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1.  Introduction
The tens of thousands of known meteorites are thought to be samples of more than 100 parent bodies including 
asteroids, the Moon, and Mars (Weisberg et al., 2006). They provide unique records of planet formation and 
evolution, including evolution of the protoplanetary disk, planetary accretion, and planetary thermal evolution 
and differentiation.

The study of the more than 200 known Martian meteorites, our only rock samples from Mars (Udry et al., 2020), 
has significantly advanced our understanding of the geochemical and geophysical evolution of the Red Planet. 
Yet, only for a small subset of them has it been possible to study their preterrestrial natural remanent magneti-
zation (NRM) (Rochette et al., 2001), the semipermanent alignment of electron spins that provides a record of 
exposure to past magnetic fields on Mars.

Mars currently does not possess a global, internally generated, magnetic field, but regions of its crust are 
strongly magnetized (Johnson et al., 2020; Langlais et al., 2019; Morschhauser et al., 2018). This indicates 
that Mars once had a global dynamo field powered by its convecting metallic core, which may have ceased 
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after 3.7 billion years (Ga) ago (Mittelholz et al., 2020). Amongst all currently known Martian meteorites, 
only two contain materials with crystallization ages older than 4 billion years old. All other Martian mete-
orites postdate by billions of years the likely shutdown time of the Martian dynamo and therefore can only 
retain records of crustal remanent magnetic fields (Nyquist et al., 2001). The two exceptions are Allan Hills 
84001, an orthopyroxenite with a crystallization age of approximately 4.1 Ga (Weiss et al., 2008) and the 
Northwest Africa (NWA) 7034 pairing group (hereafter, NWA 7034), a polymict breccia with zircon and 
baddeleyite crystals with U-Pb crystallization ages older than 4.4 billion years (Bouvier et al., 2018; Cassata 
et al., 2018; McCubbin et al., 2016). As such, NWA 7034 is the only known meteorite to be sufficiently old 
that we have confidence should have acquired a direct record of the Martian core dynamo. Access to this 
record could provide unique constraints on the strength, timing, and evolution of the Martian dynamo, and by 
implication, on the composition and thermal state of Mars' deep interior. Furthermore, measurements of the 
field's paleointensity could test the hypothesis that Mars' thick ancient atmosphere was once protected from 
loss by a strong (>∼50 μT) dynamo field (Lundin et al., 2007; Sakata et al., 2020). Two other exceptional 
aspects of this meteorite are that it is just one of four known Martian meteorites with sufficient concentra-
tions of magnetic minerals to account for the strong crustal magnetic fields (Gattacceca et al., 2014), and the 
only meteorite whose composition matches the estimated composition of the average Martian crust (Agee 
et al., 2013).

However, no study has been able to investigate the ancient magnetic record of this meteorite. Gattacceca 
et al. (2014) found that the NRMs of NWA 7034 and one of its paired stones, NWA 7533, have been completely 
overprinted by magnets. The use of magnets as an identification technique is widespread among meteorite hunt-
ers and collectors, particularly when assessing meteorites found in hot deserts (Gattacceca & Rochette, 2004; 
Rochette et al., 2001; Wasilewski & Dickinson, 2000; Weiss et al., 2010). Magnets have been used by meteorite 
hunters of the National Science Foundation (NSF)-funded Antarctic Search for Meteorites (ANSMET) program 
to assess samples whose classification was deemed ambiguous after visual inspection (Harvey et  al.,  2014; 
Love, 2013) but this practice has by now been largely, albeit not completely, abandoned. Even falls (i.e., mete-
orites whose fall from space on Earth is observed), sometimes get exposed to strong hand magnets (Bischoff 
et al., 2021). This is unfortunate because magnets can help identify only the subset of meteorites that is rich in 
iron-nickel metal, which is what makes them more strongly attracted to magnets relative to most terrestrial crustal 
rocks. Other than iron and stony iron meteorites, this subset is mostly comprised of ordinary chondrites, which 
tend to be among the least valuable meteorite groups. Many of the most rare and valuable meteorites, includ-
ing most Martian meteorites, are poor in magnetic minerals and therefore cannot be easily distinguished from 
terrestrial rocks with a magnet. The use of magnets as a meteorite identification technique is therefore not only 
detrimental but also inefficient.

Magnets commonly used for meteorite identification are rare-earth magnets (i.e., composed of neodymium or 
samarium-cobalt), with typical pull forces of tens of kg (e.g., MeteoriteMen, 2022), which correspond to typical 
surface magnetic fields between 0.3 and 0.7 T, typical sizes of a few centimeters, and typical grades between 
N42 to N52 (e.g., K & J Magnetics, Inc, 2023; Weir et al., 2020). Unfortunately, given that the magnetic carriers 
in meteorites are dominantly kamacite, magnetite, and pyrrhotite, which mainly form grains that will be remag-
netized by exposure to fields of <0.3 T, exposing most meteorites to such a strong magnetic field results in the 
near-instantaneous (on the order of ns) erasure of their magnetic record. As a result, the vast majority of hot desert 
meteorites that have been studied paleomagnetically have been found to be predominantly or completely remag-
netized by magnets (Gattacceca & Rochette, 2004; Rochette et al., 2001; Weiss et al., 2010).

