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Abstract Meteorite paleomagnetic studies indicate planetesimal generated magnetic fields, but spacecraft
magnetic measurements have yet to identify asteroidal natural remanent magnetization (NRM). This apparent
discrepancy is of particular interest in the context of the NASA Psyche mission, which will search for evidence
of past magnetic activity of the metal-rich asteroid (16) Psyche. Here, we aim to test whether the NRM of
meteorites inevitably drops below detectable values as specimen size increases, which could explain why
asteroidal NRMs could never be detected. We focus on iron meteorites as possible analogs to (16) Psyche's
constituent material. To do so, we measure the remanent magnetic field and estimate the NRM of samples of
four iron meteorites with volumes between mm?® and m®. We find that their estimated NRMs decrease with
increasing sample size but appear to plateau. These data are compatible with the idea that the bulk NRM of
increasingly large objects becomes dominated by the fraction of this NRM produced by assemblages of
magnetic minerals sharing a common magnetization direction. Moreover, all m*-sized meteorites carry NRMs
that are two orders of magnitude above the detectability limit of the Psyche Magnetometer, three of which are
possibly pre-terrestrial. These data, acquired on some of the largest masses of iron meteorites available on Earth,
support the range of plausible NRM values for km-size regions of (16) Psyche, used to establish the spacecraft
Magnetometer's performance requirements. Nevertheless, large-scale events such as brecciation of the asteroid
following magnetization acquisition could always lower the asteroid's NRM below the detectability limit.

Plain Language Summary Asteroids and meteorites are fragments of planetesimals, the building
blocks of planetary bodies. Laboratory studies of meteorite samples have shown that they contain remanent
magnetization acquired in past magnetic fields. This indicates that, like the Earth, some planetesimals formed
liquid metallic cores that generated these fields. In contrast, none of the seven spacecraft magnetic
investigations at comets or asteroids have found reliable evidence for remanent magnetization. Searching for
evidence of an ancient magnetic field is one of the objectives of the NASA Psyche mission that will orbit the
metal-rich asteroid Psyche beginning 2029. Solving the apparent discrepancy between laboratory and spacecraft
measurements is important for interpretation of the mission's future data. Here, we analyze the correlation
between magnetization and sample size up to the meter-scale for iron meteorites, which are possible analogs of
Psyche's constituent materials. Our data are compatible with the idea that, if the meteorite contains a fraction of
magnetic minerals sharing a common magnetization direction, the bulk remanent magnetization of increasingly
large specimens of this meteorite should reach a constant value. If asteroid Psyche is made of materials like
known iron meteorites, it may therefore carry a magnetization detectable with the Psyche spacecraft
Magnetometer.

1. Introduction

Meteorite paleomagnetic studies show that some planetesimals, planetary bodies of ~10 to 1,000 km in diameter
that formed in the early solar system, internally generated dynamo magnetic fields (Scheinberg et al., 2015; Weiss
et al., 2010). This dynamo activity was powered by the motion of a liquid metallic core within differentiated
planetesimals (e.g., McCoy et al., 2006). The intensity and longevity of these magnetic fields reflect the physical
properties of the source bodies, such as their size, core size and cooling history.

Ferromagnetic minerals in extraterrestrial rocks that experience such a dynamo field while either cooling or
crystallizing will acquire a magnetic moment preferentially aligned with the direction of the field. A stronger
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ambient field will result in the magnetic moments of more crystals being preferentially aligned. For the right
conditions of size, shape, composition and crystal structure of the minerals, this alignment will persist over the age
of the solar system (Lappe et al., 2011; Mansbach et al., 2022; Shah et al., 2017). The ferromagnetic minerals (a)
whose magnetic moments were subsequently misaligned by remagnetization or brecciation events, or (b) that
cooled/crystallized before the emergence or after the extinction of the dynamo field, will not share a preferential
direction of their magnetic moments.

The natural remanent magnetization (NRM) of a rock is the volume-normalized vector sum of all the magnetic
moments of its ferromagnetic minerals: the fraction of unidirectionally oriented magnetic moments, if any, and
the remaining fraction of non-unidirectionally oriented ones. To provide a statistically robust record of the ancient
field, the number of grains carrying the unidirectional fraction must exceed a threshold depending on the fidelity
of the NRM record. This number is estimated to 1-10 billion but depends on the nature of the mineral assemblage
(Berndt et al., 2016); it is easily reached in natural samples formed in typical planetary dynamo fields (>10 pT).
The unidirectional fractions of extraterrestrial NRMs provide records of the magnetic environment and/or
geological evolution of planetesimals. Any material carrying an NRM generates a remanent magnetic field that
extends into space around it. Measurements of this field can be used to estimate the total magnetic moment and
thus the bulk NRM of the rock.

