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S U M M A R Y
Here we report on the sources of magnetic anisotropy in pyrrhotite, an iron sulphide present
in many rocks as an important carrier of the Natural Remanent Magnetization. While the
magnetic hysteresis parameters of pyrrhotite are well known, the existing database concerning
its anisotropy behaviour is patchy and ambiguous. Therefore, a collection of 11 seemingly
single crystals of natural pyrrhotite was scrutinized. Before embarking on the anisotropy
determinations the set of single crystals was extensively characterized rock magnetically by
measuring Curie temperatures, hysteresis loops, IRM acquisition curves, and FORC diagrams
(the latter three all at room temperature). First the variation of the low-field susceptibility as
function of applied field and grain size was evaluated for fields ranging from 1 to 450 A m−1.
Existing grain size dependent data and the present larger crystals show a logarithmic grain
size dependence. This enables estimating the grain size for unimodal pyrrhotite distributions
in rocks. Measured trends are better fitted with an exponential function than with a Rayleigh
Law style function. Based on the rock magnetic characterization and the behaviour of the
anisotropy of magnetic susceptibility six samples (of the original 11) were selected for the
high-field anisotropy determinations within the basal plane. Those data were acquired with
a torque cantilever-type magnetometer. As expected, most single crystals showed a pure 6–
θ curve within their basal plane because of the easy axis configuration. In some crystals,
however, lower harmonic terms overlapped the 6–θ term. This may be the dominant source
of the observed variation in magnetic anisotropy properties. Torque data of three of the six
samples were of sufficient quality to allow evaluation of K1. Re-evaluation of existing torque
data and including the present newly derived determinations, yields for the anisotropy constant
of pyrrhotite within the basal plane K1: (2.7 ± 0.2) 104 Jm−3. This is over an order of magnitude
more precise than the sparse existing K1 data; only the value reported by Mikami and co-authors
in 1959 agrees with the new determination. With this firmly established K 1 value meaningful
anisotropy models are now possible for pyrrhotite-bearing rocks.

Keywords: Magnetic and electrical properties; Magnetic fabrics and anisotropy; Magnetic
mineralogy and petrology; Rock and mineral magnetism.

1 I N T RO D U C T I O N

Pyrrhotite is an iron sulphide solid solution series with compositions

in the range Fe7S8–Fe11S12. It occurs in trace amounts in many rock

types: it has been reported in igneous, metamorphic, sedimentary

rocks, and also in meteorites (e.g. Snowball & Torii 1999; Evans

& Heller 2003). The pyrrhotite crystal structure is based on the

hexagonal NiAs structure (e.g. Dunlop & Özdemir 1997). Indeed

most pyrrhotite compositions (Fe9S10–Fe11S12) are hexagonal and

only the most iron-deficient composition (Fe7S8) has a monoclinic

∗Now at the Department of Geophysics, Faculty of Phyiscs, Universidad

Complutense de Madrid, Spain.

structure which however can still be considered pseudo-hexagonal

(monoclinic β angle is 90.4 ◦) (Bennett & Graham 1980; Bennett

& Graham 1981). The stacking of Fe in the S interstices along the

hexagonal c-axis gives rise to various superstructures (often labelled

NC after Morimoto et al. (1970) with N between 4 and 6) depending

on the overall pyrrhotite composition. In monoclinic 4C pyrrhotite

the Fe vacancies occur each other layer (Bertaut 1953) giving rise

to ferrimagnetism. All other pyrrhotite compositions are antiferro-

magnetic at room temperature (Schwarz & Vaughan 1972; Vaughan

& Graig 1978; Bennett & Graham 1980; Bennett & Graham 1981).

They become ferrimagnetic around 200 ◦C with a superstructure of-

ten labelled NA that is subtly different from the NC structures. The

transition temperature depends on the pyrrhotite composition and

gives rise to a λ shaped peak in magnetization versus temperature
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curves. Therefore, this transition is referred to as λ or γ transition

(e.g. Schwarz & Vaughan 1972). In pyrrhotite-bearing ores often

various superstructures are intergrown (e.g. Arnold 1967; Naldrett

& Kullerud 1967; Schwarz & Vaughan 1972; Zapletal 1993) giving

rise to mixed magnetic properties.

