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ABSTRACT
Magnetic susceptibility of rocks can be dominated by diamagnetic and paramagnetic matrix minerals, ferrimagnetic and
antiferromagnetic trace minerals, or a combination. The interpretation of magnetic fabric data (anisotropy of magnetic
susceptibility, AMS) hinges on the qualitative and quantitative analysis of the sources of magnetic susceptibility. We discuss
two methods that quantify the contribution of the different groups to the AMS: (1) comparative measurements of the
magnetic susceptibility in low fields and high fields and (2) heating curves from 77 K to room temperature (low temperature
magnetic susceptibility, LTMS). Method 1 measures paramagnetic, diamagnetic, and antiferromagnetic susceptibilities above
the saturation magnetization of the ferrimagnetic minerals and method 2 interprets heating curves based on the fact that
only the paramagnetic susceptibility is a function of temperature (Curie—Weiss law). Curie constants, paramagnetic Curie
temperatures, and phase transitions (Verwey at 118 K: magnetite; Morin at 263 K: hematite) are diagnostic for specific
minerals and provide further information about the contributing minerals of the sample. The relative contribution of the
ferrimagnetic and paramagnetic minerals to the total susceptibility can be estimated from both methods with the same
precision, if antiferromagnetic and diamagnetic contributions are insignificant. However, the LTMS method requires only
simple equipment and procedures. The low temperature method can be extended to the three-dimensional case to
decompose the total susceptibility tensor into its paramagnetic and ferrimagnetic sub-tensors (low temperature AMS,
LTAMS). L1’MS and LTAMS are powerful additions to the group of magnetic fabric methods that allow the quantification
of mineral preferred orientation in natural samples.

1. Introduction
After its introduction to the geosciences (Ising,
1942; Graham, 1966), measurements of the
anisotropy of magnetic susceptibility (AMS; e.g.
reviews by Hrouda, 1982; Borradaile, 1988) have
been used to obtain preferred mineral orientation
data in sedimentology, volcanology, and structural geology. The AMS ellipsoid has been proposed to correlate with the finite strain ellipsoid
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and relationships between the two tensors were
detennined empirically (review by Borradaile,
1991), in experiments (e.g. Borradaile and Puumala, 1989), and mathematically (Owens, 1974;
Hrouda, 1980; Richter, 1992). Strong influences
of the rock composition on the AMS ellipsoid
(Owens and Bamford, 1976; Borradaile, 1987)
and the fact that more frequently paramagnetic
minerals and not, as it was previously thought,
the ferrimagnetic trace minerals dominate the
AMS of natural rocks (Rochette, 1987; Housen
and van der Pluijm, 1990) led to a re-evaluation
of the value of the method. It was concluded that
AMS measurements are not interpretable if the
sources of magnetic susceptibility are unknown.
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AMS measures the degree of preferred orienta-

tion of the short and long axes of the magnetites
in a ferrimagnetic-dominated rock and the crystallographic preferred orientation of mica basal
planes in a mica-dominated rock (Uyeda et a!.,
1963). In many cases both groups contribute significantly to the AMS and an interpretation of
the data is only possible if the ferrimagnetic or
the paramagnetic part can be separated from the
total AMS tensor. Under these conditions, AMS
is a powerful petrofabric tool, similar to a U-stage
or an X-ray texture goniometer if the sources of
magnetic susceptibility are known. Moreover, if
strain and mineral preferred orientation relationships correlate well (March, 1932; Oertel, 1983;
Richter et al., 1993), AtvIS provides a direct measurement of finite strain,
The use of AMS data as a method to determine mineral preferred orientations requires the
identification of the sources of magnetic susceptibility and if more than one mineral contributes to
the magnetic susceptibility the quantification and
separation of the different sub-tensors (fernmagnetic, paramagnetic, and diamagnetic subtensors). Four separation methods have been proposed to analyze bulk properties quantitatively:
(1) a numerical method that uses data reduction
(Henry and Daly, 1983; Henry, 1985), (2) the
anisotropy of remanence (e.g. Jackson, 1991), (3)
heating curves of the susceptibility from low ternperatures (typically 77 K) to room temperature
(Schultz-Krutisch and Heller, 1985; Jover et al.,
1989), (4) the comparison between high field and
low field susceptibilities (Rochette and Pillion,
1988; Hrouda and Jelinek, 1990). Method 1
(Henry method) does not work on the specimen
scale and is only valid under the assumption that
variations in the magnetic susceptibility of the
site result from variations in the amount of fernmagnetic minerals. The second method, the
anisotropy of remanence (anisotropy of anhysteretic remanence or isothermal remanence) that
can be acquired only by ferrimagnetic minerals,
yields results that are not simply comparable with
those obtained from any other method. The reason is that the acquisition of a rernanent magnetization is a function of physical parameters such
as grain size, coercitive force, and applied field

