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Abstract—We developed a simple, handheld, and user-friendly magnetic susceptibility meter
specialized for the identification of meteorites. The measurement is based on an LC
resonance circuit. When provided with a rough estimate of the sample mass, the instrument
displays directly the mass-normalized magnetic susceptibility expressed in logy,, (with y,, in
1072 m® kg™ '), a parameter that is widely used in the classification of meteorites. Moreover,
the measurement of the impedance of the LC resonator provides a proxy of the electrical
conductivity (C-index) that can be helpful to distinguish metal-bearing samples from
magnetite-bearing samples. This C-index offers an additional diagnostic for the
identification of meteorites. Our tests demonstrate that the precision and the accuracy of
this instrument called “Meteorite meter” (MetMet) are sufficient to allow distinguishing
most meteorites from most terrestrial rocks, for a minimum recommended sample mass of
5 g. The distinction of some meteorite groups is also possible, in particular the separation of
the three ordinary chondrite groups. Meteorite hunters, collectors, and curators and non-
specialists, including children, can use this instrument as a guidance in the identification and
classification of meteorites. This kind of instrument has an immense advantage over the
widely used testing of meteorites with magnets, as it does not affect the paleomagnetic
records of meteorites that are highly valuable for scientists.

INTRODUCTION

Over 70,000 meteorites have been registered by the
Meteoritical Society to date, and this number has
increased by more than 2000 per year since 2014 (see the
Meteoritical Bulletin Database, https://www.Ipi.usra.edu/
meteor/). The classification of so many meteorites is a
significant burden for the meteorite scientist community,
all the more because 90% of the non-Antarctic meteorites
(1250 meteorites for the year 2020 for instance) are
classified by only 10 scientists worldwide (Gattacceca
et al., 2021). The majority of these meteorites are ordinary
chondrites (84% in 2020). The classic tools for meteorite
classification are petrography (optical microscopy and/
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or scanning electron microscopy) and electron probe
microanalyses (EPMA). Petrographic observations are an
unavoidable step for the classification of any meteorite. As
far as ordinary chondrites are concerned, these observations
are necessary to determine if a meteorite is indeed an
ordinary chondrite, and to determine the petrographic type
of the chondrite. They can also provide additional, but not
strictly necessary classification parameters such as shock
stage or terrestrial weathering grade.

Alternative methods have been developed to
accelerate the classification of ordinary chondrites by
avoiding the relatively costly and time-consuming EPMA.
They rely on the determination of the silicate composition
by other methods (oil immersion, energy-dispersive
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spectrometry, x-ray diffraction), or on the estimate of bulk
metal content (magnetic susceptibility). Indeed, ordinary
chondrite main groups are readily separated by their
olivine and low-Ca pyroxene composition when
equilibrated (e.g., Keil & Frederiksson, 1964), or by their
metal content, be they equilibrated or not (e.g.,
Jarosewich, 1990). Chondrule size can also be used to
distinguish between unequilibrated H, L, or LL chondrites
(e.g., Metzler, 2018).

Oil immersion, that has been widely used for the
classification of equilibrated ordinary chondrites (EOC)
collected in the framework of the ANSMET program
(Lunning et al., 2012), is now being abandoned as it
resulted in relatively frequent misclassification due to the
uncertainty on the estimate of silicate composition. X-ray
diffraction allows the classification of EOC, but remains
relatively time-consuming and has significant uncertainty
(Di Cecco et al., 2022). Handheld XRF has been shown
to distinguish successfully the three ordinary chondrite
groups based on their bulk Fe/Mn ratio and is another
powerful tool to distinguish some achondrite groups
(Zurfluh et al., 2011). The bulk metal content also allows
separating ordinary chondrites into the H, L, and LL
groups. It can be estimated by chemical analyses (e.g.,
Jarosewich, 1990), but this is a time-consuming and
meteorite-consuming process. Magnetic susceptibility, on
the other hand, has proved to be a fast and
nondestructive way to estimate the bulk metal content
and hence a useful tool to classify ordinary chondrites
(e.g., Consolmagno et al., 2006; Rochette et al., 2003).
Besides ordinary chondrite, magnetic susceptibility can
also help for classification of non-ordinary chondrites
(Rochette et al., 2008) and achondrites (Rochette et al.,
2009). The magnetic measurements can be ecasily
performed in the field, allowing for initial screening and
pairing of meteorites (Folco et al., 2006). It is noteworthy
that magnetic susceptibility measurements are highly
preferable to the use of hand magnets. Indeed, they offer
a much better diagnostic, and most of all, they do not
affect the paleomagnetic record of meteorites that is of
high scientific value (e.g., Weiss et al., 2010), but is erased
completely and instantaneously when using strong
magnets (Gattacceca & Rochette, 2004; Savitsky, 2023;
Vervelidou et al., 2023).