Our understanding of planetesimal magnetic activity has been predominantly derived from laboratory analyses of
the NRM carried on meteorites at the millimeter, micrometer and nanometer scales (e.g., Bryson, Herrero-
Albillos et al., 2014; Gattacceca & Rochette, 2004; Lima & Weiss, 2016). Magnetic measurements conducted
directly on asteroids can offer a complementary perspective on the astrophysical and geological context in which
planetesimals formed and evolved. Spacecraft magnetometers have measured the magnetic fields surrounding six
asteroids and a comet to search for evidence of remanent magnetization. The total intrinsic magnetic field of an
asteroid, if any, is the combination of a remanent components formed by a past magnetic field (e.g., dynamo)
superposed on a field induced by the interplanetary magnetic field. The field can be described using a spherical
harmonic expansion, with the first-degree terms describing the dipole contribution and higher-degree terms
describing multipole contributions. Because of the rapid decay of higher-degree terms with distance from the field
source, an onboard magnetometer will measure a dominantly dipolar field at large distances. Once the induced
component is removed, the spherical harmonic expansion of the remanent field is used to estimate the remanent
magnetic moment, either of the bulk asteroid or of a localized region, depending on the spatial resolution of the
measurements. Strong NRMs (~1072 A m* kg™') were tentatively inferred from the flybys of asteroids (951)
Gaspra and (9969) Braille by the Galileo and Deep Space 1 spacecraft, respectively (Kivelson et al., 1993; Richter
et al., 2001). However, the perturbations associated with the solar wind magnetic field and/or instrument noise
may have been the source of the measured signals (Blanco-Cano et al., 2003; Hercik et al., 2020). The other five
small bodies visited by spacecraft—asteroids (21) Lutetia and (2867) Steins (flybys (Auster et al., 2010; Richter
et al., 2012)), (433) Eros (orbiter (Acuiia et al., 2002)), comet 67P/Churyumov-Gerasimenko and asteroid
(162173) Ryugu (landers (Auster et al., 2015; Hercik et al., 2020))—did not have a detectable remanent field.

New asteroid magnetic measurements are anticipated with the NASA Psyche mission (Weiss et al., 2023).
Beginning 2029, the Psyche spacecraft will orbit asteroid (16) Psyche, the largest metal-rich asteroid of the
asteroid Main Belt. This object may contain between ~30 and ~60 vol.% metal given its estimated density of
3,400-4,100 kg m™> (Elkins-Tanton et al., 2020). The primary goal of the mission is to determine whether the
asteroid formed from the metallic core of a planetesimal that lost most of its silicate mantle during repeated
stripping impacts. In this scenario, Psyche's outermost material could potentially have acquired a NRM while
being exposed to magnetic fields internally generated by its molten interior (Figures 1a and 1b) (Elkins-Tanton
et al., 2022). The Magnetometer onboard the Psyche spacecraft was designed to detect a remanent field of at least
1.5 nT (Weiss et al., 2023). This detectability limit corresponds to a scenario where Psyche is composed of
boulders of 40 km in diameter, each with a bulk NRM of 10™* A m? kg™, oriented randomly (Figure 1c (Weiss
et al., 2023)). The intensity of this NRM is based on measurements conducted on ~100 iron meteorite samples
with sizes <10 cm (Terho et al., 1993). This model therefore assumes that km-size boulders could carry an NRM
of the same intensity as that measured on cm-size samples.

There is an apparent discrepancy between the lack of compelling evidence for asteroids with remanent fields and
the large number of extraterrestrial NRMs interpreted as records of a dynamo activity on meteorite parent bodies.
The absence of detectable asteroid-scale remanent magnetization has been attributed to at least two causes. First,
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Figure 1. Schematics of possible natural remanent magnetizations (NRMs) and remanent fields at (16) Psyche. (a) All scenarios illustrated here assume that the asteroid
once generated an active, short-lived dynamo field that magnetized its outer layer (Elkins-Tanton et al., 2022). (b) Remanent magnetization (black arrows) of the
asteroid if it did not undergo any destructive collision posterior to magnetization acquisition. The Psyche Magnetometer could detect far fields (likely dipolar, red lines)
produced by the NRM of km-size regions. (c) Remanent magnetization (black arrows) of the asteroid if was destroyed and reaccumulated, spatially randomizing >40-
km-sized blocks magnetized carrying a unidirectional NRM fraction. Near remanent fields (likely multipolar, black lines) produced by the resultant of the NRM of the
blocks could be detectable as long as the NRM of individual blocks is >10™* A m? kg™". This scenario was adopted to set the lower detection limit of the Psyche
Magnetometer (Weiss et al., 2023). (d) Remanent magnetization of the asteroid if it is now an agglomerate of small boulders (rubble pile; not necessarily at scale on the
figure). The boulders were re-oriented randomly during collisional grinding and their resultant magnetization did not produce fields measurable at spacecraft altitudes.

the asteroids visited by spacecraft may simply not have experienced or generated a substantial magnetic field, as
suggested for comet 67P (Biersteker et al., 2019) and asteroid Ryugu (Mansbach et al., 2024; Maurel et al., 2024),
in which case they would never have acquired a detectable NRM. Second, some of these asteroids may be made of
smaller regions carrying a NRM with possibly varying NRM directions, but either their NRM is too weak, and/or
their directions are sufficiently scattered that their net magnetic fields are undetectable at spacecraft altitudes (e.g.,
Figure 1d) (Wasilewski et al., 2002).