(Stephenson et al., 1986; Jackson et al., 1988;
Jackson, 1991). Methods 3 and 4 are based on the
specific behavior of the magnetic susceptibility in
different fields and temperatures and yield a
unique solution. Methods to resolve both high
field and low field anisotropy have been developed, but require specific rock magnetic equipment that is not available to most laboratories.
Rochette and Pillion (1988), for example, use a
rotating sample in a cryogenic magnetometer at
fields from 0 to 4 T and Parma (1988) and Hrouda
and Jelinek (1990) use a high field torque meter.
In this paper we discuss a low temperature
method for bulk properties (experimental procedures and data analysis) and further expand its
application. Throughout we will refer to this
method as low temperature magnetic susceptibility (LTMS), which needs only simple equipment
(thermocouple and liquid nitrogen) in addition to
a susceptibility meter. The LTMS will be cornpared with results obtained from the high field/
low field method on a series of natural samples
from different studies. Further on, we will extend
the low temperature method to the three dimensional case to demonstrate how to separate the
ferrimagnetic from the paramagnetic part of the
total AMS tensor, i.e. how to obtain the paramagnetic, and the ferrimagnetic sub-tensors. We will
refer to this method as low temperature
anisotropy of magnetic susceptibility (LTAMS).
The aim of our paper is to provide the basic
theory and technology for the identification and
separation of ferrimagnetic and paramagnetic
fabrics, which is essential for any interpretation
of magnetic susceptibility data with standard AMS
equipment.
2. Identification of the sources of magnetic susceptibility
2.1. Lowfield and high field susceptibilities
The magnetic susceptibility (k) is the dimensionless proportionality factor between the magnitude of induced magnetization (M) and the
applied magnetic field strength (H): M1 = k~I-I~
(e.g. Hrouda, 1982; Nye, 1985), where k~is a
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second-rank symmetric tensor. This relationship
is valid
and high (k
saturating fields.
The for
low low
fieldfields
susceptibility
is usually
determined at fields in the order of0)
0.1—0.5
mT and
measures the induced magnetization of all minerals (diamagnetic, paramagnetic, antiferromag-

Theand
applied
field is so
weak
that
it has
no
tigation
knetic,
ferrimagnetic)
in the
rock
under
inves0 = kpara + kdia + kantfferro + kteri~i
effect on the remanent magnetization of the sampie.
Figure 1(a) shows the induced magnetization
of a sample as a function of an applied field
(hysteresis loop) with up to 1 T field strength
(high
field).
this example
the ferrimagnetic
minerals
haveInreached
their saturation
magnetization Msat at c. 0.2 T. At fields above Msat only
the paramagnetic, diamagnetic, and antiferromagnetic minerals (matth minerals) respond to
the external field. The induced magnetization in
fields above Msat can be used to calculate the
high field susceptibility
tan(a) = kHF = kpara + kdia + kafltjfe,_jo
where a is the slope of the regression line (Fig.
1(a)). The difference between the low field and
the high field susceptibility of a sample yields the
ferrimagnetic susceptibility
kferrj = k
0 kHF
A correction for the diamagnetic minerals (not
the total diamagnetic susceptibility), like quartz,
feldspar, or calcite is possible if their volume Vdja
is estimated and a constant value of 14 x 106
(e.g. Nye, 1985; Hrouda, 1986; Borradaile, 1987)
is used as the diamagnetic volume susceptibility.
The total diamagnetic susceptibility, however, also
contains the diamagnetic contribution of all other
minerals (paramagnetic and ferrimagnetic), which
is in the order of —1 x iO~for most rockforming minerals.
Figure 1(b) shows an example of the magnetization behavior of a paramagnetic schist in fields
up to 1 T. The straight line demonstrates (1) that
a ferrimagnetic remanence is absent and (2) that
the susceptibility is the same in low and high
fields (kHF = k0 k0 = 1.91 x iO~for this exam—
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Fig. 1. High field susceptibility is determined in fields above
the saturation magnetization (M~~)
of ferrimagnetic minerals
(kHF = M/H; mass susceptibility in SI units). (a) The hysteresis loop of a magnetite bearing sample; the ferrimagnetic
minerals are saturated at 0.2 T. In higher fields only paramagnetic, diamagnetic, and antiferromagnetic minerals respond to
the applied field and their susceptibility can be determined
from the slope a of the linear part of the loop. (b) The
hysteresis
loop is a straight
ferrimagnetic
minerals
are
absent or negligible;
the low line
fieldifand
the high field
measurements are identical and both measure the susceptibility of the
matrix minerals.