The widespread use of this identification technique severely impacts the ability of meteorite paleomagnetism 
to address planetary science questions. With this study, we aim at raising awareness on this issue within the 
broader planetary science community as a first step toward enacting change: abandoning the technique of touch-
ing or approaching meteorites with magnets in favor of well-established, nondestructive, and more accurate 
identification techniques like the use of portable susceptibility-meters. In Section 2, we estimate numerically 
the remagnetization effect of magnets. In Section 3, we perform a controlled remagnetization experiment on a 
terrestrial basalt, which allows us to test the calculations of Section 2. In Section 4, we report our study of the 
paleomagnetism of hot desert Martian meteorite NWA 7034 pairing group. In Section 5, we discuss the use of 
portable susceptibility-meters as an alternative identification technique. We provide a short summary of the main 
takeaways in Section 6.
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2.  Numerical Estimation of the Magnetic Effect of a Magnetized Prism
The magnetic field for a rectangular prism magnetized along the 𝐴𝐴 𝐱̂𝐱 direction has been derived analytically by 
Yang et al. (1990). Camacho and Sosa (2013) adapted these results for a rectangular prism uniformly magnetized 
along the 𝐴𝐴 𝐳̂𝐳 direction (see their Section 2.5). The MATLAB routine FieldBar.m by Cébron (2021) makes use 
of the results by Camacho and Sosa (2013) but corrects for an error in the equation of the magnetic field along 
the 𝐴𝐴 𝐲̂𝐲 direction and an error in the calculation of the magnetic field inside the magnet (see the ReadMe file of 
Cébron (2021) for details). Accounting for these corrections, the magnetic field along the 𝐴𝐴 𝐱̂𝐱 , 𝐴𝐴 𝐲̂𝐲 , and 𝐴𝐴 𝐳̂𝐳 directions 
of a rectangular prism uniformly magnetized along the 𝐴𝐴 𝐳̂𝐳 direction is given by the following equations:

𝐵𝐵𝑥𝑥(𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥) =
𝜇𝜇0𝑀𝑀

4𝜋𝜋
ln
𝐹𝐹2(−𝑥𝑥𝑥 𝑥𝑥𝑥−𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧   )𝐹𝐹2(𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥)

𝐹𝐹2(𝑥𝑥𝑥 𝑥𝑥𝑥−𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧   )𝐹𝐹2(−𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥)
� (1)

𝐵𝐵𝑦𝑦(𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥) =
𝜇𝜇0𝑀𝑀

4𝜋𝜋
ln
𝐹𝐹2(−𝑦𝑦𝑦𝑦𝑦𝑦 −𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧   )𝐹𝐹2(𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦     )

𝐹𝐹2(𝑦𝑦𝑦𝑦𝑦𝑦 −𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧   )𝐹𝐹2(−𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦     )
� (2)

𝐵𝐵𝑧𝑧(𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥) =

⎧

⎪

⎨

⎪

⎩

𝐵𝐵3(𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥), (|𝑥𝑥|, |𝑦𝑦|, |𝑧𝑧|) > (𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  )

𝐵𝐵3(𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥) + 𝜇𝜇0𝑀𝑀𝑀 (|𝑥𝑥|, |𝑦𝑦|, |𝑧𝑧|) ≤ (𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  )

,� (3)

where

𝐵𝐵3(𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥) = −
𝜇𝜇0𝑀𝑀

4𝜋𝜋
[𝐹𝐹1(−𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥) + 𝐹𝐹1(−𝑥𝑥𝑥 𝑥𝑥𝑥−𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧   ) + 𝐹𝐹1(−𝑥𝑥𝑥−𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦    )+

+𝐹𝐹1(−𝑥𝑥𝑥−𝑦𝑦𝑦−𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧   ) + 𝐹𝐹1(𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥) + 𝐹𝐹1(𝑥𝑥𝑥 𝑥𝑥𝑥−𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧   )+

+𝐹𝐹1(𝑥𝑥𝑥−𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦    ) + 𝐹𝐹1(𝑥𝑥𝑥−𝑦𝑦𝑦−𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧   )]

� (4)

𝐹𝐹1(𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥) = arctan
(𝑥𝑥 + 𝑎𝑎)(𝑦𝑦 + 𝑏𝑏)

(𝑧𝑧 + 𝑐𝑐)
√

(𝑥𝑥 + 𝑎𝑎)
2
+ (𝑦𝑦 + 𝑏𝑏)

2
+ (𝑧𝑧 + 𝑐𝑐)

2
� (5)

𝐹𝐹2(𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥) =

√

(𝑥𝑥 + 𝑎𝑎)
2
+ (𝑦𝑦 − 𝑏𝑏)

2
+ (𝑧𝑧 + 𝑐𝑐)

2
+ 𝑏𝑏 − 𝑦𝑦

√

(𝑥𝑥 + 𝑎𝑎)
2
+ (𝑦𝑦 + 𝑏𝑏)

2
+ (𝑧𝑧 + 𝑐𝑐)

2
− 𝑏𝑏 − 𝑦𝑦

,� (6)

where x, y, and z are the distance of the observation point from the magnet's center along the 𝐴𝐴 𝐱̂𝐱 , 𝐴𝐴 𝐲̂𝐲 , and 𝐴𝐴 𝐳̂𝐳 
directions, respectively, μ0 is the permeability of free space, M is the magnetization of the prism, and a = Lx/2, 
b = Ly/2, and c = Lz/2, with Lx, Ly, and Lz the dimensions of the prism in the 𝐴𝐴 𝐱̂𝐱 , 𝐴𝐴 𝐲̂𝐲 , and 𝐴𝐴 𝐳̂𝐳 directions, respectively.

We used FieldBar.m by Cébron (2021) to calculate the magnetic field surrounding typical hand magnets and 
their effect on rocks of various sizes. In particular, we considered the cases of three grade N52 neodymium bar 
magnets of size Lx = 4 cm, Ly = 4 cm, and Lz = 2 cm that are permanently magnetized along 𝐴𝐴 𝐳̂𝐳 , with 0.3, 0.5, and 
0.7 T surface polar fields. The magnetic field surrounding the 0.5 T magnet, plotted on the y-z plane, is shown in 
Figure 1a. According to this figure, any rock brought within 3 magnet radii of such a magnet will be exposed to 
magnetic fields in excess of 50 mT.

