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A  device  named  magnetic  susceptometer  for  a  complete  determination  of  the  magnetic  complex  sus-
ceptibility  of  materials  and  minerals  has  been  conceived  and  manufactured  as a  complement  for  the
in  situ  characterization  of  rocks  during  high  resolution  magnetic  prospections.  In  this  work  a device  and
its capabilities  for susceptibility  measurements  are  described,  the  calibration  performed  with  artificial
samples,  and the  values  of real and  imaginary  susceptibility  of  natural  samples  in  a  range  comprising:
�  =  10−4 to  10−7 [SI],  representative  of  Earth  and  also  Mars  rocks.
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. Introduction

Complex magnetic susceptibility determination of natural and
ynthetic samples is an important measurement for its com-
lete magnetic characterization. Magnetic losses, eddy currents,
ccumulated magnetic energy, and changes on these and other
roperties under variations of amplitude and frequency of an exter-
al magnetic field may  be of interest in the characterization of
ynthetic materials for some applications like transformers and
uperconductivity “Singh et al. [1]”, and basic science like spin
lasses, phases transitions and superparamagnetism characteri-
ation “Mulder et al. [2], and del Barco el al. [3]”. It also can
ive relevant information of the conditions of formation (global
agnetic fields) or cooling and alteration processes (atmospheric

emperature and environmental conditions) in the study of natu-

al rocks, where the remanent magnetization measurement is not
nough to extract relevant parameters “Pandarinath [4]”.

∗ Corresponding author.
E-mail address: diazma@inta.es (M.  Díaz Michelena).

ttp://dx.doi.org/10.1016/j.sna.2017.07.015
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/).
The determination of the complex susceptibility implies not
only the measurement of initial susceptibility and determination
of the hysteresis loop “Singh et al. [1], Mulder et al. [2], and del
Barco et al. [3]”, but also the behavior of the material under the
action of an alternating magnetic field.

Current magnetic susceptibility measurements are performed
in devices “Marcon and Ostanina [5]” based on magnetic induc-
tion like Vibrating Sample Magnetometers (VSM) “Foner [6]” or
Alternating Force Magnetometers (AFM) as in Vibrating Wire
Susceptometer from “Asti et al. [7]” for the real part, and magneto-
optical methods “Motta et al. [8]” as well as Superconducting
Quantum Interference Devices (SQUID) “Li et al. [9]” can determine
the real and imaginary components. Additionally, other techniques
using Micro-Electro-Mechanical Systems (MEMS) “Drung et al.
[10]” or Nuclear Magnetic Resonance (NMR) “Duyn [11]” have been
more recently introduced. These examples of equipment provide
high-resolution susceptibility values “Mulder et al. [2]” but have
high power consumption, often consist in complex procedures and

are limited to medium to large laboratory facilities due to the large
dimensions of the devices and maintenance resources. In all cases,
very little portable equipment exists, it is considered bulky and
often requires liquid nitrogen for its operation “Timofeev et al.
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Fig. 1. Scheme of the autoinductance based on a U-shaped ferrite core. Primary coils
are connected in series. Secondary coils are connected in series within every U but
in opposition between the upper and lower parts of the H.
72 M.  Díaz Michelena et al. / Sensor

12]”. This is a limitation to studies, which need the analysis of
atural samples because on the one hand a process of sample col-

ection and transportation to the facility is needed, and on the other
and because the exhaustive analysis of the collected sample can

ead to non-appropriate conclusions if it lacks representativeness.
urthermore, along the sequence of processes, any gap in the trace-
bility might result in the loss of information regarding the original
rientation of the samples, essential for paleomagnetic studies and
ith implications on the structural anisotropies.

An in situ prospection including susceptibility as well as mag-
etic field vector measurements is highly recommended because
agnetic signatures and properties of outcrops, when measured

n the nature, are the result of the contribution not only from sur-
ace rocks, but also from the magnetic properties of the subsurface
nd surroundings “Michelena and Kilian [13]”. Therefore, comple-
entary in situ analyses are highly desired and they suppose a very

owerful tool from which many scientific and industrial sectors like
aleomagnetism, Geology, Geophysics, Mining, Oil Industry, Arque-
logy, etc “Clark [14] and Murdock et al. [15]” can be benefited.