ple). Hence, there is virtually no contribution of a
ferrimagnetic phase and the low field anisotropy
(AMS) measures the crystallographic preferred
orientation of the matrix minerals.
Low field measurements were carried out on a
Sapphire Instruments SI-2 susceptibility meter
(applied field: 0.1 mT) and high field measurements on a vibrating sample magnetometer (applied field up to 1.5 T).
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2.2. Analysis oflow temperature magnetic susceptibility (LTMS)

The low temperature method investigates the
temperature dependence of the magnetic susceptibility. The paramagnetic susceptibility (kpara) is
a function of temperature (T) and is described by
the Curie—Weiss law
k para = C/( T 9 /
‘~

—

with C the Curie constant and 0 the paramagnetic Curie temperature. 0 can vary from —20 to
40 K for biotite (Bouchez et al., 1990) and is
negligible for muscovite and most chlorite bearing rocks. The Curie—Weiss law is valid only for
paramagnetic materials. Antiferromagnetic, diamagnetic, and most ferrimagnetic minerals have a
temperature independent susceptibility in the
range used here (77—295 K). Analysis of susceptibility vs. temperature therefore allows us to identify whether the sample is entirely paramagnetic,
diamagnetic, or ferrimagnetic, or contains a mixture of these groups. Two methods have been
proposed to measure the temperature dependence of a sample: (1) heating up to ca. 800°C
(e.g. Zapletal, 1990); and (2) cooling to low temperatures (Rochette and Vialon, 1984; SchultzKrutisch and Heller, 1985). Heating is destructive
and alters the sample (oxidation, dehydration,
and other irreversible mineral transitions) and
requires a specially equipped furnace. Cooling,
on the other hand, can be carried out by emerging the sample into a refrigerated gas (e.g. nitrogen at 77 K or helium at 4.2 K) and does not alter
the sample. This requires only slight equipment
modification.
2.3. Experimentalprocedures

We use a SI-2 (Sapphire Instruments) susceptibility meter in combination with a thermocouple
(1 mm probe diameter; accuracy ±1°, type K)
connected to a hand-held digital thermometer for
temperature control. The sample (2.1 X 2.4 standard cylinder) has a 1 mm diameter hole for the
thermocouple. It is not possible with this setup to
measure the susceptibility—temperature k(T)
curve directly, because the thermocouple inter-

feres with the susceptibility readings. Therefore,
we first cool the sample down to 77 K (ca. 25 mm
fully emerged in a liquid nitrogen bath) and measure the temperature during heating to room
temperature as a function of time. A computer
utility automatically records the time at which a
reading is entered and stores the temperature—
time T(t) data. This step can be fully automated.
The sample
is thenascooled
againof
and
thek(t).
susceptibility
is measured
a function
time
The
T(t) and k(t) curves are combined to a k(T)
curve using a computer routine. The time intervals between the temperature and the susceptibility readings can be independently selected and
the same T(t) curve can be used for different
specimens with the same lithology. Typical heating times are 15—30 mm depending on sample
size and rock composition. A better resolution
and precision can be obtained by slowing down
the heating process with a styrofoam insulated
sample holder. Depending on the insulation the
heating process takes 2—3 times longer, which
allows the determination of extremely well defined curves and accurate detection of phase
transitions (see below).
The temperature distribution inside a cylindrical specimen without insulation shows a gradient
with lowest temperatures in the core (Fig. 2).
Initially, the surface heats up fastest, but after
about 3 mm surface effects from condensing liquids keep the temperatures at the rim down. The
temperature distribution is homogenous after
about 20 mm. The best place to measure the
average temperature of such a specimen is approximately half-way between core and rim. Measurements from the center of the specimen can
have an up to 8 K lower reading than the average
temperature, which, because we are dealing with
the bulk magnetic properties, introduces a slight
error. The temperature of insulated specimens
has more time to equilibrate, and hence has a
smaller gradient from the core to the rim.
2.4. LTMS results from paramagnetic and fernmagnetic samples