We do not know which of the scenarios in Figure 1, if any, will apply to (16) Psyche. Here, we propose to test—in
the limits of what is feasible prior to the arrival of the spacecraft—two assumptions highlighted in the previous
paragraphs. First, because iron meteorites are possible analogs to (16) Psyche's constituent material, the weakest
magnetic field required to be detectable by Psyche's Magnetometer was determined based on the assumption that
km-size, iron-meteorite-like blocks can have NRMs of the same intensity as cm-size iron meteorites
(>107* A m* kg™' (Weiss et al., 2023)). Here, we test this hypothesis using a series of remanent field mea-
surements conducted on specimens between 107> and 10™" m? in volume, some of the largest masses of iron
meteorites available on Earth. Second, by estimating the resultant NRM of samples of the same meteorite at
different sizes (mm> to m>), we aim to test whether the NRM of iron meteorites inevitably decreases with
increasing size due to the random orientation of its constituent magnetized units (Wasilewski et al., 2002). Aside
from the first meteorite ever measured magnetically (Anyzeski, 1949), only one other iron meteorite specimen has
ever been measured in the 1072 m? size range (Wasilewski et al., 1997). Size-dependent measurements have only
been conducted on four chondritic meteorites (size range: 1072 m® to 107> m® (Wasilewski et al., 2002)).

2. Model, Samples and Methods

In this section, we propose a simple model to predict how the magnetization of an object may change with size.
We also describe the selected meteorites and our experimental methods.

2.1. Magnetization as a Function of Volume

Asteroids and meteorites exposed to ancient steady fields such as a dynamo field may contain a fraction of
ferromagnetic minerals sharing a common preferential orientation of their magnetic moments. This preferential
magnetization direction may also postdate arrival on Earth, and may result from (a) the acquisition of a viscous
remanent magnetization (VRM) during a prolonged exposure to the geomagnetic field, (b) the acquisition of a
chemical remanent magnetization (CRM) by ferromagnetic iron oxides, formed by alteration of meteoritic metal
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Figure 2. Volume-normalized magnitude of the resultant of unit vectors, M, as a function of the sum of associated unit
volumes, V. Both quantities are normalized to those of a single unit vector, M, or volume, V. Dashed lines show the
outcome of Equation 1 for different fractions of unidirectionally oriented vectors, f. Dots show the outcome of the simulation for
the same values of f.

in the terrestrial environment, and/or (c) the acquisition of an isothermal remanent magnetization by exposure to a
magnet or possibly lightning.

We propose a qualitative model in which the remanent magnetization of an object is represented by the sum of
unit vectors oriented unidirectionally, and unit vectors oriented randomly. The former represent the magnetic
moments of the ferromagnetic crystals or domains that were magnetized by a steady field, which we call the
“unidirectional component” of the remanent magnetization. The latter represent the magnetic moments of the
remaining ferromagnetic crystals or domains. In nature, a rock may be exposed to multiple magnetizing fields,
and may thus contain multiple ensembles of ferromagnetic minerals sharing distinct preferential directions (i.e.,
have a multidirectional remanence). For simplicity, however, we only consider here the case of a single unidi-
rectional NRM component. Furthermore, the model does not account for any magnetic interactions between the
vectors that might partially reorient them. These interactions can be strong at the nanoscale (Blukis et al., 2020)
and are part of the NRM of bulk samples. At the mm scale and larger, however, interactions between magnetic
minerals in iron meteorites can result in “self-demagnetization” only if the sample has been exposed to artificial
magnetic fields much stronger than planetary fields (Figure S1 in Supporting Information S1).

The number of unit vectors is gradually increased to simulate the increasing volume of a sample. Doing so, we
choose to keep the fraction of unidirectionally oriented vectors (f) constant. This is equivalent to assuming that
increasingly large specimens of the same meteorite are homogenous in magnetic mineralogy and experienced the
same magnetizing field. The model calculates the magnitude of the resultant of all the unit vectors contained in a
volume V = NV, where V,, is a unit volume of magnetization M. The relationship between the volume-
normalized magnitude of the resultant, M, and the volume can then be parametrized as (Figure 2):

M

I A
i, = T A=y M

In Equation 1, the two extreme cases where f = 1 and f = O replicate well-known results: if all vectors are
unidirectionally oriented (f = 1), M is constant and equal to M|, for all N and V; if all vectors are randomly
oriented (f = 0), their resultant decreases as 1/ \/ﬁ, or equivalently, M decreases as 1/ \/V o< f< I, M
decreases with increasing V and asymptotes to M, because the resultant of the randomly oriented vectors tends
to zero, while the resultant of the unidirectionally oriented vectors is constant (Figure 2). As such, according to
this model, if we were to measure increasingly large specimens of the same object—all of them being
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Table 1
Natural Remanent Magnetization (NRM) and Saturation Remanent Magnetization, M., for Samples of Casas Grandes,