The presented device has been conceived as a part of a compact
nd portable multisensor magnetic instrument, with the capabil-
ty to measure the magnetic field and therefore an estimation of
he vector (three axes): Natural Remanent Magnetization (NRM) +
nduced magnetization, the Magnetic Susceptibility and the minor
ysteresis loops of the minerals “Day [16] and Dunlop [17]“. In this
ork we focus on the capability of the device to measure the mag-
etic susceptibility, and therefore name the device susceptometer.

. Methodology

The susceptometer is based on an inductive circuit comprising
n autoinduction with an H shaped ferrite core (Fig. 1) and two
apacitors connected in series and parallel with the coil (Fig. 2). The
ircuit is brought to the natural RLC resonance, which minimizes
ts power consumption. In these circumstances, along the working
ycles, the capacitor C1 (in parallel to the autoinduction) sources

 high current to the coil, which generates fields in the gap of the
agnetic circuit in the order of 30 mT.
When a magnetic or metallic material is approached to the bot-

om gap of the ferrite, the magnetic induction (B) in this part of the
agnetic circuit changes, as a consequence of the different rela-

ive real permittivity (�’) of the material respect to the air (upper
ap). Even more, due to the complex nature of the permeability
composed by a real: �’ and an imaginary part: �”), other dissipa-
ion processes might be unchained in the gap, like eddy currents or
rocesses of spin relaxation.

The change in the magnetic circuit gap induction results in a
ariation of the autoinductance, which can be easily measured by
he corresponding change of resonance frequency of the electrical
ircuit. Additionally, the dissipation effects are reflected in the fields
nvolved in the magnetic circuit as well as in a change of the voltage
rop in the input resistance (Rin). The ferrite core has a coupled pair
f secondary coils that measure the variation of the magnetic field
n the two edges, when a sample is presented to one of them. The
ariation in the amplitude and phase of the field measured with this
econdary coils corresponds with the difference between relative
eal and imaginary components of the susceptibility of the air and
he sample.

Therefore measuring these parameters experimentally, it is
ossible to obtain a value of the magnetic complex relative per-
eability. (� = �’ + i �”) i.e. susceptibility (� = �’ +i �” = � − 1 in the
nternational System).
Also, the system is provided with several sets of capacitors to

erform complex susceptibility measurements as a function of the
requency in the range between 10 and 100 kHz.
Fig. 2. Scheme of the electrical circuit. A modified tank circuit.

2.1. Mathematics

In this section we  introduce the expressions to derive the real
and imaginary parts of the permeability as a function of the indirect
measurements performed in the electrical circuit.

The total impedance of circuit in Fig. 1 is:
ZT = Rin + [(ZC1 )−1 + (ZL + ZC2 + RL)−1]
−1

(1)

where ZC1 = 1
iωC1

, ZC2 = 1
iωC2

and ZL = RL + iωL.
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Table  1
Properties of the sensor head capacitors C1 and C2 and current amplification ration in the resonant circuit.

fr (kHz) a C (�F) b L x � (mm2) c Tol. (%) d Disipation e I Ampl. Ratio f

14.21 4.700 37 × 27.0 ± 20 ≤ 6 × 10−2 1:06
31.42  1.000 44 × 20.0 ± 10 ≤ 5 × 10−4 1:12
56.80  0.330 33 × 17.5 ± 10 ≤ 5 × 10−4 1:37

a fr is the resonance frequency of the circuit.
b C is the capacitance of the capacitors in the sensor head resonant circuit.
c Dimensions of the capacitors: L is the Length and � is the diameter/size.
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d Size tolerance of the capacitance.
e Disipation ratio of the capacitors (dimensionless) at 1 kHz and room temperatu
f I is electrical current. Ampl. Is Amplification. This value refers to the current thr

For simplicity we assume that C1 = C2 = C, which is in agreement
ith the values of Table 1. The electrical circuit has two  resonance

tates: one at ω0 =
√

2
LC , which minimizes the losses in the branch

f the ferrite and the power consumption and another at ω1 =
√

1
LC ,

hich maximizes them. The device is driven at �0, for which the
apacitors and the autoinductance maintain a high current through
he resonating branch with a relative low input current (up to I1:
in = 37:1 factors).

