed magnetite during aqueous alteration on their parent body, so can poten-
tially provide constraints on the intensity of the local ambient magnetic field present
during this process (Doyle et al., 2014). Second, they have ferromagnetic inclusions
(e.g., magnetite; see below) with high-fidelity paleomagnetic properties formed during
parent-body alteration (Alexander et al., 2018; Davidson et al., 2019). Third, they
experienced very minor heating after parent-body aqueous alteration, thereby better
preserving a magnetic record dating to the time of this early alteration rather than
slightly later during subsequent metamorphic heating and cooling (Davidson et al.,

2019).

CO Carbonaceous Chondrites

Subsamples ALHA77307,157 (0.57 g) and DOM 08006,102 (2.8 g) were obtained
from the US Antarctic Meteorite program (ANSMET). These were chipped from
the meteorite at NASA Johnson Space Center (JSC) and did not contain any faces
from band sawing at JSC that could have resulted in thermal remagnetization during
cutting [e.g., Mighani et al. (2020); Tikoo et al. (2017)|. Each contained fusion crust
on one of their faces.

Both meteorites experienced aqueous alteration and metamorphism on their par-
ent body as indicated by the presence of only a small fraction of metal ( 2 vol.%) in the
matrix and on the edges of chondrules, with most of the metal having been altered
to magnetite (Bonal et al., 2016; Davidson et al., 2019). ALHA77307 experienced
minor terrestrial weathering (Ae grade) and is estimated to have experienced a peak
parent body metamorphic temperature between 200-300 °C (Bonal et al., 2016) re-
sulting from aqueous alteration and metamorphism on the parent-body. DOM 08006
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has experienced minor terrestrial weathering (A /B grade) (Davidson et al., 2019) and
has experienced similar or slightly lower peak temperatures in the parent body than
ALHAT77307 (Alexander et al., 2018). ALHA77307 and DOM 08006 did not exceed
peak shock pressures of 5 GPa (Scott et al., 1992; Li et al., 2021). Overall, these
observations suggest that ALHA77307 and DOM 08006 potentially carry records of
magnetic fields from the early solar system acquired during parent-body aqueous
alteration.

The paleomagnetism of the CO chondrites has been briefly studied before [see
(Weiss et al., 2010) for complete list of magnetic measurements with CO chondrites|.
A previous study conducted thermal demagnetization of saturation magnetization of
four CO3 chondrites (Herndon et al., 1976), which found that one contains magnetite
as the major magnetic phase, while the remaining samples contained magnetite along
with iron metal as the main magnetic phases. Two previous exploratory paleomag-
netic studies obtained paleointensities from CO chondrites. Measurements of bulk
subsamples of the CO3 chondrite Acfer 333 identified a low coercivity component
(0-15 mT) associated with an isothermal remanent magnetization (IRM) (likely from
a collectors’” hand magnet) and a high coercivity component (30-120 mT) with a
paleointensity of 6 pT (Gattacceca and Rochette, 2004). Another study of bulk sub-
samples of the CO3.05 Yamato 81020 meteorite reported a high blocking temperature
(320-640 °C) component with a paleointensity of 9 4T (Nagata et al., 1991). A paleo-
magnetic study of dusty olivine chondrules from ALHA77307 and DOM 08006 suggest
that these meteorites have not been remagnetized since accretion to the parent-body
due to their random high coercivity magnetic directions among mutually-oriented
chondrules (Borlina et al., 2021c¢). Here we focus on using ALHA77307 and DOM
08006 to conduct a detailed paleomagnetic study of bulk samples.

Previous mineralogical and petrological studies of the matrix of DOM 08006 have
reported the presence of the ferromagnetic minerals kamacite (Fe,Ni;_,; with x = 92-
93), magnetite and pyrrhotite (Fe;_,S; with = ~ 0) (Alexander et al., 2018; David-
son et al., 2019; Schrader et al., 2021). Similar minerals have been reported for

ALHAT77307 (Alexander et al., 2018; Davidson et al., 2019; Grossman and Brearley,
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2005; Schrader et al., 2021). The amount of magnetite (6-8 wt.%) is higher than sul-
fide (2-3 wt.%) and metals (1-2 wt.%) in the matrix of DOM 08006 (Alexander et al.,
2018). Below we discuss why magnetite is likely to dominate the magnetic record of
these samples. Recent FORC analysis of DOM 08006 shows a tri-lobate geometry
which is consistent with the magnetic carriers being predominately in vortex states
(Sridhar et al., 2021). Because magnetite is the most abundant magnetic recorder
and with the highest susceptibility (see below), we conclude that the magnetite grains
are dominantly in the vortex state, such that they are robust magnetic recorders with
relaxation times greater than the age of the solar system (Nagy et al., 2019b)
Because magnetite formed during parent body alteration (Davidson et al., 2019)
and was not subsequently heated above 300 °C, the magnetic record of these sam-
ples should be predominately in the form of crystallization remanent magnetization
(CRM). No radiogenic ages have been reported for ALHA77307 and DOM 08006.
Previous work determined a *3Mn-"3Cr age from aqueously formed fayalite of 5.175
(20) Ma after CAl-formation from the meteorite MacAlpine Hills (MAC) 88107, a
chondrite that formed from precursor material that had isotopic similarities to that of
the CO parent-body but has not previously been officially categorized as a CO chon-
drite (Doyle et al., 2014; Torrano et al., 2021). As such, this measured age is likely
a proxy for the youngest possible age of magnetite formation on the CO chondrite
parent body. Furthermore, Al-Mg ages of chondrules from CO chondrites suggest
that they formed at 2.1 + 0.8 Ma after CAI formation (Borlina et al., 2021¢; Kita
and Ushikubo, 2011) and recent modelling to explain the inventory of CAls among
different chondrite groups suggests that the CO chondrite parent-body accreted at
2.7 Ma after CAI formation (Desch et al., 2018). Thus, we can place a lower limit
on the alteration age of the CO chondrites of 2.7 Ma after CAI formation, while an
upper limit can be obtained by using MAC 88107’s alteration age of 5.1 Ma after CAI

formation.
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Formation Region of the CO Carbonaceous Chondrites

The existence of a dichotomy in various stable isotopic systems (Kruijer et al., 2020;
Scott et al., 2018) provides evidence that carbonaceous and non-carbonaceous me-
teorites formed in two distinct reservoirs. Although the exact locations for these
reservoirs are unclear, it is generally thought that carbonaceous chondrites likely
formed at >3 AU (Brasser and Mojzsis, 2020; DeMeo and Carry, 2014; Desch et al.,
2018; Kruijer et al., 2020; Morbidelli et al., 2015). Measurements of water contents
from CI, CM, CR and LL chondrites provide evidence that carbonaceous chondrites
formed at <7 AU (Sutton et al., 2017). Thus, we assume the formation region of
the carbonaceous chondrites to be between 3-7 AU. We also assume that chondrite
parent bodies originate from the midplane region of the PPD because drag forces on
0.1-mm-sized grains lead them to settle on the midplane of the PPD, resulting in the
formation of the parent-bodies in that region (Weiss et al., 2021).

Magnetite as the Main Magnetic Carrier of Bulk Samples

Because bulk samples contain magnetic minerals that are pre-accretional (e.g., ka-
macite) and post-accretional (e.g., magnetite) in origin, it is important to establish
which one of them will dominate the magnetization record. The NRM moment M,
measured in the laboratory, is proportional to the magnetic field, B experienced by
the sample, through:

M = xB, (5.1)

where x is the magnetic susceptibility of the sample (Tauxe, 2010):

X MOerm (52)

where fi is the magnetic constant 47x10~"TmA ™!, f is a constant proportional
to the volume V' of the sample (Wieczorek et al., 2012) and M, is the saturation
remanent magnetization which is proportional to the squareness ratio s and the sat-
uration magnetization Ms (Wieczorek et al., 2012). Thus, for a sample that contains

magnetite and kamacite, we can determine x based on the sum of the susceptibilities
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of each mineral through:

X = Xmag + Xkams (53)
Xmag = ,U/OVmagSmang,maga (54)
Xkam = NOVkamSkamMs,kama (55)

where X 15 the susceptibility of the magnetite and Xgqm the susceptibility of
kamacite. Taking the ratio between Eqgs. 5.4 and 5.5, we have:

Xmag Vmag Smag Ms,mag
— . (5.6)
Xkam Vkam Skam Ms,kam

From DOMO08006, Vinag/Viam ~3-8 (Davidson et al., 2019). Additionally, because
most magnetite is likely to be in single-vortex and single-domain state, while kamacite
is likely to be multi-domain, we can assume S,,44Skem > 100 (Dunlop, 2002). Finally,
My mag = 480 kA/m and M, p4m = 1715 kA /m (Dunlop and Ozdemir, 1997). Thus,
Xmag > S84Xkam, indicating that magnetite will be the main magnetic carrier of the

NRM in these samples.

5.3.2 Paleomagnetic and Rock Magnetic Experiments

Sample preparation and paleomagnetic analyses were conducted in the Massachusetts
Institute of Technology (MIT) Paleomagnetism Laboratory. Samples from each mete-
orite were obtained by cutting with a wire-saw cooled with ethanol to avoid acquisition
of partial TRM (pTRM) during cutting. We obtained eight mutually oriented samples
from ALHA77307 and eleven mutually oriented samples from DOM 08006. Tables
5.1 and 5.2 summarizes the mass and distance from the fusion crust to the outer
edge of each sample. Paleomagnetic measurements were obtained in a magnetically
shielded room (residual field ~200 nT) using a 2G Enterprises Superconducting Rock
Magnetometer (SRM) 755R equipped with an automatic alternating field (AF) three-
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axis degausser and remagnetization system (Kirschvink et al., 2008). The three-axis
moment noise level of the MIT 2G SRM is <1x107!'2 Am2 (Wang et al., 2017).