Cranbourne, Navajo and Quinn Canyon in the mm?>, 0.1-cm’ (Cranbourne, Navajo) and m’ Size Ranges

Meteorite Group Mass (kg) Volume (m?) NRM (A m? kg_l) M, (A m? kg_l) Magnet overprint?
Casas Grandes IIIAB  24.5x 107 3.14 x 107™° 322 % 1072 0.394 No
16.1 x 107° 2,06 x 10~° 321 x 1072 = No
121 x 107 155 x 107° 274 x 1072 = No
750 9.61 x 1072 (1.5+03)x 1073 = =
Cranbourne IAB  266x107° 341x107° 5.26 x 1072 0.061 Yes
0.87 x 107 1.11 x 1077 9.53 x 107* = =
190 x 1073 243 x 1077 1.81 x 1073 = =
435x 107 558 x 1077 478 x 107* = =
591 7.58 x 1072 (9.5 +25)x 107 = =
Navajo IIAB  337x107° 432x107° 233 %1072 0.229 Maybe
183 x107%  234x107° 221 %1072 = Maybe
15.8x107°  2.02x 10~ 8.6 x 107> = Maybe
1.89 x 107 242 x 1077 1.62 x 1072 = =
633 8.12x 1072 (112 +0.03) x 1072 = =
Quinn Canyon IIIAB 243 x 107®  3.11 x 107™° 275 %1073 0.240 No
208 x 107 2.67 x 107° 453 x 1073 = No
217 x 107% 278 x 107° 104 x 1073 = No
460 5.90 x 1072 (1.6 £ 1.0) x 1073 = =

Note. Columns 3 to 6 give the mass, estimated volume, NRM and M, (of the mm° sized samples), respectively. In column 7,
we indicate whether the sample was likely contaminated by a magnet. The uncertainty of the NRM for m> samples is a 95%
confidence interval.

homogenous in magnetic mineralogy and having experienced the same magnetizing field—their NRM as a
function of volume should reach a plateau equal to the intensity of its unidirectional component. In other words, at
some sufficiently large value of V, the NRM as a function of V should follow a trend with a slope shallower

than 1/\/V.

2.2. Selected Samples and Magnetic Mineralogies

We analyzed four different meteorites from three groups that are thought to represent three different parent
planetesimals: Casas Grandes and Quinn Canyon (IIIAB group), Navajo (IIAB group), and Cranbourne (IAB
group), with sample volumes ranging from mm® to m® (Table 1). The volumes of each sample were estimated
using the sample mass and the average density of iron meteorites, ~7,800 kg m™ (Consolmagno & Britt, 2013).
Samples were obtained from the Smithsonian National Museum of Natural History and the Museum National
d’Histoire Naturelle de Paris.

Major ferromagnetic minerals in these samples include kamacite (Fe,_ Ni, with x < 0.06 wt.%), taenite (Fe,_ Ni,
with ~0.25 < x < 0.5 wt.%), tetrataenite (ordered Fe,_ Ni, with x ~ 50 wt.%), schreibersite [(Fe,Ni;)P] and
cohenite (Fe;C) (Goldstein et al., 2009). Kamacite and taenite/tetrataenite can form intergrowths of a few tenths
of mm to several mm in size (Widmanstitten pattern) and of hundreds of nm to pm in size (plessite). Inside the Ni-
rich regions of the Widmanstitten pattern, taenite/tetrataenite forms (a) pm-thick “clear rims,” and (b) “cloudy
zones” with <0.2-pm taenite/tetrataenite grains (Goldstein et al., 2009). In some iron meteorites, tetrataenite in
cloudy zones is a potent magnetization carrier that can preserve its NRM for billions of years (Bryson, Church,
et al., 2014; Einsle et al., 2018; Uehara et al., 2011). Finally, kamacite that experienced peak shock pressures
>13 GPa exhibits a visibly distorted, recrystallized aspect, commonly called e-kamacite. This is due to a transient
change in the crystal structure of the kamacite, followed by a reverse transformation to its initial ferromagnetic
structure.
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Casas Grandes (7.7 wt.% Ni) and Quinn Canyon (8.40 wt.% Ni) are structurally similar medium octahedrites with
long kamacite lamellae of 1.1-1.15 mm in width. Plessite occupies 35%—40% of the surface of ~0.5-m” examined
sections (Buchwald, 1975). Schreibersite is present in both specimens and exhibits shearing and displacement,
likely due to mild shock (<12 GPa). Like other IIIAB meteorites, Casas Grandes and Quinn Canyon are likely to
contain sub-micrometer Ni-rich tetrataenite grains (in clear rims, cloudy zones and plessite (Yang &
Goldstein, 20006)).

Navajo has 5.5 wt.% Ni and is a coarse octahedrite with cm-sized Ni-poor kamacite fingers and e-kamacite. Sub-
mm sized schreibersite and cohenite grains are present. Buchwald (1975) suggested that large planar sections
might reveal Ni-rich taenite. However, the Old Woman IIAB meteorite (higher Ni content and similar P content
compared to Navajo) was found to lack Ni-rich taenite during optical examination of ~m? surfaces (Plotkin
et al., 2012). Ni in Navajo may therefore be concentrated in schreibersite, leaving e-kamacite as the only Fe-Ni
phase potentially carrying a magnetic remanence.