The real part of the susceptibility �’ is measured by the change
f resonant frequency of the circuit, given the fact that the resonant
requency is directly related to the autoinductance of the electrical
ircuit, and this is proportional to the permeability through the
eluctance of the circuit.

In the absence of a magnetic sample, the magnetic circuit is con-
tituted by the ferrite core (indicated with the sub index “F”) and
n air gap (sub index “a”). In the presence of an approaching sam-
le, the magnetic circuit is constituted by the ferrite core and the
ample within the terrain (sub index “s”). In both cases, the circuit
s described by:

Rm = NI (2)

Ф being the magnetic flux, Rm the magnetic reluctance, N the
umber of turns and I the electrical current.

Therefore, the autoinductance L = N d�
dl can be calculated as Li =

N
Ri

, where Ri = lF
SF

1
�F

+ li
Si

1
�i

and the sub index “i” is associated to
he air or to the terrain sample (i = a, s), which closes the magnetic
ircuit.

Taking this into account and due to the fact that the permeability
f the air is considered �0, the expression of the real part of the
ermeability (�’s) and the susceptibility (�’s) as a function of the
requency is:

’s =
2�2N2C SF �F

lF
f 2
0,a − 1

2�2N2C SF �F
lF

f 2
0,s − 1

(3)

and

’s =
f 2
0,a − f 2

0,s

f 2
0,s − lF

2�2N2CSF �F

(4)

here: f0,a/s = ω0,a/s
2� , lF is the length of the circuit in the ferrite:

F = 2 h + w, la/s is the length of the magnetic circuit in the air/soil

a/s = lF
4 , N is the number of turns, C is the capacitors of the cir-

uit, �F is the permeability of the ferrite and it has been assumed
or simplicity that the ferrite and air/sample surfaces are equal:
F = Sa = Ss = d1*d2 (Fig. 1).The section of the ferrite is not exactly of
he same dimensions of the surface comprising the field lines in

he air/soil (Fig. 1). In contrast, this last one is estimated to be 3
imes higher than that of the ferrite. Additionally, the air and soil
urfaces will not be necessarily be the same either. This question is
iscussed in section V.
5 ◦C ± 5 ◦C).
the coil achieved when 1 A passes through Rin.

To measure the imaginary part of the permeability (�”) or sus-
ceptibility (�”) we focus on the losses of the circuit and the change
of these losses in the presence of the sample.

One way to measure the imaginary susceptibility is to measure
the change in voltage drop through Rin in the presence and absence
of sample: �V (Rin),  because the power dissipated in this resistor
P (Rin) = IinV (Rin) is a reflection of the power loses in the resonat-
ing circuit. This method is appropriate when the imaginary part is
significant. For natural samples this is not generally the case and
therefore, and a method with better resolution would be preferable.

Another way to quantify the imaginary susceptibility, when the
susceptibility of the ferrite is known and the real part of the suscep-
tibility of the sample has been already determined, is to measure
the magnetic field in the magnetic circuit. The magnetic induction
in the ferrite bottom side in contact to the sample (BF-s) is a func-
tion of known parameters and the imaginary susceptibility of the
sample (�s”): BF−s = BsSs

SF

For an analytical solution, the magnetic circuit is solved. Starting
from flux conservation in the contact surface between core and
sample, BF = Bs, and using the magnetomotive force (equation 2) to
find the magnetic field in the circuit, it is finally found that Hs =
�0NI

lF

(1+�F )
5+�F +4�s

, what leads to:

BF−s = �0NI

lF

(1 + �s) (1 + �F )
5 + �F + 4�s

(5)

This result is obtained given the approximation la/s = lF
4 and that

the magnetic flux in the junction between the two U cores is twice
the field produced in each one. In the opposite side (upper side
according to Fig. 1) the magnetic induction (BF-a) in the ferrite is
directly related to the susceptibility of the air (approximated by
that of the free space), and the magnetic BF−a = BsSs

SF
induction can

be approached by:

BF−a = �0NI

lF

(1 + �F )
5 + �F

(6)

Given that the susceptibility of the ferrite (�f = 2000) is chosen
to be > 6 orders of magnitude higher than the permeability of nat-
ural samples, we can assume that BF-s = BF-a. The phase (�) induced
in the electromotive force of the secondary coils in a differential
acquisition can be considered as due to the break of the symmetry
when the sample is approached (almost to contact) to the core and
depends on the imaginary component of the complex susceptibility
of the soil apart from other parameters.