In this report, we present a new small, portable, and
easy-to-use instrument that can be used to assess quickly
the magnetic susceptibility of meteorites. It can be used
for screening meteorite-looking rocks (meteorwrongs) in
the field, it can contribute to meteorite classification, and
it is also particularly suited for outreach activities. In
addition to magnetic susceptibility, it provides an
estimate of the electrical conductivity that is a useful
parameter to distinguish magnetite-rich from metal-rich
rocks.

INTEREST OF A NEW MAGNETIC
SUSCEPTIBILITY METER DEDICATED TO
METEORITES

Problems of Units and Mass Normalization

We distinguish here laboratory magnetic susceptibility
meters and “handheld” ones. The former are more
expensive and not really portable. Moreover, their sensitivity
is exceedingly good for the purpose of meteorite
identification and classification because meteorites are
usually very magnetic compared to terrestrial rocks, and
their magnetic susceptibility range over three orders of
magnitude. Few handheld instruments, such as the SM30
from ZH instruments, are available and have shown to be
suited for meteorite classification (Folco et al., 20006),
provided that a specific calibration is performed (Gattacceca
et al., 2004).

All available magnetic susceptibility meters display
the volume magnetic susceptibility in SI unit (y,), by
normalizing the total susceptibility (m*) by an a priori
nominal volume. However, for the purpose of classification,
the mass normalized magnetic susceptibility is used, because
it is simpler and more accurate to measure the mass of a
sample rather than its volume. Most works about
the magnetic susceptibility of meteorites report it in units
of logy,,, where y, is the mass-normalized magnetic
susceptibility (also called specific magnetic susceptibility)
and is expressed in 107 m® kg™' to end up on a logy,,, scale
conveniently ranging from 2 to 6 for meteorites.

When using an instrument providing volume susceptibility,
the mass-normalized value logy,,, is obtained by

logyo ("— x 109), (1)
P

where p is the density of the sample in m® kg™ '.
Although this calculation is trivial for scientists in the
laboratory, it is rather complicated to perform mentally
in the field, or to be done easily by people who are not
familiar with basic mathematical concepts (logarithms,
normalization) or people not familiar with the subtleties
of magnetic units (this latter category encompassing
most of meteorite scientists in fact).

An instrument providing directly the log y,, value
that can be readily compared to the published average
values for meteorites is therefore desirable.

Overlapping Susceptibility Ranges and Terrestrial
Weathering

Although the ordinary chondrite groups are well
separated by their magnetic susceptibility, when considering
all meteorites (non-ordinary chondrites, achondrites), there
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is significant overlap of magnetic susceptibility values
between meteorite groups (see fig. 3 in Rochette et al.,
2012). Moreover, terrestrial weathering of meteorites leads
to the transformation of FeNi metallic minerals into iron
oxides and iron oxyhydroxides (e.g., Munayco et al., 2013;
Uehara et al., 2012). Because iron oxyhydroxides and
all iron oxides except magnetite and maghemite have a
lower magnetic susceptibility than metallic FeNi minerals,
terrestrial weathering result in a decrease of magnetic
susceptibility, which can lead to and overlap between, for
example, the different groups of ordinary chondrites (see
fig. 4 in Rochette et al., 2012). For weathered ordinary
chondrites, the magnetic susceptibility must therefore be
interpreted with regard to their weathering grade as defined
by Wlotzka (1993), even though there remains some
unresolvable overlap from weathering grade W3 and up.

Because iron oxides and oxyhydroxides are less
conductive than FeNi metal, an estimate of the electrical
conductivity of the rocks can help separate iron oxide-
rich and metal-rich rocks. This would help resolving some
of the inter-group overlapping of magnetic susceptibility,
identifying magnetic metal-free meteorwrongs, and would
offer the possibility of estimating the bulk weathering
grade of metal-bearing meteorites.

An instrument providing, at the same time as
magnetic susceptibility, an estimate of electrical
conductivity of rocks is therefore desirable.

Proposed Solution

Based on the limitations raised in the two preceding
parts, we have developed a handheld magnetic susceptibility
meter whose output are the mass normalized magnetic
susceptibility in units of log y,,, and an estimate of the
electrical conductivity. This new instrument has been so far
used successfully for outreach activities, during meteorite
collecting campaigns in hot deserts (Atacama, Sahara)
and Antarctica, and in the laboratory for meteorite
classification. In this paper, we describe the basic theory of
operation and the result of the measurements of a collection
of meteorites and terrestrial rocks and minerals. We
also discuss the potential of this instrument to identify
meteorites and to assist in their classification. This
instrument was developed in the framework of the outreach
project “VigieCiel” (www.vigie-ciel.org), the citizen science
counterpart of the FRIPON meteor detection network
(Colas et al., 2020).