Figure 1b shows the volume fraction of a rock that exceeds a certain magnetic field intensity when placed at the 
pole of a bar magnet with the same dimensions as in Figure 1a, assuming magnets of different strength. Here, we 
used FieldBar.m to calculate the magnetic field in the three dimensional space around the magnet. According to 
this figure, a 10 g rock will be exposed to 100 mT over its entire volume when touched by a hand magnet with a 
0.3 T polar surface field and therefore all magnetic grains with <100 mT coercivity will be fully remagnetized 
(coercivity is the magnetic field intensity required to remagnetize a given magnetic grain). It requires a >100 g 
rock for such a magnet to expose <40% of the rock's volume to 100 mT, but even such a large rock will have 80% 
of its volume exposed to 100 mT when touched by a hand magnet with a 0.7 T polar surface field.

We will now test these results with an experiment in which we expose a basalt to a magnet. We will use Equa-
tion 3 to assess the volume fraction of the rock that has experienced a given peak field and the intensity of 
remagnetization as a function of the position in the rock, and we will compare these results to our measurements.
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3.  Experimental Estimation of the Effect of a Hand Magnet on Rock Samples
The goal of this experiment is to study the effect of a hand magnet on rock samples and to subsequently establish 
criteria for identifying samples exposed to magnets. This builds on an experiment conducted by Wasilewski and 
Dickinson (2000), in which the demagnetization curve of the NRM of the Bjürbole meteorite was compared with 
its demagnetization curve after the same material had been touched by a hand magnet. Here, we focus on the 
effect of magnets on the NRM intensity and direction of basaltic rock samples as a function of distance from the 
magnet. We examine these effects as a function of the strength of the applied magnetic fields.

The rock sample for this experiment is a 4 × 3 × 0.5 cm piece, cut from sample 22SM-53, a subaerial massive 
basalt, collected from the São Miguel Island in the Azores with an age of 800 ky (Ricci et al., 2020). Its hysteresis 
loop, obtained using a PMC Micromag TM 3900 Vibrating Sample Magnetometer at the Institut de Physique du 
Globe de Paris (IPGP) Paleomagnetism Laboratory, is shown in Figure 3. According to these measurements, the 
sample has a mean pseudo-single domain grain size (Hcr/Hc = 2.01 and Mrs/Ms = 0.225, with Hcr the coercivity 
of remanence, Hc the coercivity, Mrs the saturation remanent magnetization, and Ms the saturation magnetization) 
and a maximum coercivity of 300 mT. This sample has been subdivided into 14 specimens with 13 of these 
specimens, each approximately 0.5 cm 3 in size, exposed to cycles of demagnetization and remagnetization (see 
Figure 2 for the specimens' configuration and Table S1 in Supporting Information S1 for their masses). For this 
and the respective magnetization measurements, we used an ASC D-2000T alternating field (AF) demagnetizer, 
a MMPM10 pulse magnetizer, a 2G Enterprises Superconducting Rock Magnetometer (SRM), and an AGICO 
JR-6 spinner magnetometer at the IPGP Paleomagnetism Laboratory. In particular, all 13 specimens underwent 
the following steps:

1.	 �Three-axis AF demagnetization (i.e., exposure to an AC field with decreasing amplitude) with peak field at 
200 mT.

2.	 �Application of anhysteretic remanent magnetization (ARM) of 200 mT peak AF and 0.1 mT bias DC field 
along 𝐴𝐴 𝐱̂𝐱 .

3.	 �Stepwise AF demagnetization along 𝐴𝐴 𝐱̂𝐱 , with 10 mT steps, up to 100 mT.
4.	 �Application of ARM of 200 mT peak AF and 0.1 mT bias DC field along 𝐴𝐴 𝐱̂𝐱 .
5.	 �Exposure to the magnetic field of a 4 × 4 × 2 cm N40 neodymium magnet, magnetized along 𝐴𝐴 𝐳̂𝐳 , with a polar 

surface field of 0.4 T. This produced an isothermal remanent magnetization (IRM) (i.e., magnetization from 
exposure to a strong field at room temperature). The placement of the magnet with respect to the rock speci-
mens is shown in Figure 2. The magnet was then removed along 𝐴𝐴 𝐱̂𝐱 .

Figure 1.  The magnetic field of a neodymium bar magnet and its effect on rock samples. (a) The intensity of the magnetic field of a bar magnet (gray), with 
magnetization along 𝐴𝐴 𝐳̂𝐳  , a polar surface field of 0.5 T, and dimensions Lx = 4 cm, Ly = 4 cm, and Lz = 2 cm, is shown on the y-z plane at x = 0, as a function of the 
distance from the magnet's center located at x = y = z = 0. The brown circles at the north and south poles of the bar magnet represent the cross-sectional areas of 
rocks with masses of 80 and 6 g, respectively. (b) The volume fraction of a rock that experiences >100, >200, and >300 mT fields (solid, dashed, and dotted line, 
respectively) when placed at the pole of the bar magnet with the same dimensions as in (a), assuming 0.3, 0.5, and 0.7 T polar surface fields (blue, red, and green lines, 
respectively). Results shown as a function of the rock's mass (lower abscissa) and radius (upper abscissa). A spherical shape and density of 3 g cm −3 is assumed for the 
rocks.
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6.	 �Stepwise three-axis AF demagnetization, with 5 mT steps up to 30 mT, and then 10 mT steps up to 100 mT.
7.	 �Application of a saturation IRM (sIRM) of 1 T, along the 𝐴𝐴 𝐳̂𝐳 direction.
8.	 �Stepwise AF demagnetization along 𝐴𝐴 𝐳̂𝐳 , with 5 mT steps up to 30 mT, and then 10 mT steps up to 100 mT 

(same step-wise demagnetization protocol as at step 6).

Steps 1–4 and 6–8 were each conducted on individual specimens after removal from their original locations in the 
rock, whereas step 5 occurred after temporarily reassembling all the specimens back into their original positions.

