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A B S T R A C T   

The JAXA Hayabusa 2 mission returned 5.4 g of material from the C-type asteroid Ryugu. The Mn-Cr ages of 
dolomite in the returned samples indicate that Ryugu’s parent body experienced aqueous alteration sometimes 
between <1.8 and 6.8 Myr after CAI formation. Because this time range overlaps with the lifetime of the solar 
nebula, we investigate the possibility that magnetite and pyrrhotite, which are aqueous alteration products found 
in Ryugu samples, acquired a remanent magnetization reflecting the nebula field intensity. We analyze the 
intrinsic magnetic properties and paleomagnetic record of three Ryugu samples of 0.82, 0.97 and 21.87 mg. None 
of the samples exhibit a stable natural remanent magnetization. This indicates that the aqueous alteration of 
Ryugu’s parent body took place either in a field of a few µT, or in a very weak to null field. In the former scenario, 
the solar nebula field is the most likely magnetizing field, implying that aqueous alteration occurred before its 
dissipation, i.e., before ~5 Myr after CAI formation. In the latter scenario, aqueous alteration must have occurred 
either after the dissipation of the nebula, or at an earlier epoch and a large heliocentric distance (> 5 au). The 
similarities between Ryugu samples and CI chondrites favor this second hypothesis. Our results contrast with 
another paleomagnetic study of two Ryugu samples, arguing for a paleofield intensity of 40 to 390 µT. Our 
interpretation of this discrepancy is that these samples were exposed to artificial magnetic fields (> mT) during 
preceding experiments. This highlights the importance of conducting, as much as possible, the paleomagnetic 
investigations of returned samples before any other experiment. We also demonstrate that the ratio of NRM over 
low-field magnetic susceptibility is a powerful, non-destructive indicator of magnetic contamination. We 
recommend measuring this ratio routinely before paleomagnetic investigations of meteorites and returned 
samples.   

1. Introduction 

The JAXA Hayabusa 2 mission returned to Earth 5.4 g of material 
from the surface of the C-type asteroid Ryugu (Watanabe et al., 2019; 
Yada et al., 2021). The collected samples are similar to CI chondrites in 
mineralogy, chemical composition and isotopic composition (Naka
mura et al., 2022; Yokoyama et al., 2023). The parent body of Ryugu, 
like that of the CI chondrites, may have formed in a separate and more 
distant region of the solar nebula compared to most carbonaceous 
chondrites (Desch et al., 2018; Hopp et al., 2022). The mineralogy of 
returned samples, in particular their abundant phyllosilicates, dolomite, 
magnetite and pyrrhotite, reflects an extensive aqueous alteration on 
Ryugu’s parent body (Nakamura et al., 2022). 

The formation of dolomite can be dated using the 53Mn-53Cr isotopic 
system to infer the age of aqueous alteration. Two studies found 

significantly different results. On the one hand, Yokoyama et al. (2023) 
concluded that aqueous alteration occurred sometimes between 3.1 and 
6.8 million years (Myr) after the formation of calcium aluminum rich 
inclusions (CAIs), given the uncertainties on the initial 53Mn-53Cr ratio. 
On the other hand, McCain et al. (2023) obtained an upper limit of 1.8 
Myr after CAI formation, using different standards to derive the initial 
53Mn-53Cr ratio. 

This estimated range of aqueous alteration ages (between < 1.8 and 
6.8 Myr after CAI formation) overlaps with the lifetime of the solar 
nebula, which dissipated ~5 Myr after CAI formation (Wang et al., 
2017). Paleomagnetic studies show that magnetic fields were present in 
the solar nebula. Investigations conducted on CO chondrules, CM 
chondrites, the CV chondrite Allende, and the ungrouped carbonaceous 
chondrite WIS 91600 collectively indicate that, beyond 3 au, the solar 
nebula field strength ranged from 106+88

− 18 µT to 4.4 ± 2.8 µT between 2.2 
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± 0.8 and ~4 ± 1 Myr after CAI formation (Borlina et al., 2021; Bryson 
et al., 2020a; Cournède et al., 2015; Fu et al., 2021). On the other hand, 
paleointensities derived from CR chondrules, CO chondrites, the CV 
chondrite Kaba, and the ungrouped carbonaceous chondrite Tagish Lake 
are all compatible with a null magnetic field, for a period ranging be
tween ~3 and ~5 Myr after CAI formation (Borlina et al., 2022; Bryson 
et al., 2020b; Fu et al., 2020; Gattacceca et al., 2016). 

Magnetic fields in protoplanetary disks likely play a crucial role in 
the planetary accretion process. They can enhance turbulence and 
angular momentum transport in the disk, directly acting upon the mo
tion and concentration of solids (Bai, 2017; Béthune et al., 2017). 
Extraterrestrial samples that experienced thermal metamorphism 
and/or aqueous alteration within the lifetime of the solar nebula may 
provide records of our own protoplanetary disk field, which are essential 
to advance our understanding of planetary formation (Weiss et al., 
2021). However, finding samples exempt from terrestrial alteration or 
magnetic contamination (including the acquistion of a viscous remanent 
magnetization in the geomagnetic field) is challenging. In this regard, 
samples returned from asteroid Ryugu are ideal candidates to search for 
a paleomagnetic record of the solar nebula field. 

Furthermore, Ryugu is only the second celestial body, after the 
Moon, for which we can confront asteroidal magnetometry data to 
natural remanent magnetization (NRM) measurements conducted on 
returned samples. In contrast to the Moon (Hood et al., 1981), however, 
the magnetometer on board the lander MASCOT (part of the Hayabusa 2 
payload) did not measure any detectable magnetization at the surface of 
the asteroid (Herčik et al., 2020). The returned samples make it possible 
to test two contrasting hypotheses: (i) Ryugu’s parent body experienced 
a very weak or null magnetic field during aqueous alteration, resulting 
in a magnetization too weak to be detected by the magnetometer, and 
(ii) Ryugu’s parent body experienced a substantial magnetic field during 
aqueous alteration, but the resulting magnetization was randomized 
during regolith formation at a spatial scale smaller than the cm-scale 
resolvable by the magnetometer (Herčik et al., 2020). Testing these 
hypotheses will advance our understanding of the magnetization of ce
lestial bodies, in the perspective of future missions with magnetometry 
experiments like the NASA Psyche mission (Weiss et al., 2023). 

