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1 INTRODUCTION
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SUMMARY

The aim of this work is to calibrate a magnetic susceptibility field probe (SM30) in order to
allow measurement on natural boulders of any shape and size. This calibration was performed
through measurements on pebbles of different shapes, sizes and lithologies. We model a cor-
rection factor (geometric factor) that has to be applied to the SM30 measurement to obtain
the real volume magnetic susceptibility of a sample of known volume. This geometric factor
depends mostly on the volume of the sample, and to a lesser extent on its shape. We also present
an original magnetic measurement scheme that provides, with three SM30 measurements at
different distances, an estimation of the volume of a sample. By combining the two calibration
models, it is possible to obtain the volume magnetic susceptibility of a natural sample with
only three SM30 measurements, without requiring additional information such as sample vol-
ume. On the other hand, the calibration performed on a semi-infinite homogeneous body with
variable measuring distance leads to a 2-D model of the SM30 response over its integration
volume and allows the determination, with a sufficient number of discrete measurement at
variable distance, of the thickness and susceptibility of the different layers of a composite
body. Both types of calibration were successfully validated on natural or synthetic samples.
Therefore the SM30 portable susceptometer appears to be a suitable instrument to perform
in situ magnetic susceptibility measurement of individual boulders or to establish magnetic
susceptibility profiles. In addition, the modest dimensions of the probe and the relative simplic-
ity of the proposed measurement schemes should enable automation of the measurements that
could find applications for robotic exploration of solid bodies of the solar system, for example.

Key words: calibration, contact probe, magnetic susceptibility, susceptibility profile, volume
measurement.

the volume magnetic susceptibility of finite samples in their natu-
ral shape and volume, and of susceptibility profiles of a soil, for

Volume magnetic susceptibility K is a dimensionless parameter de-
fined as the derivative of the intensity of the magnetization induced
in a sample (M = mV, m being the magnetic moment and 7 the
sample volume) with respect to the applied magnetic field. This in-
trinsic property can be routinely measured in the laboratory with
susceptometers, acknowledging the fact that it requires a separate
volume measurement. Magnetic susceptibility measurements have
numerous fields of application as they provide information about the
concentration and nature of iron phases. Weathering profiles (Mathé
et al. 1999), pollution monitoring (Heller er al. 1998), classifica-
tion of granitoids (Ishihara 1977), correlation between sedimentary
cores and palaeoclimatic proxy (Thouveny et al. 1994), ash-layer
detection in deep-sea sediments core (Touchard & Rochette 2004),
meteorite classification (Rochette ef al. 2003) and aid in interpreta-
tion of magnetic anomalies are a few applications.

In this paper, we present and calibrate a magnetic susceptibility
measurement scheme that does not necessitate independent volume
measurements and can be easily used in sifu and automated. We
show that this measurement scheme allows the determination of

42

example.

2 MATERIAL AND METHODS

From the various existing susceptibility field probes we selected the
SM30 probe supplied by ZH instruments. It contains an LC circuit
with a 6 cm diameter, 1 cm thick copper coil that creates a small
alternating field (50 uT at probe contact, 8 kHz). The resonance
frequency of this oscillating LC circuit is modified when a sample
is placed close to the sensor. The variation in resonance frequency
between a blank measurement and sample measurement is trans-
lated into volume magnetic susceptibility expressed in SI. A second
blank measurement allows the evaluation and correction of the in-
strumental drift. Sensitivity is 10~7 SI and maximum measurable
susceptibility is 1 SI for the upgrade version (0.1 SI for the standard
version). The acquisition time is a few seconds.

Magnetic susceptibility is measured over a volume that we call
the integration volume. The value given by the SM30 corresponds
to the actual volume magnetic susceptibility only if the measured
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sample fills the whole integration volume. If the sample is smaller
than the integration volume, the measured volume susceptibility ap-
pears lower than its real value. If the sample is larger, only the part
contained in the integration volume will contribute to the measure-
ment. In this latter case, the measured susceptibility will be the real
one if the sample is homogeneous.