METHODS
Description and Calibration of the Instrument

The developed magnetic susceptibility meter (called
“Meteorite meter,” and abbreviated as MetMet) consists

of a custom-made coil, circuit board with a simple LCD
indicator, and a rotative switch (Figure 1a). A Li battery
(CR2032) powers the circuit and can sustain relatively
long operations (e.g., several weeks of meteorite hunting
mission, several months of workshop, several years for
occasional use in the laboratory). The coil and a
capacitor on the circuit board consist a simple LC
oscillator with a positive feedback generated by an
amplifier U and a feedback resistance R (Figure 1b),
where L and C stands for inductance (coil, in H) and the
capacitance (capacitor, in F). When there is no rock
sample in the vicinity of the coil (state i of Figure 1b), the
frequency of this oscillator f(Hz) is given by

fair = (2a)

2n
VLC
Since the capacitance is constant, the variation of f
reflects the difference of the variable L. When a rock
sample with a non-null susceptibility approaches the coil,
the inductance increases (state ii of Figure 1b). The
resulting frequency is

2r

VIL+A)C

where A is the increased inductance due to the sample’s
susceptibility. The ratio of these two frequencies gives
us the magnetic susceptibility of the sample as A to the
intrinsic inductance of the coil L,

2
fair A
=) =2, 3
K (fsamplc) L ( )

This K value is dimensionless and proportional to the
volume magnetic susceptibility of the sample y, in SI unit,
assuming that the pick-up coil and the circuit are stable
during two measurements. The actual susceptibility can
be calculated after calibrations. The nominal magnetic
field applied by the MetMet is 100 kHz in frequency and
2.5 A m~' in amplitude.

There are two calibration factors for this instrument.
The first is a factor of sensitivity a (in m® kg™'), and the
second is a dimensionless factor related to the size of
the sample g that is a function of the mass m. Using these

fsample = (2b)

two factors, the instrument estimates the mass-
normalized magnetic susceptibility as
akK
m(m) = ——. “4)
" B(m)

The sensitivity factor a was determined by measuring
flat concrete blocks that were large enough to be
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FIGURE 1. (a) Operation of the Meteorite meter (left), and sketch of the instrument (right). 1. LCD indicator, 2. knob
connected to a rotary encoder with push switch, 3. printed circuit board, 4. pick-up coil connected to the circuit board.
(b) Simplified circuit diagram of the measurement. The pick-up coil L and the capacitor C form a resonator driven by the amplifier
U and the feedback resistance R, building a simple LC oscillator. The frequency counter measures the frequency of the oscillation.

considered as semi-infinite (the raw data are available in
Table S2). The susceptibility of these blocks was also
measured using a KLY-2 magnetic susceptibility meter
from Agico operating at 920 Hz. This provided a value
a=358x 10> m® kg ! (Figure 2a). Smaller samples
provide smaller apparent magnetic susceptibilities,
because a larger fraction of the sensitive zone of the coil is
occupied by air (Figure 2b). Thus, the measurement must
be calibrated depending on the size of the sample (see a
detailed discussion on this topic in Gattacceca et al.,
2004). To take this effect into account, we measured the
same ellipsoidal basalt pebbles, used in Gattacceca et al.
(2004) for the same purpose. These pebbles were
collected on the Durance river banks close to Saint-Paul-
lez-Durance (France) and have had their magnetic

susceptibility measured with a KLY-2 instrument
(Gattacceca et al., 2004). The raw calibration data are
available in Table S3. Note that although the MetMet
operates at 100 kHz and with a field amplitude of
2.5 Am~', which is different from the KLY-2 field
conditions (920 Hz and 400 A m™'"), any field or
frequency dependence of the magnetic susceptibility of
the calibration basalt pebbles is taken into account by the
calibration process. Moreover, using a SMI50
instrument, we checked that the basalt calibration
samples have negligible frequency dependence (only 1.2%
between 63 Hz ad 16 kHz), which is confirmed by the
identical values of magnetic susceptibility of these
pebbles provided by the KLY2, operating at 920 Hz,
and the SM30, operating at 8 kHz (Figure S1b).
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FIGURE 2. (a) Calibration of the sensitivity factor a. The x-axis shows the susceptibility measured using a KLY?2 laboratory
instrument, and the y-axis shows the K-value (in arbitrary units, A.U.) measured by the MetMet on large flat samples. The

dashed line and the equation show the regression line. A value a = 3.58 x 107° m*® kg

~! that is the reciprocal of the slope is

obtained. (b) Calibration of the size factor f. Ratio between the measurements with MetMet and KLY2 versus sample weight.
Ideally, an infinite sample should give a ratio of 1, which is the asymptote of the fitting curve.