Ryugu samples contain ~6 vol.% of magnetite (mainly in the form of 
framboids, and plaquettes) and ~4 vol.% of pyrrhotite (Nakamura et al., 
2022). If magnetite and pyrrhotite crystallized in the presence of a 
magnetic field, they may have acquired a chemical remanent magneti
zation (CRM) reflecting the intensity of this field. A CRM is acquired 
when magnetic minerals grow in field beyond their blocking volume (i. 
e., minimum volume required for a ferromagnetic mineral to acquire a 
remanent magnetization; Dunlop and Özdemir, 1997). Unlike a ther
moremanent magnetization (TRM), acquired by a mineral upon cooling 
in field below its blocking temperature (i.e., the temperature below 
which a ferromagnetic mineral acquires a remanent magnetization), a 
CRM can be acquired at low temperature. Because Ryugu material has 
never been heated above ~100 ◦C (Yokoyama et al., 2023), a CRM 
would be the most likely magnetization acquisition mechanism for these 
samples. 

Magnetite framboids form through the dissolution of antiferromag
netic hexagonal pyrrhotite during fluid-rock interactions (Zolensky 
et al., 2002). Unlike magnetite formed by pseudomorphic replacement 
of iron metal, magnetite framboids do not have a ferromagnetic pre
cursor and do not inherit any remanence. They carry a single-phase 
CRM, which only reflects the magnetic environment at the acquisition 
epoch (Dunlop and Özdemir, 1997). Similarly, ferrimagnetic monoclinic 
pyrrhotite forms by replacement of non-magnetic troilite (Schrader 
et al., 2021) and may also acquire a single-phase CRM. 

Electron holography conducted on Ryugu samples shows that 
magnetite framboids contain submicron grains in the magnetic single- 
vortex (SV) state (Kimura et al., 2023). SV particles of magnetite are 

known to be reliable magnetic recorders, capable of retaining their NRM 
over the age of the solar system (Nagy et al., 2017). The two µm-size 
pyrrhotite grains observed were in a multidomain magnetic state, i.e., 
non-ideal paleomagnetic recorders, but this may not be the case for all 
pyrrhotite grains in Ryugu samples. 

Paleomagnetic measurements were conducted by Nakamura et al. 
(2022) on two samples from the two Hayabusa 2 sampling sites (A0026 
and C0002–4-f, a fragment of C0002). These samples have a mass of 
1.556 mg and 0.425 mg, respectively. The intrinsic magnetic properties 
of these two samples and four others (A0064-FC006, A0064-FO018, 
C0002–40, and C0023-FC009; no mass provided) were analyzed by 
Sato et al. (2022). The coercivity spectra of the samples are consistent 
with the presence of fine-grained magnetite and pyrrhotite, with 
average magnetic coercivities of 70 mT and 200 mT, respectively. The 
first-order reversal curve (FORC) diagram of A0064-FC006 displays 
features shared by other framboid-bearing meteorites (Sridhar et al., 
2021). A0026 and C0002–4-f have NRMs of 3.99 × 10− 2 A m2 kg-1 and 
2.14 × 10− 2 A m2 kg-1. The alternating-field (AF) demagnetization of 
their NRMs exhibits a stable remanence component in the 10–30 mT and 
0–20 mT coercivity ranges, respectively. This was interpreted as evi
dence for an ancient magnetizing field (the solar nebula field) with in
tensity between 41 and 390 µT (Sato et al., 2022). 

Here, we present a new paleomagnetic study conducted on three 
Ryugu samples of 0.82, 0.97 and 21.87 mg. The difference in mass be
tween the samples gives the opportunity to investigate the spatial scale 
of magnetization, and any effect due to the mineralogical heterogene
ities that may exist among samples of 1 mg or less. 

2. Material and method 

We were granted by JAXA two particles (A0154 and C0005; sup
plementary Fig. S1) from the two Hayabusa 2 sampling sites. At the 
JAXA curation center, the particles were gently packed with quartz wool 
inside quartz containers sealed with parafilm. We provided the con
tainers and wool, after confirming their very weak magnetic moment 
(≤ 5 × 10− 11 A m2). The containers were placed in mu-metal boxes to 
shield them from magnetic fields during shipment. Particle A0154 broke 
during transport into two samples (A0154-a and A0154-b) of 0.97 and 
0.82 mg, respectively. These samples were kept 11 months in the mu- 
metal box inside a magnetically shielded room (total residual field ~1 
nT, of the order of the interplanetary magnetic field) before conducting 
any measurement. We measured the NRM and low-field susceptibility of 
both A0154-a and A0154-b, before focusing on the largest fragment 
(A0154-a) for further paleomagnetic analyses. The NRM of C0005 was 
measured after 20 days in the same storage conditions as A0154. For 
comparison, we also analyzed a 47.1-mg sample of the CI chondrite 
Orgueil and a 1.1-mg sample of the CM2 chondrite Daoura 003, kept 
inside the shielded room (~500-nT residual field) for 18 years and 2 
months, respectively. 

All the experiments were conducted at the Centre Européen de la 
Recherche et de l’Enseignement des Géosciences de l’Environnement 
(CEREGE, France). The low-field susceptibility (χLF) and its anisotropy 
were measured with an Agico MFK1 with sensitivity of 5 × 10− 13 m3, 
operating at 200 A m− 1 and 976 Hz. Calling k1 > k2 > k3 the eigenvalues 
of the anisotropy of susceptibility matrix, the degree of anisotropy P is 
defined as k1/k3 and the shape parameter is defined as 
[2ln(k2) − ln(k1) − ln(k3)]/[ln(k1) − ln(k3)] (Jelinek, 1981). The suscepti
bility was also measured at 15,616 Hz (χ15616Hz) to assess the quantity of 
superparamagnetic grains. Remanence measurements were conducted 
on a SQUID magnetometer (2 G Enterprises, model 755R, sensitivity 5 ×
10− 12 A m2). Anhysteretic remanent magnetization (ARM) was imparted 
using an AGICO AF demagnetizer and anhysteretic magnetizer (model 
LDA5). Isothermal remanent magnetization (IRM) was imparted using 
the electromagnet of a LakeShore 8600 series vibrating sample magne
tometer (VSM) once all other measurements were done. To avoid 
inflicting mechanical damage to the friable sample, the resulting IRM 
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was measured with the SQUID magnetometer and not with the VSM. AF 
demagnetization was conducted either with the LDA5 demagnetizer (for 
the NRM and ARM acquired in low DC bias fields) or using the automatic 
AF 3-axis degausser system attached to the SQUID magnetometer. When 
using the LDA5 demagnetizer, we followed a protocol that prevents the 
acquisition of gyroremanent magnetizations (GRM; Dunlop and 
Özdemir, 1997): (i) AF demagnetization along three orthogonal axes x, 
y, z and remanence measurement, (ii) AF demagnetization along x and 
remanence measurement, (iii) AF demagnetization along y and rema
nence measurement, and (iv) average of the three remanence mea
surements. None of the experiments were physically destructive to the 
samples (at the exception of their NRM), such that they will be sent back 
to JAXA in a pristine state for other studies. 