We AF demagnetized four samples from ALHA77307 (one containing fusion crust
and the remaining from >1.8 mm into the interior) and eight samples from DOM
08006 (one containing fusion crust and the remaining from >1 mm into the interior).
These samples were glued with cyanoacrylate cement onto non-magnetic quartz holder
with magnetic moments of <4x10712 Am?. Samples were demagnetized with AF up
to 145 mT to identify NRM components. We measured the magnetic moment after
the AF application in each one of three directions and averaged the measurements
to reduce spurious anhysteretic remanent magnetization (ARM) and gyroremanent
magnetization (GRM) (Stephenson, 1993). We also applied ARMs (AC field of 260
mT and DC bias field of 50 puT) to these samples and AF demagnetized them up to
145 mT. Paleointensities were estimated for these samples using the ARM method
(Tikoo et al., 2014).

We thermally demagnetized four samples of ALHA77307 (two containing fusion
crust and two interior samples) to identify NRM components and obtain additional
paleointensity estimates. We followed the in-field zero-field zero-field in-field (IZZI)
double heating protocol to obtain paleointensities (Yu et al., 2004). Heating mea-
surements were performed using an ASC Scientific TD48-SC thermal demagnetizer
in air with thermal accuracy better than +5 °C. Samples were heated to the set
temperature for 20 minutes and cooled within 40 minutes to room temperature. For
ALHAT77307 and DOM 08006, we initiated the IZZI protocol at 325 °C and 50 °C
with steps below this being only thermally demagnetized (i.e., only heating in zero-
field). The IZZI protocol was conducted in steps of 50 °C, with a 50 uT bias field
and partial TRM (pTRM) checks in 100 °C steps to estimate whether thermochemi-
cal alteration could have occurred during the measurements. Samples were taped to
non-magnetic quartz holders for measuring their magnetic moment. Initially, three
interior samples of DOM 08006 were thermally demagnetized. However, two of these
broke into two mutually oriented subsamples each at 350 °C, leading to five ther-

mally demagnetized samples. We conducted the 1ZZI protocol with two of these five

76



samples. For three samples of ALHA (two fusion crusted and one interior) that we
conducted 1ZZI experiments with, we removed low coercivity components (up to 21
mT) with AF demagnetization prior to the start of the 1ZZI protocol. We AF de-
magnetized to the same levels after each in-field step during the protocol. We also
thermally demagnetized an ARM application (AC field of 145 mT and DC bias field
of 50 uT) of two samples, following AF demagnetization of the NRM, to identify the
Curie temperature of the ferromagnetic carriers.

Fits for both the ARM and IZZI paleointensities were obtained either using ordi-
nary least square (OLS) or reduced major axis (RMA) (Borlina et al., 2021c; Smith,
2009). The quality of the results from the IZZI protocol were quantified using the
PICRITO3 criteria (Paterson et al., 2014), which quantify thermochemical alteration
during the protocol. The ARM method has the advantage over the IZZI protocol
of not involving laboratory heating that otherwise can lead to thermochemical alter-
ation. Principal component analysis (PCA) was used to determine the direction and
maximum angular deviation (MAD) of the magnetization components identified dur-
ing the AF and thermal demagnetization (Kirschvink, 1980). To identify any origin
trending components, we calculated the deviation angle (DANG). For samples that
DANG < unanchored MAD, we calculated the PCA with an anchored fit (Tauxe and
Staudigel, 2004).

Nonetheless, because the non-fusion-crusted samples contain CRMs, both the
ARM and the IZZI methods cannot reliably reproduce in the laboratory the natural
process by which the NRM was acquired by these samples. Therefore, knowledge
of the ratio of CRM to ARM and CRM to thermoremance (TRM) is required to
obtain paleointensity estimates from these experiments. Unfortunately, these have
been poorly constrained by previous studies. Previous studies determined an TRM
to ARM ratio f’ of 3.33 for magnetite and Fe-Ni bearing samples, which has an esti-
mated 20 uncertainty that could be of at least a factor of 5 (Weiss and Tikoo, 2014).
For alteration timescales of a year to millions of years, such as those experienced
by carbonaceous chondrites (Dyl et al., 2012; Ganino and Libourel, 2020; Krot et al.,
2006), TRM/CRM can be ~1-2 (McClelland, 1996). For shorter alteration timescales
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(~10% s), this ratio can be as large as ~5-10 (McClelland, 1996). For this study, we
assume that TRM~CRM and we use [’ = 3.33 for the ARM method. We note that
the paleointensities and recording limits described here are likely to be an underesti-
mations and future experiments are necessary to fully determine the CRM to ARM
ratio.

We sought to estimate the minimum paleointensity that we could recover from
our samples using the ARM method (Bryson et al., 2017; Tikoo et al., 2012). We de-
termined this for each sample by applying a sequence of ARMs (AC field of 145 mT)
with DC bias fields ranging from 1 to 10 pT. We then attempted to retrieve these pa-
leointensities using the ARM method described above (using an ARM bias field of 50
1T) in the same coercivity range used to determine the paleointensity. We quantified
the accuracy and precision of the retrieved paleointensity estimates with deviation of
the retrieved magnetic field from the applied field (D’) and the uncertainty of the re-
trieved field (F) metrics (Bryson et al., 2017; Tikoo et al., 2012). Again, we assumed
f' = 3.33 such that the range of applied CRM-equivalent paleointensities were 0.3 to
3 puT. For a given sample, we estimate the minimum paleointensity that can be re-
covered as the lowest value for which a sample having -0.5<D’'<1 and EF<1. We also
experimentally determined the viscous remanent magnetization (VRM) acquisition
and decay rate of one of our samples from DOM 08006 to determine what fraction
of the NRM could have been acquired through VRM. We exposed a previously de-
magnetized sample for 37 days in a terrestrial field of 46 uT and measurements were
taken periodically during this time. VRM decay was measured while the sample was
kept inside of a magnetically shielded room (~200 nT) for 14 days and measured

periodically. Linear fits were used to calculate the VRM acquisition and decay rates.
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5.4 Results

5.4.1 ALHA77307

All AF-demagnetized samples from both the interior and with fusion crust contained
a low coercivity (LC) component (blocked up to 58 mT) that had directions with
overlapping MADs (Fig. 5-1; Table 5.1). The fusion-crusted samples also contained
a high coercivity (HCf) component blocked between 26-410 mT (Fig. 5-1). By com-
parison, further AF demagnetization of the interior samples to 145 mT demonstrated
that they contained no stable magnetization after removal of the LC component (Fig.
Figs. 5-1 and 5-3). Using the ARM method, the fusion-crusted samples yielded an
apparent paleointensity of 358.5 + 15.8 uT (these and all other reported uncertain-
ties are 20) for the LC component and a paleointensity of 26.7 + 0.8 muT for the
HCf component (Fig. 5-4). The presence of a common LC component among all
four samples and the high apparent paleointensity retrieved from the LC component
suggest that ALHA77307 was exposed to contamination from a magnet (i.e., IRM)
after atmospheric entry. We note that the fact that the fusion crusted samples were
not completely remagnetized (i.e., they have both LC IRM overprint and the HCf
component) and that the paleointensity of the HCf component has a strength similar
to Earth’s magnetic field implies that the HCf component is likely a TRM acquired
during atmospheric entry. The presence of a HCf component in the fusion-crusted
samples and not in interior samples demonstrates that ALHA77307 was not com-
pletely remagnetized by the IRM.

The ARM method applied to the apparently non-magnetized high coercivity (HC)
range of the interior samples (Fig. 5-4) yielded a paleointensity of 2.2 £ 0.9 uT
(Table 5.3). Although the 20 uncertainty does not formally encompass zero pale-
ointensity, the low paleointensity value and the lack of a unidirectional and stable
component in the HC range (Fig. 5-4) suggest that a weak or null field was present
when ALHA77307 acquired its magnetic record. Fig. 5-2 and Table 5.3 show that
the interior sample (ALHA.d) can record fields >0.9 uT.

Thermal demagnetization of a 50 uT ARM applied to two of the interior sam-
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Figure 5-1: AF and thermal demagnetization of samples from ALHA77307.
Selected orthographic projections of NRM vector endpoints during AF and ther-
mal demagnetization for samples (A) ALHA.a, (B) ALHA.e, (C) ALHA.b and (D)
ALHA.g. Closed symbols show the north-east (N-E) projection of the magnetization
and open symbols show the up-east (U-E) projection of the magnetization. Selected
AF and thermal steps are labeled. (A) and (C) show AF demagnetization from fusion-
crusted and interior samples (>1 mm away from fusion crust), respectively. (B) and
(C) show thermal demagnetization from fusion-crusted and interior samples, respec-
tively. (F-G) show equal area stereonets with the directions of low coercivity /low
temperature (LC/LT) and high coercivity/high temperature (HC/HT) components
from all samples measured from ALHA77307. Open and closed symbols represent
upper and lower hemispheres, respectively. Red symbols show components from ther-
mal demagnetization, while blue symbols show components from AF demagnetization.
Squares show fusion-crusted samples, while circles show interior samples. Black dat-
apoints in equal area stereonet show data from HC components from dusty olivine
chondrules from Borlina et al. (2021c).

ples that were previously AF demagnetized, show that the magnetic remanence is
carried by sulfide, magnetite (the main magnetic carrier; see above), and Fe-metal,
likely awaruite (Fig. 5-5), consistent with the expected mineralogy of CO chondrites.
The results of the IZZI protocol are presented in Table 5.4 and Fig. 5-6. After the
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Figure 5-2: F and D’ values calculated for samples from ALHA77307. Values
below (A) and between (B) the dashed lines represent reliable paleomagnetic fidelities.
The coercivity range, of each sample, used to calculate the paleointensities were used
to calculate the E and D’ values. The CRM analogs were calculated using f' = 3.33
from ARMs (AC field of 145 mT) with DC bias fields of 10, 5, 3 and 1 uT (estimated
CRM-equivalent fields of 3, 1.5, 0.9 and 0.3 uT).