We computed a best-fitting curve,
B(m) = 2arctan(Z%), where the mass m is in g. This
function designed to be f(m) = 1 in the large sample
masses. This fitting curve accounts for most of the
observed distribution down to a mass of 5 g (Figure 2b).
Although the basalt samples that we used were rounded,
some had shape anisotropy (i.e., flat or conical shape)
that make them plot away from the trend curve (Table S3
and Figure S1). These samples were excluded from the
computation of f(m). This indicates that measurements
with the MetMet, as with other contact susceptibility
probes like SM30, are sensitive to sample shape. Samples
with strong shape anisotropy may provide less accurate
results (see discussion in Gattacceca et al., 2004). Note
that the calibration factor f was obtained for rocks with a
density of 2900 kg m—>. This is close to the usual range
for most meteorites (e.g., Britt & Consolmagno, 2003). It
is noteworthy that the departures from this a priori
density (usually by a few tens of percent at most) result
in changes in mass normalized magnetic susceptibility
that are negligible compared to the three orders of
magnitude covered by meteorite magnetic susceptibility.
Finally, by combining Equations (1) and (4), the
instrument can provide, once the sample mass is indicated
using the rotative knob, the mass-normalized y,, in
logarithmic scale,

log)(m = 10g10<)(m(m) X 109) (5)

which is displayed as “logy value” on the instrument
screen.

The second important function of this instrument is
the estimation of the electrical conductivity of the sample.
The impedance of the pick-up coil is a vector value and
has sensitivities to the magnetic susceptibility and the
conductivity of the sample (Dodd & Deeds, 1968).
Kodama (2010) used a Lock-in amplifier to separate the
in-phase (susceptibility) and the out-of-phase (conductivity
or imaginary susceptibility) component between the
excitation coil and the pick-up coil (i.e., mutual
inductance). The MetMet has only a single coil and it
cannot measure such out-of-phase component. Thus, the
estimation of the conductivity is achieved by measuring
the absolute value of the impedance of the LC resonator.
The impedance of an ideal resonator without loss in
oscillation is infinite. In reality, the coil and the capacitor
consume energy due to the resistance of the coil and
leakage current of the capacitor. Moreover, the presence
of the sample induces additional losses (a phenomenon
known as “iron-loss”). The impedance of the resonator (Z)
decreases with increasing losses. In this instrument, we can
safely assume that the resistance of the coil and the leakage
current of the capacitor are constants. Therefore, the
change in Z in comparison with the no-sample condition is
entirely attributable to the presence of the sample and the
associated iron losses. Indeed, in the presence of an
electrically conductive sample, eddy currents are induced
in the sample by the magnetic field applied from the
oscillator (Faraday Law). Since such eddy currents are
stronger at higher frequency, in order to enhance this
effect, the MetMet operates at higher frequencies
(100 kHz) than the other similar susceptibility meters (on
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the order of 10 kHz or less). Finally, the energy of the
resonator is consumed by Joule heating of the sample by
the Eddy currents. The MetMet measures the absolute
value of the impedance |Zl as the amplitude of the
oscillation. However, because the coil impedance change
due to the eddy currents is a nonlinear process that also
depends on the magnetic susceptibility (Bowler &
Huang, 2005; Dodd & Deeds, 1968), it is difficult to derive
the exact resistivity of the sample from this impedance
measurement. Therefore, the MetMet provides a rough
estimate of the conductivity, called “C-index,” in arbitrary
unit, computed with 1Z] and the magnetic susceptibility
(see Appendix A). This C-index is designed to be positive
and to be positively correlated with the electrical conductivity
of the sample. Note that even for nonconductive rocks, some
losses occur because of magnetic hysteresis in the sample, or
other complex electromagnetic phenomena that are beyond
the scope of this paper. This results in a non-zero C-index
even for rocks that contain no metallic minerals. This must
be considered for the interpretation of the C-index.

Massive metallic samples (e.g., iron meteorite,
artificial steel, or aluminum objects) are the extreme
conditions for MetMet operation as they stop the
oscillation due to the excessive eddy current loss. In such
case, the instrument detects the halt of the oscillation and
indicates that the sample is metallic (“metal” displayed
on the screen). Conversely, when there is no variation
between fyir and feampie (K = 0), the instrument indicates
“low susceptibility” and gives a result for the theoretical
detection limit of logy,, = 1 (see Quality Control and the
Detection Limit of the Instrument Section).

The instrument operation is simple. (1) The user
pushes the knob (component 2 of Figure 1a) to start the
“air” measurement and wait for 5 s. The MetMet must be
kept at a distance of at least 10 cm from magnetic objects
and metallic accessories (jewelry, metal fittings, etc.)
during this measurement. The instrument measures f,;. of
Equation (2a). (2) The user places the sample at contact
with the bottom of the instrument, pushes the knob
again, and wait for 5 s. The instrument measures fsumpie
of Equation (2b). Subsequently, the instrument calculates
the K-value of Equation (3) and indicates the logy value
and C-index in logarithmic scale for the sample with
infinite mass using Equations (4) and (5). (3) The user
rotates the knob to input the sample mass. The instrument
calculates p(m) and indicates the mass-normalized logy,,
value and C-index. The whole operation takes about 30 s.

Quality Control and the Detection Limit of the
Instrument

The advantage of this instrument is that it does not
require calibration of individual units. Indeed, since the
K-value wuses normalization by air measurement

(Equation 3), the output of the MetMet is not sensitive to
the exact properties of the electronic components. We
used commercially available components with good
tolerances (R and C in Figure 1b) and controlled that the
inductance L of the custom-made coils is within 1% of
the targeted value. The reproducibility of the
measurements between units is guaranteed by the test
using standard samples; but we do not need to calibrate
the individual units.