In order to calibrate the SM30 measurements for small objects
and to model its response to heterogeneous samples we used a
Kappabridge KLY2 Geofysika susceptometer as a reference. This
apparatus measures susceptibility in a low alternating field (400 nT,
920 Hz) and provides precise measurements with a resolution of
5 x 107% SI. It has been cross-calibrated in different laboratories
to within 1 per cent (Sagnotti et al. 2003). We used both standard
and large pick-up coils, with an inner diameter of respectively 4 and
8 cm.

3 CALIBRATION

The first step of calibration is to evaluate the response of the SM30
for homogeneous discrete objects of different shapes, sizes and vol-
ume susceptibility. For this purpose, 315 volcanic pebbles of differ-
ent lithology (60 of phonolite and agpaite, 143 of aphyric basalts
and 112 of porphyric basalts) were collected in the riverbed of the
Eysse (Ardéche, France). Due to an active transport of less than
10 km (average slope 4 per cent) their shape is rather irregular. An
additional 56 marly limestone pebbles of nearly perfect ellipsoidal
shapes were collected in the large Alpine Durance river (Bouches
du Rhone, France). Pebble masses ranged from 0.85 to 755 g. Their
shape is approximated by an ellipsoid whose three principal dimen-
sions were measured with a calliper. Care was taken during sam-
pling to retrieve only homogeneous samples but to regularly cover
the shape and size spectra.

Pebble homogeneity was tested on four samples by drilling a core
(2.5 cm in diameter) into them, cutting it into 2 mm slices and mea-
suring the magnetic susceptibility of each slice (Fig. 1). The pebbles
appear to be homogeneous with variations of +10 per cent around
the mean value. In particular, no strong difference is observed be-
tween the subsurface and the core of the pebbles. They can thus
be considered as magnetically homogeneous bodies and are suit-
able for calibration. In order to complete the calibration for larger
objects which would not fit in the large KLY?2 coil we used ‘syn-
thetic pebbles’ hand-made from pottery clay. The calibration was
performed by measuring the volume susceptibility of these objects
with both the SM30 and the KLY2. The two apparatuses operate
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Figure 1. Magnetic susceptibility of successive slices of a core normalized
to mean susceptibility of the core for four different pebbles. The core length
is2to 3 cm.
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at different frequencies and magnetic fields, but the magnetic sus-
ceptibility is neither frequency- nor field-dependent for the rather
large magnetite grains contained in our samples. Moreover, even
in unfavourable cases (presence of superparamagnetic magnetite,
haematite, pyrrhotite), the variability of susceptibility with field in-
tensity and frequency is only a few per cent at most, well within the
expected accuracy of the calibration.

To determine the volume susceptibility of the pebbles with the
KLY?2 it is necessary to evaluate their volume. For this purpose,
the mean density for each lithology was evaluated following an
Archimedean method developed by Consolmagno & Britt (1998)
using 40 um glass spheres as a fluid and 20 large glass spheres
of various diameters to calibrate the method. The density of clay
((2.07 £0.03) x 103 kg m~) was determined by weighing 10 sam-
ples of known volume. An additional parameter to determine is the
anisotropy of magnetic susceptibility. Indeed, rocks are generally
anisotropic and this effect has to be evaluated as it represents a limit
to the reproducibility of susceptibility measurements along a single
direction and therefore a limit to the accuracy of a comparison be-
tween two susceptibility measurements with different instruments.
Anisotropy of magnetic susceptibility was evaluated for 34 samples
following standard procedures with measurements along 15 direc-
tions. Degrees of anisotropy, defined as the ratio between maximum
and minimum susceptibilities, are low (<1.1) for all lithologies and
especially for the two types of basalts (<1.04). Therefore the vol-
ume magnetic susceptibility of the pebbles was measured along a
single arbitrary direction with the KLY2. Knowing the mass and
density of each pebble, we obtained the reference volume suscep-
tibility values, denoted by K, (Table 1). Values range from —1 x
10¢ (marly limestone sample) to 131 x 103 SI (basalt sample),
spanning more than five orders of magnitude.