The anisotropy of ARM was determined by acquiring and measuring 
an ARM (100-mT peak AC field, 250-µT bias field) along 18 directions 
(Jelinek, 1977). The definition of the degree of anisotropy and shape 
parameter is the same as for the anisotropy of susceptibility. The 
anisotropy matrix multiplies the directional remanence data to account 
for the effect of magnetic anisotropy. To characterize the significance of 
a NRM component over a given coercivity range, we used two param
eters: MAD and DANG. The maximum angular deviation (MAD; 
(Kirschvink, 1980)) represents the variance of a vectorial dataset with 
respect to the direction of its first principal component. The deviation 
angle (DANG; (Tauxe and Staudigel, 2004)) is the angle between the 
direction of the first principal component and the vector connecting the 
center of mass of the dataset to the origin. We define a significant 
remanence component when MAD < 25◦. A NRM component is 
considered origin trending if DANG < MAD. When demagnetizing 
ARMs, we also computed the angular deviation δ of the component’s 
direction (corrected for anisotropy effects) with respect to the ARM bias 
field direction. This parameter quantifies the directional fidelity of the 
ARM and relates to the capacity of a sample to acquire a remanence. 

To estimate a paleointensity corresponding to a remanence compo
nent, we used the ARM and IRM normalization methods (Collinson and 
Stephenson, 1977; Gattacceca and Rochette, 2004), where the AF 
demagnetization of the NRM is followed by the AF demagnetization of 
an ARM or SIRM (saturation IRM acquired in a 2-T field). For an iden
tified NRM component, the corresponding paleointensity (Bpaleo) is 
estimated using Eq. (1a)-(1b): 

Bpaleo =
BARM

f
dNRM
dARM

(1a)  

Bpaleo = a
dNRM
dIRM

(1b)  

In Eq. (1a)-b, BARM is the ARM bias field, NRM, ARM and IRM are the 
corresponding vectorial quantities lost with respect to the first demag
netization step of the selected component. The factors f and a are 
determined empirically and depend on the nature of the NRM (e.g., CRM 
or TRM) and of the remanence carriers. In the case of a single-phase 
CRM carried by magnetite, f and a follow lognormal distributions: f 
= lognorm(μ= − 0.015, σ2 = 0.35) and a = lognorm(μ = 8.09, σ2 =

0.40). The corresponding geometric means of f and a are 0.99 and 3260 
µT, respectively (Maurel and Gattacceca, 2023). Accounting for the 
rotation of Ryugu’s parent body, Bpaleo represents the projection of the 
magnetizing field vector onto the direction of the parent body’s spin 
axis. The uncertainty resulting from this unknown direction is quantified 
by assuming a uniform probability distribution of spin axis orientations 
on the sphere, which yields an average multiplication factor of 2 for the 
paleointensity estimates (Fu et al., 2014). 

3. Results 

3.1. Intrinsic magnetic properties 

Intrinsic magnetic properties are summarized in Table 1. Data ac
quired on the larger sample C0005 are probably more representative of 
the bulk Ryugu material. We measure a mass-weighted average χLF and 
saturation remanent magnetization (Mrs) of 1.02 × 10− 4 m3 kg− 1 and 
1.19 A m2 kg-1, respectively. The χLF and Mrs of A0154-a and A0154-b 
are 50% lower than the mass-weighted average, and their Mrs/χLF 
ratio, which depends on the assemblage of magnetic minerals but not on 
their total concentration, is 30% and 10% higher than the mass- 
weighted average, respectively. As could be anticipated, this reflects a 
heterogenous distribution of the magnetic minerals at the mg scale. 

For C0005, we find (χ976Hz − χ15616Hz)/χ976Hz = 0.34%, indicating a 
negligible amount of superparamagnetic minerals in the sample. C0005 
has a degree of anisotropy of susceptibility P of 1.11 and a shape factor T 
of 0.52 (oblate). In comparison, Orgueil has a degree of anisotropy of 
susceptibility of 1.03. The anisotropy of ARM measured on sample 
C0005 (resp. A0154-a) indicate a degree of anisotropy P of 1.28 (resp. 
1.26) and a shape factor T of 0.027 (resp. − 0.27). 

The derivative of the IRM acquisition curve is relatively noisy. 
Because we had to move the samples from the VSM electromagnet to the 
SQUID magnetometer and back, this is likely due to the positioning error 
(in the VSM and the magnetometer) and the delay between IRM 
acquisition and measurement. Despite this, the derived coercivity 
spectrum (Fig. 1) is analogous to that of Sato et al. (2022) with two 
dominant populations of grains with average coercivities of 50 mT and 
175 mT. The medium-coercivity population is consistent with the 
presence of SV magnetite grains (e.g., in the framboids). The 
high-coercivity population is consistent with the presence of pyrrhotite 
with grain size below ~2 µm (i.e., in the single domain magnetic state; 
Dekkers, 1988). This suggests that the electron holography measure
ments, showing only multidomain pyrrhotite, may not have captured 
the full pyrrhotite grain size distribution (Kimura et al., 2023). The ratio 
between an IRM given at 2T and − 300 mT (S-300 ratio) of C0005 is 
− 0.85, also consistent with the presence of a significant amount of 
high-coercivity pyrrhotite grains (Stober and Thompson, 1979). 

3.2. NRM measurement and demagnetization 

NRM intensities and demagnetization data are given in Tables 1-2. 
For A0154-a and A0154-b, we measured NRM intensities of 8.16 × 10− 4 

A m2 kg− 1 and 1.11 × 10− 3 A m2 kg− 1, respectively, after 11 months of 
storage in a ~1-nT field. C0005 had a NRM of 2.89 × 10− 4 A m2 kg− 1 

after 20 days in a ~1-nT field. The NRM demagnetizations of samples 
A0154-a and C0005 exhibit a poorly defined low-coercivity component 
up to ~8 mT (Table 2). The behavior of the NRM becomes erratic at 
higher AF steps up to 100 mT (or 200 mT for C0005; Fig. 2a-b), such that 
no significant component can be identified between 10 and 100 mT 
(MAD > 25◦; Table 2). For both samples, the NRM intensity barely de
creases upon AF demagnetization (Fig. 2e-f). A0154-a is also visibly 
acquiring spurious magnetizations as AF intensity increases (Fig. 2b). 
This demagnetization behavior is not due to instrumental noise of the 
SQUID magnetometer, which remained below 5 × 10-12 A m2 

throughout the experiment. 
For comparison, the NRM demagnetization of Orgueil exhibits a non- 

origin-trending, low-coercivity component between 0 and 12 mT (MAD 
< 25◦; Fig. 2c; Table 2). At higher AF steps (12–100 mT), the behavior 
becomes erratic with no identifiable component. Unlike Ryugu samples, 
the NRM intensity of Orgueil overall decreases up to 100 mT, but the 
sample also acquires spurious magnetizations above 12 mT (Fig. 2g). 
Overall, C0005, A0154-a and Orgueil share a similar NRM demagneti
zation behavior. The erratic NRM demagnetization pattern of A0154-a is 
not attributable to the small sample mass, as illustrated by the NRM 
demagnetization of a 1.1-mg sample of Daoura 003 (CM2 chondrite), 
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where a clear high-coercivity component (24–100 mT, MAD = 7◦; 
Table 2; Fig. 2d) can be identified. 

