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Abstract. Here we consider how measurements of magnetic susceptibility, magnetic remanence and Königsberger ratios
(Q) canbemade in thefield.Abasic refresher is givenonhow inducedmagnetisation differs from remanentmagnetisation and
what distinguishes multidomain from single domain behaviour of magnetite particles. The approximation of an infinite half-
space, which is the usual assumption for using most handheld susceptibility meters, is experimentally investigated and it is
found that a block100� 100� 60mmis theminimumrequirement for themeters testedhere.The susceptibilities of chips of a
dacite, an andesite and a spilite (altered basalt) are also experimentally investigated for a range of chip sizes from a few mm
down to 200mm.The relationship is quite flat until very small grain sizes are reachedwhere the susceptibility either decreases
or increases, which is interpreted as an indication of the grain-size fractionwhere themagnetite resides.Making susceptibility
measurements on bags of rock chips is investigated and guidelines given. The temperature of susceptibility meters is also
found to be a factor and five meters have been tested for temperatures from 0�C to 50�C, the stated operating range of most
meters. FinallyBreiner’smethod to separate inducedmagnetisation from remanentmagnetisation using afieldmagnetometer
is discussed. A new fluxgate based pendulum instrument to allow a more controlled implementation of Breiner’s method is
also described.
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Introduction

The measurement of magnetic susceptibility in the field is a
fundamental requirement of geological exploration, whether
mapping lithologies or logging drill core or chips. The ability
to measure magnetic remanence in the field, while not common
in the past, is becoming more and more necessary. This paper
focusses onproblems that arise in thefieldwhenmakingmagnetic
measurements. The particular problems addressed are:

1) Infinite half-space approximations for different susceptibility
meters – or how big does a sample have to be to avoid
significant errors?

2) The effects of crushingon susceptibility for several lithologies
– does crushing have intrinsic effects?

3) Measuring susceptibility on bags of reverse circulation (RC)
drill chips – or can the ‘void’ problem be mitigated?

4) Dependency of measured susceptibilities on the temperature
of different susceptibility meters.

5) The applicability of Breiner’s (1973) method for separating
induced from remanent magnetisation using total field
magnetometers.

Induced magnetisation depends on the field strength and the
susceptibility. Susceptibility, k, is usually measured with a
handheld instrument. Throughout this paper, susceptibility is
assumed to be isotropic. For most rock types this is a
reasonable assumption for modelling of magnetic anomalies.
Remanence is the permanent magnetisation, and is typically
measured in a laboratory but can be estimated in the field, as
will be illustrated below. Figure 1 shows the relationship between
the induced magnetisation (kF), the remanent magnetisation (Jr)

and the total magnetisation (Jt). The Königsberger ratio (Q) as
depicted in Figure 1 is ~2. For a comprehensive exposition
of magnetic petrophysics and magnetic petrology as applied
to magnetic surveys see Clark (1997), available online at:
www.magresearch.org.au. Clark (2014) describes corrections
of susceptibility and remanence measurements for self-
demagnetisation effects, which are important for highly
magnetic samples.

Clearly susceptibility measurements alone are not a reliable
indicator of the totalmagnetisation of a rock and to emphasise this
point it is instructive to consider the effects of grain size on the
magnetic behaviour of magnetite particles. Figure 2 shows how
thermoremanentmagnetisation (TRM;acquiredbyheating above
theCurie point and cooling in amagneticfield) becomesmore and
more inefficient as grain size increases.

Also note that this is a log–log plot, so if plotted linearly the
trend would be strongly concave-up. That is, the intensity of
thermoremanence drops more than one order of magnitude
as the grain diameter increases from 0.1mm to 1.0mm, and so
on for every 10-fold increase in diameter. For 0.1mm grains of
magnetite, which are common in granitic rocks for instance, the
TRM is small compared to the induced magnetisation.