SM30 measurement was performed with the short axis of the
sample along the coil axis, as would be expected for a rock resting
naturally on the ground. The sample was placed directly on the SM30
probe in order to have a zero background susceptibility. The average
of up and down measurements (i.e. on both sides of the pebble) is de-
noted by M. The average deviation between the two measurements
is 10 per cent. A few samples show larger deviations (up to 40 per
cent), linked to a section being far from elliptical (e.g. triangular).
The ratio M /K, called the geometric factor «, represents the cor-
rection factor that has to be applied to SM30 measurements in order
to obtain the real volume magnetic susceptibility (K = M /o). After
discarding eight outliers corresponding to samples with volume sus-
ceptibility lower than 50 x 10~ SI, the trend as a function of sample
volume is practically the same for the four sets of samples (Fig. 2).
This confirms that the geometric factor does not depend on the mag-
netic susceptibility. For the limestone a marginally significant higher
« appears, due to a flatter mean shape (see below) and smoother sur-
face. This empirical calibration curve can be parametrized, and the
equations obtained along different segments of the curve allow the
evaluation of the volume magnetic susceptibility of a natural sam-
ple of known volume with a single SM30 measurement performed
at contact with the sample. For large samples, « is around 0.74. In
order to estimate more precisely the geometric factor for infinite
objects, we performed a set of SM30 measurements on a 40 x 20 x
20 cm homogeneous clay body with flat sides and obtained K =
(172 & 3) x 107° SI. Compared with K = (195 4 2) x 107¢ SI
obtained with the KLY2, we have a( = 0.88. It should be noted that
to achieve absolute calibration of the SM30, an additional multi-
plication factor of 1.06 should be introduced in order to take into
account the absolute calibration of the KLY?2 (Sagnotti et al. 2003).
However, in this paper we report uncorrected KLY?2 values.
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Table 1. Physical characteristics of pebbles used for calibration.

Type n 0 (10° kgm™) K (1076 81) F ¥V (cm?)

Mean Min. Max. Mean Min. Max. Mean Min. Max.
I 56 2.62 140 —1 525 0.43 0.20 0.64 26.84 1.21 130
1T 60 2.63 7320 220 26297 0.47 0.20 0.85 28.78 0.59 145
11 144 2.9 41212 126 79369 0.57 0.27 0.86 18.14 0.29 145
v 112 2.79 47262 1015 131408 0.58 0.37 0.89 49.75 0.42 271
\Y 15 2.07 195 195 195 0.61 0.40 0.94 516 45.7 1000

Key: I, marly limestone; I, phonolite and agpaite; 111, basalts; IV, porphyric basalts; V, clay; n, number of samples; p, mean

density; K, volume susceptibility; F, flattening parameter (see text); V, volume.
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Figure 2. Geometric factor versus sample volume for the four sets of peb-
bles (empty boxes, marly limestones; diamonds, phonolites and agpaites;
empty circles, basalts; full circles, porphyric basalts; triangles, clay). Note
log scales. For marly limestones, only samples with volume susceptibility
above 50 x 107 SI are plotted. Note the log scale for volume.

For a given volume, the relative variability of & around the mean
is about 10 per cent. This variability is due to the variable shape
of the pebble as demonstrated by Fig. 3 that shows the evolution
of the relative o scatter versus the flattening of the sample defined
as F = c/\/ﬁ where a, b and ¢ are the long, intermediate and
short axis of the ellipsoid used to describe the sample. It appears
that the parametrization of the curve is closest to reality for objects
with F around 0.5 (Fig. 3a). For flatter or more rounded objects, a
correction up to £20 per cent (for most common natural shapes)
should be applied. For some unusually flat shapes, the correction
can reach 50 per cent. On the other hand, the differences between
the model and the measurements do not depend on the volume of the
sample (Fig. 3b). A possible refinement would be to take into account
the shape of the measured sample for a more precise evaluation of
magnetic susceptibility from a single SM30 measurement.