2.2. Device

2.2.1. Sensor head
As it has been previously introduced, the susceptometer is based
on an inductive circuit comprising an autoinduction with a ferrite
H-shaped core and two capacitors connected in series and paral-
lel with the coil (Fig. 1). The circuit is brought to the natural RLC
resonance, which minimizes the power consumption.



474 M.  Díaz Michelena et al. / Sensors and Actuators A 263 (2017) 471–479

o
d
w
fi

b

a

m

c
u
l
o
c
C

i
i
r
t
t

2

d
c
g
n
a

o
5

D
b
c
a
m
g
o
c

f
p
t
o
D
i
(

Fig. 4. Set up for measurements indicating the main devices. The lock in oscillator
is  used for signal generation, the signal amplified is injected in the modified tank
circuit and the readings are performed with the lock in amplifier by means of a PC
Fig. 3. Scheme of the autoinductance based on a U-shaped ferrite core.

The autoinduction is composed by two U-shaped ferrite cores
f envelope volume 25.8 × 22.2 × 16.0 mm3 (Fig. 2), with d1 = 6.6,
2 = 16, h = 13, w = 19.2. The winding is made with 15 turns of Litz
ire to diminish losses. The permeability (�F = �’F + i� ¨ F) has been
tted to:

�′
F (S.I.) = 2000, practically constant in the frequency range

etween 10 and 100 kHz
�′′

F (S.I.) = 0.044f (Hz) + 7.55, having a value of 10 ± 2 in the
bove-mentioned range,

which reproduces with an error < 1% the curve provided by the
anufacturer.
The capacitors have been chosen of film type to surge the high

urrent needed in the frequency range (10 and 100 kHz). In partic-
lar, they are of polypropylene foil, to minimize the internal ohmic

osses and the parasitic inductance. It is foreseen a set of batteries
f capacitors to tune the operation resonant frequencies of the cir-
uit. Table 1 shows the values and main characteristics of C1 and
2 capacitors.

The prototype constructed with these elements has an efficiency
n current between 1:06 and 1:37 (Table 1), achieving currents
n the order of 10 and 20 A with an input current 1 A. These cur-
ents generate magnetic fields outside of the magnetic circuit in
he order of 15/30 mT,  which are considered enough to measure
he susceptibility of the approached sample.

.2.2. Proximity control electronic
The scheme of the electronics of a laboratory prototype is

epicted in Fig. 3. The system is controlled by means of micro-
ontroller (�C) MSP430F5438A-EP by Texas Instruments. The �C
enerates the signals to tune the frequency and selects the reso-
ant circuit (Res. 1–3 in Fig. 3), controls the conditioning elements,
cquires and processes the output signals.

Formerly, the �C performs a frequency sweep to tune the res-
nance of the selected circuit according to Table 1: 14.21, 31.42 or
6.80 kHz with controlled phase.

This is accomplished with an oscillator AD9833 by Analog
evices and by means of the instrumentation amplifier TLV5614
y Texas Instruments. A power amplifier is used to increase the
urrent injected into the resonant circuit through Rin up to the
bove-mentioned level of 1 A approximately. The �C controls the
agnitude of this current in a closed loop. Taking into account the

ain factor of the circuit, this will establish a current in the branch
f the coil of the resonant circuit according to Table 1, which will
reate the magnetic field in the ferrite gap.

The real and imaginary parts of the susceptibility are derived
rom the measurement of the resonant frequency shift and the
hase variation of the induced field in the magnetic circuits when
he sample is approached to the head. This is performed by means

f a DSP lock in (implemented with an AD9833 oscillator and a
G211DJZ analogue switch) that receives the inputs through the

nstrumentation amplifiers and the analogue-to-digital converter
ADC) ADS1278 by Texas Instruments.
code. The oscilloscope is only for user verification.