3.3. ARM and IRM measurement and demagnetization 

ARMs were applied in bias fields of 5, 10, 15, 20, 50, 100 and 200 µT. 
Considering the erratic demagnetization pattern of the NRM well below 
100 mT, we used a peak AC field of 100 mT. For bias fields ≤ 15 µT, the 
ARM acquired by C0005 exhibits a similar demagnetization behavior as 
the NRM: no component is identifiable in the 10–100 mT coercivity 
range (Table 2; Fig. 3d,e), the intensity barely decreases (Fig. 3a) and is 
poorly correlated with the bias field intensity (Fig. 3b,c). For bias fields 
of 20 and 50 µT, the ARM of C0005 exhibits a remanence component 
between 10 and 100 mT with MAD < 25◦ and δ = 22◦ and 5◦, 

respectively (Table 2; Fig. 3a,d,e). For bias fields > 50 µT, the ARM 
demagnetizes monotonically up to 100 mT, with a well-defined 
component in the 10–100 mT coercivity range aligned with the bias 
field (Table 2; Fig. 3d-e). The demagnetization patterns of ARMs 
imparted to Orgueil are similar to Ryugu samples, whereas an ARM with 
a 5-µT bias field imparted to Daoura 003 demagnetizes with a MAD of 
14◦ and δ of 7◦ in the 10–100 mT coercivity range (Table 2). 

3.4. Paleointensities 

The REM’ for C0005 (i.e., the slope of the NRM lost at each AF step 
normalized by the IRM lost at the same AF steps; Gattacceca and 
Rochette, 2004) increases in the 10–100 mT coercivity range (Fig. 4a). 
This can be attributed to the acquisition of spurious magnetizations 
during AF demagnetization of the NRM. Moreover, the slope of the NRM 
lost versus ARM lost (200-µT bias field) or IRM lost is indistinguishable 
from zero (Fig. 4b-c). These two paleointensity determination methods 
therefore do not discriminate between the absence or presence of a weak 
magnetic field during the aqueous alteration of Ryugu’s parent body. 

To place an upper limit on the paleofield intensity, we use the ARM 
normalization method, but replace the NRM data by the ARM data ob
tained with different bias fields: 

Best = Bbias
dARMBbias

dARM200μT
(2)  

In Eq. (2), ARM200μT is the vectorial quantity lost during demagnetiza
tion over the 10–100 mT coercivity range after imparting an ARM with a 
200-µT bias field, ARMBbias is the vectorial quantity lost during demag
netization over the same coercivity range after imparting an ARM with a 
bias field Bbias, and Best is the estimate of Bbias that can be retrieved from 
the data. We define the maximum paleointensity recordable by C0005 as 
the minimum Bbias needed for the 95% confidence interval of Best to 
contain Bbias but not zero. After calculating Best for Bbias = 5, 10, 15, 20, 
50, and 100 µT, we find that this condition is met for Bbias ≥ 20 µT 
(Fig. 5; Table 2). 

A different test consists in calculating the metrics D = Best − Bbias/

Bbias and E = σest/Bbias, where σest is the 95% confidence on Best (Bryson 
et al., 2017). Using the criteria proposed by Bryson et al. (2020b), the 
minimum field recordable by a sample is equal to Bbias when E ≤ 1 if D ≥

0, or E ≤ 0.5 if D ≤ 0. For C0005, this condition is met for Bbias= 20 µT 
and higher (Table 2), consistent with our findings. 

A final step consists in taking into account that Ryugu’s NRM is most 
likely a CRM. We must therefore ponder the minimum Bbias with the 
empirical coefficient f (Eq. (1a)). Using the geometric mean f = 0.99 
determined for single-phase CRMs acquired by magnetite (Maurel and 
Gattacceca, 2023), we obtain an upper limit on the paleofield intensity 

Table 1 
NRM and intrinsic magnetic properties of A0154-a, A0154-b, C0005, Orgueil, Daoura 003 and Tagish Lake. Data acquired by Sato et al. (2022) on samples A0026 and 
C0002–4-f are also shown. Columns 2 to 5 show the mass, NRM, low-field susceptibility (χLF) and saturation remanent magnetization (Mrs). Columns 6 and 7 show the 
ratios NRM/χLF and NRM/Mrs. Columns 8 and 9 show the degree of anisotropy of magnetic susceptibility (PAMS) and associated shape factor (TAMS). Columns 10 and 11 
show the degree of anisotropy of anhysteretic remanent magnetization (PAARM) and associated shape factor (TAARM). The susceptibility of Tagish Lake was measured for 
this study on a 5.51-g sample. The NRM and Mrs are mass-weighted averages. NRM intensities were measured for this study on nine samples with total mass of 12.55 g, 
including samples of 5.71, 5.51 and 1.01 g. Mrs values were measured on six samples between 8 and 38 g (Bryson et al., 2020b; Gattacceca and Rochette, 2004; Thorpe 
et al., 2002).         

AMS AARM 

Sample Mass 
(mg) 

NRM 
(A m2 kg− 1) 

χLF 
(m3 kg− 1) 

Mrs 
(A m2 kg− 1) 

NRM/χLF 
(A m − 1) 

NRM 
/Mrs 

P T P T 

A0154-a 0.97 8.16 × 10− 4 3.54 × 10− 5 0.54 23 1.5 × 10− 3 – – 1.26 − 0.27 
A0154-b 0.82 1.11 × 10− 3 4.84 × 10− 5 0.61 23 1.8 × 10− 3 – – – – 
C0005 21.87 2.89 × 10− 4 1.07 × 10− 4 1.24 3 2.3 × 10− 4 1.11 0.55 1.28 0.03 
Orgueil 47.1 1.12 × 10− 4 5.24 × 10− 5 0.87 2 1.3 × 10− 4 1.03 − 0.16 – – 
Daoura 003 1.1 5.73 × 10− 4 2.07 × 10− 5 0.70 28 8.2 × 10− 4 – – – – 
Tagish Lake * 2.34 × 10− 4 7.93 × 10− 5 0.53 3 4.4 × 10− 4 – – – – 
A0026 1.56 3.99 × 10− 2 7.88 × 10− 5 1.07 507 3.6 × 10− 2 – – – – 
C0002–4-f 0.43 2.14 × 10− 2 7.88 × 10− 5 1.01 271 2.1 × 10− 2 – – – –  