To understand why TRM is so inefficient in multidomain
(MD) bearing rocks, it is necessary to look at the role of domain
walls, which come into existence as grain size increases beyond
the single domain (SD)–MD threshold. This threshold is blurred
because the transition is occupied by pseudo-single domain
(PSD) grains, which have intermediate character. However, to
grasp the principles at play only the extremes, true SD below
0.1mm and true MD above 1.0mm, need be considered.
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The effect of domainwalls is to ‘demagnetise’ a grain because
in order to to minimise the overall magnetic energy, the
magnetisation directions in adjacent domains are oblique
(Figure 3a). It requires external fields to drag the domains into
alignment either side of a wall. In the absence of an applied field,
the net magnetisation may not be zero but it will be very low. In
addition, domain walls can be easily moved (in the case of PSD
some domain walls may be pinned by crystal defects, enabling
some of an otherwise MD grain to behave in an SD-like manner,
hence such grains are described as PSD).

The ease with which domain walls can move, and in some
cases merge, under the influence of an external field is illustrated
in the figure depicting alignment of domains and resulting
strong magnetisation (Figure 3b; corresponding to a high
magnetic susceptibility). While the field is applied, the grain
will display a strongmagnetisation and if thefield is high enough,
the magnetisation becomes comparable to that of SD grains – its
magnetisation approaches saturation as walls are swept aside
and at high fields it becomes SD When the field is removed,
the grain collapses into a MD state. Of course, susceptibility
meters only subject samples to low fields, similar to the Earth’s
field, but the fact that domain walls are easily activated
means MD grains exhibit high intrinsic susceptibility. Both the
observed susceptibility and remanence of dispersed MD grains
are limited, to the same degree, by self-demagnetisation, as
explained by Clark (2014). Their relatively low remanence and
high susceptibility naturally yields a low Q.

The SD grains behave quite differently to MD grains. Under
the influence of an external field the magnetisation of an SD
grain may be deflected by a small amount (as depicted in
Figure 3d), but it is not free to swing away from the ‘easy-
axis’ (usually the long axis) of the grain. Under the influence of a
very high field the magnetisation may be forced out of the easy-
axis, but the intensity of magnetisation will not change because
the grain is uniformlymagnetised (saturated– this is the definition
of SD, and it cannot be further magnetised) in both zero field and
high fields. The argument gets slightly more complicated when
regarding an assemblage of grains with various orientations, but
the principle is much the same. SD magnetite grains exhibit low
susceptibility and high remanence, which gives them their highQ
values. Characterising high Q rocks according to their magnetic
susceptibility leads to invalid interpretations.

Infinite half-space

Handheld meters are generally designed to make measurements
on a flat surface, with the assumption that the medium under
investigation is homogeneous and effectively extensive in
breadth, width and depth, i.e. it constitutes an effectively
infinite half-space.

Of course this ideal is hardly ever realised and often a field
worker is faced with making measurements on a broken piece of
core or a ragged edged hand sample. Usually the manufacturer
recommends scaling factors whenmakingmeasurements on drill
core, but the general problem of what constitutes an infinite half-
space is left to the operator to decide.

We fabricated 20mm thick concrete slabs containing
magnetite powder to provide a synthetic material with
susceptibilities of 160� 10�3 SI, 60� 10�3 SI and 5� 10�3

SI. These slabs were then sliced into various sized blocks that
could be stacked in different configurations from 50� 50�
20mm to 100� 100� 60mm.

Figure 4 shows the variation of susceptibility for the three
susceptibility ranges of 160� 10�3 SI, 60� 10�3 SI and
5� 10�3 SI, for six different configurations, 1 to 6. These
configurations are:

1. 50� 50� 20mm
2. 100� 50� 20mm
3. 100� 50� 40mm
4. 100� 100� 20mm
5. 100� 100� 40mm
6. 100� 100� 60mm

The susceptibilities for all meters show a systematic increase as
the effective volume of the block configurations increases. There
is a small dip between configurations 3 and 4, corresponding
to switching from 100� 50� 40mm to 100� 100� 20mm.

Fig. 1. Basic vector relationships between induced magnetisation (kF),
remanent magnetisation (Jr) and the total magnetisation (Jt).
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Fig. 2. The sharp fall of TRM as the magnetite grain size increases and
behaviour shifts from that of single domain to multidomain particles (adapted
from Dunlop, 1981).
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Fig. 3. Cartoon depicting the different modes by which multidomain and
single domain grains respond when subjected to an applied magnetic field.
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Within noise the plots have effectively levelled off by
configuration 6 suggesting that is the minimum configuration
required to approximate an infinite half-space. This does not
prevent other (lesser volume) configurations from being used
but when they are used then a correction factor should be applied.