removal of the LC component from the fusion crusted samples, we observed high
temperature (HTf) components (250-580 °C) oriented close to the directions of the
HCf components (Fig. 5-1). The fusion-crusted samples successfully passed the PI-
CRITO03 criteria, indicating minimum thermochemical alteration during laboratory
heating. The paleointensities retrieved from the HTf components were of 13.9 £ 4.7
puT and 13.9 £ 5.4 uT (Table 5.4; Fig. 5-6). These are within error of the ARM pa-
leointensities retrieved from the HCf component given the uncertainties in the values
of ARM/CRM and TRM/CRM. One interior sample (ALHA.g) had a LT component
(0-425 °C) similar in direction to the LC components of the other samples followed
by an origin-trending HT component (425-580 °C) oriented close to the direction of
the laboratory field. The latter may have resulted from thermochemical alteration
during the heating experiments (Fig. 5-1D). The other interior sample (ALHA.h; LC
removed with AF prior to the IZZI protocol) also had a LT component (51-475 °C)
oriented in the direction of the LC components of the other samples (Fig. 5-3D). Due
to thermochemical alteration during heating experiments, both interior samples fail
multiple PICRIT03 alteration selection criteria [Table 5.4; Paterson et al. (2014)],

which implies that the HT component paleointensities of the interior samples cannot
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Figure 5-3: AF and thermal demagnetization of remaining samples from
ALHA77307 showing orthographic projections of NRM vector endpoints
during AF and thermal demagnetization for samples (A) ALHA.f, (B)
ALHA.c, (C) ALHA.d and (D) ALHA.h. Closed symbols show the north-east
(N-E) projection of the magnetization and open symbols show the up-east (U-E)
projection of the magnetization. Selected AF and thermal steps are labeled. (A) and
(D) show thermal demagnetization from fusion-crusted and interior samples (>1 mm
away from fusion crust), respectively. (B-C) show AF demagnetization from interior
samples.

be reliably estimated. In summary, the LC/LT component common to all samples
is likely an IRM that did not completely overprint the sample, almost certainly ac-
quired during sample handling. The HCf/HTf component, which is only present in
the fusion-crusted samples, is consistent with magnetization acquired during heat-
ing from atmospheric entry in Earth’s magnetic field. The lack of a unidirectional
HC magnetization among most interior samples together with fidelity tests indicate
that the ancient field environment was less <0.9 nT when ALHA77307 acquired its

magnetization.
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Figure 5-4: ARM paleointensity experiment for samples (A) ALHA.a, (B)
ALHA.b, (C) ALHA.c and (D) ALHA.d from ALHA77307. Shown is NRM
lost during stepwise AF demagnetization up to 145 mT and ARM lost during AF
demagnetization up to 145 mT of an ARM (AC field of 145 mT with a DC bias field
of 50 nT). Paleointensitites (f' = 3.33) and their 95% confidence intervals are reported

along with the red line that represents the range of coercivities used to calculate the
fit.

5.4.2 DOM 08006

All AF-demagnetized DOM 08006 samples from the interior had a common LC com-
ponent blocked between 6-28 mT (Figs. 5-7 and 5-8; Table 5.2). The fusion-crusted
sample had a single origin-trending HCf component blocked up to 145 mT (Fig. 5-
7). Using the ARM method, we obtained a paleointensity of 39.5 + 0.4 uT for the
HTf component of the fusion-crusted sample, consistent with Earth’s magnetic field
strength as recorded during atmospheric entry (Table 5.3; Fig. 5-9).

Four interior samples had medium coercivity (MC) components with coercivities

up to 45 mT (Fig. 5-7), but no stable HC magnetization blocked beyond this. A
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Figure 5-5: Thermal demagnetization of ARM (AC field of 145 mT with a
DC bias field of 50 ;T) for samples ALHA.c (black) and ALHA.d (blue).
Shown is magnetic moment as a function of temperature. Vertical lines indicates the
Curie temperature of magnetic minerals.

fifth sample had a HC component between 19-145 mT (Fig. 5-8A). The remain-
ing two samples did not carry any components blocked above 15 mT. PCA of the
HC range yields scattered directions and MAD values >40° for most samples (Fig.
5-7; Table 5.2). The LC and MC components are likely associated with viscous re-
manent magnetization (VRM) and/or low temperature parent body thermochemical
alteration. To assess this, we analyzed the VRM acquisition and decay properties
of sample DOM.m following the AF demagnetization experiments. We measured a
VRM acquisition rate of of 1.15x107% Am? kg=! 4T~! and a VRM decay rate that
was shallow at first (~10% seconds) with a decay rate of 2.06x107% Am? kg=' T,
followed by an increase in the decay rate to a value of 8.17x1077 Am? kg~ yT~!
(Fig. 5-10). Because Antarctic meteorites typically have terrestrial ages of a few tens
of thousands of years (Jull, 2006) with some surviving for up to 2 million years, we
estimate that ~52% of the NRM of the DOM.m could have been acquired in 10,000
years on the Earth’s surface, consistent with the magnetic moment carried by the LC
component.

The ARM method yielded a mean paleointensity of 1.2 + 1.4 T for the HC range

84



A ALHA.e - fusion crusted B ALHA. f - fusion crusted

2 1.6
Paleointensity: 13.9 + 4.7 uT| Paleointensity: 13.9 + 5.4 ;i T|

sl <12

& &

9 ©

o o

= x

24 E’O'S

= =

3

5 5

2 & "

s s S04 0%shoc

T g5l “e425°C < 00°C

z 500°C P

= e———C 80°C
560°C 580°C 0 _
540°C > . . .
% 05 1 15 > 0 0.4 0.8 . 1.2 1.6
pTRM Gained (x10'5 AmZ) pTRM Gained (x10 Am®)
ALHA.g - interior no AF ALHA.h - interior with AF

Paleointensity: 1.5 + 8.9 uT

o

400°C

500°C

M
-

580°C
560°C
0 0 n n n L L
0 1 2 3 4 5 6 7 0 05 1 15 2 25 3
pTRM Gained (x10® Am?) pTRM Gained (x10°® Am?)

NRM Remaining (x10® Am?)

ol
&
NRM Remaining (x10® Am?)

Figure 5-6: NRM remaining versus partial TRM (pTRM) gained during
progressive laboratory heating for samples (A) ALHA.e, (B) ALHA.f, (C)
ALHA.g and (D) ALHA.h from ALHAT77307. Blue triangles show pTRM
checks. The red lines show the measurements used to compute paleointensity values.
(A-B) show fusion-crusted samples that had their LC overprint demagnetized with AF
to 21 mT. (C) shows interior sample that did not have the LC overprint removed. (D)
shows interior sample that had the LC overprint removed by AF to 21 mT. (A), (B)
and (D) were demagnetized to 21 mT pre-in-field steps during the 1ZZI experiments.

(Figs. 3 and S6; Table 2). Like the interior samples from ALHA77307, the lack of
stable, unidirectional components in the HC range, the paleointensities within error
of zero retrieved from the ARM method, and the demonstrated capacity for gaining
ARM in the same non-magnetized range (Figs. 5-9 and 5-12) indicate that a weak to
null field was present when the magnetic record was acquired. We chose to not include
DOM.c and DOM.I as part of our paleointensity analysis. DOM.c contains a well
constrained HC component (19-145 mT, MAD = 13.9°) that is not observed in any
other sample and records a paleointensity of 4.1 4+ 0.2 pT. DOM.I also contained a HC
component (28-145 mT, MAD = 21°) with a distinct direction than that of DOM.c,
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Figure 5-7: AF and thermal demagnetization of samples from DOM 08006.
Selected orthographic projections of NRM vector endpoints during AF and thermal
demagnetization for samples (A) DOM.a, (B) DOM.b, (C) DOM.g and (D) DOM.ha.
Closed symbols show the north-east (N-E) projection of the magnetization and open
symbols show the up-east (U-E) projection of the magnetization. Selected AF and
thermal steps are labeled. (A-B) show AF demagnetization from fusion-crusted and
interior samples (>1 mm away from fusion crust), respectively. (C-D) show thermal
demagnetization from interior samples. (E-G) show equal area stereonets with the
directions of low coercivity /low temperature (LC/LT), medium coercivity /medium
temperature (MC/MT) and high coercivity/high temperature (HC/HT) components
from all samples measured from DOM 08006. Open and closed symbols represent
upper and lower hemispheres, respectively. Red symbols show components from ther-
mal demagnetization, while blue symbols show components from AF demagnetization.
Squares show fusion-crusted samples, while circles show interior samples. Black dat-
apoints in equal area stereonet show data from HC components from dusty olivine
chondrules from Borlina et al. (2021c).

which yield a paleointensity of 3.4 £+ 0.4 uT, which is higher than its fidelity limit
of 0.9 T (Fig. 5-11; Table 5.3). These records are not observed in any of the other
subsamples and may be due to the presence of large or highly magnetic chondrules and

refractory inclusions in the bulk samples with pre-accretional magnetization and/or
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Figure 5-8: Remaining AF and thermal demagnetization of samples from
DOM 08006 showing orthographic projections of NRM vector endpoints
during AF and thermal demagnetization for samples (A) DOM.c, (B)
DOM.j, (C) DOM.k, (D) DOM.], (E) DOM.m, (F) DOM.hb, (G) DOM.ia
and (H) DOM.ib. Closed symbols show the north-east (N-E) projection of the mag-
netization and open symbols show the up-east (U-E) projection of the magnetization.
Selected AF and thermal steps are labeled. (A-E) show AF demagnetization from in-
terior samples (>1 mm away from fusion crust). (F-H) show thermal demagnetization
from interior samples.
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with spurious remanence acquired during AF demagnetization (Weiss et al., 2010).
Not including DOM.c and DOM.I results in a mean paleointensity of 0.2 + 0.4 uT.
The fidelity test for interior samples from DOM 08006 (Fig. 5-11; Table 5.3) show
that the sample with best fidelity record is DOM.j, recording fields >0.9 pT. We
conclude that the HC magnetic record was likely acquired in an environment with
paleointensity of <0.9 pT.