Cranbourne has 7.0 wt.% Ni and is a coarse octahedral pattern with kamacite lamellae 2—4 mm in width and -
kamacite. Plessite fields and taenite ribbons with widths of tens of pm are present along with inclusions of
graphite, troilite, schreibersite and cohenite (typical for IAB irons; Buchwald, 1975). The largest mass is covered
by limonite, a non-magnetic mineral formed by terrestrial weathering. Like other IAB meteorites, Cranbourne
may also contain tetrataenite in cloudy zones and plessite. A paleomagnetic investigation of two IAB iron me-
teorites suggests, however, that at the time tetrataenite formed in the IAB meteorites, their parent body was not
generating a dynamo magnetic field (Nichols et al., 2018).

2.3. Remanence Measurements

All magnetic measurements were conducted at the Massachusetts Institute of Technology (MIT, USA) and the
Center de Recherche et d’Enseignement des Geosciences de 1’Environnement (CEREGE, France). We measured
the NRM of up to four specimens per meteorite in the mm>/0.1-cm> range that did not have apparent rust or
remains of a fusion crust. For this, we used a 2G Superconducting Rock Magnetometer 755 equipped with
automated degaussing and remagnetization coils (Kirschvink et al., 2008) inside a magnetically shielded room
(ambient field intensity <200 nT). The mm’ samples were subjected to stepwise three-axis alternating field
demagnetization up to 140 mT. We also estimated their saturation remanent magnetization (M,,) (the maximum
remanent magnetization that a sample can acquire) after applying a 1-T spatially uniform magnetic field to the
samples using a Princeton Micromag vibrating sample magnetometer. We also, for comparison, measured the
NRM of all the iron meteorites available in the CEREGE meteorite collection. For the specimens that were too big
to fit in the 2G magnetometer, we used a Molspin Minispin magnetometer.

NRM demagnetization data and M, can help identify a magnetic contamination by contact with a hand magnet,
which is recognizable if the direction of the NRM vector as it demagnetizes describes a curved trajectory and/or if
the NRM/M,, ratio exceeds ~10% (Vervelidou et al., 2023). For comparison, a basalt that acquired a thermo-
remanent magnetization in the Earth field (~50 pT) has a NRM/M,, ratio of 1%-2% (Gattacceca &
Rochette, 2004).

Another type of contamination of the NRM is the gradual acquisition of a VRM after a prolonged exposure to the
geomagnetic field (Yu & Tauxe, 2006). To quantify the contribution of a room-temperature VRM to the total
remanence, we conducted VRM acquisition and decay experiments on samples of Casas Grandes, Navajo, Quinn
Canyon (all demagnetized to 140 mT prior to the experiment) and Cranbourne (not demagnetized). To measure
the VRM acquisition rate (r,), we kept the samples in a 57-uT field (By,,) oriented along the x axis and regularly
measured their magnetic moments. With the exception of Casas Grandes, acquisition experiments were con-
ducted on two samples per meteorite. To measure the VRM decay rate (r,;), we placed the samples in a <50-nT
field and regularly measured their magnetic moments. Both rates are estimated using a linear regression of the
measured remanence as a function of the logarithm of time (Yu & Tauxe, 2006). To estimate a maximum VRM
acquired (VRM,,,,), we assume the samples were kept stationary in a steady field (Bg,q,) of 45 pT for their entire
residence time on Earth (#), which we assume is ~10,000 years (e.g., the terrestrial age of the largest iron
meteorite on Earth, Hoba, is less than 80,000 years (McCorkell et al., 1968)): VRM,,.x = (r./Biap) 10g4(#) Bearth-

We analyzed four m® specimens directly at the Museum Support Center of the Smithsonian National Museum of
Natural History. We measured their remanent magnetic field using a magnetometer array designed to
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accommodate and measure the remanent magnetic field of large specimens in an unshielded environment. A
detailed description of the instrument and the measurement sequence are given in Clavé et al. (2020). The pa-
rameters of the system are given in Table S1 in Supporting Information S1. The magnetometer consists of two
pairs of orthogonal square Helmholtz coils and four magnetometers mounted on a movable aluminum rail. The
Helmholtz coils are manually oriented to generate a magnetic field aligned with the background magnetic field.
The meteorite is taken in and out of the instrument using a forklift. With and without the meteorite inside, the
intensity of the generated field is gradually increased to partially compensate the background field up to a
maximum. The rail is sequentially placed on the four sides and on top of the sample zone such that the magnetic
field inside the system was measured at 20 different locations at a minimum distance of one equivalent sample
radius (Figure S2 in Supporting Information S1). The difference between the field measured by the fluxgates with
and without the meteorite provides a measurement of the meteorite's total field (which is the sum of the induced
and remanent fields). As the intensity of the field applied by the coils decreases, the induced fraction of the
meteorite's total field weakens, while its remanent fraction remains constant. A linear regression between each
component of the meteorite's total field and the norm of the applied field provides an estimate of the remanent
field at the 20 positions of the fluxgates.