2.3. Operation

The complete set-up is presented in Fig. 4. The procedure to
register a measurement is as follows:

Firstly, the system is tuned to one of its natural resonance
frequencies, and the values of: this frequency, the phase of the
electrical circuit and the phase of the secondary coils are acquired
(reference values). Afterwards, the sensor head is approached to
the sample. And the following parameters are acquired: the voltage
drop through Rin (for refining purposes in the further calculations),
the phase of the secondary coils and the differential field measure-
ment between the part of the ferrite closed by the terrain (bottom
part) and the open one (upper part). Afterwards, the system tunes
the new frequency, which makes resonate the circuit, and this new
frequency is acquired. Frequency sweep is used to determine �’ and
the phase on the secondary coils is used to calculate �” value.

The data given by the lock-in amplifier are processed to derive
the two  components of the susceptibility (�’ and �”) according to
section II A. Then the system tunes the following resonant frequen-
cies and repeats this same procedure.

3. Calibration

The calibration has been carried out by means of the use of a
set of artificial samples with known compositions. The samples
were made of a non-magnetic epoxy resin (ROYAPOX 511 by Royal
Diamond) with a mass percentage content on magnetic material
powder, i.e. iron (10 and 1 wt%), ferrite (1 wt%) or permalloy of
composition Fe/Ni 19/81% (wt) by Metglas (1 wt%). The artificial
samples, with a parallelepiped shape with average dimensions of
4 x 3 x 5 cm (60 cm3) were manufactured in the laboratory by using
calculated composition of epoxy, hardener and magnetic material.

The sample preparation is as follows. The mixture preparation is
poured in a handmade container with the above-mentioned shape
made of polystyrene. In order to be able to remove the sample easily
when the epoxy is cured, the inner walls of the container are coated
with an aluminum foil and a thin layer of grease. Then the con-
tainer is fixed to a rotatory system that spins at a period of 12 s for
24 h to achieve a proper homogenization of the magnetic powder in
the epoxy volume preventing its deposition on the parallelepiped
bottom base.

The results obtained for the imaginary part will be considered
reference values for the measurements of unknown samples whilst

the real part results will be calibrated against other equipment as
follows:
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Table  2
Results for Real Volume Susceptibility (�’) with different methods.

Real Vol. Susceptibility (10−6 SI)

Sample (wt%) VSM FS (kHz) PS (kHz)

DC 18 52,5 14,21 31,41 56,8

Fe/Ni (19/81) 1% 37 ± 2 37 ± 3 30 ± 4 30 ± 3 46 ± 3 35 ± 3
Ferrite 1% 33 ± 2 30 ± 3 26 ± 3 45 ± 3 38 ± 3 43 ± 3

Pure  iron 1% 48 ± 4 54 ± 6 58 ± 5 43 ± 3 34 ± 3 45 ± 3
Pure  iron 10% 444 ± 7 440 ± 50 430 ± 40 420 ± 30 400 ± 30 370 ± 30

Table 3
Results for Imaginary Volume Susceptibility (�”) with respect to the value of the Pure Iron 10% reference sample. These results have a common maximum uncertainty of 0.07
a.u.

Imaginary Vol. Susceptibility (a.u.)

FS (kHz) PS (kHz)

Sample (wt%) 18 52,5 14,21 31,41 56,8

Fe/Ni (19/81) 1% 0.07 0.08 0.11 0.08 0.07

t
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Ferrite  1% 0.05 0.05 

Pure  iron 1% 0.10 0.10 

Pure  iron 10% 1 (5,69 ·10−5) 1 (9,22 ·10−5) 

The low-frequency calibration, which is considered equivalent
o DC measurements has been made by comparison with a com-

ercial equipment:

a) two VSM with electromagnet: one by LakeShore model 7304 at
the Institute of Optoelectronics and Microelectronics Systems
in the UPM, and another by ADE Magnetics model EV-7 at the
Space Magnetism Laboratory, INTA.

) a MS2E susceptometer by Bartington.