The thermal experiments identified LT components (blocked up to 350 °C) in all
samples whose direction is like those of the direction of the LC components (Fig.

5-7). No components were observed blocked above 350 °C as indicated by a scattered
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Figure 5-9: ARM paleointensity experiments for the selected samples (A)
DOM.a, (B) DOM.b, (C) DOM.j and (D) DOM.m from DOM 08006.
Shown is NRM lost during stepwise AF demagnetization up to 145 mT and ARM lost
during AF demagnetization up to 145 mT of an ARM (AC field of 145 mT with a DC
bias field of 50 pT). Paleointensitites (f’ = 3.33) and their 95% confidence intervals
are reported. The red lines represent the range of coercivities used to calculate the
fit.

directions and large MADs yielded by PCA fits (Fig. 5-7; Table 5.2). The two samples
on which we conducted the IZZI experiment failed multiple PICRITO03 alteration
selection criteria. Thus, paleointensities and components direction are unlikely to be
robust (Fig. 5-13; Table 5.4).

In summary, the LC/LT/MC/MT components can be associated with low tem-
perature parent body thermochemical alteration and/or VRM acquisition and the

fidelity test indicates that the HC range of DOM 08006 recorded a field <0.9 pT.
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quisition experiment, solid line shows linear fit of the VRM decay experiment, and
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Figure 5-11: FE and D’ values calculated for samples from DOM 08006. Values
below (A) and between (B) the dashed lines represent reliable paleomagnetic fidelities.
The coercivity range, of each sample, used to calculate the paleointensities were used
to calculate the E and D’ values. The CRM analogs were calculated using f = 3.33
from ARMs (AC field of 145 mT) with DC bias fields of 10, 5, 3 and 1 uT (estimated
CRM-equivalent fields of 3, 1.5, 0.9 and 0.3 uT).

5.5 Discussion

In the early solar system, there were at least four sources of magnetic fields that could

conceivably have exceeded 0.9 nT: the solar wind magnetic field; impact-generated
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Figure 5-12: Remaining ARM paleointensity experiments for samples (A)
DOM.c, (B) DOM.d, (C) DOM.k and (D) DOM.1 from DOM 08006. Shown
is NRM lost during stepwise AF demagnetization up to 145 mT and ARM lost during
AF demagnetization up to 145 mT of an ARM (AC field of 145 mT with a DC bias
field of 50 pT). Paleointensitites (f’ = 3.33) and their 95% confidence intervals are
reported, along with the red line that represents the range of coercivities used to
calculate the fit.

fields; a parent-body core dynamo magnetic field; and the solar nebula magnetic
field. Below we discuss the implications of the magnetic record obtained from the CO
chondrites and previous measurements for each one of these possibilities. We note
that this discussion assumes that the magnetite is capable of having recorded a CRM
during parent-body alteration. We discuss below why this might not be the case and

future directions to address this.
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Figure 5-13: Vector-subtracted NRM from NRM /400 °C versus partial
TRM (pTRM) gained during progressive laboratory heating for samples
(A) DOM.i, (B) DOM.ia and (C) DOM.ib from DOM 08006. Blue triangles
show pTRM checks. The red line shows the measurements used to compute pale-
ointensity values. Sample DOM.i split into two subsamples (DOM.ia and DOM.ib)
during the 400 °C step. (A) shows demagnetization of sample DOM.i up to 400 °C.
(B-C) show the remaining demagnetizations for subsamples DOM.ia and DOM.ib.

5.5.1 Implications for the Solar Wind Magnetic Fields

Previous studies have discussed the possibility of the solar wind as a source of rema-
nence recorded by the parent bodies of meteorites (O’Brien et al., 2020; Oran et al.,
2018). MHD simulations indicate that the solar wind magnetic field could instan-
taneously have been amplified to a few pu'T, but the time-averaged field that would
be recorded as a CRM in our meteorites would be several orders of magnitude lower
than this value (Oran et al., 2018)). Our findings from CO chondrites place an upper
limit to the time-averaged solar wind magnetic field of <0.9 nT, consistent with these

studies.
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5.5.2 Implications for Impact and Dynamos in Planetesimals

Planetesimals have been proposed to have hosted magnetic fields through different
mechanisms. A planetesimal dynamo could have been generated by advection of an
interior liquid metallic core (Sterenborg and Crowley, 2013). Alternatively, magnetic
fields could have been produced transiently during impacts (Weiss et al., 2010). Our
records could imply that at the time that the magnetic record was acquired, fields with
intensities <0.9 nT (due to a dynamo, crustal remanence from a previous dynamo or
impact-generated field) were present on the CO parent. Weak fields such as the upper
limit of our measurements are within the values predicted by core dynamo scaling
laws (Weiss et al., 2010). Furthermore, models of thermal convection-driven dynamos
suggest that field generation could start by 4.5-5 Ma after CAl-formation (Bryson
et al., 2019), relatively close to the timing of magnetic acquisition of our samples. In
summary, any magnetic field on the parent body at the time of CO magnetization

was weaker than <0.9 pT.

5.5.3 Solar Nebular Magnetic Fields and Implications for the

Dissipation of PPDs and Planetary Formation

Previous measurements support the presence of nebular fields in the early solar system
(Borlina et al., 2021¢; Cournede et al., 2015; Fu et al., 2021, 2014). The youngest
record of the solar nebula in the inner solar system comes from LL chondrules at
2.03 £+ 0.81 Ma after CAI formation (Fu et al., 2014; Weiss et al., 2021), and the
youngest record in the outer solar system comes from the CM chondrites at 3.9f8:§
Ma after CAI formation (Cournede et al., 2015; Fujiya et al., 2012). We note that
[-Xe ages for the CMs have been reported as 2.9 4+ 0.39 Ma after CAI formation in
the form of an abstract (Pravdivtseva et al., 2013) and recent *Mn->3Cr ages support
a younger alteration time of 3.91)2 Ma after CAI formation (Fujiya et al., 2012). Fig.
5-14 shows the results of the CO chondrites in context with those of previous studies
(Biersteker et al., 2019; Borlina et al., 2021¢; Bryson et al., 2017, 2020; Cournede et al.,
2015; Fu et al., 2014, 2020b, 2021; Gattacceca et al., 2016; Wang et al., 2017; Weiss
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Figure 5-14: Summary of previous paleomagnetic studies along with results
from this study and models of the magnetic field from the solar nebula.
Points show paleomagnetic constraints from LL chondrules (Fu et al., 2014), CO
chondrules (Borlina et al., 2021c), bulk NWA 7325 achondrites (Weiss et al., 2017),
bulk angrites (Wang et al., 2017), bulk CV (Kaba) chondrites (Gattacceca et al.,
2016), Fe-sulfides in CV (Allende) (Fu et al., 2021), CR chondrules (Fu et al., 2020b),
Rosetta observations of comet 67P Cheryumov Gerasimenko (Biersteker et al., 2019)
and this study. Red symbols show samples that are likely from the inner solar system
(<3 AU) and blue symbols show samples that are likely from the outer solar system
(>3 AU). (A) Solid lines show predicted midplane magnetic field: solid lines show
field due to vertical Maxwell stress [zp; eq. 16 of Bai and Goodman (2009)] and
dashed lines show field due to radial Maxwell stress (Ry; eq. 7 of Bai and Goodman
(2009)], both assuming the nebular magnetic field and sense of disk rotation are
aligned. Dotted lines show the field due to vertical Maxwell stress [zp; eq. 7 of Bai
and Goodman (2009)] assuming nebular magnetic field and sense of disk rotation are
anti-aligned (radial component cancels out for this case). All curves were calculated
assuming accretion rates of 1072 (bottom curve), 1078 (middle curve) and 10~7 (top
curve) My, year—!. (B) Points show paleomagnetic constraints from (A) as a function
of age (see text for details on the estimates of the ages).

et al., 2017). We present in Fig. 5-14A magnetic field models as a function of the
distance from the Sun. Shown are three set of curves, each assuming magnetic fields
drove accretion at rates ranging from 1077 to 1079 M, year—! as typically observed
for actively accreting Young Stellar Objects (Hartmann et al., 1998; Weiss et al.,
2021). The first and second curves assume radial-azimuthal and vertical-azimuthal
magnetic field stresses driving accretion in the case when the nebular field and the
disk angular moment are aligned, while the third curve assumes vertical-azimuthal

stresses when the nebular field and the disk rotation are anti-aligned. Recent studies

93



have supported the presence of magnetic inhomogeneities in the early solar system
(Borlina et al., 2021c; Fu et al., 2021), which suggest that magnetic fields might
not decay monotonically as proposed by theoretical models of solar nebula magnetic
fields.

Measurements from dusty olivine chondrules in LL ordinary chondrites (Fu et al.,
2014), are consistent with predictions from magnetically-driven accretion at rates
between 1078 and 10" M, year~! and provide lower limits to the accretion rate when
compared to that reported by Borlina et al. (2021c) from dusty olivine chondrules
in CO chondrites. Comparing the accretion rate inferred from the lower limit of
the paleointensity from the LL chondrules (Fu et al., 2014) to the models shown

in Fig. 5-14A, we obtain a value of ~107% M, year~!.

This model assumes an
aligned configuration between the magnetic field and rotation of the disk. Under this
configuration, a field of ~10 uT would suggest that the solar nebula was still present
in the outer solar system. Comparing the CO and CV bulk magnetic records with

1 we observe that the upper

models that assume accretion rates >10"% M, year™
limits from this study (<0.9 xT) and that of Kaba (<0.3 uT) fall below the expected
magnetic models by an order of magnitude. Assuming that accretion is magnetically-
mediated and that the magnetic field decayed smoothly in the early solar system, the
upper limits on the paleointensities of the CO and CV chondrites suggest an absence
of nebula in the outer solar system nebula.