1.1 Magnetocrytalline anisotropy constant of pyrrhotite

Magnetically, pyrrhotite is extremely anisotropic with magnetite-

like low-field susceptibility values within the basal plane and val-

ues typical of antiferromagnetic material along the crystallographic

c-axis perpendicular to the basal plane (Schwarz 1975). Because of

its overall hexagonal structure a triaxial anisotropy occurs within

the basal plane. Mikami et al. (1959) proposed a model to explain

this magnetic anisotropy, based on the lattice potential energy com-

puted by Bertaut (1953). The model suggests the presence of three

small crystal domains with pseudo-orthorhombic symmetry; each

domain has a common c-axis and their a- and b-axis are distributed

in the basal plane with an angle of 60 ◦. The literature database of

reported K 1 values consists of four studies only, two of them de-

rived K 1 from high-field torque magnetometry (Mikami et al. 1959;

Hirone et al. 1962) and the other two decuced K 1 from the anal-

ysis of magnetization curves (Bin & Pauthenet 1963; Sato et al.
1964). The corresponding magnetocrystalline anisotropy constant

K 1 is rather poorly constrained with values straddling from 1.41 ×
104 (Jm−3) (Hirone et al. 1962) to 5.1 × 104 (Jm−3) (Sato et al.
1964) with values of K 1 = 2.83 × 104 (Jm−3) (Mikami et al. 1959)

and K 1 = 3.5 × 104 (Jm−3) (Sato et al. 1964).

Apart from experimental difficulties, a reason for the rather wide

K 1 variability could be the absence of the ideal hexagonal config-

uration in pyrrhotite grains in rocks. In ideal single domain (SD)

particles with triaxial anisotropy confined to a basal plane, the ratio

of the remanent saturation magnetization (M rs) and the saturation

magnetization (M s): Mrs/Ms = 0.75 (Dunlop & Özdemir 1997).

However, this value is rarely obtained for SD pyrrhotite-bearing

rocks (review in Peters & Dekkers 2003). The closest values found

in nature are present in sediments with an M rs/M s ratio of approx-

imately 0.7 (Horng & Roberts 2006) but were never reported in

fractionated extracts or synthetic samples, with experimental val-

ues of the M rs/M s ratio close to 0.5 (Clark 1984; Dekkers 1988;

O’Reilly et al. 2000).

1.2 Low-field susceptibility and anisotropy behaviour

of pyrrhotite

Pyrrhotite’s low-field susceptibility is notably dependent on the

pyrrhotite grain size, and the fieldstrength and frequency utilized

for its determination (because pyrrhotite is a semiconductor) (e.g.

Dekkers 1988; Worm 1991; Worm et al. 1993; Pokorny et al. 2004).

Below 1 kHz frequency of the applied field, out-of-phase phenom-

ena can safely be ignored: the low-field susceptibility increases with

the measurement field strength in the range from 10 to 2000 A m−1.

Large multidomain (MD) grains show this behaviour most conspic-

uously, SD grains barely show any dependence (Worm et al. 1993).

Pyrrhotite starts showing an increase in low-field susceptibility

with fields at much lower fieldstrengths than (titano)magnetite which

provides a tool for diagnosing pyrrhotite in rocks (Hrouda et al.
2006a). The corresponding Rayleigh function that represents the

variation of bulk susceptibility with applied field was derived for

grain size fractions of pyrrhotite by Hrouda (2002). The Rayleigh

region is the field range in which the low-field susceptibility can

be described by: M = kH + αH2 where M is the magnetization,

H is the applied field, k is the initial susceptibility and α is the

Rayleigh coefficient (Neel 1942). In coarse-grained pyrrhotite, the

Rayleigh region extends up to 80 A m−1 only (Worm et al. 1993;

Hrouda 2002). Most commercial instruments use a measurement

(rms) fieldstrength of about 300 A m−1 and a frequency of ∼1 kHz

(Pokorny et al. 2004), fully adequate for the fine-grained geomateri-

als but which may bias the analysis of coarse-grained material. For

a complete understanding, the field behaviour with its deviations

from Rayleigh’s law, must be better characterized.

Also, the anisotropy of magnetic susceptibility (AMS) in

pyrrhotite-bearing rocks displays a strong variation with applied

field. This phenomenon is found in the principal AMS directions as

well as in the anisotropy parameters (Hrouda 2002; Hrouda et al.
2006a). Anisotropy of remanence, for isothermal remanence mag-

netization (IRM) and anhysteretic remanence magnetization (ARM)

also show variations with the applied field, which are argued to be

related to the grain size and texture of the samples (de Wall & Worm

1993).