Another approach of SM30 calibration can be found in Jordanova
et al. (2003).

4 VALIDATION

We are currently developing a magnetic classification scheme for
meteorites. Rochette er al. (2003) showed that for a given group
of ordinary chondrites, magnetic susceptibility was restricted to a
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Figure 3. (a) Relative difference between the geometric factor computed
from our model and the measured value versus flattening of the sample. (b)
Relative difference between the geometric factor computed from our model
and the measured value versus volume of the sample. Symbols as on Fig. 2.
Note the log scale for volume.

narrow range and that this property allows the distinction between
the three groups LL, L and H. Besides being a fast and power-
ful control tool for meteorite classification, this result demonstrates
that in situ measurements on extraterrestrial bodies such as plan-
ets, asteroids or comets can bring crucial information about for
instance the meteorite class they can be attributed to (Rochette
et al. 2004). When the NEAR probe landed on 433 Eros asteroid
in 2001 February, magnetic susceptibility measurements at the sur-
face could have given clues to whether 433 Eros could be the parent
body of a given group of ordinary chondrites. This question was not
solved by the chemical and mineralogical probes available onboard
NEAR.
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Figure 4. Magnetic susceptibility (in 107% m3 kg~! for comparison with Rochette ef al. 2003) versus sample mass for the three studied meteorite falls (boxes,
Wadi Mellene; circles, Zag; diamonds, Titolar). Note the log scale for volume.

In order to check the validity of the SM30 calibration, we per-
formed measurements on a number of ordinary chondrite samples
from Zag (H3-6), Wadi Mellene (L3.8, A. Jambon personal commu-
nication, 2003) and Titolar (not yet classified). The samples, from
three different suspected meteorite falls (i.e. collected within the

5 2-D MODELLING OF
SM30 MEASUREMENTS

5.1 Modelling

same area of a few square kilometres) were found in the Sahara The second step of calibration is to consider non-homogeneous sam-
desert by M. Franco. For such uncut raw samples, the magnetic sus- ples, and in particular horizontal layering of magnetic susceptibility
ceptibility was determined using the SM30 measurements and the as can be found in soils or in the case of a rock sample lying on
calibration curve defined in the previous section. Sample volume a soil. The response of the SM30 over its integration volume was
was determined by dividing its mass by its average density (taken evaluated by performing measurement of an infinite homogeneous
from Consolmagno & Britt 1998). To compare with Rochette et al. body with increasing distance. This homogeneous body was a con-
(2003) we used the decimal log of the specific susceptibility x (in crete cylinder (40 cm in diameter, 20 cm high) described in Lecoanet
107" m® kg~'). The good coherence of the data (Fig. 4) indicates that et al. (1999). The SM30 was mounted on a retort stand equipped
the calibration law for the SM30 is essentially correct for use with with a millimetre scale. The measurements with increasing distance
natural objects. In particular there is no relation between the volume are displayed on Fig. 5. It appears that the penetration depth of this
and the volume susceptibility of the samples that would indicate a instrument is about 6 cm and that 90 per cent of the signal come
bias in the calibration. Only a few values appear to be significantly from the first 2.5 cm. It could be easily increased by using a larger
lower than the mean value: they are either the results of measure- coil, the penetration depth being comparable to the diameter of the
ments performed on surfaces with complex non-planar geometry coil. The curve in Fig. 5 has been parametrized by a sixth-degree
or real outliers, either from anomalously highly weathered pieces polynomial equation denoted S(x) = M(x)/M(0) where M (x) is the
or from unpaired meteorites. In particular the four Titolar samples SM30 measurement at a distance x from the concrete block. If we
of large mass responsible for an apparent negative correlation of call R(x) =dS(x)/dx, the SM30 measurement at a distance d from
log x with mass could be of another type. When compared with the a horizontally layered body is
Rochette et al. (2003) database, these measurements confirm that e
chondrites Zag (logx = 5.23, s.d. = 0.07) and Wadi Mellene M(d) = ay / R(x)K(x)dx (1)
(log x =4.68,s.d. = 0.10) belong to the H and L groups respectively, x=+00
and strongly suggest that Titolar (log x =5.16,s.d. = 0.08), that has where K(x) is the volume magnetic susceptibility of the layer of
not been classified yet, belongs to the H group. The obtained s.d. thickness dx at a distance x from the SM30 (Fig. 6). Eq. (1) allows
compare well with the average s.d. of 0.1 given by multiple frag- the modelling of the SM30 response when measuring samples that
ments of the same meteorite measured with the KLY2 (Rochette have infinite (i.e. >8 cm) horizontal dimensions and susceptibility
et al. 2003). varying alongx only. Note alsothat 1/ o [ 1 — S(x)]is the correction