The higher frequency calibration (10 kHz–100 kHz) has been
erformed by comparison with Cobos et al. equipment “Cobos
t al. [18]”, designed to determine the magnetic losses on copper
anoparticles, modified and calibrated for this purpose. From now
n we will refer Cobos et al. equipment as the fixed susceptome-
er (FS) and the presented device as the portable susceptometer
PS) referring to the fact that the former is part of the laboratory
quipment and the latter is a handheld device.

This calibration consists in two steps. 1) A former calibration of
he FS device by comparison of the 15 kHz measurements with a
alibrated VSM (given that the losses at 15 kHz on permalloy Fe/Ni
19/81), ferrite and pure iron are negligible in comparison with the
esolution of the device), and 2) the comparison of the measure-
ents with the presented susceptometer and FS in their common

requency range.
Two of the frequencies selected for this FS prototype were

lmost the same as for the portable susceptometer, so that a direct
omparison of the results for both devices can be done to prove
eliability of the results and calibration. The results are shown in
ig. 5A and B, and presented in Tables 2 and 3.

The errors bars in Fig. 5A correspond to the uncertainty. This
as been calculated as the maximum value of experimental and
heoretical errors i.e. the experimental deviation respect to the ref-
rence techniques (VSM and FS), and the mathematical propagation
f the error in the different contributions in equation 4.

The values of the imaginary component were normalized with
espect to the sample with a 10% in iron powder content to avoid
he measurement of the imaginary susceptibility in the relatively

igh range of frequencies, which is very complicated.

Despite of this, the inter-comparison of the different results for
he different samples proves the capability of the instrument to

easure relative values and their trend with frequency.
0.12 0.10 0.08
0.12 0.08 0.09

1 (5,98 ·10−2) 1 (5,61 ·10−2) 1 (3,36 ·10−2)

Results show sufficient resolution to distinguish materials and
composition, high repeatability and high stability. Regarding the
real part of the susceptibility, values of VSM and the PS are in very
good concordance as it is shown in Fig. 5A. Regarding the imag-
inary part, the deviation between the PS and the FS responses,
at the same frequencies, is attributed to the fact that the FS
measures a very small portion of the samples (m ∼ 0.2 g and vol-
ume ∼ 8 mm3) and the PS averages the susceptibility in a larger
volume (volume ∼ 60 cm3 i.e. 30·103 mm3: 2 cm thickness, and
3 × 5 cm2 surface). The size of the ferrite is directly related to the
volume of action of the PS and this opens a field of numerous appli-
cations, as it will be discussed later in this work.

Despite the calibration materials have high susceptibility, their
percentages are very low (between 1 and 10%), which means that
the integrated susceptibility of the reference samples should be one
tenth or one hundredth that of the materials susceptibility. This is
fully representative of the range of natural rocks.

Regarding the imaginary part, the values show an analogue
behavior of the values measured with the reference susceptometer
(FS) but they are in the limit of resolution of the apparatus. This
is also due to the fact that the expected values of the imaginary
component of the reference samples are expected to be very low.

4. Results

The natural samples were supplied by the group of Paleomag-
netism of the Earth, Astronomy and Astrophysics Department of
the Complutense University of Madrid, and were chosen to cover
a wide range of magnetic susceptibility: from a high susceptibility
sample from a basalt dyke to an expected low susceptibility green
clay, including an archeologic clay, and a representative sample of
a terrace from Río Tinto terrestrial analogue of Mars.

In comparison with the results of calibration (with artificial and
homogeneous samples), the results of the measurement of natu-
ral samples show identical repeatability and stability. It has been
performed a classification in two groups: group 1 comprising VSM
and FS, and group 2 comprising PS and MS2E corresponding to the
different integration volumes of the sample: volume of group 1 in
the order of 1 mm3, and volume of group 3 orders of magnitude

higher. This question has a more important influence in the case of
samples with inhomogeneities, where a higher variability is shown
in the results of Fig. 6A. This variability is particularly remarkable
in the case of the peridotite, which is partially serpentinized giv-
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Fig. 5. A: Calibration of �’ vs. the reference samples. The different dots represent measurements with the different types of equipment at several frequencies, B: Stablishment
of  reference values of �” with respect to calibration sample Iron 10%. Figure shows the normalized values for the imaginary component of the susceptibility.The results are
grouped together in the comparable frequencies for a better comparison. The uncertainty is estimated in 0.1 a.u.