»3Mn-?3Cr ages of fayalite from the CV3 Asuka 881317 indicate an alteration age
of 4.270% Ma after CAI formation (Doyle et al., 2014), which is within the error of the
[-Xe age from Kaba of 4.50 & 1.66 Ma after CAI formation (Pravdivtseva et al., 2013).
We note that the Kaba’s 53Mn-53Cr age reported in (Gattacceca et al., 2016) used
the San Carlos olivine standard that needs to be corrected in future measurements
(Doyle et al., 2014). Instead, we adopt the *Mn-53Cr ages of fayalite from the CV3
Asuka 881317 of 4.270% Ma after CAI formation as the Kaba alteration age (Fig.
5-14B). Together, the CV and CO magnetic data suggest the dissipation of the outer
solar system solar nebula by 2.7-5 Ma after CAl-formation, with the CV magnetic

record providing the most constrained evidence for the dissipation of the nebula in the
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outer solar system of ~4.2 Ma after CAl-formation. This is broadly consistent with
the recent models that suggest that chondrules from the CB carbonaceous chondrites
Gujba and Hammadah al Hamra 237, which are thought to have formed, respectively,
at 4.6702 Ma after CAI formation and 4.5705 after CAI formation as a result of high
velocity impact between planetesimals in an environment where the nebular gas had
already dissipated (Krot et al., 2005) and with simulations of these impacts that
indicate that the nebula dissipated by 5 Ma after CAI formation (Johnson et al.,
2016).

We can now establish the dissipation time of the solar nebula between the inner
and outer solar system as well as within the outer solar system. Magnetic measure-
ments suggest that the inner solar nebula dissipated by 3.71 £+ 0.23 Ma after CAI
formation (Wang et al., 2017; Weiss et al., 2021). Comparing the angrite age with
that of the CV chondrites would suggest that the solar nebula dissipated within <1.5
Ma between the two reservoirs. If, independently, we compare the CM chondrite age
with that of the CV chondrites, we obtain a dispersal time in the outer solar system
solar nebula of <1.6 Ma after the CM magnetic record. These two upper limits on the
differential dissipation time between and within the reservoirs suggest a rapid dissipa-
tion of the disk: together with the evidence that the disk existed for at least ~3 Ma,
it overall supports a dual-timescale evolution of the solar system PPD. Models sug-
gest that a two-timescale evolution of the disk is consistent with magnetically-driven
and/or photoevaporative winds predominately driving PPD dissipation (Armitage
et al., 2013; Clarke et al., 2001; Shadmehri and Ghoreyshi, 2019) with potential in-
fluence of external photoevaporation aided by other stars (Concha-Ramirez et al.,
2019).

Finally, the dissipation of the disk sets the limit for the accretion of gas to the
gas giants (Weiss and Bottke, 2021). Thus, if we take the age of the CVs as the
first evidence for the dissipation of the solar nebula in the outer solar system that
indicates that the gas giants stopped accreting mass sometime between 3.5-5 Ma after

CAI formation.
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5.6 Future Directions for Solar Nebula Paleomag-
netism

While previous measurements (Cournede et al., 2015; Fu et al., 2021; Gattacceca
et al., 2016) and those reported in this study can potentially provide important infor-
mation about the lifetime of the solar nebula, two key aspects that are fundamental
to obtaining robust records of the solar nebula remain largely unconstrained. First,
additional high-precision ages from meteorites are necessary. Determining when alter-
ation occurred in various meteorite parent bodies is crucial to establish when CRMs
may have been acquired. Future studies that include age measurements of the alter-
ation products in the meteorites (ideally dating the formation of the ferromagnetic
minerals of interest), including CO chondrites, will be able to provide the precision
necessary to establish more precise timing of the solar nebula dispersal.

Second, as briefly discussed in section 2.2, the CRM to ARM ratio for magnetite
that formed during aqueous alteration of metal is undetermined. While chondrules
and refractory inclusions likely acquired TRMs due to their pre-accretionary thermal
histories, the magnetic record of bulk aqueously altered samples is usually carried in
the form of CRMs. Unfortunately, very little is known about the mechanism of CRM
acquisition during parent-body alteration and how it can affect the recovered paleoin-
tensity. A recent study suggests that magnetite can form through different pathways
in chondrites (Sridhar et al., 2021). Magnetite grains in most CM and CO chondrites
likely formed through pseudomorphic replacement of metal, while magnetite in fram-
boids and plaquettes, which are found in comparatively high abundance inseveral
chondrites including the CM Paris, are thought to have formed through the dissolu-
tion of sulfide and precipitation of magnetite in these exotic morphologies. For the
case that magnetite forms through replacement of metal, previous studies of alteration
pseudomorphic reactions in terrestrial samples have observed that certain minerals
can inherent the NRM carried by the precursor phase (Heider and Dunlop, 1987; Jiang
et al., 2017). Because FeNi metal across a bulk chondrite subsample is expected to

carry a non-uniform remanence (because it will carry several non-unidirectional pre-
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accretionary remanences), it is possible that the absence of a remanence recorded
by magnetite corresponds to a signal inherited from the metal. This could funda-
mentally impact the paleointensities obtained from CRMs carried by magnetite in
CM chondrites (Cournede et al., 2015), CV chondrites (Fu et al., 2021; Gattacceca
et al., 2016) and CO chondrites in this study. For the CMs, for example, the lack
of HT components that demagnetize between the Curie temperatures of pyrrhotite
and magnetite in most CM chondrites from Cournede et al. (2015) was interpreted to
be due to alteration during laboratory heating. A second interpretation is that the
magnetite inherited the remanence from its parent metal and, as a result, does not
contain a HT component associated with magnetite. This interpretation is consistent
with pyrrhotite in CM chondrites carrying a CRM, indicating that a field was seem-
ingly present at some point during the alteration sequence of these meteorites, but
there being no record of this remanence in the magnetite among most meteorites in
this group. Notably, the magnetite in Paris does appear to carry a CRM, which is
consistent with this meteorite containing a large proportion of magnetite framboids
and plaquettes that are likely to have recorded more traditional CRMs as the grains
in these morphologies grew through their blocking volumes as they were precipitated.
This interpretation could also explain the absence of a remanence in the CV Kaba at
temperatures above the peak metamorphic temperature reached on the parent body
(Gattacceca et al., 2016). This would suggest that the absence of a remanence may
in fact not reflect the dissipation of the disk and its associated field, but instead the
inability of magnetite to record a remanence when it forms through aqueous alter-
ation of metal. To determine whether robust records of the solar nebula can in fact be
recovered from bulk samples of aqueously altered chondrites, it is crucial to conduct
experimental work to determine how magnetite in different families of chondrites and

how they could acquire CRMs.
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5.7 Conclusion

We report paleomagnetic measurements of bulk matrix-rich samples from the CO
chondrites ALHA77307 and DOM 08006. Assuming that magnetite could have recorded
ambient fields during parent-body alteration, the CO chondrite records indicate that
the ambient field was <0.9 uT. Combining these results with previous paleomagnetic
measurements, we suggest that the nebular gas in the carbonaceous chondrite region
(~3-7 AU) dissipated within 3.5-5 Ma after CAI formation. Comparing the time of
the dissipation of the nebula in the outer solar system with that from the inner solar
system indicates that the difference in dissipation ages between the two reservoirs
was <1.5 Ma. This supports a dual-timescale evolution of the solar system PPD,
consistent with magnetically driven winds and/or photoevaporation as processes that
mediated the dissipation the solar system PPD. Additionally, the end of the solar neb-
ula indicated that the gas giants stopped accreting by 3.5-5 Ma after CAI formation.
We also highlight future work necessary for the field of solar nebula paleomagnetism
which includes obtaining more ages from alteration products to obtain high-resolution
temporal records from the nebula. We also highlight issues in using magnetite in bulk
carbonaceous chondrites to determine nebula field records and the future work nec-
essary for such records to be acquired, as well as obtaining more ages from alteration
products to obtain high-resolution temporal records from the nebula. We also dis-
cuss how there is a possibility that paleomagnetic measurements of carbonaceous
chondrites that have been interpreted as evidence for the absence of a field in the
solar nebula, including this study, might be a result of non-ideal magnetic acquisition
during parent-body alteration. Overall, future experimental work to understand the
mechanisms of CRM acquisition in parent-bodies is critical to reliably obtain records

of the solar nebula.
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5.8 Appendix

5.8.1 Magnetic record from matrix dominates bulk samples

An average bulk sample used in this study has a volume of ~1 mm? = 1x107? m?.
In DOM 08006, chondrules represent 67% of the volume in the bulk material with
an average radius of 133 pum (Davidson et al., 2019). Assuming that a chondrule is
a sphere, the average volume of a chondrule in a CO chondrite is of 9.9x107!2 m3.
Thus, a typical bulk size sample from a CO chondrite used in this study has ~68
chondrules. The expected net moment M of the summation of N chondrules that are
randomly located in bulk samples with a magnetic moment m is given as M = mv/'N
(Biersteker et al., 2019; Heslop, 2007). The average value of m for dusty olivine chon-
drules in CO chondrites is 3.7x10™" Am? (Borlina et al., 2021c). If we assume the
magnetic moment of dusty olivine chondrules to be representative of all chondrules in
CO chondrites, an upper limit of the expected magnetic contribution from all chon-

drules in a typical bulk size sample is ~9.6x1071 Am? or ~0.96 Am~".

However,
dusty olivine chondrules only represent 1 in 100 chondrules in CO chondrites; if we
were to instead assume that only dusty olivine chondrule carry magnetic moments in
bulk samples, we obtain a lower limit on the moment contribution from chondrules
of ~3.1x107" Am? or 0.031 Am~!. From the NRM measurements of DOM 08006
reported here, the average bulk sample has an NRM moment of 2.3x107% Am? or

magnetization 2.3 Am~!.