Q 1+

g +

% 08 1 +

,; ++ S(x) =2.266937 10-10 x5 - 5.183362 108 x> + 4.864916 10 x*

8 0.6 1 + -2.43044510"x*+7.019272 103 x* - 1.179798 10! x +1.002923

= + R2=1.00

£ 04 +
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Figure 5. SM30 response versus measuring distance for a homogeneous concrete block representing an infinite sample.
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Figure 6. Experimental setting for measurement at different distances of
vertically layered infinite samples.

factor to be applied to the SM30 measurement at contact of a slice
of thickness x and horizontal dimensions >8 cm.

5.2 Experimental validation

In the case of a homogeneous infinite body of volume magnetic
susceptibility K, eq. (1) gives M(d) = aoK ¢S(d). In the case of a
two-layer body with susceptibility and thickness K| and ¢; (upper
part), K, and #, (lower part), eq. (1) gives

x=t+d x=d

M) = oeoKZ/ R(x)dx

x=t+t1+d

R(x)dx + K, /

x=t|+d

that can be written
M(d) = ao Ko[S(ty +d) — S(ty + 1) + )] 4+ o K1 [S(d) — S(t, + d)].
()

We performed measurement on a synthetic two-layer body com-
posed of an upper layer (tile) of susceptibility K| = 7100 x 1076
SI and thickness #; = 11.6 mm and a lower layer (concrete cylin-
der described before) of susceptibility K, = 250 x 107 SI and
infinite thickness. Both layers are homogeneous. Eq. (2) predicts

M(d) = a¢K, S8t + d) + oK [S(d) — S(t1 + d)]. As we know
Ky, K, t; and S(x), we can compute M(d). The SM30 measure-
ments with increasing distance and the computed values are dis-
played in Fig. 7. The fit is excellent and confirms the validity of the
calibration. The largest relative errors occur for measurements at
distances above 45 mm because of the weak magnetic signal mea-
sured. The comparison between the trend of SM30 measurements
with increasing distance and S(x) (representing the trend for a ho-
mogeneous infinite body) is a way to check for homogeneity of the
measured sample. Large departures from S(x) increasing with depth,
as shown by the thick solid line in Fig. 7, indicate that the measured
body is not homogeneous but horizontally layered. From this kind of
curve it is indeed possible to infer if susceptibility decreases (stud-
ied case) or increases with depth. In the first (respectively second)
case normalized measurements decrease faster (respectively slower)
than S(x) and M(x)/S(x) is a decreasing (respectively increasing)
function.