Table 4
Results for Real Volume Susceptibility with different methods.

Real Vol. Susceptibility (10−6 SI)

VSM FS (kHz) PS (kHz) MS2E

Sample (wt%) DC 18 52,5 14,21 31,41 56,8 2 kHz

Basalt Dyke 15 ± 1 45 ± 2 65 ± 2 130 ± 30 108 ± 30 123 ± 30 107 ± 2
Peridotite (1) . . . . . . . . . 775 ± 3 805 ± 3 844 ± 3 101 ± 2
Peridotite (2) 11 ± 1 12 ± 1 102 ± 3 54 ± 3 3 ± 3 3 ± 3 . . .

i
u
a

Red  Clay 5 ± 1 7 ± 1 5 ± 1 

Rio  Tinto Terrace 1 ± 1 3 ± 1 1 ± 1 

Green  Clay 0,8 ± 1 3 ± 1 . . . 
ng rise to a two very different real susceptibility values in the area
nder test, named peridotite intrusion for the serpentinized area
nd peridotite (2) for not serpetinized area (Tables 4 and 5).
9 ± 3 8 ± 3 3 ± 3 6 ± 2
3 ± 3 3 ± 3 8 ± 3 2 ± 2
3 ± 3 1 ± 3 8 ± 3 1 ± 2
5. Discussion

The magnetic properties of natural samples are dominated by
the presence of magnetic materials such as iron, nickel, etc. and
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Fig. 6. A: Measurement of �’ of natural samples. The labels correspond to the averaged data of the measured frequencies. There are two  results representations for the
peridotite, given that this sample presents a intrussion of high susceptibility material. The inset images show the different surface distributions of two representative
samples: the basalt dyke and the peridotite, where in can be distinguished the serpenized material intrussion B: Stablishment of �” for the natural samples with respect
to  calibration samples. Figure shows the normalized values for the imaginary component of the susceptibility. The separeted graphics represent the results for imaginary
component with the FS and PS at equivalent frequencies in arbitrary units.

Table 5
Results for Imaginary Volume Susceptibility (�”) with respect to the value of the Pure Iron 10% reference sample. These results have a common maximum uncertainty of 0.07
a.u.

Imaginary Vol. Susceptibility (a.u.)

FS (kHz) PS (kHz)

Sample (wt%) 18 52,5 14,21 31,41 56,8

Basalt Dyke 0.22 0.26 0.39 0.27 0.28
Peridotite (1) 2.97 0.03 0.64 1.19 1.13
Peridotite (2) 0.21 1.10 0.39 0.08 0.55

Red  Clay 0.07 0.004 0.03 0.02 0.002
Rio  Tinto Terrace 0.03 0.01 0.01 0.01 0.003

Green  Clay 0.05 0.004 0.01 0.003 0.01
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Fig. 7. A. 2D Model of the ferrite core, B. Illustration of the magnetic isolines in the
air  and sample gaps, C. Sample (10−6 < � < 10−3) penetration depth for 1 mT isoline.
The calculations have been performed with COMSOL and adapted to the illustration.
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he structure of the matter. The content in this materials and
ts domains structure can be delimited by determining magnetic
roperties such as saturation field, coercive field and magnetic
ermeability, and complemented with electrical information, i.e.
ermittivity and resistivity.

The proposed full device (vector magnetometer and suscep-
ometer) measures the magnetic properties by analyzing them in a
assive and in an active way, magnetizing the samples and collect-

ng information of the state of magnetization. To directly determine
he volume susceptibility, the device generates a magnetic field that
enetrates in the soil and magnetize it, so the soil forms part of the
agnetic circuit together with the ferrite core.
In the following some considerations are discussed:

the geometrical approximations done in the calculations. With
this respect, Fig. 7 sketches the model of the ferrite core (A), and
the results of the magnetic models done with COMSOL (B and C).
and the scope of the measurements in different scenarios.

Regarding the geometrical approximations, to calculate the vol-
me  or mass susceptibility, it is required either the volume or the
ass of the magnetized sample. In the calculations several assump-

ions have been done affecting the sections where the magnetic
eld lines are confined in the different mediums, and the length of
hese lines.