The LTMS data are represented in diagrams
that plot the normalized reciprocal (k0/k) or the
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reciprocal magnetic susceptibility (1/k) vs. ternperature. Both functions transform a paramagnetic curve into a straight line. The normalized

1 .2

plot is preferable for representation and the 1/k
curve shows differences in absolute values that
can be used to determine C and 9. Figure 3(a)
shows the k0/k vs. T curve of a muscovite—chlorite bearing schist. The regression line
2 is goes
very
through
origin the
of the
graphobeys
and the
R Curie—
close
to the
1. Hence,
sample
Weiss law perfectly. The paramagnetic Curie
temperature 0 is zero and ferrimagnetic minerals
do not contribute to the susceptibility. AMS data
from this specimen can be used to quantify the
crystallographic preferred orientation of the
paramagnetic minerals (muscovite and chlorite)
present. Figure 3(b) shows the low temperature
behavior of a magnetite separate. The susceptibility jump around 118 K is caused by a lattice
transition (orthorhombic to cubic (Verwey) transition), which is a diagnostic criterion for the
presences of magnetite. The susceptibility above
118 K shows no temperature dependence and
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Fig. 2. Temperature profile through a standard-sized cylinder
(diameter: 2.4 cm; length: 2.2 cm) at different time intervals
during heating from 77 K to room temperature. After 180 s
the condensation of water insulates the sample and decreases
the temperature gradient. Dashed lines are interpolations
assuming symmetry.

ity is plotted as a function of temperature. (a) The k
0/k
of a mica-dominated
schist
is
a
straight
line
with
a
2 close to 1 and an intercept at zero.
regression
The
magnetic
coefficient
susceptibility
R
obeys the Curie—Weiss law perfectly; the paramagnetic Curie temperature is zero, ferrimagnetic influences are not detectable. (b) The k
0 /k curve of
separated magnetite minerals shows the lattice transition at
118 K (Verwey transition) and no temperature dependence
between 120 K and 273 K.

remains constant until room temperature is
reached. Magnetite-dominated rock samples show
the same behavior, and AMS in this case measures the shape anisotropy of magnetite. The
temperature dependence of the susceptibility of
titanornagnetites and superparamagnetic magnetites is, however, not negligible, which excludes
these minerals from a simple low temperature
analysis.
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25. Mixed ferrimagnetic and paramagnetic behav
In many samples paramagnetic and ferrimagnetic minerals both contribute to the susceptibility, and heating curves are the result of the superposition of the paramagnetic and ferrimagnetic
effects. Figure 4 shows the results of a model
calculation that uses ideal paramagnetic (9 = 0)
and ferrimagnetic (k(T) = constant) compounds.
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0 /k vs. T plot. Both curves were added to
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paramagnetic contribution to the total susceptibility. The ferrimagnetic contribution was stepwise removed from the initial
curve; numbers in [%] are removed percent of ferrimagnetic
contribution. The resulting curves have a convex shape that
evolves into a straight line, as the ferrimagnetic contribution is
removed.

wey transition. Compare the shape of the curves with the
theoretical curves (Fig. 4).