The magnetic moment of the sample is estimated using the spherical harmonics algorithm presented by Clavé
et al. (2020). For the 20 positions, the three components of the remanent field are taken as inputs of a nonlinear
regression with Tikhonov regularization to search for the optimal origin of the expansion before solving for the
spherical harmonics coefficients and estimating the magnetic moment (Text S1 in Supporting Information S1).
Clavé et al. (2020) tested the analysis pipeline on the same Nd-Fe-B magnet with a total magnetic moment of
8.05 + 0.15 A m? and were able to retrieve the moment within 5% of its true value using an expansion of degree
N = 6. We used the same parameters to estimate the magnetic moment of the meteorites. To estimate the un-
certainty on the magnetic moment, the time series of measurements recorded by each fluxgate were sampled with
replacement before using these values for the linear regression. This operation was repeated 100 times to obtain a
95% confidence interval.

3. Results

NRM data are summarized in Table 1 and Figure 3. For comparison, the NRM measured on the samples of the
CEREGE meteorite collection are summarized in Table S2 in Supporting Information S1; here we focus on the
four selected meteorites. The average NRM of the mm® samples ranges between 5.9 X 10> A m? kg™' (Quinn
Canyon) and 5.3 x 107> A m®> kg~ (Cranbourne). The NRM of the 0.1-cm® samples of Cranbourne and Navajo
ranges between 4.8 X 107* A m* kg™' and 1.6 x 107> A m* kg~'. With NRM/M,, ~40%, the mm® sample of
Cranbourne was likely magnetically contaminated. This ratio drops to ~1% for the 0.1-cm® samples of the same
meteorite. Navajo, Casas Grandes and Quinn Canyon have NRM/M,, ~7.8%, 7.7% and 2.4%, respectively. Their
demagnetization data do not exhibit a curved trajectory typical of magnetic contamination, possibly at the
exception of Navajo (Figure S3 in Supporting Information S1). We also measured the M, of Cranbourne for
sample sizes between 5 and 500 mm>. Because M, is the maximum remanent magnetization a sample can ac-
quire, Equation 1 predicts that M, should not vary significantly with sample size if the magnetic mineralogy is
homogenous across samples. Our data validate this prediction, at least for Cranbourne (Figure 3).

The ratio of VRM acquisition rate to VRM decay rate ranges between 1.1 and 3.7 depending on the meteorite
(Table 2). Although Néel's theory predicts a ratio between 1 and 2 depending on the grain magnetic states
(Néel, 1949), a slower decay rate than the acquisition rate is commonly seen (Fabian & Shcherbakov, 2018). The
fact that these ratios are not too far off the theoretical range supports the reliability of our data. Extrapolating the
VRM acquisition to 10,000 years (Section 2.3), we find a maximum VRM ranging between 1.7 x 10™* A m*kg™"
(Quinn Canyon) and 9.0 X 102 Am? kg_1 (Cranbourne) (Figures S4 and S5 in Supporting Information S1). This
maximum VRM represents 4%, 10%, 14%, and 950% of the NRM of the m> samples of Navajo, Quinn Canyon,
Casas Grandes and Cranbourne, respectively.

The multipole inversion model proposed by Clavé et al. (2020) for m® sized samples (Figure 4; Figures S6-S8 in
Supporting Information S1) yielded NRM estimates ranging between (9.5 + 2.5) x 107* A m? kg ™' (Cranbourne)
and (1.12 + 0.03) x 107 A m* kg™' (Navajo). This range encompasses the only published NRM estimate for a
474-kg sample of the iron meteorite Canyon Diablo (1.72 x 107> A m? kg™'; Wasilewski et al., 1997).
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Figure 3. Natural remanent magnetization (NRM) as a function of volume. Filled colored circles show NRM measured for the
four selected meteorites (the NRM is averaged over the three mm® samples). Gray crosses show the NRM of all iron-
meteorite samples in the CEREGE collection (Table S2 in Supporting Information S1), and gray dots show data from Terho
et al. (1993). Squares show the saturation remanent magnetization of subsamples of the meteorite Cranbourne. Dashed gray

lines have a slope proportional to 1/ \[\7 . Error bars of m® samples are a 95% confidence interval.

4. Discussion
4.1. Magnetization as a Function of Size

Between mm” and m® volumes, the NRMs of Casas Grandes, Navajo and Quinn Canyon decrease by a factor of
20, 2 and 4, respectively. For Cranbourne, the NRMs of the 0.1-cm?®, while somewhat scattered, are within un-
certainty of those of the m® samples. If the NRM of the meteorites was only carried by ensembles of ferromagnetic
minerals that do not share a preferential direction of their magnetic moments (i.e., absence of unidirectional NRM

component), a 1/ \/V line should pass through the 95% confidence intervals of all data points of a given mete-
orites, which is not observed (Section 2.1; Figure 3). Despite the limited data available, this suggests that the
NRM of these four meteorites has a unidirectional NRM component. The relatively flat trend of Navajo, Quinn
Canyon and Cranbourne could even indicate that their NRMs are at a plateau (Figures 2 and 3) and can be
considered spatially coherent above the cm scale.