One open question could be the hypothesis that Sa = Ss. Con-
erning this issue, extra simulations have been done using COMSOL
oftware. In these simulations it is calculated the areas comprised
y an isodynamic of 1 mT  in the gap exposed to the air and in
he gap closed by the soil. It has been found that the proportion
etween these two surfaces is in the order of 0.89, and therefore,
he hypothesis has been considered as valid.

All the approximations are considered in the theoretical calcu-
ation of the error in the uncertainty values of the real component
f the susceptibility mentioned in section II.

The other question concerning the geometry is the length of the
agnetic circuit to have an estimation of the penetration depth into

he soil. Fig. 7B shows the isolines distribution both in the air and in
 sample with suscepbitilities between 10−6 and 10−3 (SI). At this
oint, the COMSOL simulation has identified the isodynamic of 1
T (Fig. 7C), and it has been done a plot of this line in the magnetic

ircuit. This plot has been fitted with Origin to calculate the path
umerically. This permits to do the line-integral of the field. This
nalysis has been used to validate the assumption that the length
f the magnetic circuit through the air/soil is 1/4 of the length of
he circuit in the ferrite.

The other question concerning the site of prospection is linked to
his last question. Since the penetration depth is limited to < 1 cm,
n many sites this susceptibility measurement would cast data of
he soil which covers the rocks and would not be able to provide
nformation on the rocks. This restricts the areas of application to
ites where the rocks are outcropped and not covered by vegetation
r a soil.

Under the above mentioned constraints, a device combining
agnetic field and susceptibility measurements is very useful for

he high-resolution magnetic surveys in the context of the Earth
rospections and the planetary exploration, very important in the
ext decade “Michelena and Kilian [13]; Díaz-Michelena et al. [19];
ichelena and Kilian [13]” highlight that one of the limitations

o derive conclusions of the surveys is the lack of an in situ mea-
urement of the susceptibility. This extra measurement can be of
igh importance because it permits the in situ determination of the

oningsberger ratios and with high values of these rations one can
se the in situ measurements to constrain properties of the global
elds during the rocks formation. Also the determination of the sus-
eptibility plays an important role in the identification of iron-rich
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the field of magnetic sensors and instrumentation. At ISOM he has focused on thin
film  materials study, the exchange interaction in these systems, and development
of  planar sensors. He is currently involved in the design and development of spin-
tronic based devices and in the study of magnetic nanoparticles and its application
for  biomedical technologies as NMR  contrast and MEG.
M.  Díaz Michelena et al. / Sensor

inerals and their alteration processes as well as their structures
n single, multi or pseudo single domain structures. Therefore,
he inclusion of such multisensor device (magnetometer + suscep-
ometer) in a suit of instruments including spectrometers can be of
ey importance in the search of the tiny clues which can evidence
xtraterrestrial life. Together with the vector magnetometer, the
bility of this device to induce magnetization would also make the
ual device capable to sketch minor hysteresis cycles of the soils
nd rocks.

Future improvements of this instrument are focused on the
idening of its capability to perform Anhysteretic and Isother-
al  Remanent Magnetization measurements (ARM and IRM). In

rder to achieve this, the current gain ratios in the circuit needs to
e improved and a system to include a DC field with the used of
atteries of capacitors is being studied.

. Conclusions

The described instrument is a novel portable device to measure
he magnetic complex susceptibility of rocks and other samples
n situ without the need to load the sample in a system. The whole
nstrument has two boxes: one sensor head and an electronic box

ith masses of 200 and 250 g, volumes of 60 × 60 × 50 mm3 and
0 × 60 × 40 mm3 respectively, and a power consumption < 6 W.

The easiness of use makes it a very good choice for Earth
rospections and planetary exploration.

The combination of the instrument with a vector magnetome-
er can be clue in the exploration of terrains where the access is
omplicated, and its combination with geological modules in rover
an make a huge step forward in the planetary exploration.

This device aims to complement current state of the art tech-
iques in field campaigns on Earth and planetary exploration, and
lso intends to become a low cost, reliable, robust, and low mainte-
ance cost device for laboratories that cannot host SQUID devices or

arge and high cost laboratory equipment to measure the complex
agnetic susceptibility.
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