This value is at least two times greater than 0.96 Am™!,
which represents the overestimation of the magnetic moment of the chondrule popu-
lation, and two orders of magnitude higher than our lower limit of 0.031 Am~!. Thus,

matrix material is likely to dominate the magnetic record of bulk samples.
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Table 5.3: Paleointensities from the ARM experiment with samples from
ALHAT77307 and DOM 08006. The first column shows the sample name, the sec-
ond shows the distance from the fusion crust (in mm; “fusion-crusted” if the sample
contained fusion crust), the third shows the range of AF levels used in the paleointen-
sity fit (in mT), the fourth shows the number of datapoints used in the paleointensity
fit, the fifth shows the parametric correlation (p) between NRM and ARM datasets,
the sixth shows the type of fit used to calculate the paleointensity (OLS = ordinary
least square; RMA = reduced major axis), the seventh shows the paleointensity (in
wuT), the eighth shows the calculated 95% confidence interval of the paleointensity
fit (in ©T) and the nineth shows the recording limit of the sample (in uT). For each
sample (ALHA77307 and DOM 08006) we calculated mean paleointensities and the
95% confidence interval.

Sample  Distance from fusion crust (mm) Range (mT) N p Fit Type Paleofield (uT)  95% conf. int. (uT) Recording limit (4T)
ALHA.a fusion crusted 0-10 20 1 OLS 358.5 15.8
26-145 100  0.99 RMA 26.7 0.8
ALHA.b 7.68 0-10 20 0.99 OLS 206.9 10.2
39-145 87 0.8 RMA 2 0.3
ALHA.c 3.2 0-9 18 0.99 OLS 247.7 16.3 -
55-145 71 0.5 OLS L5 0.5 > 1.5
ALHA.d 4.9 0-10 20 0.99 OLS 113.3 7.3 -
55-145 71 0.54 OLS 3 0.6 > 0.9
Mean* 2.2 *only high coercvity and no fusion crust
95% conf. int 0.9
DOM.a fusion crusted 0-145 150 1 RMA 39.5 0.4
DOM.b 0.9 0-10 20 0.97 OLS 16.4 2.2 -
10-145 131 0.14 OLS 0.1 0.1 > 1.5
DOM.c 2 0-7.5 15 0.98 OLS 28 3.4 -
19-145 113 0.97 RMA 4.1 0.2 > 0.3
DOM.d 3.1 0-6 12 0.93 OLS 29.5 8.1
6-17.5 24 0.94 RMA 5.4 0.8
17.5-32 23 0.87 RMA 6.4 1.5 -
32-145 94 - OLS -0.02 0.7 >3
DOM.j 7.6 0-28 53 1 RMA 18.5 0.6
28-45 18 1 OLS 7.1 1.8 -
45-145 81 0.27 OLS 0.8 0.6 > 0.9
DOM.k 6.9 0-9.5 19 1 OLS 17.9 1.3
9.5-24 30 0.97 RMA 5.7 0.5 -
24-145 103 - OLS -0.3 0.2 > 15
DOM.1 5.8 0-6 12 0.97 OLS 34.1 5.7 -
28-145 98 0.83 RMA 3.4 0.4 > 0.9
DOM.m 4.8 1-15.5 30 0.94 RMA 12.9 1.6 -
15.5-145 120 0.3 OLS 0.3 0.2 > 1.5
Mean** 1.2 **only high coercvity and no fusion crust
95% conf. int 1.4
Mean*** 0.2 *#*%only high coercvity, no fusion crust, DOM.c and DOM.I not included
95% conf. int 0.4
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Part 1V

Conclusions and Future Research
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Chapter 6

Future Research

6.1 Determining the evolution of Earth’s magnetic

field

Determining the evolution of Earth’s magnetic field is crucial to understand how
planetary magnetic fields are generated, the thermal structure of planets and the po-
tential impact of magnetic fields in controlling habitability of planets. As discussed
in Chapter 2 and Borlina et al. (2020), Earth’s oldest relics, the Jack Hills zircon
grains, are not robust paleomagnetic targets. In fact, a recent study by Fu et al.
(2020a) showed that even 3.5-4.0 billion years (Ga) old zircons from the Barberton
Greenstone Belt, South Africa, are not robust paleomagnetic targets. This suggests
that the majority of ancient zircon grains are not ideal paleomagnetic targets. Thus,
determining what Earth’s magnetic field looked like before 3.5 Ga will require identi-
fying new outcrops and/or single crystals that are older than 3.5 Ga and that could
have recorded the ancient dynamo. Finally, on-going work is attempting to obtain
extremely high-resolution temporal records of short-term variations of Earth’s mag-
netic field that can provide insights about the fundamental mechanisms that drive

planetary magnetism (Borlina et al., 2021a).
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6.2 Obtaining Solar Nebula Magnetic Records

Future studies should focus on two main directions. The first one involves further
exploring the magnetism of CAls and chondrules. The work presented in Chapter
3 suggests that CAls can provide records of the very beginning of the solar system.
This study opens the possibility to explore the magnetism of CAls from different
families of meteorites. Additionally, the work presented in Borlina et al. (2021c) and
Chapter 4 indicate that we can obtain reliable records from ~100 pm chondrules.
In lieu of that, there are many families of meteorites that we can target to obtain
obtain magnetic records from dusty olivine chondrules. The second direction involves
understanding how crystallization remanent magnetization (CRM) is acquired by
magnetite in chondrites during parent-body alteration. While previous work and the
work in Chapter 5 provide important constraints on how the solar nebula dissipated,
there is work that has to be done specifically to obtain more ages of meteorites and

experimental work to understand CRM acquisition.
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2-1 Examples of grains that pass and fail the selection criteria.
(A to C) Example of a zircon grain (7-13-20; 3.973 £ 0.001 Ga) that
passes all selection criteria: U-Pb age discordance <10%, presence of
zonation in CL (A), no signs of secondary deposits on the exposed
surface from BSE (B), and <20-pm-thick Li zonation banding (black
arrow), indicating that the sample may not have been fully thermally
remagnetized since crystallization (C). (D to F) Example of a zircon
grain (12-2-8; 3.666 + 0.004 Ga) that passes some of the selection
criteria: U-Pb age discordance <10%, presence of zonation in CL (D),
no signs of secondary deposits on the exposed surface from BSE (E),
and no observed Li zonation (F). (G to I) Example of a zircon grain
(15-18-8; 3.527 £ 0.007 Ga) that fails most of the selection criteria: U-
Pb age discordance <10%, absence of igneous zonation (G), presence
of secondary mineral filling cracks at the lower right side of the grain

(white arrow) (H), and no observed Li zonation (I). . . ... ... .. 23
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2-2  Summary of zircon selection from the initial 3754 dated grains.
Each circle shows the number of zircon grains remaining after each se-
lection step. The histogram on the top right shows the measured age
distribution of the 3754 grains. From the 250 grains that were older
than 3.5 Ga, we selected all grains that passed all the selection criteria
(3 grains) and an additional set of 53 grains. The histograms at the
bottom left show the number of grains that satisfy the various selec-
tion criteria [(1) U-Pb age discordance <10%; (2) lack of visible cracks,
metamictization, and secondary deposits; and (3) detectable primary
Li zoning with thickness of <20 um]| and paleomagnetic criteria [(a)
the NRM component had a difference ratio sum 25%, and (b) the sam-
ple gained a moment in the direction of the laboratory field during in-
field steps with a maximum angular deviation 150 over the same tem-
perature range as the NRM component| for the 56 grains selected for
paleomagnetic analysis. Only two grains pass all the selection and pa-
leomagnetic criteria. In addition to the 56 polished grains shown here,
21 whole grains were also analyzed paleomagnetically as a control. No

grain showed evidence for a Hadean-Eoarchean dynamo. . . . . . ..
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2-3 Paleomagnetic data for zircon grain 7-13-20 (3.973 + 0.001
Ga) that passes all selection and paleomagnetic criteria. (A)
Orthographic projection of NRM vector endpoints during thermal de-
magnetization. Closed symbols show the X-Y projection of the mag-
netization; open symbols show Z-Y projection of the magnetization.
Selected demagnetization steps are labeled. (B to D) Out-of-the-page
magnetic field component (B,) maps measured at a height of 360 pm
above the grains obtained with the SQUID microscope for the NRM,
500°C, and 575°C steps. We use a “1” subscript on X7, Y7, and Z; to
denote the fact that the grain orientations during the thermal demag-
netization and paleointensity experiments are different from the grain
orientations during the BSE, CL, and Li measurements and during
the QDM measurements (Fig. 2-6). (E) Vector-subtracted NRM from
the 300°C step versus pTRM grained during progressive laboratory
heating. Blue triangles show pTRM checks. The red line shows the
measurements used to compute paleointensity values (300° to 580°C).

(F to H) CL, BSE, and Li images of the grains. . . . . .. ... ... 27
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2-4 Paleomagnetic data for zircon grain 8-2-11 (3.979 + 0.007
Ga) that passes all selection and paleomagnetic criteria. (A)
Orthographic projection of NRM vector endpoints during thermal de-
magnetization. Closed symbols show the X-Y projection of the mag-
netization; open symbols show Z-Y projection of the magnetization.
Selected demagnetization steps are labeled. (B to D) Out-of-the-page
magnetic field component (B,) maps measured at a height of 360 pm
above the grains obtained with the SQUID microscope for the NRM,
500°C, and 580°C steps. We use a “1” subscript on X7, Y7, and Z; to
denote the fact that the grain orientations during the thermal demag-
netization and paleointensity experiments are different from the grain
orientations during the BSE, CL, and Li measurements and during
the QDM measurements (Fig. 2-6). (E) Vector-subtracted NRM from
the 510°C step versus pTRM grained during progressive laboratory
heating. Blue triangles show pTRM checks. The red line shows the
measurements used to compute paleointensity values (510° to 580°C).