1.3 Rotational hysteresis

Rotational hysteresis is the energy stored by the magnetic particles

when they are rotated in a magnetic field. Rotational hysteresis has

been used to characterize irreversible magnetization properties such

as oxidation state and/or degree of interaction between magnetic

particles (Day et al. 1970; Schmidbauer & Keller 1994; Yoshida

et al. 1994; Bottoni et al. 1999). It is calculated as one half of the

integral of the torque function on one full 360 ◦ rotation. Rota-

tional hysteresis varies when the applied magnetic field is changed

(Collinson & Creer 1960; Stacey 1963). It reaches a maximum value

at an applied field which depends on the anisotropy constant and

coercivity of the material analysed; this maximum can therefore be

used to identify the presence of certain magnetic particles in natural

samples (Schmidbauer & Keller 1994; Muxworthy et al. 2002) or,

under special conditions, the degree of oxidation (Day et al. 1970).

The decay rate after the peak is related to the degree of interac-

tion, type of magnetic material and/or domain state of the magnetic

particles. Interaction between particles can influence the remanence

behaviour of oxidized particles. It obviously plays a role in samples

with a high concentration of magnetic particles. When dealing with

single crystals, rotational hysteresis can provide information about

the amount of doping; the area of the rotational hysteresis curve is a

function of applied field with the amount of doping (Bottoni 1995).

It can also be used to identify accumulation of stress, very impor-

tant for the remagnetization of pyrrhotite-bearing rocks according

to experiments on synthetic rocks (Robion & Borradaile 2001).

1.4 The present investigation

Single crystals are the best option to understand the magnetic

anisotropic structure of pyrrhotite and the anisotropy constants that

gouvern their structure. Therefore we selected 11 seemingly sin-

gle crystals of pyrrhotite based on optical examination. These are

characterized magnetically by coercivity spectrum analysis, hys-

teresis parameters, Curie temperature determination, and FORC di-

agrams. Their susceptibility anisotropy behaviour serves as a final

screen for single crystal detection. Six samples were subjected to

high-field torque measurement. Three crystals yielded a reliable K 1

determination for pyrrhotite for the first time. The torque mag-

netometer measurements also enable an in-depth analysis of the

C© 2008 The Authors, GJI
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rotational hysteresis behaviour of pyrrhotite. Further we re-evaluate

existing low-field susceptibility data as a function of applied field

proposing an empirical function that informs about the dominant

grain size fraction.

2 S A M P L E S A N D M E T H O D S

The eleven samples processed consist of two groups: pyrrhotite ore

samples from which single crystals were collected (∼3 mm length)

and pyrrhotite single crystals (Table 1). Separate chips were se-

lected for the initial rock magnetic characterization on the one hand

and for the AMS and torque measurements on the other. Clean

(no impurities visible with a binocular) grains visually being single

crystals (hexagonal crystal habitus with smooth crystal faces) were

cleaved from the bigger crystal aggregates. The chips selected for

AMS measurements were hexagonal or close-to-hexagonal platelets

(basal plane). The magnetic anisotropy of the samples is dominated

by the magnetocrystalline anisotropy and the samples were close to

a disk shape.

Thermomagnetic analysis was performed in air with a modified

horizontal translation Curie balance (Mullender et al. 1993). The

cycling field varied from 150 to 300 mT; heating and cooling rates

were 10 ◦C min−1. The so-called incremental heating and cooling

segments protocol was used to detect chemical alteration; the final

heating temperature was 650 ◦C. Only one sample was heated up to

700 ◦C; it displayed an increase in magnetization at about 420 ◦C

followed by a decrease until 600 ◦C, a typical feature of the presence

of pyrite. Curie temperatures were determined by the ‘intersecting
tangent’ method from the heating transect covering the temperature

range from 250 to 350 ◦C (Moskowitz 1981).

Hysteresis loops up to 2 Tesla were measured on a Micromag

2900 alternating gradient magnetometer (Princeton Inc., USA).

From these the saturation magnetization (M s), saturation remanence

(M rs), and coercive force (Bc) were extracted. Sample pyr.11 was

processed on a Variable Force Translation Balance high-sensitivity

magnetometer (Petersen Instrument), which has a maximum applied

field of 1 T.