Fig. 1. Coercivity spectrum of sample C0005. Grey dots show the data, i.e., the 
derivative of the magnetic moment with respect to the log10 of the applied field. 
The black line shows the best fit to the data, obtained by summing the blue, red 
and green gaussian distributions representing different populations of grains. 
Shaded area show the 95% confidence intervals of each distribution. The blue, 
red and green distributions have average coercivities of 15, 50 and 175 mT, 
respectively. This figure was generated using the MaxUnmix software (Max
bauer et al., 2016). 
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Table 2 
NRM and ARM demagnetization parameters for A0154-a, C0005, Orgueil and Daoura 003. Column 2 shows the sample mass. Column 3 shows the ARM bias field 
intensity (except for NRMs). Columns 4 and 5 show the coercivity range considered and corresponding number of data points. Columns 6 and 7 show the norm and 
direction of the “component” calculated for the coercivity range in column 4. Columns 8, 9 and 10 show the MAD, DANG (for NRMs) and δ (for ARMs) calculated for the 
coercivity range in column 4. Column 11 shows the 95% confidence interval (CI) on the recorded field intensity retrieved using the ARM normalization method. 
Column 12 shows the values of the D and E parameters proposed by Bryson et al. (2017) to quantify the ARM recording capacity of a sample.  

Sample Mass 
(mg) 

ARM field (µT) AF range 
(mT) 

N Comp. norm 
(A m2 kg− 1) 

D, I 
(◦) 

MAD 
(◦) 

DANG 
(◦) 

δ 
(◦) 

95% CI intensity (µT) D, E 

A0154-a 0.97 NRM 0–8 
10–100 

8 
29 

1.18 × 10− 4 

2.03 × 10− 3 
109, 27 
128, 40 

31 
46 

59 
71 

– – – 

C0005 21.87 NRM 0–8 
10–100 

8 
30 

8.46 × 10− 5 

3.51 × 10− 4 
125, 15 
159, − 2 

26 
41 

50 
33 

– – 
[− 41, 33] 

– 

Orgueil 47.1 NRM 0–12 
13–100 

12 
26 

8.09 × 10− 5 

6.90 × 10− 5 
11, − 38 
15, 50 

25 
45 

76 
52 

– – – 

Daoura 003 1.1 NRM 32–100 12 2.72 × 10− 4 107, − 29 7 26 – – – 
C0005 21.87 5 0–10 

11–100 
10 
30 

2.09 × 10− 4 

5.38 × 10− 4 
307, 5 
327, − 1 

14 
43 

– 57 
38 

– 
[− 7, 23] 

– 
0.6, 3.0 

C0005 21.87 10 0–10 
11–100 

10 
30 

1.13 × 10− 4 

7.69 × 10− 4 
34, − 26 
34, 39 

44 
41 

– 42 
44 

– 
[− 3, 27] 

– 
0.20, 1.5 

C0005 21.87 15 11–51 30 6.78 × 10− 4 68, 1 38 – 60 [− 18, 39] − 0.25, 2.6 
C0005 21.87 20 0–10 

11–100 
10 
30 

4.54 × 10− 4 

1.68 × 10− 3 
38, 5 
348, 18 

28 
21 

– 33 
22 

– 
[11, 51] 

– 
0.55, 1.0 

C0005 21.87 50 0–10 
11–100 

10 
23 

8.99 × 10− 4 

2.17 × 10− 3 
10, 8 
9, 7 

10 
24 

– 6 
5 

– 
[21, 64] 

– 
− 0.14, 0.4 

C0005 21.87 100 0–10 
11–100 

10 
12 

1.93 × 10− 3 

4.90 × 10− 3 
6,9 
5, 6 

5 
8 

– 5 
2 

– 
[80, 140] 

– 
0.10, 0.3 

C0005 21.87 200 0–10 
11–100 

10 
23 

3.47 × 10− 3 

8.32 × 10− 3 
12, 5 
8, 3 

6 
5 

– 7 
3 

– – 

Orgueil 47.1 10 10–100 19 9.63 × 10− 5 8, − 6 42 – 10 – – 
Orgueil 47.1 20 10–80 17 2.68 × 10− 4 195, 16 24 – 23 – – 
Orgueil 47.1 200 10–100 19 2.97 × 10− 3 5, 5 3 – 7 – – 
Daoura 003 1.1 5 10–100 11 1.57 × 10− 4 5, − 5 14 – 7 – –  

Fig. 2. (a) Orthogonal projection of the NRM of sample C0005 during stepwise AF demagnetization. Open and closed symbols show the projection onto the (y, z) and 
the (y, x) planes, respectively. The color scale indicates the AF intensity. The NRM is shown in red. (b) Same as (a) for sample A0154-a. (c) Same as (a) for the sample 
of the CI chondrite Orgueil. (d) Same as (a) for the CM2 chondrite Daoura 003. The color scale applies to (b-d). (e-g) NRM intensity as a function of AF intensity for 
C0005, A0154-a and Orgueil, respectively. 
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experienced by C0005 of 20 µT. Taking into account the average 
correction resulting from the uncertainty on the direction of the parent 
body’s spin axis, this upper limit becomes 40 µT. 

An alternative approach is to consider our paleomagnetic data in 
light of those obtained on magnetite- and pyrrhotite-bearing meteorites 
that acquired a CRM during aqueous alteration of their parent body. 
These include the CM chondrites and Tagish Lake. The comparison with 
CM chondrites, however, is not appropriate given their differences in 
magnetic mineral assemblages (e.g., no magnetite framboids) and the 
fact that they exhibit a well-defined, high-coercivity NRM component 
(Cournède et al., 2015). On the other hand, Tagish Lake has a similar 
magnetic mineral assemblage as Ryugu samples (Zolensky et al., 2002), 
and exhibits an identical NRM demagnetization pattern. This meteorite 
experienced a field of < 1 µT, and possibly null, during the aqueous 
alteration of its parent body (Bryson et al., 2020b; upper limit recalcu
lated using the empirical factor f given in Section 2). Comparing the 
NRM/Mrs ratio, which is a rough proxy for the paleointensity (Fuller and 
Cisowski, 1974; Wasilewski and Dickinson, 2000), of the two meteor
ites, we find that C0005 has a similar NRM/Mrs ratio as Tagish Lake, 
while A0154-a and A0154-b have ratios that are 3.5–4 times higher 
(Table 1). This suggests that the paleofield intensity recorded by Ryugu 
samples was much weaker than 40 µT, likely of a few µT at most, and 
possibly null. 