(F to H) CL, BSE, and Li images of the grains. . . . . .. ... ... 29
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2-5 Paleomagnetic data for zircon grain 15-1-7 (4.094 + 0.005
Ga) that passes all selection and paleomagnetic criteria. (A)
Orthographic projection of NRM vector endpoints during thermal de-
magnetization. Closed symbols show the X-Y projection of the mag-
netization; open symbols show Z-Y projection of the magnetization.
Selected demagnetization steps are labeled. (B to D) Out-of-the-page
magnetic field component (B,) maps measured at a height of 360 pm
above the grains obtained with the SQUID microscope for the NRM,
500°C, and 560°C steps. We use a “1” subscript on X7, Y7, and Z; to
denote the fact that the grain orientations during the thermal demag-
netization and paleointensity experiments are different from the grain
orientations during the BSE, CL, and Li measurements and during
the QDM measurements (Fig. 2-6). (E) Vector-subtracted NRM from
the 510°C step versus pTRM grained during progressive laboratory
heating. Blue triangles show pTRM checks. The red line shows the
measurements used to compute paleointensity values (550° to 580°C).

(F to H) CL, BSE, and Li images of the grains. . . . . .. ... ... 30
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2-6 Magnetite grains located in dislocations and filling parts of

3-1

voids postdating igneous formation of the zircon host. (A
to C) Zircon grain 7-13-20. (D to F) Zircon grain 8-2-11. (A and
D) QDM maps of the out-of-the-page magnetic field component (B,)
of an IRM applied to the grain used to locate magnetic sources at
a height of 5 pum above the samples. We use Xj, Y5, and Z5 to
denote that the grain orientations for these measurements differ from
those during the paleointensity experiments (Figs. 2-3 to 2-5). (B
and E) BSE images of the grains. The grains were repolished after
the paleomagnetic experiments and before these BSE images. Note
the difference when compared with the earlier BSE images of the same
grains in Figs. 2-3 and 2-3; the images here expose several cracks that
were not previously visible. (C and F) TEM analyses conducted in
the vicinity of the strongest magnetic region of the grain by extracting
rectangular focused ion beam sections (from rectangular regions visible
in the BSE images). Magnetite (“mag”) grains are seen to be forming
inside voids that intersect dislocations (“disloc”) and growing along
dislocation cores that formed during recovery. Magnetite commonly
is associated with baddeleyite (“badd”), a secondary product formed
after recovery from radiation damage (Geisler et al., 2007), pointing
to the fact that the magnetite crystals were not present in the zircon

structure when the zircon crystal formed. . . . . . . .. .. ... ..

Example of compositional maps from two selected CAIs used
in this study. (A) CAI 11 is a hibonite-bearing CAI. (B) CAI 19
is a melilite-rich CAI. Red indicates Mg, blue indicates Al and green

indicates Ca. . . . . . ..
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3-2

3-3

AF demagnetization of ARMs from two distinct Mudtank
zircon grains after microprobe work. (A) ARM was applied and
immediately after microprobe work was performed on this sample. We
do not observe any difference between the value of the NRM and that
immediately before ARM demagnetization providing evidence that the
microprobe does not remagnetize or overprint the samples. (B) Same
as (A), but this time we waited two days between ARM application,
microprobe work and ARM demagnetization (black line). The blue line
shows an example of ARM application, two-days waiting period and
ARM demagnetization. The behavior of the two lines is very similar,
providing further evidence that the microprobe does not remagnetize
or overprint the NRM of the samples. . . . . . .. ... .. ... ...
BSE images and WDS interpretations for all CAIs used in
this study.(A) CAI 6 is a melilite-rich CAIL (B) CAI 10 is a hibonite-
bearing CAIL. (C) CAI 11 is a hibonite-bearing CAIL. (D) CAI 18 is a
melilite-rich CAIL (E) CAI 19 is a melilite-rich CAL . . . . . . .. ..
AF demagnetization of CAI 10. Orthographic projections of NRM
vector endpoints during alternating field (AF) demagnetization show-
ing averaged measurements for repeated AF steps. Closed symbols
show the Y-X projection of the magnetic moment, and open symbols
show Z-X projection of the magnetic moment. Selected demagnetiza-
tion steps are labeled. Color scales show the AF levels. Out-of-the-page
magnetic field component (B,) maps for selected steps measured at a
height of ~300 pum above the chondrules obtained with the SQUID
microscope. Each map represents one of three maps associated with
different applications of the AF field to obtain each step shown in the

orthographic projection. . . . . . . . . .. ... ... ... ... ...

131



3-5

3-6

3-7

AF demagnetization of CAIs (A) CAI 6, (B) CAI 11, (C) CAI
18a, (D) CAI 18b and (E) CAI 19. Orthographic projections of NRM
vector endpoints during alternating field (AF) demagnetization show-
ing averaged measurements for repeated AF steps. Closed symbols
show the Y-X projection of the magnetic moment, and open symbols
show Z-X projection of the magnetic moment. Color scales show the
AF levels. . . . . . .
Direction of the LC and HC components of CAIs. Shown are
equal area stereographic projections containing directions calculated
from principal components analysis and their corresponding maximum
angular deviations. Red datapoints show directions from CAls and
black datapoints show directions from dusty olivine chondrules from
Borlina et al. (2021c). Shaded red datapoints show principal compo-
nent analysis for non-magnetized ranges of the CAls. The scattered
HC directions from different chondrules and CAls indicate that the
meteorites were not remagnetized since the inclusions accreted to the
parent-body. . . . . ...
Paleointensity experiments of CAlIs 6, 10, 11 and 19. Shown
are NRM lost versus ARM lost during AF demagnetization of CAls.
(A) CAI 6. (B) CAI 10. (C) CAI 11. (D) CAI 19. Red line shows
the least squares fit over the coercivity range used to calculate the
paleointensity. . . . . . . . ..
Paleointensity experiments of CAls 18a and 18b. Shown are
NRM lost versus ARM lost during AF demagnetization of CAls. (A)
CAI 18a. (B) CAI 18b. Red line shows the least squares fit over the

coercivity range used to calculate the paleointensity. . . . . . . . . ..
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3-9

3-10

NRM and ARM demagnetizations and multiple ARM acqui-
sitions at different bias levels for CAIs 6, 18a and 18b. AF
demagnetization of NRM and 200 4T-ARM are shown for (A) CAI 6,
(B) CAI 18b and (C) CAI 18b. ARM acquisitions at biases levels of
200 and 50 uT are shown for (A) CAI 6, ARM acquisitions at biases
levels of 200, 50 and 10 uT are shown for (B) CAI 18a and ARM ac-
quisitions at biases levels of 200, 50, 10 and 5 uT are shown for (C)
CAT 18b. . . . .
Comparison between paleomagnetic constraints and model
predictions for the solar nebula magnetic field intensity. Shown
are paleointensity records obtained in these study. Blue line shows the
mean paleointensity and 95% confidence error from the CAls 10, 11 and
19. Orange lines shows the upper limits of CAls 6 and 18. Solid and
dashed lines show predicted midplane magnetic field, due to vertical-
toroidal [z¢p; equation 3 of Weiss et al. (2021)] and radial-toroidal [Ry;
equation 2 of Weiss et al. (2021)] Maxwell stresses, respectively, assum-
ing the nebular magnetic field and sense of disk rotation are aligned.
Dotted lines show the field due to vertical-toroidal Maxwell stresses
[2; equation 3 of Weiss et al. (2021)] assuming the nebular magnetic
field and sense of disk rotation are antialigned. Top and bottom curves
were calculated assuming accretion rates of 107* and 1076 M, year™!

respectively. . . . . . ..
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4-1

AF demagnetization of CO dusty olivine chondrules. (A and
B) DOCI1 from ALHA77307. (C and D) DOC4 from DOM 08006. (A
and C) Orthographic projections of NRM vector endpoints during al-
ternating 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, respec-
tively. We interpret the steps between NRM and 160 mT for DOC1
and between 50 and 850 mT for DOC4 as constituting the HC compo-
nents. Selected demagnetization steps are labeled. Color scales show
the AF levels. (B and D) Out-of-the-page magnetic field component
(B.) maps for selected steps measured at a height of ~300 um above
the chondrules obtained with the SQUID microscope. Each map rep-
resents one of six maps associated with different applications of the AF
field to obtain each step shown in the orthographic projection. . . . .
Direction of the HC components of the dusty olivine chon-
drules from CO chondrites. (A) ALHA77307. (B) DOM 08006.
Shown are equal area stereographic projections containing directions
calculated from principal components analysis and their correspond-
ing maximum angular deviations. Points with different colors are from
different individual chondrules, while points with identical colors are
subsamples from an individual chondrule. The scattered directions
from different 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 consis-
tent with that expected for a TRM acquired during primary cooling in

the solar nebula. . . . . . . . .
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4-3 Comparison between paleomagnetic constraints and model
predictions for the solar nebula magnetic field intensity. Shown
are paleointensity records from the first 3 Ma after CAI formation: LL
chondrules (Fu et al., 2014), CM chondrites (Cournede et al., 2015),
and CO chondrules (this study). Solid and dashed lines show pre-
dicted midplane magnetic field, due to vertical-toroidal [z¢p; equation
3 of Weiss et al. (2021)] and radial-toroidal [Ry; equation 2 of Weiss
et al. (2021)] Maxwell stresses, respectively, assuming the nebular mag-
netic field and sense of disk rotation are aligned. Dotted lines show
the field due to vertical-toroidal Maxwell stresses [z¢; equation 3 of
Weiss et al. (2021)] assuming the nebular magnetic field and sense of
disk rotation are antialigned. Top and bottom curves were calculated

assuming accretion rates of 10=7 and 10=% M, year~! respectively. . . 64
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o-1

5-2

AF and thermal demagnetization of samples from ALHA77307.