5.3 Inversion of measurements

We now show how it is possible to invert the SM30 measurements
in order to estimate a vertical susceptibility profile. The synthetic
sample used is the same that in the preceding section, i.e. a two-layer
body with an infinite lower layer. We consider that the susceptibility
of the lower layer, K, is known. This situation could correspond to
the natural case where the lower layer is a soil whose susceptibility
can be measured elsewhere, enclosing an outcropping rock of un-
known thickness and susceptibility. Two SM30 measurements are
performed at distances d; and d,. From eq. (2), we have

M(d)) = g Ky S(# + dy) + ao K [S(d)) — S(t + dy)]
and

M(dy) = oKy S(t) + da) + ao K [S(da) — S(t + da)]- (3)

The only unknowns are K and ¢, and the thickness ¢, is obtained
by resolving

f(t) = K8t + dy)
n M(d)/ay — Ky S(ty +d)[S(dy — St + dy)]
S(dr) — St + dv)
— M(dy)/oy = 0.

“4)

This was done for a set of two measurements (¢; = 10 mm and
d, =30 mm) and gives ¢, = 11.0 mm. This result is in close agree-
ment with the real value of 11.6 mm (Table 2), which confirms the

5 40
] relativedifference :
4] between model and measurements 20
! EN
= ~ b [5)
s ——— ~ - 0 3
53 . g
E 20 &
2 relative difference between 5
§ 24 normalized measurements and S(x) [ 40 .2
<
“ L-60 2
1
—— model | 50
+ measurements
0 : : : ; : BARREaE s s , .
0 5 10 15 20 25 30 35 40 45 50 55 60
measuring distance (mm)

Figure 7. Comparison between experimental measurements (crosses) and computed values (solid line) for a two-layer composite sample. The dotted line
indicates the relative difference between measurements and the model. The thick solid line is the relative difference between normalized measurements and

S(x).
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Table 2. Computed and measured values for the inverse problem of a two-
layer composite sample.

t1 (mm) K1 (1076 81)
Measured 11.6 7100
Computed 11.0 7440
Relative difference 5 per cent 5 per cent

Key: 11, thickness of upper layer; K |, volume susceptibility of upper layer.

validity of the modelling and inversion. The K value derived from
the computed ¢, value is also very close to the measured value. It
must be noted that if both K| and K, had been unknown, a set
of three SM30 measurements at different distances would have al-
lowed the full determination of the structure of the composite body
(K], KZ and tl).

6 DETERMINATION OF VOLUME
BY A MAGNETIC METHOD

As the SM30 measures only the part of the sample that lies within
the integration volume, it should be possible to assess the volume
of a sample by comparing two measurements performed at differ-
ent distances from the sample. For the 371 natural pebbles used
for calibration of discrete sample measurements, we performed, in
addition to the initial measurement at contact (denoted M), two
measurements at a distance of 8§ mm (denoted M) and 16 mm (de-
noted M,). For these three measurements, the sample was placed
directly on the SM30 probe in order to have a zero background sus-
ceptibility. The ratios M (/M and M, /M, actually depend on the
volume of the measured samples (Fig. 8) and it appears that the ratio
M /M (respectively M /M) allows the estimation of the sample

4
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volume in the range 0.2 to 20 cm? (respectively 20 to 200 cm?). For
the Mo/M, graph the outliers correspond to samples with volume
susceptibility lower than 400 x 10~° SI, whereas for the M /M,
graph even samples with a susceptibility around 10 x 10~° SI follow
the general trend. This is an innovative non-destructive method for
estimating the volume of a sample smaller than 200 cm?, with no
need to manipulate, touch or even see the sample. However, it can
only be applied to homogeneous samples, and for samples smaller
than 20 cm? it can be applied only when the susceptibility is above
400 x 107¢ SI. Fig. 9 shows that the volume computed from the
parametrization of the curves of Fig. 8 is generally in the range
+40 per cent of the real volume, the precision being better for
smaller objects.