To understand the potential origin of such a unidirectional NRM component, we consider the possibility that the
samples were magnetized after arrival on Earth (e.g., magnetically contaminated) versus before arrival (e.g.,
potentially preserving a record acquired on their parent body). With respect to the former, there are several

Meteorite Mass (mg) Acquisition rate, 7, (A m? kg_1 log(t)_l) Decay rate, r,; (A m? kg_1 log(t)_l) r,lry VRM 10* years (A m? kg_l)
Casas Grandes 19.1 235 x 1070 —8.81 x107° 2.7 <2.1 x 107
Cranbourne 419 7.98 x 107 —5.81 x 107 14 <72 x 1073
1,900 991 x 107 = 1.7%* <9.0 x 1073
Navajo 33.7 450 x 107° -121 x107° 3.7 <4.1 x 107
1,885 276 x 107° — 2.3% <25 x 107
Quinn Canyon 36.2 1.86 x 107° -173 x107° 1.1 <1.7 x 107
67.2 497 x107° — 2.9% <45 x 107

Note. Columns 1 and 2 list the meteorite

name and mass. Columns 3 and 4 give the acquisition and decay rates (r, and r,, respectively). Column 5 lists the r,/r, ratio

(*indicates the rates were not estimated using the same specimen). Column 6 is the estimated VRM acquired over 100,000 years assuming a 45-pT steady ambient field.
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Figure 4. Measured remanent magnetic field, forward model and magnetic moment retrieval for the m® sample of Casas Grandes. (a—c) Measured remanent magnetic
field and its 95% confidence interval recorded at each of the 20 sensor positions is shown by gray symbols. The model field is shown by red diamonds. (d) L-curve
resulting from the minimization of Equation S6 (see Supporting Information S1). The value of 4 = 50 was used to calculate the model field in panels (a—c).

common sources of such magnetic contamination. First, the reheating of the outer layer during atmospheric entry
and acquisition of a partial thermoremanent magnetization is unlikely to account for a significant fraction of the
measured NRMs (Text S2; Table S3 in Supporting Information S1). Moreover, during their fall, the maximum
tensile pressure experienced by meteorites occurs upon entering the atmosphere and is estimated at <5 MPa
(Borovicka et al., 2020), which is too low to have any demagnetizing effect on their NRM (Bezaeva et al., 2010).
Second, to avoid a potential CRM contamination, we only selected mm?/0.1-cm? samples without apparent signs
of terrestrial alteration. The m® specimens, given their size and lack of porosity, are unlikely to be rusted deeper
than their surface. Third, although contact with a cm-sized magnet would have affected the NRM of mm® or 0.1-
em® samples, it would have contributed very little to the NRMs of m® samples given that the field of a cm-sized
magnet is reduced to an intensity of a few mT at a distance of ~10 cm (Vervelidou et al., 2023). Multiple magnet
applications might have partially randomized the magnetization direction of the meteorite's exterior but they
should not have affected the interior of the m> specimens. Finally, a VRM acquired in the geomagnetic field could
partially or totally explain the unidirectional component of the NRM of at least Cranbourne—in this case, the
estimated upper limit on the VRM acquired is larger than the measured NRM for m> samples (Table 2). Because
none of these potential sources of magnetic contamination seem to explain the NRM of Quinn Canyon, Casas
Grandes and Navajo across the explored volume range, this suggests that the unidirectional component of their
NRM possibly predates their arrival on Earth. Additional data are needed to confirm this hypothesis.

Altogether, our data are compatible with the idea that the intensity of the NRM estimated for increasingly large
iron meteorite samples (sharing the same homogenous mineralogy and magnetic history) eventually becomes
equal to the intensity of the unidirectional component of this NRM. Multiple factors likely influence the threshold
size at which this occurs, including the quantity and nature of stable magnetization carriers and the magnetic
history of the meteorite, and we cannot place constraints on this threshold. Interestingly, Navajo is an extreme
example where the NRM can be almost constant at least up to the m®, despite the fact that the meteorite does not
host tetrataenite, which is commonly thought to be a major carrier of stable remanence in many iron meteorites.
Our data, acquired on specimens of different meteorite groups, suggest that iron meteorites at least up to a meter in
size can carry a detectable NRM despite their differences in bulk mineralogies.