All of the units that were produced over the last
S years were tested by repeated measurements of identical
samples (Figure 3). Sample description and raw data are
available in Table S4 and Figure S2. This allows
controlling the reproducibility of the results. The observed
variations in C-index (standard deviations from 0.05 to 0.1
depending on rock types) and logy,, (SD from 0.03 to 0.06
depending on rock types) are not significant for the
purpose of this instrument, since variations of 0.1-0.2 in
logy,, or C-index do not influence identification and/or
classification of meteorites whose intra-group variability is
higher than that (Table 1, Figure 5).

The variation of logy,, in background measurements
(Figure 3) is due to the uncertainty of the frequency
counter and the instability of the LC oscillator (Figure 1b).
According to the equations and the calibration factor «a,
logy,, = 1.25 is approximately the theoretical detection
limit of the MetMet whose frequency counter has the
resolution of 2.5 ppm at the operating frequency
(100 kHz). For this reason, the indication of logy,, is
arbitrarily set to 1 for calculated values below 1.
Equation (2b) assumes that the change in frequency is due
only to the change in inductance caused by susceptibility
of the sample. However, in reality, the capacitance can
change by the temperature drift. The temperature
coefficient of the capacitor used in the LC oscillator is
+30 ppm °C~' at room temperature. Additionally, we use
a crystal oscillator with stability of £20 ppm for the
reference clock of the frequency counter. Assuming a
maximum temperature drift of the electronics of 0.2°C
during the 10s long measurement procedure, the
maximum total drift of the frequency is on the order of
1072, giving a background logy,, = 1.86 in the worst case
(Equations 3 and 4). This temperature-related drift in
frequency is, unfortunately, not negligible due to the
handling of this instrument. In practical terms, the
detection limit of the MetMet is logy,, = 2 as observed in
Figure 3 (see Material Section S3 for the supplemental
discussions). This error in the background drift is usually
negligible for the most meteorites because the variation in
frequencies due to the susceptibility of meteorites (the
signal) is usually 10™* or larger (logy,, > 2.5). In this
range, indeed, the uncertainty of logy,, is less than 0.1 as
we demonstrated. Because C-Index has a dependency on
logy,, (Appendix A), samples with low magnetic
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FIGURE 3. Histograms of measurements of the same samples using 49 different MetMet units. The size of bins is 0.1. The
repetition times of measurements are at least three (for rocks and meteorites) and five measurements (for background
measurements, with no sample present) for each unit. The number of measurements (N), the mean (x), and the standard

deviation (o) are given in the inset box.

susceptibility will also have larger variability in C-index
due to the relatively large drift in logy,,. Although there
are uncertainties for small samples with low logy,,, samples,
the MetMet has sufficient precision and accuracy to
distinguish the different groups of meteorites.

It is noteworthy that although the MectMet operates at
a different field amplitude and frequency compared to the
KLY-2 and SM30 instruments that have been widely used
to assemble meteorite susceptibility reference databases, no
significant frequency dependence has been detected in most
meteorites where it was tested (e.g., Gattacceca et al., 2014
for ordinary chondrites, and our own unpublished data).
Similarly, no significant field dependence has been detected
(our unpublished data) nor is it expected. Therefore, the
susceptibility measurements performed with the MetMet
can be safely compared to the published susceptibility
values that have been measured with other instruments
(e.g., Rochette et al., 2003, 2008, 2009).

MEASUREMENT OF METEORITES AND
TERRESTRIAL ROCKS

Samples and Methods

We measured a total of 162 meteorite samples
belonging to 25 meteorite groups (the data available in

Table S6). The average sample mass is 39 g, ensuring that
the measurements are representative of the bulk
meteorite. This allowed exploring the logy,, versus C-
index space covered by different groups. In a second step,
we targeted specifically weathered ordinary chondrites
(n = 143, average mass 97 g; Table S7), to study the
effect terrestrial weathering on both parameters. All
measured samples are from the CEREGE meteorite
collection. Finally, 54 terrestrial rocks and minerals were
measured for comparison with meteorites (Table S8).

The statistics are calculated by a Python script using
Numpy, Scipy, Matplotlib, and Pandas modules (the
script and the raw data are available in Material S2). The
distribution of the logy,, and C-index is analyzed by a
principal component analyses (PCA). The covariance
matrix, the eigenvalue and the eigenvector of the
covariance matrix are calculated to plot the confidence
ellipse based on the chi-squared distribution. The
confidence interval is 86%; this interval covers about two
standard deviation (2¢) from the mean value. In Figure 4,
we plot the confidence ellipse when the number of the
sample is sufficient (N > 3) and the diameter of
the confidence ellipse is not zero. Although the
eigenvector and the eigenvalue are the essential metrics in
the PCA, we provided here the semidiameters of the
confidence ellipse and the slope of the principal
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TABLE 1. Logy,, and C-index of meteorite groups.