With this possibility of determining the volume of a sample, we
can propose a measurement scheme to evaluate the volume mag-
netic susceptibility of a discrete sample with the SM30 only. Three
measurements have to be performed: at contact (M), at 8 mm (M)
and at 16 mm (M ;). The ratios M /M and M /M, allow the de-
termination of sample volume. This volume is then used to infer
the geometric factor « of the sample (Fig. 2). Finally, the volume
susceptibility is equal to M (/. This scheme could be easily auto-
mated and could be validated for instance during a robotized me-
teorite collection campaigns in Antarctic blue ice fields. Successful
field demonstrations have already been undertaken by the Nomad
robot of the Robotics Institute at Carnegie Mellon University, Pitts-
burgh, USA (Apostopoulos et al. 2000). With an SM30-like sensor
mounted on a mobile arm, the volume magnetic susceptibility of a
discrete sample, even partly hidden in the ice or covered with snow,
would be rapidly determined with enough precision to distinguish
between meteorites and terrestrial rocks, greatly increasing the me-
teorite recognition rate of such a robot. Moreover, Antarctic blue ice

2 .
0.1 1

10 100 1000

volume(cm?)

1

10 100 1000
volume (cm?)

Figure 8. M (/M versus volume (top) and M | /M versus volume (bottom). For the top graph, samples with volume susceptibility below 400 x 1076 ST are

not plotted. Symbols as on Fig. 2.
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Figure 9. Relative difference between the volumes computed from our
model and the measured volumes in per cent. Symbols as on Fig. 2.

is the ideal location for using in situ automated susceptibility mea-
surements as the samples rest directly on the ice that has a negligible
magnetic susceptibility of —9 x 107 SI. On a planetary surface,
samples would rest on a substratum with a magnetic susceptibility
possibly close to that of the samples. In this case, the magnetic sus-
ceptibility of the substratum would have to be measured separately
in order to compute the background contribution and isolate the
sample’s magnetic signature.

We tested the proposed measurement scheme (including volume
determination by the magnetic method) on 18 ordinary chondrite
fragments (on loan from the Museum National d’Histoire Naturelle
(MNHN)), Paris, France and some private collections). All these frag-
ments but three (Park, Waconda and Wadi Mellene) are from me-

teorite falls. Most of them have been sawed and present sharp
edges and angular unnatural shapes. The results are then compared
with the value given by the KLY2 measurements associated with
the volume determined using sample mean density (taken from
Consolmagno & Britt 1998) and mass (Table 3, Fig. 10). The mean
difference between the two values is 43 per cent. This rather large
error is attributable in part to the strong anisotropy of the magnetic
susceptibility of the measured samples (ranging from 1.06 to 1.54
with a mean value of 1.32) and in part to the lack of precision
in estimating the volume of very irregular objects by the magnetic
method. Indeed the mean difference between the volume determined
by our magnetic method and the volume determined by weight and
density is 38 per cent. If we use the latter volume for both sus-
ceptibility measurements, the mean difference between KLY2 and
SM30 measurements is reduced to 16 per cent (Fig. 10b), which
indicates that the SM30 calibration is also valid for very angular
objects.

Despite the observed departures, it must be noted that the preci-
sion obtained with the magnetic measurement scheme (Fig. 10a) is
sufficient to distinguish ordinary chondrites from almost all types
of terrestrial rocks and to classify most of the ordinary chondrites
into the three groups LL, L and H. After verification, the ‘Ness
County’ sample appeared to be a mislabelled and unidentified sam-
ple in the MNHN collection. As shown in Fig. 10(a), only two sam-
ples (Tathlith and the unusually strongly magnetic Gifu sample) are
misclassified (H instead of L) by the SM30 measurement scheme.
Our previously reported measurements on natural rounded stones
(Fig. 2) suggest that the success rate may be higher with less angular
natural samples.

7 CONCLUSION

The SM30 calibration performed on pebbles of variable shape,
size and lithology allows the measurement of volume magnetic

Table 3. Magnetic susceptibility of 18 ordinary chondrite samples.