There are, however, quite significant differences between
meters for any particular set of conditions – e.g. even for a
close-to-half-space condition, with the 100� 100� 60mm
block meter #5 overestimated the high (160� 10�3)
susceptibility by ~20%, but reads the low (5� 10�3)
susceptibility about right. This is a strong argument for having
a set of well characterised standards made up and distributed
widely.

Susceptibility versus chip size

To investigate the variationof susceptibilitywith chip size several
standard specimens from previous projects, now superfluous to
requirements, were measured for density and susceptibility, and
then crushed.

The crushed chips were then sieved using mesh sizes of
2.4mm, 1.4mm, 1.2mm, 0.36mm and 0.18mm. Aliquots of
sized chips were then weighed and their susceptibilities
measured. Their weights and densities were used to determine
the effective volume of rock in each aliquot to allow the
susceptibilities to be corrected. Up to 10 aliquots of each grain

sizeweremeasured, enablingmeans and standarddeviations to be
calculated.These areplotted inFigure5, alongwith themeans and
standard deviations for the susceptibilities of whole specimens.
All rock types show fairly flat relationships, with two exceptions.
The dacite curve shows a peak at 1.3mm, and all curves depart
from a flat relationship for the finest fractions. While the
implications of these departures would undoubtedly have
some important implications for the particular lithologies, for
present purposes it can be concluded that the measurement
of susceptibility of chips should not introduce serious errors,
of themselves, so long as the fines are eliminated. The ‘void’
problem, considered next, is another matter.

The ‘void’ problem

To investigate the ‘void’ problem, we have used various
susceptibility meters to measure bags of chips from the
experiments described in the section above. For all lithologies
and all meters, themeasured susceptibilities of bags of chipswere
reduced by two-thirds. For the spilite, which yielded an average
chip reading as per the foregoing section of ~7800� 10�5 SI,
readings on bags were 2850� 10�5 SI, 2460� 10�5 SI and
2270� 10�5 SI for three different meters. For the dacite with
an intrinsic chip susceptibility of ~4000� 10�5 SI, bag readings
were ~1260� 10�5 SI, and for the andesite, a chip susceptibility
of ~2600� 10�5 SI yielded 1000� 10�5 SI asmeasured in a bag.

Clearly a correction factor of� ~3 is too large for most
purposes and the susceptibility measurement of chip bags is
not recommended. Admittedly these measurements are on the
>2.4mm size fraction, which lacks fine particles that might
otherwise partially fill the voids. This is therefore a worst case
scenario.

Does the temperature of the meter matter?

Measurements were made after heating a variety of meters using
a laboratory oven (Labec, Sydney, Australia). Temperatures
were increased from room temperature (RT; 20�C) to 30�C,
40�C and 50�C, then decreased to 45�C, 35�C and 25�C.
A fridge and freezer were used for 0�C, 5�C, 10�C and 15�C.

Temperature dependent measurements are plotted in Figure 6
and reveal some interesting variations. The first is the strong
temperature dependency of some instruments and the second
is the thermal hysteresis of the heating cycles. Although
temperatures were held for 30min it is apparent that some
instruments displayed significant thermal lag giving a saw-
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tooth pattern for the interlaced increasing temperatures and
decreasing temperatures described above.

Surprisingly, some of the variation with temperature is
highest below room temperature. It is recommended that users
carry susceptibility standards to test their meters at various
temperatures to ‘calibrate’ them for different operating
temperatures.

Using a magnetometer to separate induced
from remanent magnetisation

Using a total field magnetometer it is possible to make a set of
measurements that enable the induced magnetisation to be
separated from the remanent magnetisation. If a magnetic rock
sample is placed directly along the Earth’sfield (F) direction from
the sensor (Figure 7) and rotated until a maximum reading (F1) is
detected by the sensor, it can be assumed that the induced and
the remanent magnetisation are in unison as described by the sum
of the induced magnetisation (kF) and remanent magnetisation
(Jr):

Jt1 ¼ ðF1 � F0Þr3=ð200V Þ ¼ kF þ Jr ð1Þ
where r is the distance from the sensor and V is the volume of the
rock.