Figures 5(a) and 5(b) show the low temperature analysis of two samples consisting of a paramagnetic and a ferrimagnetic part. The paramagnetic susceptibility is determined by subtracting
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an assumed ferrimagnetic susceptibility ktern from
each data point; ktem is continuously increased,
until the regression coefficient R2 reaches a maximum. The insets of Figs. 5(a) and 5(b) show how
R2 increases as the convex curves are transformed into a straight entirely paramagnetic line
and rapidly decreases as the curves become concave. The best fit line is defined as
k’(T)

=

T/C

—

0/C

Comparison with the general equation for a
line
mx + b
where (m) is the slope and (b) the intercept,
rapidly yields the Curie constant C (C = m~)
and the paramagnetic Curie temperature 0 (0 =
—b/rn) of the sample. The sample in Fig. 5(a) is
an artificial biotite—magnetite mixture and shows
the Verwey transition which is excluded from our
regression analysis. The negative intercept of the
best-fit line yields a paramagnetic Curie temperature of 0 = 19.6 K. Figure 5(b) shows the heating
curve of a natural magnetite-bearing schist without a visible Verwey transition. The ferrirnagnetic
susceptibility in this example is 78% of the room
temperature susceptibility. The convex shape of
the initial curve is straightened out as R2 increases from 0.9536 to its maximum value at
0.9931. We have developed a computer program
that iteratively straightens out the heating curve
until R2 reaches a maximum and calculates C
and 0 from the best-fit regression line.
We caution that a quantification of the contribution to the magnetic susceptibility of the vanous minerals with the low temperature method
can only be obtained for multidomain magnetite,
not for titanomagnetites or superparamagnetic
magnetites because their susceptibility is not ternperature independent. Hematite bearing rocks
can only be qualitatively analyzed. The important
assumption that the temperature dependence of
the ferrimagnetic susceptibility is negligible can
be examined on a magnetic separate (e.g. Fig.
3(b)). If the temperature dependence of the magnetite susceptibility is not negligible, k err, must
be determined as a function of temperature
kiern(T) and accounted for in the iteration proce-
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dure. A bulk estimate for the diamagnetic susceptibility if the volume of diamagnetic minerals
(k = —14 x 10—6) is known and a mean value of
k = —1 X iO~for the diamagnetic contribution
of the paramagnetic minerals is used can be subtracted from the ferrimagnetic susceptibility.
2.6. Comparison of LTMS and high field /low field
methods

The high field/low field method and the
LTMS method both quantify the sources of magnetic
Themethod
fundamental
difference
is thatsusceptibility.
the high field
separates
(kdia +
1~mm kfern and that the LTMS
method separates (kferri + kdia + kantjferro) from
kpara. Thus the results from both methods are
only comparable if kdia and kantiterro are negligible, i.e. in rocks that are not dominated by diamagnetic minerals (quartz, feldspar, or calcite) or
antiferromagnetic minerals (hematite or goethite).
Only the combination of both methods yields
unique solutions for kpara, kferri, and kdja +
kantiferro in the general case. However, in practice
the kdia and kantiferro are often negligible, or kdja
can be estimated. We have compared results obkpara + kantiferro)
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Fig. 6. Comparison of the ferrimagnetic susceptibility deter-

mined independently from the low temperature method and
from the high field-low field method. Both methods yield the
same estimate because of negligible influences from diamagnetic and antiferromagnetic minerals; regression coefficient
R2 = 0.993.
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tamed from both methods (Fig. 6) using a variety
of samples from different localities (slates, phyllites, and mica schists from the Central and
Southern Alps and mudstones from ODP hole
808C) that have negligible diamagnetic and antiferromagnetic contributions. The graph (Fig. 6)
shows a one-to-one correlation with a regression
coefficient close to 1 (R2 = 0.993). The slope of
the regression line is close to 1 (0.977) and the
intercept is close to zero (0.1). The slight deviation between the two methods may arise from: (1)
the physical properties were not determined
strictly in the same direction, (2) not always the
same specimens from one sample were used, (3)
high field and low field—field susceptibilities were
measured on different instruments, (4) the low
temperature method assumes that the ferrimagand (5)
diamagnetic
andtemperature
antiferromagnetic
connetic
minerals
have no
dependence
tributions were neglected. The sensitivity and drift
of the equipment is not a significant quality factor, because the high field method takes about
300 readings during the hysteresis loop and the
low temperature method, depending on the ternperature interval
surements,
whichused,
balances
is based
out on
most
100—140
nonsystemmeaatic instrumental errors. The comparison shows
that the correlation between the two methods is
very good and that the low temperature method
is equally effective in separating ferrimagnetic
and paramagnetic components.
3. Decomposing the magnetic susceptibility tensor
Quantification of the sources of magnetic sus-