Selected orthographic projections of NRM vector endpoints during AF
and thermal demagnetization for samples (A) ALHA.a, (B) ALHA.e,
(C) ALHA.b and (D) ALHA.g. Closed symbols show the north-east (N-
E) projection of the magnetization and open symbols show the up-east
(U-E) projection of the magnetization. Selected AF and thermal steps
are labeled. (A) and (C) show AF demagnetization from fusion-crusted
and interior samples (>1 mm away from fusion crust), respectively. (B)
and (C) show thermal demagnetization from fusion-crusted and inte-
rior samples, respectively. (F-G) show equal area stereonets with the
directions of low coercivity/low temperature (LC/LT) and high coer-
civity /high temperature (HC/HT) components from all samples mea-
sured from ALHA77307. Open and closed symbols represent upper
and lower hemispheres, respectively. Red symbols show components
from thermal demagnetization, while blue symbols show components
from AF demagnetization. Squares show fusion-crusted samples, while
circles show interior samples. Black datapoints in equal area stereonet
show data from HC components from dusty olivine chondrules from
Borlina et al. (2021c).. . . . . . .. o
E and D’ values calculated for samples from ALHAT77307. Val-
ues below (A) and between (B) the dashed lines represent reliable pa-
leomagnetic fidelities. The coercivity range, of each sample, used to
calculate the paleointensities were used to calculate the E and D’ val-
ues. The CRM analogs were calculated using f' = 3.33 from ARMs
(AC field of 145 mT) with DC bias fields of 10, 5, 3 and 1 uT (estimated
CRM-equivalent fields of 3, 1.5, 0.9 and 0.3 pT). . . . . . .. ... ..
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5-3

5-4

AF and thermal demagnetization of remaining samples from
ALHAT77307 showing orthographic projections of NRM vec-
tor endpoints during AF and thermal demagnetization for
samples (A) ALHA.f, (B) ALHA.c, (C) ALHA.d and (D)
ALHA.h. Closed symbols show the north-east (N-E) projection of
the magnetization and open symbols show the up-east (U-E) projec-
tion of the magnetization. Selected AF and thermal steps are labeled.
(A) and (D) show thermal demagnetization from fusion-crusted and
interior samples (>1 mm away from fusion crust), respectively. (B-C)
show AF demagnetization from interior samples. . . . . . . . . . ..
ARM paleointensity experiment for samples (A) ALHA.a, (B)
ALHA.b, (C) ALHA.c and (D) ALHA.d from ALHA77307.
Shown is NRM lost during stepwise AF demagnetization up to 145 mT
and ARM lost during AF demagnetization up to 145 mT of an ARM
(AC field of 145 mT with a DC bias field of 50 pT). Paleointensitites
(f" = 3.33) and their 95% confidence intervals are reported along with

the red line that represents the range of coercivities used to calculate

Thermal demagnetization of ARM (AC field of 145 mT with
a DC bias field of 50 uT) for samples ALHA.c (black) and
ALHA.d (blue). Shown is magnetic moment as a function of tem-
perature. Vertical lines indicates the Curie temperature of magnetic

mineralS. . . . . .,
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5-6

5-7

NRM remaining versus partial TRM (pTRM) gained during
progressive laboratory heating for samples (A) ALHA.e, (B)
ALHAf, (C) ALHA.g and (D) ALHA.h from ALHAT77307.
Blue triangles show pTRM checks. The red lines show the measure-
ments used to compute paleointensity values. (A-B) show fusion-
crusted samples that had their LC overprint demagnetized with AF
to 21 mT. (C) shows interior sample that did not have the LC over-
print removed. (D) shows interior sample that had the LC overprint
removed by AF to 21 mT. (A), (B) and (D) were demagnetized to 21

mT pre-in-field steps during the IZZI experiments. . . . . . . . . . ..

AF and thermal demagnetization of samples from DOM 08006.

Selected orthographic projections of NRM vector endpoints during AF
and thermal demagnetization for samples (A) DOM.a, (B) DOM.b, (C)
DOM.g and (D) DOM.ha. Closed symbols show the north-east (N-E)
projection of the magnetization and open symbols show the up-east
(U-E) projection of the magnetization. Selected AF and thermal steps
are labeled. (A-B) show AF demagnetization from fusion-crusted and
interior samples (>1 mm away from fusion crust), respectively. (C-
D) show thermal demagnetization from interior samples. (E-G) show
equal area stereonets with the directions of low coercivity /low temper-
ature (LC/LT), medium coercivity/medium temperature (MC/MT)
and high coercivity /high temperature (HC/HT) components from all
samples measured from DOM 08006. Open and closed symbols rep-
resent upper and lower hemispheres, respectively. Red symbols show
components from thermal demagnetization, while blue symbols show
components from AF demagnetization. Squares show fusion-crusted
samples, while circles show interior samples. Black datapoints in equal
area stereonet show data from HC components from dusty olivine chon-

drules from Borlina et al. (2021c). . . . . . ... ...
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5-8

5-9

Remaining AF and thermal demagnetization of samples from
DOM 08006 showing orthographic projections of NRM vector
endpoints during AF and thermal demagnetization for sam-
ples (A) DOM.c, (B) DOM.j, (C) DOM.k, (D) DOM.], (E)
DOM.m, (F) DOM.hb, (G) DOM.ia and (H) DOM.ib. Closed
symbols show the north-east (N-E) projection of the magnetization and
open symbols show the up-east (U-E) projection of the magnetization.
Selected AF and thermal steps are labeled. (A-E) show AF demagne-
tization from interior samples (>1 mm away from fusion crust). (F-H)
show thermal demagnetization from interior samples. . . . . . . . ..
ARM paleointensity experiments for the selected samples (A)
DOM.a, (B) DOM.b, (C) DOM.j and (D) DOM.m from DOM
08006. Shown is NRM lost during stepwise AF demagnetization up
to 145 mT and ARM lost during AF demagnetization up to 145 mT of
an ARM (AC field of 145 mT with a DC bias field of 50 uT). Paleoin-
tensitites (f = 3.33) and their 95% confidence intervals are reported.

87

The red lines represent the range of coercivities used to calculate the fit. 88

5-10 VRM acquisition and decay over a period of ~40 days of

5-11

DOM.m, a 1.71 mg sample from DOM 08006. Closed show
measurements of the VRM decay experiment, open symbols show mea-
surements of the VRM acquisition experiment, solid line shows linear
fit of the VRM decay experiment, and dashed line shows linear fit of
the VRM acquisition experiment. . . . . . . . . ... ... ... ...
E and D’ values calculated for samples from DOM 08006.
Values below (A) and between (B) the dashed lines represent reliable
paleomagnetic fidelities. The coercivity range, of each sample, used
to calculate the paleointensities were used to calculate the E and D’
values. The CRM analogs were calculated using f’ = 3.33 from ARMs
(AC field of 145 mT) with DC bias fields of 10, 5, 3 and 1 uT (estimated
CRM-equivalent fields of 3, 1.5, 0.9 and 0.3 pT). . . ... ... ...
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5-12

5-13

Remaining ARM paleointensity experiments for samples (A)
DOM.c, (B) DOM.d, (C) DOM.k and (D) DOM.I from DOM
08006. Shown is NRM lost during stepwise AF demagnetization up
to 145 mT and ARM lost during AF demagnetization up to 145 mT of
an ARM (AC field of 145 mT with a DC bias field of 50 uT'). Paleoin-
tensitites (f = 3.33) and their 95% confidence intervals are reported,
along with the red line that represents the range of coercivities used to
calculate the fit. . . . . . . . ... oo
Vector-subtracted NRM from NRM /400 °C versus partial
TRM (pTRM) gained during progressive laboratory heat-
ing for samples (A) DOM.i, (B) DOM.ia and (C) DOM.ib
from DOM 08006. Blue triangles show pTRM checks. The red line
shows the measurements used to compute paleointensity values. Sam-
ple DOM.i split into two subsamples (DOM.ia and DOM.ib) during
the 400 °C step. (A) shows demagnetization of sample DOM.i up to
400 °C. (B-C) show the remaining demagnetizations for subsamples

DOM.ia and DOM.b. . . . . . . . . .,
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5-14 Summary of previous paleomagnetic studies along with re-
sults from this study and models of the magnetic field from
the solar nebula. Points show paleomagnetic constraints from LL
chondrules (Fu et al., 2014), CO chondrules (Borlina et al., 2021c),
bulk NWA 7325 achondrites (Weiss et al., 2017), bulk angrites (Wang
et al., 2017), bulk CV (Kaba) chondrites (Gattacceca et al., 2016), Fe-
sulfides in CV (Allende) (Fu et al., 2021), CR chondrules (Fu et al.,
2020b), Rosetta observations of comet 67P Cheryumov Gerasimenko
(Biersteker et al., 2019) and this study. Red symbols show samples
that are likely from the inner solar system (<3 AU) and blue symbols
show samples that are likely from the outer solar system (>3 AU). (A)
Solid lines show predicted midplane magnetic field: solid lines show
field due to vertical Maxwell stress [z¢; eq. 16 of Bai and Goodman
(2009)] and dashed lines show field due to radial Maxwell stress (Ry;
eq. 7 of Bai and Goodman (2009)], both assuming the nebular mag-
netic field and sense of disk rotation are aligned. Dotted lines show
the field due to vertical Maxwell stress |z¢; eq. 7 of Bai and Goodman
(2009)] assuming nebular magnetic field and sense of disk rotation are
anti-aligned (radial component cancels out for this case). All curves
were calculated assuming accretion rates of 1079 (bottom curve), 1078
(middle curve) and 10~7 (top curve) M, year~'. (B) Points show pale-
omagnetic constraints from (A) as a function of age (see text for details

on the estimates of the ages). . . . . . .. ... ... ...
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