Bycarefully reversing the orientation of the sample by rotating
180� about an axis oriented along magnetic E–W it should be
possible to find a minimum sensor reading (F2), in which case:

Jt2 ¼ ðF0 � F2Þr3=ð200V Þ ¼ kF� Jr ð2Þ
Now equations 1 and 2 can be added and subtracted in turn:

Jt1 þ Jt2 ¼ 2kF ð3Þ
and,

Jt1 � Jt2 ¼ 2Jr ð4Þ
From equations 3 and 4 the Königsberger ratio can be found:

Q ¼ Jr=kF ð5Þ
It is also possible to use a directional sensor, such as a fluxgate

magnetometer, which can have the added advantage of accurately
determining the Earth’s field direction. Otherwise the above
equations are equally applicable.
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Rock (vol. = V)

F1–F0 = 200 (Jt·V)/r3

Sensor reads F0, or
F1 when rock is
present

F0 r

Fig. 7. Following Breiner (1973), by placing amagnetic rock either directly
along the Earth’sfield direction from the sensor, or at a distance perpendicular
to the Earth’s field it is easy to analyse the perturbations measured by the
sensor. Breiner (1973) used CGS units which involves a factor of 2 in his
expressions. This factor becomes 200where the ‘field’ is expressed in nT, the
volume is in cm3 and the distance r is in cm and the magnetisation is obtained
in A/m.

Fig. 8. Qmeter showing (removable) compass to align with the magnetic
meridian and sample holder on the end of the pendulum. The fluxgate and
digital acquisition unit are housed in the grey box.
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Qmeter

The recent advent of miniaturised fluxgate magnetometers
that can be powered from a USB port led one of us (PWS) to
experimentwith a portable device to put Breiner’s (1973)method
on a more rigorous basis. The resulting instrument, the Qmeter,
uses a fluxgate magnetometer and a pendulum arrangement
in which a magnetic rock may be swung generating a transient

signal at the fluxgate which can be converted to a magnetic
moment, and magnetisation assuming the sample volume is
known. As for Breiner’s (1973) method, if the procedure is
repeated with the rock reversed in orientation then the induced
magnetisation and remanence can be separated and the
Königsberger ratio determined. If the strength of the local
magnetic field is known then the magnetic susceptibility may
be calculated, otherwise it is not a necessary parameter to
determine the Königsberger ratio.

It is nevertheless best to also have a susceptibility meter to
confirm theQmeter susceptibility value. The instrument is shown
in Figure 8, which displays the pendulum support and the sample
holder. The fluxgate and the digital acquisition unit (DAQ) are
housed inside the grey box. The (removable) compass allows the
instrument to be aligned with the local magnetic meridian.

Figure 9 compares the observed response of the fluxgate to a
horizontal magnetisation and a vertical (down) magnetisation,
to the modelled response (single pass). The observed response
includes a pass in the forward direction plus the reverse direction.
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Table 1. Calculation of the Königsberger, remanent and induced
magnetisations.

Field at
sensor (V)

Field at
sensor (A/m)

Magnetisation
of sample (A/m)

Upright = Ind. +Rev. 0.0180 0.757 11.36
Inverted = Ind. – Rev. –0.0120 –0.505 –7.57

Rem. 0.015 0.631 9.46
Ind. 0.003 0.126 1.89
Q 5.0 5.0 5.0
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This is clear in the form of the signal from the horizontal
magnetisation, which is alternately reflected in time along
the horizontal axis. From appropriate signal processing it is
possible to extract the horizontal magnetisation and the
vertical magnetisation. In general, both the horizontal and
vertical magnetisations include components of induced
magnetisation, although clearly if the device was oriented so
the sample swung in an E–W direction then the horizontal
magnetisation would only be remanent. It is therefore possible
to do some cross-checking that the analysis is self-consistent.

Apart fromaligning the instrumentwith themagneticmeridian
beforemaking themeasurements, the samplemust also be rotated
such that the remanence is also aligned with the meridian. This is
achieved by observing the output from thefluxgatewhile rotating
the sample until it reaches a maximum or minimum.