Mean SD PCA
Category Group N C-index Logy, C-Index Logy, « b Slope EVR PC,
Magnetite dominated  All 29  2.01 4.40 0.23 0.59 1.21 025 3.00 0.96
CK 9 216 4.84 0.07 0.13 026 0.14 6.22 0.78
(0\Y% 16 193 4.12 0.22 0.62 1.27 023 340 0.97
CVox 2 220 4.88 0.28 0.06 — — — —
CM 2 185 4.16 0.49 0.41 — — — —
Pyrrhotite dominated  All 14 1.87 3.62 0.21 0.19 0.84 0.75 0.10 0.55
Shergottite 5 1.96 3.69 0.11 0.28 0.56 0.22 —-8.31 0.87
R 9 1.82 3.59 0.24 0.13 048 0.25 —-0.01 0.79
Metal dominated All? 108 2.19 4.25 0.68 0.85 2.07 0.56 1.31 0.93
EL 3 347 5.55 0.74 0.24 148 035 0.22 0.95
H 7 311 5.36 0.17 0.15 0.36 0.27 0.69 0.65
H/L 1 270 5.23 — — — — — —
L 9 274 4.92 0.15 0.11 0.36  0.09 0.68 0.94
LL 7 1.77 3.87 0.20 0.25 0.56 026 141 0.83
CH 1 290 5.40 — — — — — —
CO 11 2.08 4.52 0.20 0.36 0.74 0.34 298 0.82
CR 2 260 5.17 0.00 0.02 — — — —
CVred 4 2.00 4.42 0.26 0.30 0.77 0.12 1.16 0.98
Iron meteorites 6 4.58 5.13 0.53 0.31 1.14 038 —-048 0.90
Pallasite 5 422 5.61 0.52 0.12 1.02  0.22 0.09 0.96
Mesosiderite 7 334 5.37 0.61 0.33 1.33 0.32 049 0.95
Winonaite 1 4.00 5.55 — — — — — —
Acapulcoite 4  2.68 5.19 0.30 0.31 1.56 0.64 1.04 0.85
Lodranite 1 2.30 4.72 — — — — — —
AcalLod 5 2.60 5.10 0.31 0.34 0.86 0.28 1.13 0.90
Brachinite 2 185 3.94 0.07 0.59 — — — —
Ureilite 4 203 4.54 0.17 0.35 1.52  0.07 2.04 1.00
BraUre 6 197 4.34 0.16 0.49 1.00 0.13 3.25 0.98
Howardite 3 1.77 3.86 0.21 0.34 1.55 025 1.69 0.97
Eucrite 23 1.71 3.29 0.27 0.37 149 098 2.59 0.70
Eucrite (metal-rich) 2 1.70 4.23 0.42 0.24 — — — —
Diogenite 11 1.61 345 0.23 0.28 1.13 0.87 —-2.72 0.63
HED 37 1.69 3.38 0.25 0.37 0.73 048 4.32 0.70
Lunar (feldsp. breccia) 5 1.60 3.48 0.20 0.25 0.52 0.36 2.26 0.67

Note: The number of the samples N, mean values and standard deviations of C-index and logy,,, the semidiameters of the confidence ellipse (a,

b), the slope of the first principal component are shown.

Abbreviations: Acalod, acapulcoite + lodranite; BraUre, brachinite + ureilite; EVR PC;, explained variance ratio of PC;; HED,

howardite + eucrite + diogenite; PCA, principal component analysis.
“Excluding iron meteorites and pallasites.

component axis. The complete statistical results are given
in Table S5.

Results on Meteorites

A total of 25 meteorites groups were studied, with the
rarest group represented by only a few meteorites. Within
a meteorite group, logy,,, and C-index values are relatively
well clustered (Figure 4). The PCA results (Table 1) show
that for all meteorites groups, over 80% of the
distribution can be explained by the first principal
component (PC,), that is, 80% of the total variance

(explained variance ratio) is accounted for by the
variance along PC; axes. This means that we can
characterize the meteorite groups using their distribution
in the logy,, versus C-index space, in addition to the
characterization using logy,, only (e.g., Rochette et al.,
2003, 2008, 2009).

As expected from previous comprehensive studies of
the magnetic susceptibility of meteorites (e.g., Rochette
et al., 2003, 2008, 2009), there is some overlap between
some groups and variability within the groups. However,
some groups can be separated. This is particularly true
for the three groups of ordinary chondrites (Figure 4a)
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FIGURE 4. Distributions of logy,, and C-index for meteorite groups, represented by their 86% confidence ellipse and mean
value. (a) Ordinary chondrites, (b) other chondrites, (c) achondrites and primitive achondrites excluding two anomalous metal-
rich eucrites. Only the mean value is shown for groups represented by one or two meteorites.

that show an increase of the mean logy and C-index from
LL to L and to H. The trend in logy,, has been already
described in previous studies (Rochette et al., 2003) and
is explained by the trend in the abundance of FeNi
minerals. The trend in C-index has obviously the same
origin.