Meteorite Group Kkry2 Ksm3o Diff. |
(1070SI)  (107°SI) (per cent)
Alfianello L 255641 409 896 60
Colby (Wisconsin) L 287435 180 188 37
Fisher L 272 046 197 636 27
Gao-Guenie 2* H 499 475 396 747 21
Gifu L 402 081 491 060 22
Hallingeberg L 195970 389 121 99
Hollbrook L 125 883 91339 27
Kilabo™* LL 11 829 9828 11
Krymka LL 45972 37 828 18
Leedy L 261 236 175929 33
‘Ness County’ L 674317 417374 38
Olivenza LL 20 739 271776 34
Oued El Hadjar* LL 42702 37 484 12
Park L 99 376 240981 142
Tathlith L 271487 573848 111
Tennasilm L 218 870 276 220 26
Waconda L 274 526 295 605 8
Wadi Mellene* L 181 348 157978 13

Ko Diff., Va Vi Diff.3 Pams
(107°SI) (percent) (cm®) (cm3) (per cent)
256 610 0 0.54  0.31 43 1.49
232015 19 8.45 12.11 43 1.47
293 250 8 6.88 11.30 64 1.42
- - 2.38 - - -
276 375 31 451 228 49 1.54
189 765 3 3.39 1.46 57 1.11
137 464 9 791 1446 83 1.25
10 500 9 640  5.14 20 1.09
33155 28 564 472 16 1.40
160 447 39 523 458 12 1.36
536 444 20 10.10  16.00 58 1.44
19379 7 3.14 203 35 1.15
48 131 13 1.87 244 30 1.16
123 879 25 438  2.00 54 1.07
240 551 11 1.73  0.63 64 1.38
222153 2 298  2.27 24 1.07
180 842 34 10.52  5.82 45 1.39
- - 92.73 - - -

Key: Kk1y2, volume susceptibility measured with KLY?2 and volume estimated by weight and density; K sm30, volume
susceptibility measured with SM30 and volume estimated by magnetic method; K§y,5,, volume susceptibility measured with
SM30 and volume estimated by weight and density; V4, volume estimated by weight and density; V', volume estimated by the
magnetic method; P,ms, degree of anisotropy of magnetic susceptibility; Diff. |, relative difference between Kxry> and Kswm3o;
Diff.,, relative difference between Kxry2 and Kgy,5; Diff.3, relative difference between Vg and Vp; *, samples from private

collections. ‘Ness County’ is a mislabelled sample.
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Figure 10. (a) Volume susceptibility determined by SM30 (including volume determination) versus volume magnetic susceptibility determined with KLY2
for H (boxes), L (crosses) and LL (circles) ordinary chondrite samples. (b) Volume susceptibility determined by SM30 (with volume determined by weight
and density) versus volume magnetic susceptibility determined with KLY2. Shaded areas delimitate the LL, L and H susceptibility range (from Rochette et al.
2003). For comparison, terrestrial rocks would all plot below 4.0. The star indicates the mislabelled Ness County sample.

susceptibility of discrete samples of natural shape. The calibration
performed on a semi-infinite homogeneous body with variable mea-
suring distance leads to a 2-D model of the SM30 response over
its integration volume and allows one to check for sample homo-
geneity and to determine susceptibility profiles with a sufficient
number of discrete measurements at variable distance. Both types
of calibration have been successfully validated on natural or syn-
thetic samples. The calibration on discrete pebbles also shows that
the volume of a sample can be evaluated with two to three mea-
surements at different distances. This new method of determining
volume is then integrated in a measurement scheme that provides
the volume magnetic susceptibility of a discrete boulder with two
to three measurements.

Therefore the SM30 portable susceptometer appears to be a suit-
able instrument with which to perform in situ magnetic susceptibil-
ity measurements on individual boulders or to establish magnetic
susceptibility profiles that are of interest in soil sciences or weath-
ering studies for example. It represents a precise penetrative iron
phase probe, and its low electric consumption, weight and small
dimensions (180 g and 10 x 6 x 2 cm including case, sensors and
electronics) add to the relative simplicity of the proposed measure-
ment scheme should enable the SM30 to be used for automatic in situ
susceptibility measurements. Such automated measurements would
be of interest for robotic exploration of any solid body of the solar
system, or automatic meteorite collection mission in Antarctic blue
ice fields.
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