First-order-reversal-curve (FORC) diagrams were determined

with an alternating gradient magnetometer on chips extracted from

the crystals of the eleven samples. This was done to evaluate the

microcoercivity distribution and magnetic interactions (Pike et al.
1999; Roberts et al. 2000; Pike et al. 2001). FORC diagrams were

based on a set of 100 curves, a saturation field of 1000 mT, field

increment of 1.36 mT and averaging time of 0.2 s, waiting time after

saturation of 1 s and waiting time between subsequent data points

of 1 s. The diagram was determined using a smoothing factor (SF)

of two.

The alternating gradient magnetometer was used as well to de-

termine IRM acquisition curves up to 2 T and subsequent backfield

demagnetization for the determination of the coercivity of rema-

nence (Bcr). Prior to the IRM acquisition, samples were AF demag-

netized to acquire the same initial state (Heslop et al. 2004). The

shape and saturation values for the IRM curve, when normalized

by mass or volume, are used for the identification of the magnetic

phases present in the samples (e.g. Dunlop & Özdemir 1997; Evans

& Heller 2003).

Coercivity spectra are helpful in the identification of magnetic

populations (Spassov et al. 2004) and/or their abundance (Geiss

& Zanner 2006). Therefore, the IRM acquisition curves were pro-

cessed by the procedures of Kruiver et al. (2001) and Egli (2003)

to determine the number magnetic populations and their coercivity. T
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That of (Kruiver et al. 2001) is based on fitted with a series of log-

Gaussian distributions. Egli’s (2003) procedure is more generic and

uses skewed generalized Gaussian curves as base function. Each

distribution is described by its SIRM (amount, Am2 kg−1 when

expressed on a mass-specific basis), median acquisition field B1/2

(the mid-point of the Gaussian distribution, log mT) and disper-

sion parameter DP (distribution of microcoercivities, log mT). The

important difference between the two approaches is that magnetic

interaction and/or thermal activation that lead to skewed-to-the-left

distributions (Heslop et al. 2004) can be dealt with in Egli’s proce-

dure assuming those features are attributed to the intrinsic properties

of the samples.

Low-field magnetic susceptibility and the anisotropy of magnetic

susceptibility (AMS) were measured on a KLY-4S instrument man-

ufactured by AGICO (Brno, Czech Republic), (Pokorny et al. 2004;

Hrouda et al. 2006b). The instrument has an operating frequency

of 875 Hz, during the experiment the field was varied from 2 to

450 A m−1 (rms).

Several parameters are in use to evaluate the increment of kbulk

with applied field. de Wall & Nano (2004) proposed the difference in

susceptibility measured at 300 and 30 A m−1 scaled to the 30 A m−1

value and expressed as a percentage (V LF). Hrouda et al. (2006a)

proposed to use the entire field range available on the KLY-4, that

is, the difference in susceptibility measured at 450 and 2 A m−1 is

scaled to the 2 A m−1 value and again expressed as a percentage

(V p).

VL F = 100
k300 − k30

k30

Vp = 100
k450 − k2

k2

. (1)

The full AMS tensor was computed with the multivariate anal-

ysis approach (Jelinek 1978b); the ‘Ellipsoid software’ is used for

the graphical representation and mean values on the Jelinek plot

(Launeau & Robin 2005).

The AMS ellipsoid principal directions are computed using for

each applied field the statistical methods of Jelinek (1978a). Hrouda

et al. (2006a) proposed a fabric index to characterize the maximum

susceptibility variation with field, defined as follows:

Vm = 100
kmax − kmin

kmin

, (2)

where kmax is the maximum susceptibility semiaxis and kmin is the

minimum susceptibility semiaxis. Here we have taken only the mea-

surement at the standard 300 A m−1 into consideration for illustra-

tion and comparison with reported values.

The magnetocrystalline anisotropy in the pyrrhotite single crys-

tals was determined with a high-field cantilever magnetometer by

evaluating the magnetic torque as function of angle in various ap-

plied magnetic fields. The instrument and measurement procedure

are described by Martı́n-Hernández et al. (2006). The magnetic

torque in the basal plane was measured in a set of fields ranging

from 0 to 2 T in both senses, clockwise and counter-clockwise.

Mikami et al. (1959) derived the following torque expression from

the magnetic energy function for intermediate fields:

T (θ ) = −3

2

K 3
1

B2 M2
s

(
1 − 2

K 2
1

B2 M2
s

)
sin(6θ ) + 10

K 6
1

B5 M5
s

sin(12θ ),

(3)

where T is the measured torque, θ is the angle that describes the

rotation of the sample, K 1 is the first anisotropy constant, B is the

applied field and M s is the saturation magnetization of pyrrhotite.