4. Discussion 

4.1. Implications of the results 

Ryugu samples contain abundant magnetite framboids with single- 
vortex grains and fine-grained pyrrhotite, characterized as good mag
netic recorders. Yet, C0005 cannot reliably acquire ARMs with bias 
fields < 20 µT. Orgueil, the closest meteorite analog to Ryugu samples, 
appears to have the same behavior. We suggest that both magnetostatic 
interactions between close-packed magnetic grains (like in magnetite 
framboids) and the anomalous behavior of pyrrhotite during ARM 
acquisition (Thomson, 1990) may act against the acquisition of low bias 
field ARMs. This would explain why the ARM normalization method 
does not provide an informative upper limit on the paleointensity for 
these specific samples. We note, however, that the poor ARM recording 
capacity of the samples does not necessarily reflect a poor CRM 
recording capacity, because the two mechanisms involve very different 
physical processes. For example, although pyrrhotite is a notoriously 
bad ARM recorder, it has been found to carry CRMs acquired in the 
geomagnetic field by sedimentary rocks (Evans et al., 2012), and in the 
weaker solar nebula field by CM chondrites (Cournède et al., 2015). To 
conclude, in the case of Ryugu samples, the method of normalization by 
Mrs provides a rough, yet robust estimate of the paleointensity as it 

Fig. 3. (a) Magnetic moment of C0005 as a function of AF intensity during demagnetization of the NRM and ARMs acquired in bias fields between 5 and 50 µT. The 
inset is a zoomed-in view for AF intensities between 0 and 40 mT. (b) ARM intensity before demagnetization as a function of the ARM bias field intensity. For this 
figure, we measured the ARM acquired by C0005 in 21 different bias fields between 2 and 200 µT. (c) Zoomed-in view of the 0–25 µT ARM bias field range in (b). The 
dashed line shows the intensity of the NRM. (d-e) Maximum angular deviation (MAD) and angular deviation from the ARM bias field direction after anisotropy 
correction (δ) as a function of ARM bias field intensity for the 10–100 mT coercivity range. 
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avoids the issues related to ARM acquisition (Gattacceca and Rochette, 
2004). 

The NRM intensity and NRM/Mrs ratio of C0005, A0154-a and 
A0154-b increase with decreasing sample mass (Table 1). Because at 
least some Ryugu samples are breccias (Nakamura et al., 2022), the 
random orientation of coherently magnetized clasts might explain this 
observation—with the caveat that part of the NRM may be a viscous 
remanence acquired in the geomagnetic field. The mass-normalized 
remanence of an ensemble of uniformly magnetized clasts that are 
randomly oriented decreases as 1/

̅̅̅̅
N

√
, where N is the number of clasts of 

equal mass. As a result, the difference in NRM between C0005 and 
A0154 could be explained if C0005 was made of randomly oriented 
clasts of ~1 mg, which is broadly compatible with the clasts observed in 
some Ryugu samples (Nakamura et al., 2022). However, because 1 mg is 
approximately the mass of A0154-a and A0154-b, our data do not sug
gest that the absence of high-coercivity remanence can be explained by 
the random orientation of coherently magnetized clasts. 

If Ryugu samples were aqueously altered in the presence of a field of 
a few µT, the prevalent sources for such a magnetizing field in the early 

solar system are (i) the solar nebula, (ii) a parent body dynamo powered 
by the advection of a liquid metallic core, and (iii) the early solar wind. 
Regarding (ii), thermal modeling of Ryugu’s parent body suggests that 
this object did not experience temperatures above 120 ◦C through its 
entire volume (Nakamura et al., 2022), incompatible with the formation 
of a core and a dynamo activity. Regarding (iii), combined observations 
and models indicate that the early solar wind field did not exceed 300 
nT, with a much lower average value given that its direction varied over 
timescales of a few hours (Oran et al., 2018). The most plausible source 
of magnetizing field for Ryugu samples would therefore be the solar 
nebula. This would imply that aqueous alteration on Ryugu’s parent 
body occurred before its dissipation, i.e., before 5 Myr after CAI for
mation (Wang et al., 2017). In this case, the uncertainties on the age of 
aqueous alteration and on the paleointensity prevent us from estimating 
a minimum formation distance like it was done, for example, for WIS 
91600 (Bryson et al., 2020a). 

Alternatively, a very weak (<
∼

1 µT) or possibly null paleofield would 
be compatible with the aqueous alteration of Ryugu’s parent body tak
ing place either after the dissipation of the solar nebula (>

∼
5 Myr after 

CAI formation), or at an earlier epoch but a large heliocentric distance (i. 
e., > 5 au, as suggested for Tagish Lake; Bryson et al., 2020b; recom
puted by Maurel and Gattacceca, 2023). The discordant Mn-Cr ages of 
Ryugu’s carbonates do not allow us to discriminate between these two 
possibilities (McCain et al., 2023; Yokoyama et al., 2023). Nevertheless, 
if Ryugu samples and Orgueil indeed share a similar geologic history, the 
hypothesis of an early and distant aqueous alteration of Ryugu’s parent 
body is favored by the fact that (i) the magnetite extracted from Orgueil 
has a I-Xe age of 2.9 ± 0.3 Myr after CAI formation (Pravdivtseva et al., 
2018), and (ii) the modeled age for the formation of the CI chondrite 
parent body is estimated at 3 Myr after CAI formation (Desch et al., 
2018). This is consistent with other evidence in favor of a distant for
mation of Ryugu’s parent body (e.g., Fe isotopic anomalies; Hopp et al., 
2022), comparable to that of the CI chondrites, which may even have 
formed beyond 15 au (Desch et al., 2018). 

4.2. Comparison with spacecraft data 

The NRMs of C0005 and A0154 are 2 to 3 orders of magnitude higher 
than the upper limit on the magnetization of the top surface layer at the 
decimeter scale (10− 6 A m2 kg− 1) estimated at the MASCOT landing site 
(Herčik et al., 2020). A uniform surface magnetization of 3 × 10− 4 A m2 

kg− 1 such as that of C0005 (Table 1) would have been detected by the 
magnetometer. This confirms the findings of the magnetometry inves
tigation team: 1) Ryugu’s top surface layer was not magnetized after 
reaching its present-day rubble pile state, and 2) the non-detection of a 

Fig. 4. (a) REM’ (i.e., NRM lost normalized by IRM lost over the same AF step) as a function of AF intensity. (b) NRM lost as a function of ARM200µT (i.e., ARM 
acquired in a bias field of 200 µT) and IRM lost. The color scale indicates the AF intensity. The best linear fit to the data between 10 and 100 mT is shown, with its 
slope and two standard errors. 

Fig. 5. Field intensity recorded by sample C0005 after applying an ARM with a 
bias field between 5 and 200 µT. This intensity is estimated using the ARM 
normalization method (Eq. (2)) for demagnetization data in the 10–100 mT 
coercivity range. The thin dashed line is the 1:1 line. Error bars represent the 
95% confidence interval of the retrieved intensity. For reference, the horizontal 
dashed line and grey area show the mean and 95% confidence interval (-4 ± 37 
µT) for the paleointensity estimated from the NRM demagnetization of C0005 
(Eq. (1a)). 
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surface magnetization is due to the random orientation of 
sub-centimeter magnetized regolith pebbles. In addition, MASCOT did 
not detect any magnetization when hitting a meter sized boulder 
(Herčik et al., 2020), consistent with a brecciated structure of the 
boulder at the cm scale or lower, as observed in some returned samples 
(Nakamura et al., 2022). 