Steps 1–3 have the goal of studying how the specimens would demagnetize if they carried a thermoremanent 
magnetization (TRM), given that ARM is a laboratory analog of TRM (Yu et al., 2003). The intensity of the 
specimens' ARM during the AF demagnetization is given in Figure 4 as a function of the AF demagnetization 

Figure 2.  Setup for the controlled remagnetization experiment. (a) The magnetic field of the N40 neodymium magnet, with magnetization along 𝐴𝐴 𝐳̂𝐳  , a polar surface field 
of 0.4 T, and dimensions Lx = 4 cm, Ly = 4 cm, Lz = 2 cm, is shown on the y-z plane at x = −0.75 cm, as a function of the distance from the magnet's center, located at 

𝐴𝐴 (𝑥𝑥 = 𝑦𝑦 = 𝑧𝑧 = 0) . Superimposed to the intensity contour lines (colored lines) are the magnetic field lines (gray). The projection of the Lx = 0.5 cm, Ly = 4 cm, Lz = 3 cm 
rock sample, whose center lies at (x = −0.75 cm, y = −4 cm, z = 3.5 cm), is shown in red. The 13 specimens were obtained from the bottom and right-hand sides of the 
sample, shown in green. The inset shows the exact location of each specimen (11–18 and 28–68) and a denser version of the magnetic field lines. The coordinate system 
is shown at the bottom left. (b) The magnet (gray) and the rock sample (red) viewed from a different perspective (coordinate system shown at the bottom).

Figure 3.  Hysteresis loop of the 22SM-53 basalt sample used in the remagnetization experiment. Shown is the 
mass-normalized magnetic moment as a function of the applied field, after high-field paramagnetic slope correction.
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step. We observe that specimens are 11, 18, and 58 are not fully demagnetized by the 100 mT AF step. This 
indicates that their coercivity is higher than that of the other specimens, such that their NRM was not completely 
removed by step 1 and therefore their magnetization beyond 80 mT is rather the vector sum of the residual NRM 
and the applied ARM.

Steps 4 and 5 represent the case in which a rock sample initially carrying a TRM is exposed to a hand magnet. The 
magnetization obtained after this step is a combination of IRM and possibly a residual TRM (this combination is 
hereafter referred to as “NRM”). Figure 5 shows the magnetic field intensity to which each specimen is expected 
to be exposed based on its proximity to the hand magnet, according to Equations 1–6. According to this figure, 
increasing specimen numbers from 11 to 18 are expected to be exposed to progressively stronger magnetic fields. 
This is as expected since specimen 11 lies the furthest away from the magnet and specimen 18 lies the closest to 
it. The results for specimens 28 to 68 are similar to the ones for specimens 17 to 13. This is confirmed experimen-
tally according to Figure 6, which shows the acquired mass-normalized NRM of each specimen as a function of 
its distance from the magnet.

The purpose of Step 6 was to estimate the maximum coercivity of grains remagnetized by the magnet, for each 
specimen. Figures 7 and 8 show the ARM and NRM demagnetization plots of specimens 11, 12, 14, 15, 18, 48, 
58, and 68 (squares and circles, respectively). We see that for specimen 11, both demagnetization curves merge 
after the 20 mT AF step, which means that the magnet overprint is removed by that AF level, in agreement with 
our numerical calculations shown in Figure 5. Note that the ARM for this specimen does not plot exactly along 𝐴𝐴 𝐱̂𝐱 
but is slightly shifted toward 𝐴𝐴 −𝐲̂𝐲 (deep blue square). This is because its high coercivity (as already discussed and 
demonstrated in Figure 4) led to nonnegligible residual TRM even after being demagnetized at 200 mT (step 1). 
Namely, its NRM was a combination of the applied ARM along 𝐴𝐴 𝐱̂𝐱 and a TRM, predominantly along −𝐴𝐴 𝐲̂𝐲 , which 
was acquired in the Earth's field when the rock formed. After the ARM and NRM demagnetization curves merged 
at AF step 20 mT, they progressively shifted toward −𝐴𝐴 𝐲̂𝐲 , until what was left was that high coercivity (>200 mT) 
residual TRM (yellow squares and circles).

The ARM of specimen 12, which was fully demagnetized by 100 mT according to Figure 4, points directly along 
𝐴𝐴 𝐱̂𝐱 , as shown in Figure 7b (deep blue square). Its NRM demagnetization curve progressively approaches its ARM 

direction, moving from −𝐴𝐴 𝐲̂𝐲 to 𝐴𝐴 𝐱̂𝐱 , but the two curves do not fully merge. The NRM demagnetization curve of spec-
imen 14 (shown in Figure 7c), moves toward its ARM curve but remains closer to −𝐴𝐴 𝐲̂𝐲 than to 𝐴𝐴 𝐱̂𝐱 .

Specimens 15–18 and 28–48 are fully remagnetized by the magnet (i.e., they are fully demagnetized without their 
magnetization direction ever approaching that of the ARM). Figures 7d, 8a, and 8b show the demagnetization 
curves for specimens 15, 18, and 48, respectively. This result is in agreement with Figure 5, which shows that 

Figure 4.  Alternating field (AF) demagnetization of anhysteretic remanent magnetization (ARM) of the 13 basalt specimens. 
The intensity of ARM with 200 mT peak AF and 0.1 mT bias DC field along 𝐴𝐴 𝐱̂𝐱 , during single-axis AF demagnetization, as a 
function of AF step, for each specimen.
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specimens 15–18 and 28–48 were expected to experience magnetic fields of at least 60 mT. This is the AF step at 
which these specimens had already lost 90% of their ARM according to Figure 4 and is therefore the coercivity of 
the vast majority of their magnetic carriers. Among these seven specimens, specimen 18 has the highest coerciv-
ity but is also the one that due to its location with respect to the magnet experienced the strongest fields, between 
100 and 180 mT (see Figure S1 in Supporting Information S1 for its IRM acquisition curve). Note also that the 
demagnetization curves of specimens 15 and 18 are curved below 20 mT. This curvature, which is commonly 
observed for meteorites exposed to magnets (e.g., NWA 1068, Gattacceca & Rochette, 2004), is likely a mani-
festation of the temporally changing orientation of the magnetic field lines as the hand magnet is removed away 
from the rock sample (Gattacceca & Rochette, 2004; Weiss & Elkins-Tanton, 2013).