The rotational hysteresis, defined as one half the integral of the

torque for one field over a full rotation, is computed practically as

the area enclosed by the torque function when the sample is rotated

clockwise and counter-clockwise in for each applied fieldstrength

(Bozorth 1951; Day et al. 1970; Muxworthy 2002).

3 RO C K M A G N E T I C

C H A R A C T E R I Z AT I O N

O F T H E P Y R R H O T I T E S

3.1 Thermomagnetic runs

Monoclinic (4C) pyrrhotite (Fig. 1a), hexagonal (NC) pyrrhotite

(Fig. 1b) showing the λ-transition at ∼215 ◦C (phase change to NA

pyrrhotite) with its upper bound at ∼265 ◦C (Kissin & Scott 1982)

although it can be higher (change to MC pyrrhotite which is antifer-

romagnetic again) and mixtures of both pyrrhotites occur (Fig. 1c).

Note that upon heating over ∼500 ◦C magnetite starts to form. The

pyrrhotite phase(s) identified and Curie temperatures are collected

in Table 1; this should be considered with some caution since over

95 per cent of the pyrrhotites consists of intergrown monoclinic-

hexagonal pyrrhotite (Arnold (1967). The Curie temperature of 4C

pyrrhotite is ∼310–320 ◦C determined on the heating segments

before the onset of magnetite formation (Table 1). The ‘Curie tem-

perature’ of the hexagonal pyrrhotite sample is somewhat lower at

0
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Figure 1. Representative thermomagnetic runs showing the three characteristic pyrrhotite features. Solid lines correspond to the warming curves and dashed

lines to the final cooling curves. (a) monoclinic pyrrhotite, (b) hexagonal pyrrhotite displaying the characteristic ‘λ-transition’ and (c) mixture of hexagonal

and monoclinic pyrrhotite.
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Figure 2. (a) Hysteresis loops in applied fields up to 2 T for a typical pyrrhotite single crystal (sample pyr.7 in grey shading) and for a pyrrhotite single crystal

displaying a wasp-waisted shaped loop (sample pyr.10 in black); (b) FORC diagram acquired for sample pyr.1; and (c) FORC diagram of the grain size fraction

150–250 μm (Wehland et al. 2005). Note that the diagram is clipped close to the origin because of incomplete grids close to Bc = 0.

∼280–290 ◦C (Fig. 1b). That of the mixed (hybrid) sample is ∼320
◦C (Bennett & Graham 1980) (Fig. 1c).

3.2 Hysteresis parameters and FORC diagrams

Hysteresis loops and FORC diagrams were measured parallel to the

pyrrhotite basal plane. They are similar in shape and characteristics

for all samples. Two typical examples are shown in Fig. 2(a). Satu-

ration is reached in most of the samples by 600 mT. Some samples

seem to be magnetically harder and saturation is not fully achieved

by 2 T. Occasionally, the loop remains open in fields up to 1 T which

yields a typical wasp-waisted shape (Fig. 2a). This feature is indica-

tive of the presence of two phases with notably different coercivities

(Roberts et al. 1995; Tauxe et al. 1996). The origin of the second or

high-coercivity component is explained in Section 3.3 but we antici-

pate here that it might be caused by small misorientation of the basal

plane (which is delicate). The projection of the hard magnetization

axis (c-axis) would give an apparent high-coercivity phase.

Calculation of M s following the ‘approach to saturation’ proce-

dure outlined by Fabian (2006) led to similar values compared to the

results without the approach to saturation, with variations smaller

than 5 per cent with one exception. Sample pyr.11 was measured up

to 1 T. For this sample, the differences between the two M s values

reached 17 per cent and therefore only the higher ‘approach to sat-
uration’ value is reported. M rs/M s ratios vary from ∼0.12 to ∼0.45

and Brc/Bc from ∼0.91 to 2.31 (Table 1). The Brc/Bc ratio is also

smaller than 1.5 for most of the samples, typical of pyrrhotite and

pyrrhotite-bearing rocks (Peters & Dekkers 2003). The percentage

of monoclinic pyrrhotite (Table 1) was estimated based on the re-

ported value of Ms = 80 kA m−1 for pure monoclinic pyrrhotite

(e.g. Dunlop & Özdemir 1997). Even though in some samples

the thermomagnetic curves did not indicate hexagonal pyrrhotite,

the estimation of monoclinic pyrrhotite is not 100 per cent, suggest-

ing minor amounts of hexagonal intergrowths.