The non-ordinary chondrite groups show strong
overlaps as already observed by Rochette et al. (2008).
Some groups show a widespread distribution, such as CV
chondrites that cover the entire distribution of
carbonaceous chondrites (Figure 4b). This is due to the
variability of the magnetic mineralogy and associated
magnetic properties of CVoxA, CVoxB, and CVred
chondrites (Gattacceca et al., 2020). Other groups like CK
chondrites have a more clustered distribution. The metal-
rich non-ordinary chondrites (CH and CR) have high
logy,, and C-index comparable to H and L chondrites.

Iron, stony-iron meteorites, EL chondrites, winonaites,
and acapulcoites/lodranites have very high magnetic
susceptibility (logy,, between 5.5 and 6.0) with saturation
the instrument for the iron meteorites, but a steady
increase of C-index.

When separating the meteorites according to their
main magnetic minerals regardless of their classification,
a clear distinction can be made between metal-dominated
meteorites and  magnetite-dominated = meteorites
(Figure 5). Pyrrhotite-dominated meteorites like
Rumuruti chondrites (N = 5; Courneéde et al., 2020) and
shergottites (N = 9; Rochette et al., 2005) are not
represented in these graphs because of the small number
of measurements and meteorite groups involved. The
slopes of the PC; of the magnetite- and metal-dominated
meteorites are 3.0 and 1.3, respectively (Table 1). This
indicates that the slope of the distribution is controlled by
the ferromagnetic mineralogy, where the abundance of

these minerals defines the position of the meteorites in
this distribution. However, when a single meteorite is
measured, it may be difficult to assign it to the metal- or
magnetite-dominated group if the measurements plot
near the intersection of the two distributions.

Effect of Terrestrial Weathering

Terrestrial weathering of metal-bearing meteorites
leads to decrease of their magnetic susceptibility (see
section Overlapping Susceptibility Ranges and Terrestrial
Weathering). It must be noted, however, that when the
weathering product is magnetite or maghemite,
the magnetic susceptibility will not be affected because
these two minerals have essentially the same magnetic
susceptibility as metal. The electrical conductivity will
always decrease with increasing weathering because of
metal has a much higher conductivity than all iron oxides
and oxyhydroxides.

To evaluate the effect of terrestrial weathering on the
measurements performed with the MetMet, we measured
166 ordinary chondrites from the H, L, and LL groups,
spanning weathering grades from W0 to W5 (Table 2). For
L and H chondrites, a clear decrease of both magnetic
susceptibility and C-index is observed with increasing
weathering (Table 2, Figure 6a,b). For LL chondrites
(Figure 6c¢), there is no clear trend with weathering, mostly
because the fresh LL chondrites already span a rather wide
magnetic susceptibility range, with in particular a decrease
of logy,, with increasing petrographic type (Rochette
et al., 2003). This pre-weathering variability of magnetic
susceptibility in LL chondrites makes the effect of
terrestrial weathering difficult to isolate.

Magnetic susceptibility and conductivity must be
interpreted in the light of the weathering grade to provide
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FIGURE 5. Logy,, and C-index for meteorites, together with their 86% confidence ellipse. (a) Metal-dominated meteorites. (b)
Magnetite-dominated meteorites. For metal-dominated meteorites, the overall confidence ellipse does not include iron meteorites

and pallasite because of the saturation of the instrument.

TABLE 2. Logy and C-index of weathered ordinary chondrites.

Mean SD PCA

Group/category N C-index Logy., C-index Logy,, a b Slope EVR PC,
H (all W) 81 2.70 5.12 0.40 0.22 1.69 0.63 0.42 0.88
L (all W) 61 2.51 4.72 0.37 0.23 1.61 0.63 0.50 0.87
LL (all W) 24 1.80 3.99 0.33 0.29 1.36 1.04 0.60 0.63
H, W0 3 3.13 5.52 0.21 0.05 0.83 0.13 0.17 0.98
H, W1 20 3.01 5.29 0.29 0.13 1.17 0.43 0.24 0.88
H, W2 30 2.76 5.14 0.35 0.16 1.40 0.59 0.15 0.85
H, W3 21 2.43 4.96 0.29 0.16 1.13 0.63 0.10 0.76
H, W4 6 2.17 4.75 0.18 0.08 0.70 0.31 0.20 0.84
L, W0 2 2.68 4.90 0.04 0.11 — — — —
L, Wi 16 2.69 4.87 0.24 0.12 1.01 0.35 0.38 0.89
L, W2 11 2.47 4.63 0.49 0.29 2.10 0.74 0.48 0.89
L, W3 21 2.39 4.64 0.41 0.19 1.66 0.65 0.27 0.87
L, W4 3 2.17 4.40 0.12 0.23 0.93 0.37 -3.03 0.86
L, W5 1 2.30 4.64 — — — — — —
LL, WO 1 1.90 4.14 — — — — — —
LL, W1 11 1.78 4.00 0.32 0.22 1.32 0.78 0.36 0.74
LL, W2 4 1.68 3.88 0.39 0.44 1.79 1.49 —2.06 0.59
LL, W3 4 1.92 4.14 0.39 0.25 1.70 0.70 0.49 0.86
LL, W4 4 2.05 4.01 0.17 0.48 1.97 0.42 3.44 0.96
LL, W5 1 1.30 3.88 — — — — — —

Note: The number of the samples N, mean values and standard deviations of C-index and logy,,, the semidiameters of the confidence ellipse

(a, b), the slope of the first principal component are shown.