4.3. Comparison with published paleomagnetic data 

The NRM intensity and the demagnetization pattern of C0005, 
A0154-a and A0154-b are very different from that of samples A0026 and 
C0002–4-f measured by Nakamura et al. (2022) and Sato et al. (2022), 
which have NRM intensities and NRM/Mrs ratios that are 1–2 orders of 
magnitude higher (Table 1). For A0026, the authors identify a NRM 
component between 12 and 32 mT, with a relatively constant REM’ 
(average value of 3.2%), corresponding to a paleointensity of 106 µT 
using their estimated coefficient a of 3318 µT (Eq. (1b)). For C0002–4-f, 
the authors identify a NRM component between 2 and 24 mT, but the 
REM’ decreases tenfold (from 12% to 1.2%) between 2 and 14 mT. Data 
corresponding to such a varying REM’ should not be used for paleo
intensity estimation (Gattacceca and Rochette, 2004). If we restrict the 
component to the 14–24 mT coercivity range, the average paleointensity 
is 70 µT. Once multiplied by a factor of 2 to account for the uncertainty 
on the parent body’s spin axis orientation, these paleointensities become 
212 µT and 140 µT, respectively. These high paleointensity estimates are 
surprising compared to the data obtained from C0005 and A0154, which 
suggest a paleofield intensity of a few µT at most. 

We argue that such large heterogeneities among samples that have 
similar masses (except C0005) and comparable intrinsic magnetic 

properties (χLF, Mrs, Mrs/χLF, coercivity spectrum) cannot arise naturally. 
Our interpretation is that the samples were magnetically contaminated 
prior to NRM demagnetization and that the derived paleointensities 
should not be interpreted as a record of the solar nebula field. This is 
strongly suggested by REM’ values exceeding 10% (Verrier and Roch
ette, 2002) and decreasing in the 0–20 mT coercivity range. Given that 
C0005 and A0154 show no sign of remagnetization, this contamination 
did not take place during sampling, the journey back to Earth, or cura
tion. We suspect the samples, once taken out of curation and prior to the 
paleomagnetic study, may have been exposed to artificial magnetic 
fields, possibly generated by other instruments. This contamination 
could result from the instantaneous exposure to strong fields (~20 mT) 
or latent exposure to fields of a few mT. In fact, experiments conducted 
on Apollo samples show that exposure to a field of 5 mT for 48 h can 
impart a stable remanence up to a coercivity of 30 mT (Tikoo and Jung, 
2023). 

4.4. Detection of artificial remagnetization of extraterrestrial samples 

The apparent magnetic contamination of C0002–4-f and A0026 rai
ses the question of whether it could have been detected prior to engaging 
into in-depth paleomagnetic experiments. In fact, the indicators 
commonly used to detect contamination, which include a curved 
demagnetization trajectory for the NRM or REM’ values > 10% 
decreasing with increasing AF intensity, all require to demagnetize the 
NRM (Gattacceca and Rochette, 2004; Verrier and Rochette, 2002; 
Vervelidou et al., 2023). 

We argue that the ratio NRM over low-field susceptibility (χLF)—two 
quantities that can be measured without altering the NRM—is a first- 

Fig. 6. (a) Histogram of measured NRM/χLF values for all extraterrestrial samples considered (CM chondrites, Lunar meteorites, Apollo samples and Martian me
teorites; data compiled from Gattacceca and Rochette, 2004, Rochette et al., 2005, 2009, Cournède et al., 2015, Lepaulard et al., 2019, Bryson et al., 2023, and this 
study). (b) Measured NRM/χLF values for CM chondrites falls and finds. The vertical lines indicate the NRM/χLF values measured for Ryugu samples C0005, A0154-a, 
A0026 and C0002–4-f. (c) Measured NRM/χLF values for Apollo samples and Lunar meteorites finds. (d) Measured NRM/χLF values for Martian meteorites falls and 
finds. (e) Measured NRM/χLF values for Miocene volcanic rocks from Sardinia (Gattacceca et al., 2007). (f) NRM/χLF ratio as a function of NRM/Mrs ratio measured 
on the same sample, mixing all three meteorite groups. 
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order but efficient indicator of magnetic contamination. Much like 
NRM/Mrs, NRM/χLF is related to the paleointensity because χLF depends 
on the abundance of magnetic minerals in the rock. To illustrate this, we 
assembled a database of NRM/χLF ratios, measured for various extra
terrestrial and terrestrial samples (supplementary Table S1): CM chon
drites (falls and finds; Cournède et al., 2015; Bryson et al., 2023; this 
study), Martian meteorites (falls and finds; Rochette et al., 2005, 2009; 
this study), Lunar meteorites (only finds; no lunar meteorite fall has ever 
been collected; this study), Lunar samples returned by the Apollo mis
sions (Lepaulard et al., 2019) and terrestrial Miocene volcanic rocks 
(Gattacceca et al., 2007). The meteorite susceptibilities were measured 
using an AGICO MFK1 operating at 200 A m− 1 and 976 Hz or an AGICO 
KLY2 operating at 300 A m− 1 and 920 Hz. The susceptibilities of Apollo 
samples were cross-calibrated against measurements conducted with an 
AGICO KLY2. The minor differences in operating field and frequency 
have a negligible effect on our analysis. 

Taking all extraterrestrial samples together, the distribution of NRM/ 
χLF ratios shows two distinct peaks, with average values near 10 A m− 1 

and 5000 A m− 1, respectively (Fig. 6a). Almost all CM falls have NRM/ 
χLF < 100 A m− 1 (Fig. 6b). For these CM falls, published data show that 
there is no characteristic curvature in the AF demagnetization of the 
NRMs, and that the integrated REM’ values for the identified high- 
coercivity components are all < 1% (Cournède et al., 2015). We note 
that 14 out of the 15 CM falls that have NRM/χLF > 100 A m− 1 are 
subsamples of the Winchcombe meteorite, which exhibit curved NRM 
demagnetizations that we suspect are due to a magnetic contamination 
(Bryson et al., 2023). All Apollo samples also have NRM/χLF < 100 A 
m− 1 (Fig. 6c). The measurements were conducted on bulk samples with 
average mass of 500 g, never taken out of the Lunar Sample Laboratory 
Facility at NASA Johnson Space Center, such that magnetic contami
nation is unlikely. On the other hand, 70% of lunar meteorites (all finds) 

and 65% of CM finds have NRM/χLF > 100 A m-1 (with median values of 
920 and 3500 A m− 1, respectively). This is consistent with the fact that 
meteorite finds are prone to contamination by magnets during collec
tion, handling and testing by meteorite finders and dealers (Vervelidou 
et al., 2023). Contamination is even recognizable for CM finds with 
NRM/χLF ratios as low as 125 A m-1 (Fig. 7b). For Martian meteorites 
(Fig. 6d), the fraction of contaminated falls is larger than for CM 
chondrites. Almost all uncontaminated Martian finds were collected by 
the Antarctic search for meteorites (ANSMET) program, where the use of 
hand magnets is documented but remains a rare habit (Harvey et al., 
2015). 