Finally, the NRM demagnetization curves of specimens 58 and 68, shown in Figures 8c and 8d, approach the 
respective ARM demagnetization curves and merge with them around AF step 40 mT. Like specimens 11 and 12, 
these specimens retained much of their NRM due to their distal locations from the magnet.

The results shown in Figures 7 and 8 are in agreement with Figure 9, which shows the intensity of the specimens' 
NRM during AF demagnetization. We observe that the different specimens lost most of their NRM at progres-
sively higher AF steps, with specimen 11 doing so at 20 mT and specimen 18 above 90 mT. Given that the NRM 
is two orders of magnitude stronger than the respective ARM (compare Figure 9 with Figure 4), Figures 7–9 
demonstrate that it is possible to remove a magnet overprint by means of AF demagnetization as long as there is 
a subset of magnetic carriers whose coercivities are higher than the strength of the applied magnetic field. This 
possibility has been occasionally observed for some meteorites (e.g., Acfer 333, Gattacceca & Rochette, 2004).

The stereoplots in Figures 7 and 8 depict also the mean direction of the magnetic field that each of these spec-
imens are expected to be exposed to according to Figure 2. A perfect agreement between this magnetic field 

Figure 5.  Calculated magnetic field intensity of the magnet shown in Figure 2 at the location of each basalt specimen. (a) Histograms of the normalized volume 
fraction of each specimen exposed to a given magnetic field intensity for specimens 11–18. (b) The mean intensity for specimens 11–18 as a function of the distance 
from the magnet's center along 𝐴𝐴 𝐲̂𝐲 . (c) Histograms of the normalized volume fraction of each specimen exposed to a given magnetic field intensity for specimens 18–68. 
(d) The mean intensity for specimens 18–68 as a function of the distance from the magnet's center along 𝐴𝐴 𝐳̂𝐳  . The relative location of each specimen, along with the 
colorbar, is shown at the bottom right.
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direction (dark blue triangle) and that of the acquired magnetization (dark blue circle) is not expected as the effect 
of removing the magnet, which exposes the specimens to a time-varying field, is not taken into account. Even so, 
we observe very good agreement for all specimens. We expect the horizontal direction to be toward −𝐴𝐴 𝐲̂𝐲 /−𝐴𝐴 𝐳̂𝐳 for 
specimens 11, 12, and 14, toward −𝐴𝐴 𝐲̂𝐲 for specimen 15, and toward −𝐴𝐴 𝐲̂𝐲 /𝐴𝐴 𝐳̂𝐳 for specimens 18, 48, 58, and 68, which 
is what we see. The vertical component is expected to be along −𝐴𝐴 𝐱̂𝐱 for all specimens, which is as observed.

The purpose of the final steps of the measurement protocol, steps 7 and 8, was to estimate the strength of the field 
that magnetized the rock. This can be estimated from the ratio of NRM to sIRM prior to any demagnetization (a 
ratio known as the REM value, Wasilewski and Dickinson, 2000). Alternatively, for a multicomponent NRM, the 
paleointensity of a given NRM component can be estimated from the ratio of ΔNRM to ΔsIRM over the respec-
tive AF range (this is known as the REM’ value when calculated for each adjacent pair of AF steps, Gattacceca & 
Rochette, 2004). Here, we present results using the REM method and a variant of the REM’ method, in which we 
integrate REM’ over the characteristic component of the NRM (e.g., Weiss et al., 2008), hereafter called the inte-
grated REM’. The characteristic component is the most stable part of the NRM and is identified by its property 
to trend linearly toward the origin during AF demagnetization. Both the REM and the integrated REM’ values 
are proxies for the paleointensity of the magnetic field that gave rise to a magnetization. In particular, TRM 

Figure 6.  The intensity of the natural remanent magnetization of the 13 basalt specimens as a function of distance from the 
magnet. (a) Specimens 11–18, as a function of the distance from the magnet's center along 𝐴𝐴 𝐲̂𝐲 (see Figure 2). (b) Specimens 
18–68, as a function of the distance from the magnet's center along 𝐴𝐴 𝐳̂𝐳  (see Figure 2). The relative location of each specimen, 
along with the colorbar, is shown at the bottom right.
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Figure 7.  Anhysteretic remanent magnetization (ARM) and natural remanent magnetization (NRM) demagnetization 
of four basalt specimens. Shown are endpoints of the ARM and NRM vectors during progressive alternating field (AF) 
demagnetization, up to 100 mT. Closed and open symbols on the stereoplots represent endpoints on the lower (x < 0) and 
upper hemisphere (x > 0), respectively. Closed and open symbols on the orthographic projections of the NRM and ARM 
vectors represent endpoints onto the vertical (y–x) and horizontal (y–z) planes, respectively. Squares are used for the ARM 
and circles for the NRM. The triangles correspond to the direction of the magnetic field lines in Figure 2. The coordinate 
system is the one shown in Figure 2. (a) Specimen 11. (b) Specimen 12. Inset: AF demagnetization steps from 30 to 100 mT. 
(c) Specimen 14. Inset: AF demagnetization steps from 30 to 100 mT. (d) Specimen 15.
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Figure 8.  Same as Figure 7 but for different specimens. (a) Specimen 18, (b) Specimen 48. (c) Specimen 58. Inset: 
alternating field (AF) demagnetization steps from 30 to 100 mT. (d) Specimen 68. Inset: AF demagnetization steps from 30 to 
100 mT.
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acquired during cooling in the presence of a 50 μT magnetic field (and its ARM proxy acquired in bias field of 
comparable intensity) has an integrated REM’ value of about 1.5% (Gattacceca & Rochette, 2004; Kletetschka 
et al., 2003).