Abbreviations: EVR PCy, explained variance ratio of PC; PCA, principal component analysis; W, weathering grade.

accurate classification of ordinary chondrites. In
particular, intense weathering results in an overlap of the
magnetic susceptibility and C-index of weathered H
chondrites with L chondrites, and of weathered L
chondrites with LL chondrites (Figure 6d). In that case,
magnetic classification is not possible, and other methods
must be used.

Terrestrial Rocks and Artificial Materials

Most of the terrestrial rocks and minerals have lower
C-index values than most meteorites (Figure 7, Table S1).
Many of them have very low (<1) or zero C-index.
However, a number of rocks overlap with the meteorite
in the logy,, versus C-index space. Notably, a significant
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meteorites). (a) H chondrites, (b) L chondrites, (c) LL chondrites, (d) all ordinary chondrites.
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below the detection limit (coal and calcite) are plotted at arbitrarily at logy,, = 1 and C-index = 0. Samples that give “metal”
indication are plotted arbitrarily at logy,, = 6 and C-index = 6. The overall distribution of meteorites is shown by the solid line.
The distribution for the three ordinary chondrite groups is shown by the dashed lines (86% confidence ellipses).

population of terrestrial basalts have almost same increase in C-index may result from the detection of the
distribution of logy,,, and C-index than the LL chondrites.  out-of-phase component of the susceptibility due to the
Since they contain no metallic phases or other electrically  presence of superparamagnetic grains (Kodama, 2013).
conductive minerals (e.g., native copper or gold), this Indeed, the MetMet uses high-frequency AC magnetic
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fields of order of 100 kHz that can efficiently induce an
out-of-phase component. This theoretical possibility
would require experimental confirmation.

CONCLUSION

The MetMet instrument allows the measurement of
magnetic susceptibility and a conductivity proxy (C-index)
of rocks and artificial objects. The electrical consumption
of the instrument is low, ensuring long battery life. The
instrument is portable and easy to use with a single knob
and a simple measurement protocol. Measurements are
fast (30 s) and when provided with a rough sample mass
estimate, the instrument displays the susceptibility result in
mass-normalized units (logy,,, with y,, in 107° m® kg™ '),
making the interpretation straightforward for users that
have little knowledge of rock magnetism, and/or in the
field. The instrument is precise and accurate enough to
allow distinguishing most meteorites from most terrestrial
rocks, and to provide guidance in the classification of
meteorites. The recommended minimum sample mass is 5 g.
The instrument has been used successfully by meteorites
hunters, meteorite collectors, meteorite dealers, and for
outreach activities, as non-specialists, including children, are
able to operate it easily. The interpretation of the data can be
limited to separating terrestrial rocks from meteorites, or can
be performed at a higher level by separating different groups
of meteorites. It is noteworthy that this kind of measurements
is highly preferable to the use of hand magnets that has poor
diagnostic value and permanently affects the paleomagnetic
record of meteorites.
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APPENDIX A CALCULATION OF THE
CONDUCTIVITY PROXY (C-INDEX)

The C-Index is the simple proxy of the conductivity
of the sample for a magnetic susceptibility meter with a
single coil that is based on the amplitude of the
oscillation. As well as the magnetic susceptibility
measurements, the instrument measures the amplitude of
the oscillation with and without sample (Vi and Vampie,
respectively). These voltages are the proxy of the absolute
value of the impedance 1Z| of the resonator. To separate
the contribution of the conductivity from the actual C-
index in this article is calculated as following:

C—index = log;y(a x C+ b x D)

C = Vair -1
Vsample )
K K
D= K =
K+1 ﬁ(m)xe—&—f

where a, b, e, and f are constants (respectively, 21,650,
16,650, 0.9, and 0.1), K the value defined by
Equation (3), and g the calibration factor used in
Equation (4). The first term in the logarithm (a x C)
calculates the normalized impedance Z’, and the second
term (b X D) compensates the effect of the magnetic
susceptibility on the Z’ changing. Vsumpie diminishes
because of iron loss due to the sample conductivity. As
a result, the C value and C-index increase with the
conductivity of the sample. The constants are calibrated
by measurements of the banded iron formation (BIF)
samples that do not contain metal grains, being
C-index = 0. This C-index is based on the circuit
analysis and the empirical method but is not based on
the analytical solutions of eddy current by Dodd and
Deeds (1968) and Bowler and Huang (2005).
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