Because both χLF  and Mrs relate to the abundance of ferromagnetic 
minerals, NRM/χLF positively correlates with NRM/Mrs (Fig. 6f) and 
depends on the paleointensity. The NRM/χLF of a sample must therefore 
be interpreted in light of the distribution of NRM/χLF values for rocks 
with similar geologic history. It is illustrated by the fact that uncon
taminated CM chondrites have a median ratio of 11 A m− 1 and all those 
contaminated have NRM/χLF > 100 A m− 1, while uncontaminated 
terrestrial volcanic rocks have a median ratio of 90 A m− 1 (Fig. 6e) and 
those with NRM/χLF > 1000 A m− 1 (all sampled from cliffs at the top of 
mesa-like volcanic sequences) show evidence for remagnetization by 
lightning (Fig. 7c-d). For aqueously altered carbonaceous chondrites, a 
sample with NRM/χLF ratio between 100 and 200 A m− 1 should already 
be treated with caution, whereas this threshold is closer to 1000 A m− 1 

for terrestrial volcanic rocks. 
C0005, A0154-a and A0154-b have NRM/χLF ratios of 3, 23 and 23, 

respectively, while samples A0026 and C0002–4-f have NRM/χLF ratios 
of 506 and 271 (Table 1; Fig. 6b). Although A0026 and C0002–4-f do not 
exhibit a characteristic curved NRM demagnetization pattern (Fig. 7e-f), 
they both have REM’ values starting at > 10% and decreasing down to 
1–2% at AF steps of ~20 mT (Sato et al., 2022). The NRM/χLF ratio is 

Fig. 7. (a-b) Orthogonal projections of the NRM during stepwise AF demagnetization for two samples of the CM chondrite NWA 15,739 with NRM/χLF ratios of 3476 
and 125 A m− 1 (measured for this study). Open and closed symbols show the projection onto two different planes. Some AF intensities are shown for reference. (c-d) 
same as (a) for two Miocene volcanic rocks from Sardinia with NRM/χLF ratios of 1776 and 156 A m− 1 (adapted from Gattacceca et al., 2007) (e-f) Same as (a) for 
Ryugu samples A0026 and C0002–4-f with NRM/χLF ratios of 506 and 271 A m− 1 (adapted from Sato et al., 2022). 
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thus consistent with the conclusion that samples A0026 and C0002–4-f 
were partially remagnetized by artificial fields > mT, while samples 
C0005 and A0154 were not. 

Measurements of NRM/χLF are fast and non-destructive, such that all 
samples considered for a paleomagnetic study could be screened before 
any further analyses. This naturally applies to returned samples, espe
cially if other measurements are conducted prior to the paleomagnetic 
analyses, because many instruments (e.g., scanning electron micro
scopes) can generate magnetic fields. We note, however, that the NRM/ 
χLF ratio does not account for the dependence of χLF on the nature and 
size of ferromagnetic grains, or for a partial magnetic overprint that may 
hide a residual, higher-coercivity NRM. Consequently, in the absence of 
alternative, the NRM of samples with high NRM/χLF ratios (e.g., 
100–300 A m− 1) might still be worth analyzing. 

5. Conclusion 

We conducted a paleomagnetic investigation of three samples 
returned from asteroid Ryugu by the JAXA Hayabusa 2 mission (A0154- 
a, A0154-b and C0005, with masses of 0.97, 0.82 and 21.87 mg, 
respectively). Like other Ryugu samples, the magnetic properties of 
C0005 are compatible with the presence of fine-grained magnetite and 
pyrrhotite. C0005 and A0154-a do not exhibit a stable, origin trending 
magnetization upon AF demagnetization up to 200 mT. The ARM 
normalization paleointensity method is not adapted to Ryugu samples as 
it only provides an upper limit of 40 µT on the field strength experienced 
by Ryugu’s parent body during its aqueous alteration. However, 
comparing the demagnetization pattern and NRM/Mrs of Ryugu samples 
with those of the ungrouped carbonaceous chondrite Tagish Lake, we 
conclude that this field was more likely of a few µT at most, and possibly 
very weak to null. 

On the one hand, a paleointensity of a few µT would imply that the 
aqueous alteration of Ryugu’s parent body occurred in the presence of 
the solar nebula field, earlier than ~5 Myr after CAI formation. On the 
other hand, a very weak (<

∼
1 µT) or null paleointensity would imply that 

the aqueous alteration took place either after the dissipation of the solar 
nebula, or at an earlier epoch and a large heliocentric distance (> 5 au). 
Refining the isotopic dating of aqueous alteration products is essential to 
discriminate between these hypotheses. Nonetheless, considering the 
age of magnetite in Orgueil and the similarities between Ryugu samples 
and CI chondrites, we favor the hypothesis of an early aqueous alteration 
at a large heliocentric distance. 

The NRM intensities of C0005 and A0154 are two to three orders of 
magnitude higher than the detection limit of the magnetometer onboard 
the MASCOT lander, which did not measure any magnetization at the 
surface of Ryugu. This confirms that the asteroid was not remagnetized 
in its current state, and that the non-detection of a surface magnetization 
is likely due to the random orientation of sub-centimeter regolith 
pebbles. 

Our results contrast with previous results indicating a ~140- to 212- 
µT paleofield (recomputed from Nakamura et al., 2022; Sato et al., 
2022). Our alternative interpretation of these high paleointensities is 
that the samples used in these studies were contaminated by artificial 
magnetic fields (> mT), probably during experiments preceding the 
paleomagnetic investigations. We note, however, that because our 
samples show no evidence for partial remagnetization, no magnetic 
contamination took place en masse during sampling, storage in the 
spacecraft and curation. 

Such a magnetic contamination could have been suspected after 
measuring the ratio of the NRM over low-field susceptibility (χLF). For 
instance, a NRM/χLF ratio > 100 A m− 1 is a good indicator of probable 
remagnetization in hydrated carbonaceous chondrites. Measuring 
NRM/χLF is fast and non-destructive to the NRM. We recommend 
measuring this ratio before any detailed paleomagnetic investigation. 
Nevertheless, on returned samples, paleomagnetic measurements 

should as much as possible be conducted before other investigations. 
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