Figure 10 shows the REM value of the ARM (green dots), the REM value of the NRM (blue dots), and the inte-
grated REM’ value of the NRM (red circles) for all specimens. We observe that the REM values of the ARM 
for all specimens are <1.5%. The integrated REM’ values for the specimens that lie far enough from the magnet 
to have only experienced magnetic fields less than 60 mT are also <1.5%. For the remaining specimens (15–18, 
28–48), precisely the ones that were fully remagnetized according to Figures 7 and 8, the integrated REM’ values 
range from 30% to 70%. As expected, these values vary as a function of the specimen's distance from the magnet 
and are all lower than the respective REM values. The REM values for all specimens exceed 1.5%, ranging from 
5% to 90% depending on the distance of the specimen from the magnet. The above results are in agreement with 
Gattacceca and Rochette (2004), who showed that the REM value is not an accurate paleointensity proxy in the 
case of multicomponent magnetization, and it is the REM’ value that should be used instead. The fact that for 
specimens 11–14, 58, and 68 the integrated REM’ value is below 1.5% is in agreement with Figures 7 and 8, 
which show that the NRMs of these specimens approach their ARM as AF demagnetization proceeds.

Figure 9.  Natural remanent magnetization (NRM) demagnetization of the 13 basalt specimens. The intensity of NRM is 
shown as a function of the alternating field step. (a) For specimens 11–18. (b) For specimens 18–68. The relative location of 
each specimen, along with the colorbar, is shown at the bottom right.
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4.  The Case of Martian Meteorite NWA 7034
We now turn our attention to the paleomagnetic record of actual meteorites. In particular we analyzed numerous 
pairs of the NWA 7034 group to assess whether any stones have been touched by magnets and, if not, to use them 
to study the ancient Martian magnetic field. Although Gattacceca and Rochette (2004) found that their samples 
of NWA 7034 and NWA 7533 were remagnetized by hand magnets, this still left at least nine members of the 
meteorite pairing group unmeasured. We were motivated to study these because in the occasion of a strewn field 
(i.e., the small region over which meteorite fragments scatter after the meteorite breaks up in Earth's atmosphere), 
it has been found that meteorite hunters sometimes use magnets only to identify the first few fragments until they 
become confident at identifying them visually (Weiss et al., 2017). With this in mind, we conducted an extensive 
search for samples of all paired stones of NWA 7034 in an effort to find any whose Martian magnetism has fortu-
itously survived arrival on Earth.

We analyzed the NRM of 11 specimens taken from NWA 7475, NWA 7906, NWA 7907, NWA 8114, NWA 
11220, NWA 11896, NWA 11921, NWA 12222, and Rabt Sbayta (RS) 012 using a 2G Enterprises SRM equipped 
with an automated sample handler and demagnetization/remagnetization equipment (Kirschvink et al., 2008) in 
the Massachusetts Institute of Technology (MIT) Paleomagnetism Laboratory. To assess the effects of magnets 
on our samples, we followed the integrated REM’ method (Gattacceca and Rochette, 2004; Weiss et al., 2008). 
We characterized the specimens' NRMs by using AF demagnetization with peak fields up to 420 mT. This value 
exceeds the peak coercivity of grains in the meteorite (300 mT), whose magnetization is dominated by magnetite 
in the pseudo-single domain (Gattacceca et al., 2014). This allowed us to identify the different components of 
the NRM for each specimen including the characteristic component. We then applied a sIRM (IRM of 400 mT) 
to the specimens and subjected them to the same step-wise demagnetization protocol as their NRMs in order to 
calculate the integrated REM’ value. As discussed above, an integrated REM’ value that is stronger than 1.5% 
by an order of magnitude or more signifies that the magnetization source is not of planetary origin and instead 
likely a hand magnet.

Figure 11a shows the histogram of the mass-normalized NRM values for all specimens and Figure 11b shows 
the histogram of the mass-normalized sIRM values for the 10 out of the 11 specimens (we did not measure the 
sIRM of NWA 11896 because of its large mass; see Table 1 for the masses of each specimen). We see that the 
NWA 7034 pairing group is quite magnetically homogeneous, with the sIRM values of the eight paired stones 
ranging from 1.65 to 2 Am 2/kg. These NRM and sIRM values correspond to REM values between 37% and 95% 
for nine specimens; we could only estimate a lower limit of 12.05% for NWA 11896 because its NRM saturated 
the magnetometer (Figure 12). According to these REM estimates, all nine paired stones have been remagnetized 
since their arrival on Earth by strong hand magnets.

Figure 10.  Proxies for the intensity of the magnetizing field of the basalt specimens. The REM value of the 13 basalt 
specimens after they have acquired an anhysteretic remanent magnetization (ARM) (green dots). The REM and integrated 
REM’ value of the 13 basalt specimens after they have acquired an ARM and then were brought into proximity to a hand 
magnet (blue dots and red circles, respectively). The vertical black dashed line corresponds to 1.5%.
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However, as demonstrated in Section 3, this still leaves open the possibility that they have only partially been 
remagnetized. To assess this, we also calculated the integrated REM’ values. Table 1 presents a description of 
the characteristic component (AF range, direction, maximum angle of deviation, and deviation angle), along 
with the integrated REM’ value and the specimen's mass, for all specimens. We found that for all specimens but 
one,  the  integrated REM’ value is an order of magnitude larger than 1.5% and ranges from 15% to 109%. These 
specimens also exhibit smooth, curvilinear demagnetization trends that are a tell-tale sign of magnet remagnet-
ization (see above). These results show that 10 out of the 11 specimens have apparently not retained any record 
of the magnetic field on Mars.