ceptibility
an estimate
of and
the ferrimagcontribution
of theprovides
paramagnetic
(LTMS)
netic (high field) minerals to the bulk magnetic
susceptibility. This is the fundamental basis for
the interpretation of samples that have been
identified as dominated by ferrimagnetic or paramagnetic minerals. If both groups contribute significantly, a separation of the paramagnetic and
the ferrimagnetic part of the magnetic susceptibility tensor is necessary for a quantitative interpretation. Low temperature AMS (LTAMS) de-

termines the susceptibility tensor at 77 K (e.g.
Ihmlé et al., 1989). This approach is not a true
separation method and only uses the fact that the
paramagnetic bulk susceptibility is strongly enhanced at low temperatures. The Curie—Weiss
law (assuming that 0 = 0) shows that the paramagnetic susceptibility will be enhanced by a
factor of factor 3.8 if the temperature is lowered
from 290 to 77 K
(C/77) /( C/290) = 3.8
However, the LTAMS of a paramagnetic mmeral is not necessarily the same as the AMS at
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crystallographic orientations of a single biotite mineral. Properties parallel [100] and [010] overlap; the paramagnetic Curie
temperature 0 differs significantly between the basal plane
and crystallographic c axis. Deviation from the Curie—Weiss
behavior occurs at temperatures below 110 K. Values for the
Curie constant are
102. (b) Comparison of the room
temperature AMS and the LTAMS of single biotite minerals.
Caused by the anisotropy of 0 and deviation from the Curie—
Weiss law at low temperatures, AMS is not temperature
independent. The 77 K measurements have an enhanced
anisotropy and an up to 4 times higher bulk susceptibility.
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room temperature. The Curie—Weiss law demonstrates that the paramagnetic anisotropy is ternperature independent only if 0 is not a function
of the crystallographic orientation. Our LTMS
curves of a single biotite crystal (Fig. 7(a)) parallel to the crystallographic axes ([001], [010], [100])
show that C and 0 are directional dependent.
Within the biotite basal plane the values are
almost identical (C = 5.55—5.61 K; 0 = 58—62 K)
but differ drastically from c axis parallel data
(C = 5.37 K 0 = 2.1 K). Ferrimagnetic inclusions,
which are likely to occur in biotite crystals, appear to have no effect on the magnetic susceptibility of this crystal. At temperatures below 110 K

the measurements no longer obey the Curie—
Weiss law (Fig. 7(a)), which is probably a result of
ordering effects caused by the reduced atomic
motion close to the paramagnetic Curie temperature (57—62 K) or by superparamagnetic behavior. The magnetic anisotropy of single biotite
minerals measured at room temperature and at
77 K is shown in Fig. 7(b) in a Flinn-type diagram. The change in the degree of anisotropy
(km~,,/kmin, with km~,,,~ k~ ~ kmin as the principal susceptibilities) is a result of the directional
dependence of 0. The kmax/kjnt ratio (C and 0
for [100] and [010] are almost identical) stays
almost constant with decreasing temperatures but
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Fig. 8. Principle of the separation of the ferrimagnetic and paramagnetic sub-tensors from the total AMS tensor using LTMS
curves. (a) Six specimen orientations are used to define the susceptibility tensor. Arrows define coordinate system and direction of
applied field. (b) The relative amount of paramagnetic and ferrimagnetic susceptibilities is determined in six orientations from
heating curves. The upper curve is the original heating curve and the lower curve the paramagnetic remnant. (c) The ferrimagnetic
susceptibilities are combined to the ferrimagnetic sub-tensor and the six paramagnetic susceptibilities to the paramagnetic
sub-tensor, which yield the magnitudes and principal directions of the ferrimagnetic and the paramagnetic susceptibility ellipsoid.
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the kint/kmjn ratio (0 is 2 K parallel [001]and ca.
60 K in the other directions) increases from ca.
1.4 to ca. 1.9 (Fig. 7(b)). Two of the single biotite
minerals have a 0 close to zero and do not
change the AMS geometry at different temperatures. The principal directions, on the other hand,
remain the same and because of the larger susceptibiity differences they are better defined at
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