4.2. Implications for Spacecraft Measurements and the Psyche Mission

The requirement for the Psyche Magnetometer is to be able to measure a remanent field produced by Psyche's
outer layer at a distance of 85 km from the surface (about one Psyche radius (Polanskey et al., 2018)), assuming
the layer is composed of randomly oriented boulders with a spatial coherence of 40 km and minimum magne-
tization of 10™* A m? kg™ (Weiss et al., 2023). In this case, the minimum detectable bulk magnetization of the
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Figure 5. NRM as a function of volume. Colored circles show the four meteorites analyzed in this study. Squares show the
upper limits on the bulk magnetization estimated for the asteroids/comets visited by a spacecraft carrying a magnetometer.
The thick vertical line indicates the approximate volume of asteroid (16) Psyche. The Psyche Magnetometer is designed to
detect a remanent magnetization resulting from ~40-km diameter boulders with a minimum magnetization of

107 A m? kg™! (thin vertical line) that are spatially randomly oriented. Following a 1/ \/V line (dashed line), this yields a
minimum detectable bulk magnetization of ~107> A m? kg™ for Psyche (pink thick line). St: Steins, 67P: 67P/Churyumov-
Gerasimenko, Ry: Ryugu, Er: Eros, Lu: Lutetia.

asteroid would be ~10™> A m? kg™! (Figure 5). Numerical simulations of interactions between a magnetized
Psyche and the solar wind conducted to investigate the field geometries that might be encountered at the asteroid
are also based on a bulk magnetization range of 10~ to 1072 A m? kg™' (Oran et al., 2022). In comparison, our
data show that the remanent field of m® meteorites—probably the largest analogs of Psyche's material on Earth for
which we will be able to estimate a NRM—remains largely detectable by fluxgate magnetometers placed about
two sample radii away from the surface. The magnetization of these m> samples is above ~107> A m*kg ™", and at
least for Navajo, Cranbourne and Quinn Canyon, does not substantially vary at least across the explored size
scales. The lower limit for detectability of the Psyche Magnetometer is therefore still largely below the estimated
NRM of meter-size iron meteorites.

The detectability of a unidirectional NRM component at the km scale from spacecraft data will depend on the
nature and volume fraction of the magnetic carriers and on the intensity of the magnetizing field. Tetrataenite in
cloudy zones has a saturation remanent magnetization of 60 A m” kg~' (Dos Santos et al., 2015). Assuming that
the NRM of cloudy zones is 1% of their M, (similar to a basalt magnetized in the geomagnetic field (Gattacceca &
Rochette, 2004)) and that cloudy zones are the only unidirectionally magnetized structures, a bulk magnetization
of 107* A m? kg~ would imply that cloudy zones occupy a minimum fraction of 0.02 vol.% of the total
magnetized volume, which is compatible with meteorites that exhibit a Widmanstitten pattern (Buchwald, 1975).
By contrast, the IIAB Navajo provides an example of a meteorite dominated by Ni-poor kamacite that does not
have cloudy zones.

So far, we have considered objects that are homogenous in composition and homogenously magnetized
throughout their entire volume. This is unlikely to directly apply to an entire asteroid, but could reflect regions
with a fraction of their NRM unidirectionally oriented (Figure 1). Comparisons of the outcomes of numerical
simulations with the maximum spatial resolution achievable by the Psyche spacecraft (40 km) will be essential to
determine whether the NRM of the layer can be estimated. Finally, the idea that the unidirectional fraction of the
NRM will tend to dominate the signal of the bulk NRM as specimen size increases (potentially up to the km scale,
assuming homogenous mineralogy and common magnetic history) should apply to asteroids other than metal-rich
ones, as long as they experienced ancient magnetic fields and their resulting NRM was not fully randomized, for
example, by brecciation and reaccretion after collisions.
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5. Conclusion

We estimated the NRM of four iron meteorites at different size scales: mm*/0.1-cm® and m>. All four meteorites
carry a non-zero NRM at least up to the m>. The NRM as a function of volume does not decay as steeply as
expected if the meteorites were only carrying ensembles of ferromagnetic minerals that do not share a preferential
direction of their magnetic moments (assuming a homogenous magnetic mineralogy and magnetic history among
the different pieces). This suggests that a fraction of the meteorites' NRM is unidirectional. For at least one
meteorite, the IAB Cranbourne, a VRM acquired in the Earth field is the likely dominant source of this rema-
nence, making it less relevant to asteroidal magnetism. On the other hand, for the [IIAB meteorites Quinn Canyon,
Casas Grandes and the ITAB Navajo, we cannot readily explain their NRM as the result of terrestrial contami-
nation, suggesting that part of their NRM possibly predates their arrival on Earth. Additional data are needed to
confirm this hypothesis.

Our data are compatible with the hypothesis that, for increasingly large volumes homogenously magnetized, the
unidirectional fraction of their NRM will dominate the estimated remanence, while the intensity of the remaining
fraction—resulting from ensembles of ferromagnetic minerals that do not share a preferential direction of their
magnetic moments—will tend to zero. This appears to be applicable to a range of iron meteorite mineralogy. The
detectability of the NRM of an asteroid (or part of an asteroid) that was exposed to an ancient magnetic field
should therefore only depend on the intensity of this unidirectional fraction of the NRM, controlled by the
magnetic mineralogy and the intensity of the ancient magnetizing field. In addition, our data show that the NRMs
of m>-sized iron meteorites—probably the largest Psyche analogs that will be measured on Earth—are still largely
detectable by a fluxgate magnetometer. This further supports the magnetization range employed to simulate
potential field geometries and intensities at asteroid (16) Psyche.
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