For one specimen of the 80-g stone NWA 7475 (specimen 1a), we found that the integrated REM’ is equal 
to 1.67% over the AF range between 220 and 420 mT (using the mass-normalized sIRM demagnetization 
values of specimen NWA 11921). This integrated REM’ value indicates that this specimen's magnetization 
may have not been completely overprinted. According to Figure 1, this specimen could have originated from 
the core of the NWA 7475 stone, where the maximum field of a typical 2 × 4 × 4 cm hand magnet with a 
0.5 T surface field would have not exceeded 200 mT (see results for the 80-g rock in Figure 1a). The 1.67% 
ratio corresponds to the magnetization that would have been acquired during cooling on Mars in a field with 
paleointensity ≈50 μT. However, the remanence over this coercivity range is only 0.02% of the initial NRM 
and could still be partially contaminated, making the 50 μT an upper limit on the intensity of the Martian field. 

Figure 11.  Histograms of the mass-normalized natural remanent magnetization (NRM) and saturation isothermal remanent 
magnetization (sIRM) for specimens from nine Northwest Africa (NWA) 7034 paired stones. NWA 11896, with a mass of 
1.022 g, saturated the 2G and therefore the NRM value is only a lower limit. For the same reason, its sIRM was not measured. 
sIRM values were measured for one specimen per paired stone.
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The second smallest integrated REM’ is 15%, which we measured for NWA 11921-1b, a specimen obtained 
from the core of a 5.95 g NWA 11921 stone. Specimen NWA 11921-1a, which was obtained from the surface 
of the same rock, gives integrated REM’ equal to 53%. According to Figure 1, the near-total remagnetization 
of the center of NWA 11921 can also be explained by the use of a 2 × 4 × 4 cm hand magnet with a 0.5 T 
surface field, which would have produced fields up to 300 mT at this location (see results for the 6-g rock in 
Figure 1a).

The NRM demagnetization curves of specimens NWA 7475-1a and NWA 11921-1b are shown in Figures 13a 
and 13b. We see that the characteristic components of these two specimens, shown in the inset of Figures 13a 
and 13b, are less curvilinear and are noisier than the low-AF field parts of the respective demagnetization curves. 
For comparison, the NRM demagnetization curve of specimen NWA 8114-1a, with an integrated REM’ value 
of 87.5%, is shown in Figure 13c. We see that it is characterized by a single, origin-trending component over 

Table 1 
Properties of the Natural Remanent Magnetization (NRM) Characteristic Component of This Study's Specimens From Northwest Africa (NWA) 7034 Paired Stones

Specimen Weight (mg) Range (mT)

Nonanchored to the origin Anchored to the origin

D (°) I (°) MAD (°) DANG (°) D (°) I (°) MAD (°) Integrated REM’ (%)

NWA 7475-1a a 5 220–420 242 −15.6 39 17.2 237.9 −0.7 17.6 1.67

NWA 7475-1b a 7.5 330–420 230.5 −37.3 19.8 12.6 226.3 −46.8 10.8 29.3

NWA 7906-1a 68 190–420 205.2 39 4.2 4.5 46.44

NWA 7907-1a 75 270–420 209.3 46.2 3.4 5.8 70.86

NWA 8114-1a 6.5 0–420 297 −57.1 1.1 0.6 296.8 −57.3 1 87.5

NWA 11220-1a a 20 80–400 358.1 38.7 1.1 1 357.5 38.6 1 53.31

NWA 11896-1a a 1,022 280–420 88.6 30.2 7.9 6.9 94.1 29.6 5.4 34.23

NWA 11921-1a 20 250–420 90.4 −76.2 2.2 9 94.25

NWA 11921-1b 13.5 350–420 260.5 −36.6 41 10.7 267.2 −28.7 18.1 15.37

NWA 12222-1a 10 210–420 174.2 29.3 3.1 3 173 30.4 2.6 60.05

RS 012-1a 15 150–420 41.1 −16.5 4.1 2.2 42.2 −16.5 3.2 109.3

Note. NRM characteristic component obtained using alternating field demagnetization (up to 400 mT for NWA 11220 and 420 mT for all the others). Declination (D), 
inclination (I), maximum angular deviation (MAD) and deviation angle (DANG) estimated from principal component analysis. See text for details on the calculation 
of integrated REM’.
 aThe integrated REM’ value has been calculated using the saturation isothermal remanent magnetization demagnetization values of specimen NWA 11921-1a.

Figure 12.  The ratio of natural remanent magnetization to sIRM for specimens from nine Northwest Africa (NWA) 7034 
paired stones. Blue dots correspond to REM values and red open circles correspond to integrated REM’ values. The REM 
value of NWA 11896 is a lower limit. See Table 1 for the integrated REM’ values and the properties of the characteristic 
component over which these were estimated. The vertical dashed line marks the value 1.5%.
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the entire range of 0–420 mT. Figures S2 and S3 in Supporting Information S1 show the NRM demagnetization 
curves of the other eight specimens, over the entire AF range and over the range of their characteristic compo-
nent. In agreement with the conclusions of Section 3, most of these NRMs are multi-component and/or curvi-
linear. Figure S4 in Supporting Information  S1 shows the NRM lost as a function of sIRM lost during AF 

Figure 13.  Natural remanent magnetization (NRM) demagnetization of three paired stones of the ancient Martian 
meteorite Northwest Africa (NWA) 7034. Shown are endpoints of the NRM vectors during progressive alternating field 
(AF) demagnetization. Closed and open symbols on the stereoplots correspond to endpoints on the lower (x < 0) and upper 
hemisphere (x > 0), respectively. Closed and open symbols on the orthographic plots correspond to projections of the NRM 
vectors onto the y-x and y-z planes, respectively. The coordinate system relates to the specimens' orientation and not to actual 
Martian geographic coordinates. (a) Specimen NWA 7475-1a. Inset: AF demagnetization steps from 220 to 420 mT. (b) 
Specimen NWA 11921-1b. Inset: AF demagnetization steps from 350 to 420 mT. (c) Specimen NWA 8114-1a.
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demagnetization for specimen NWA 8114, whose NRM had only one component (see Figure 13c), and specimen 
RS 012, whose NRM had two components (see Figure S3 in Supporting Information S1). For both these spec-
imens, this paleointensity slope is very close to 1, in agreement with the high integrated REM’ values obtained 
for both of them (87.5% and 109.3%).