The only moving part is the pendulum making maintenance
easy. The fluxgate and DAQ device are powered directly from a
PC/laptop through a normal USB port. The frame is collapsible
and the whole meter fits into a rugged carry case for transporting.

Figure 10 shows the peaks generated by swinging the sample
in the upright position and inverted position. The voltage for
the sample in the upright position is 18mV (1.001–0.983V),
while in the inverted position it is –12mV (0.97 –0.983V), also
listed in Table 1.

By algebraic addition and subtraction the remanent and
induced intensities are 9.46 and 1.89A/m, respectively. This
yields a Q of 5.0. Notice that the remanent and induced
components do not need to be explicitly calculated to
determine Q, which is the ratio.

The Qmeter values compare well with laboratory
measurements of 10.8 and 1.4 A/m, respectively and a Q of
7.8 (Table 2).

Conclusions

Wehave undertaken a series of investigations to assist in carrying
out magnetic measurements in the field. We found that a block
100� 100� 60mm is the minimum size needed to approximate
an infinite half-space and give reliable susceptibility readings.
We also found that some cold (<15�C) meters can give higher
susceptibility readings than meters which are functioning at
normal room temperature. Measurements on chips corrected
for volume give similar readings as those of larger samples.
However, a large correction (of up to� 3) is required to
compensate for the void space when chips are measured in
bags. The determination of the Königsberger ratio of a sample
in thefield is possible using a totalfield orfluxgatemagnetometer.
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Appendix A

Theory of the Qmeter

To determine the Königsberger ratio (Q) of a rock sample normally requires the measurement of its magnetic susceptibility, k, and its
remanent magnetisation, Jr (Q = Jr/kF, where the ambient magnetic field, F, is assumed known). While the susceptibility, k, and
remanence, Jr, are usually measured on different instruments, more often than not the latter is ignored because the measurement of Jr
requires sending samples to a laboratory, which is time consuming and can cause delays to the exploration workflow. However, it is
possible to measure both susceptibility and remanent magnetisation using the Qmeter at the exploration camp or even the drill site. The
instrument has one moving part and is entirely powered by a single USB port.

The susceptibility is determined from the induced magnetisation (kF), since F is known. The procedure involves making two
measurements of the magnetisation of a sample in the ambient field, F, one where the total magnetisation is a maximum and the other
where it is aminimum.When themagnetisation is amaximum,both the induced and remanentmagnetisations are aligned,whereaswhen
the magnetisation is a minimum the remanent magnetisation is opposed to the induced magnetisation. The addition of the two values
derived from the magnetic measurements yields twice the induced magnetisation, while the difference yields twice the remanent
magnetisation. The following describes the theory behind the pendulum method of the Qmeter.

Consider a rock sample swinging as a ‘simple’ pendulum and a fluxgate sensor situated a small distance below the sample when the
pendulum is at thevertical during its swing (FigureA-1). FigureA-2 shows thegeometrywith thependulumof length, l, thedistance,d, of
the fluxgate below the sample when the pendulum is vertical, while the angle a defines the instantaneous angle between the pendulum
and the vertical. The angles b and g define the angle between the pendulum and the fluxgate (b+ g= y) and r is the distance between the
sample and the fluxgate. The distance t is the base of the isosceles triangle formed by itself and the two lengths l (Figure A-2). Sampling
time (s) inmilliseconds is converted to angular displacement (a) using the solution to thedifferential equationgoverning simpleharmonic
motion,

aðsÞ ¼ a0cosðosÞ ðA-1Þ
where the frequency (o) is determined from the repetition of the measurements.

Given a, l and d, the other parameters are determined from the following geometrical deductions:

Pendulum

Expected signal for
horizontal and vertical
magnetic moments

Fluxgate

Magnetic
sample

Fig. A-1. Schematic showing the concept of swinging a sample above a fluxgate to detect signals from the horizontal and the vertical components of the
magnetic moment.
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b q = b + g

b 
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I

I

d

Fig. A-2. Diagram showing relationships between fixed parameters, l and d, and variables a, b, g, d, y, ’, t and r.
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t ¼ 2lsinða=2Þ ðA-2Þ
� ¼ b þ g ðA-3Þ

b ¼ ð180�aÞ=2 ðA-4Þ
d ¼ 90�b þ g ðA-5Þ
d cos d ¼ t sin g ðA-6Þ

Substituting for d in equation A-6 and dividing by d,

cosðg�b þ 90Þ ¼ t sin g=d ðA-7Þ
Rearranging and using trigonometric identities,

� sinðg�bÞ ¼ t sin g=d ðA-8Þ
� sin g cosbþ cos g sinb ¼ t sin g=d ðA-9Þ

sin b= tan g ¼ t=d þ cos b ðA-10Þ
an expression for g is found,

g ¼ arctan½sin b=ðt=d þ cosbÞ�; ðA-11Þ
Although d could be used it makes for a more transparent derivation to define one more parameter, ’,

’ ¼ 180� a� b� g ¼ 180� a� � ðA-12Þ
From equations A-3, A-4 and A-11, we have an expression for y in terms derivable from the variable a, and fixed parameters l and d.
Now to determine an expression for r we note that,

r ¼ t cos gþ d sin d ðA-13Þ
and therefore, applying Pythagoras’ theorem to the triangle with hypotenuse d in Figure A-2,

r ¼ t cos gþ ðd2 � ðt sin gÞ2Þ1=2 ðA-14Þ
Thus from equations A-3, A-4, A-11 and A-14 we have expressions for r and y in terms derivable from the variable a, and fixed

parameters l and d.
From r and y, the vertical down magnetic field measured by the fluxgate, Bv(a) in nT (Figure A-3), is related to the horizontal

component, Mx, and the vertical component, Mz, of the magnetic moment for any a by:

BvðaÞ ¼ 200
r3

ðMx sin � cos’þMz cos � cos’Þ þ 100
r3

ðMx cos � sin’þMz sin � sin’Þ ðA-15Þ

Rearranging terms,

Pendulum

Magnetic
sample q

a

j

j
Mz Mx r

Br

Br

Bθ

Bθ

Fig. A-3. Relationship betweenmagneticfield detected by the fluxgate and the vertical component of magnetisation corresponding to column 1 of thematrixA.
There is an equivalent set of equations for the horizontal component of magnetisation corresponding to column 2 of the matrixA. Note that m0 = 4p� 10–7 and 1
T = 109 nT. These plus the 2p and 4p in the denominators yield the factor of 100 in equations A-15–A-17 and gives B in the familiar units of nT.

H Exploration Geophysics P. W. Schmidt and M. A. Lackie



ð2 sin � cos’þ cos � sin’ÞMx þ ð2 cos � cos’þ sin � sin’ÞMz ¼ r3

100
BvðaÞ ðA-16Þ

In principle, for two independent observations of Bv(a), two simultaneous equations could be solved to yieldMx andMz. The system
can be solved forMx andMz in a least-squares sense by taking many observations for many different values of a and writing Ax= y in
matrix form:

2 sin �1 cos’1 þ cos �1 sin’1 2 cos �1 cos’1 þ sin �1 sin’1

2 sin �2 cos’2 þ cos �2 sin’2 2 cos �2 cos’2 þ sin �2 sin’2

..

. ..
.

2 sin �i cos’i þ cos �i sin’i 2 cos �i cos’i þ sin �i sin’i

..

. ..
.

2 sin �n cos’n þ cos �n sin’n 2 cos �n cos’n þ sin �n sin’n

2
66666666664

3
77777777775

Mx

M z

� �
¼ r3

100

Bv1ða1Þ
Bv2ða2Þ

..

.

BviðaiÞ
..
.

BvnðanÞ

2
66666666664

3
77777777775

ðA-17Þ

A is an n� 2 matrix of geometrical relationships, x is a 2� 1 column vector of the unknowns and y is an n� 1 vector of the
measurements. For n> 2, this matrix equation defines an over-determined system of linear equations in combinations of the unknown
parameters. The least-squares best-fit solution to this system of equations can be written formally as:

x ¼ Mx

Mz

� �
¼ ðATAÞ�1ATy ðA-18Þ

In practice, because the square matrix ATA is often ill-conditioned, the matrix equation Ax= y should be solved by a numerically
robust method such as QR decomposition or singular value decomposition (SVD) (Press et al., 1986).
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