5.  An Alternative Meteorite Identification Technique
The use of magnetic susceptibility meters has been shown by many studies to be an accurate and nondestructive 
meteorite identification and classification technique (Folco et al., 2006; Kohout et al., 2010; Macke, 2010). They 
can be used to not only distinguish between meteorites and terrestrial rocks (identification) but also to distinguish 
among different types of meteorites (classification). Rochette et al. (2003), Rochette et al. (2005, 2008, 2009, 
2010) have compiled an extensive database with magnetic susceptibility values for different meteorite types, 
including Martian and lunar rocks. Indicative of the simplicity and efficiency of magnetic susceptibility meas-
urements for meteorite identification and classification, it has been suggested they are suitable for automated 
execution by robots, rovers, and landers, facilitating meteorite collection and sample return missions, on Earth, 
other planets, and asteroids (Folco et al., 2006; Kohout & Britt, 2011).

There is a large variety of susceptibility meters, including portable pocket-sized instruments. Gattacceca 
et al.  (2004) describe a simple protocol that enables the calibration of such a handheld instrument for in situ 
magnetic susceptibility measurements. Folco et al. (2006) applied this protocol for in situ identification, pairing 
and classification of meteorites during an expedition in Antarctica within the framework of the Italian Antarctic 
Research Project (Programma Nazionale di Ricerche in Antartide or PNRA). Further applications of this protocol 
include the work by ElkShoulder et al. (2006) and Macke (2010).

In Figure 14, we summarize low-field magnetic susceptibility values for different groups of meteorites and main 
terrestrial rock types, as obtained from the available literature (see Table S2 in Supporting Information S1 for 
the respective references). We also include the values we measured from specimens of three NWA 7034 paired 
stones, using an AGICO KLY-3-CS3 Kappabridge susceptibility meter: NWA 7475-1c (243 mg), NWA 11220-
1a (20 mg), and NWA 11921-1c (36.5 mg), shown in green, purple, and blue stars, respectively. We see that 
most Martian and lunar meteorites have magnetic susceptibilities in the same range as other achondrites and in 
terms of terrestrial rocks only overlap with some basalts. However, NWA 7034 and paired stones have magnetic 
susceptibilities that are an order of magnitude stronger, overlapping only with chondrites and some primitive 

Figure 14.  The decimal logarithm of magnetic susceptibility for different groups of meteorites and some terrestrial rock types. Shown are the mean values and standard 
deviations. The values for Northwest Africa (NWA) 7475, NWA 11220, and NWA 11921 were obtained by this study, while all other values were obtained from the 
literature. “e” stands for enstatites, “bra” for brachinites, “ure” for ureilites, “win” for winonaites, “aca/lod” for acapulcoites/londranites, “ang” for angrites, “euc” for 
eucrites, “dio” for diogenites, “how” for howardites, “aub” for aubrites, “mes” for mesosiderites, “sh” for basaltic shergottites, “nk” for nakhlites, “um” for Martian 
ultramafics (i.e., ALH A77005, ALH 84001, Chassigny, and LEW 88516), and “sed,” “met,” “plu,” and “vol” for sedimentary, metamorphic, plutonic, and volcanic 
Earth rocks, respectively. See Table S2 in Supporting Information S1 for the exact values and the respective references.
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achondrites. All four stones of the NWA 7034 pairing group gave essentially the same magnetic susceptibility 
values.

6.  Conclusions
Meteorites carry unique information concerning the geological history of other planetary bodies. While touching 
or approaching a meteorite with a hand magnet is inconsequential for many kinds of analytical studies (e.g., of 
petrography and elemental and isotopic composition), it is irreversibly detrimental to the paleomagnetic record of 
the meteorite. We therefore recommend that meteorites never be touched or approached with magnets.

Here, we showed by means of numerical calculations, a controlled remagnetization experiment on a terrestrial 
basalt and a paleomagnetic study of nine paired stones of Martian meteorite NWA 7034, the typical characteris-
tics of rocks exposed to hand magnets:

1.	 �The integrated REM’ value is at least one order of magniture larger than 1.5%.
2.	 �The intensity of the acquired magnetization increases from inside of the meteorite outward.
3.	 �The orientation of the acquired magnetization varies across the rock sample.
4.	 �The magnetization of individual specimens is often multicomponent and/or its demagnetization pattern is 

curvilinear.

Another possible test to discuss here is to conduct a fusion crust test. As meteoroids enter the Earth's atmosphere, 
they heat to the point they melt. The remaining mass forms a thin black glassy surface layer that remains visible 
until it weathers away. For meteorites that have still at least part of their fusion crust intact, the fusion crust test 
consists in comparing the magnetization direction of the fusion crust with that of the interior (Borlina et al., 2022; 
Weiss et al., 2010). If they are the same, this suggest that the rock sample has been remagnetized since its landing 
on Earth.

A better identification technique than the use of magnets is to use magnetic susceptibility meters because they 
are nondestructive due to their weak fields (<0.5 mT), quantitative, and can more sensitively distinguish between 
meteorite groups including identifying rare meteorites like those from Mars and the Moon that are poor in iron 
(Folco et al., 2006).

We remain hopeful that more paired stones of NWA 7034 and new Martian meteorite finds will become available 
in the near future that are free of the effects of magnet remagnetization. Otherwise, we anticipate future magnetic 
studies of rock samples from Mars on the cores currently being collected at Jezero crater by the Perseverance 
rover (Mangold et al., 2021; Mittelholz et al., 2018), expected to be delivered to Earth in the early 2030s. We 
advocate that the Mars sample return campaign not expose these samples to fields larger than several mT during 
the entire process from sampling to return to Earth (Beaty et al., 2019).

Data Availability Statement
The paleomagnetic data of the NWA 7034 paired stones of this study have been uploaded to the Magnetics Infor-
mation Consortium (MagIC) database (Vervelidou et al., 2023).
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