To track possible variations in the interaction field of the samples,

FORC diagrams were determined (Fig. 2b). The coercivity shown

on the diagrams is compatible with the largest MD pyrrhotite frac-

tion which has been experimentally determined by Wehland et al.
(2005) (Fig. 2c). The contour lines on the vertical axes for the sin-

gle crystals are closer spaced than those of the fractionated samples,

suggesting a less pronounced MD behaviour for the single crystals.

This is likely because we are dealing with single crystal samples

(or almost single crystal samples) that were measured within the

basal plane. Evidently this is not a randomly dispersed sample. The

shape of the FORC diagram shows some similarities with that of

a SD state, which obviously cannot be present (crystals are large

and coercivity values are too low). The asymmetry of the contour

lines on the vertical axes is larger in the single crystals (Fig. 2b).

This phenomenon is indicative of a larger interaction field, probably

an interaction within the crystal lattice (Pike et al. 2001). Accu-

mulation of stress within the crystal lattice or misorientation of

the basal plane on the measurements can also produce asymmetry

on the diagram. Here this asymmetry (when mirrored around the

Bu = 0 axis) is larger than the general asymmetry of FORC diagrams

which appears intrinsically due to the measurements (Muxworthy

et al. 2005).

Polycrystalline pyrrhotite ore samples have slightly larger value of

the coercivity within the MD state (Table 1). Values of Bc determined

from hysteresis loops and from the FORC diagrams are proportional,

with determinations derived from FORC diagrams being slightly

lower: they appear to be ∼0.97 times those from the major hysteresis

loops (Table 1).

3.3 IRM acquisition curves and coercivity spectra

The IRM acquisition curves are similar for all samples, with an in-

flection point at about 200 mT and a monotonous small increase of

magnetization from 600 mT to 2 T (Fig. 3a). The median acquisi-

tion field (B1/2) and dispersion parameter (DP) for the calculated

distributions using the Kruiver et al. (2001) and Egli (2003) meth-

ods are summarized in Table 2. As a rule, the coercivity spectrum

is fitted with one main distribution of medium coercivity evidently

attributed to the pyrrhotite crystal (Fig. 3b). The fitted properties

of the main component are independent of the fitting method used

(within uncertainty range; Table 2): A mean of 17 ± 7 mT for B1/2

and a DP of 0.32 ± 0.05 log mT are obtained using the Kruiver

et al. (2001) approach while Egli’s (2003) approach yields 19 ±
8 mT for B1/2 and 0.34 ± 0.06 log mT for DP. Fig. 3(b) illustrates

the coercivity fit of a pyrrhotite single crystal. In some samples, a

soft component is also present, with varying intensities (Table 2).

It is attributed to thermal relaxation and/or magnetic interaction

(Heslop et al. 2004). In large single crystals, the second is more

likely to hapend.

The main difference between the two approaches is how a third

component of high coercivity is modelled in some samples. This

component is more often required in the fitting with symmetric dis-

tributions (Kruiver et al. 2001). However, the DP associated with

that high coercivity component using both methods (>1.0) is ir-

realistically high for a single magnetic population. Therefore, this

component is probably related to the orientation of the crystal during
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Figure 3. (a) IRM acquisition curve of sample pyr.1; (b) coercivity spectra derived from (a) (main component: medium grey, high-field component: dark grey,

total: light grey) and (c) summary of all the coercivity components found in the eleven analyzed pyrrhotite single crystals (only components with percentages

of intensity larger than 3 per cent are displayed). Egli’s (2003) software was used.

measurement (the hard component is caused by acquisition of re-

manent magnetization along the c-axis, the hard magnetic axis).

4 L O W- F I E L D B U L K S U S C E P T I B I L I T Y

The mean bulk susceptibility was evaluated as the mean of the three

magnetic AMS ellipsoid axes at 300 A m−1, kbulk = (kmax + k int +
kmin)/3. The bulk susceptibility is expressed on a volume specific

basis by taking the measured mass and dividing by a value of

4.61 gr cm−3 being the specific density of pyrrhotite (Lindsley et al.
1966). The bulk susceptibility displays a large variation in spite of

samples being selected and thoroughly cleaned before.

V p and V LF show a rather large between-sample variation, VLF

ranges from 1 to 70 per cent and V p from 4 to 85 per cent (Table 3).

This variation can reach values even up to 200 per cent when the

magnetic susceptibility was measured only in one direction within

the basal plane and not averaged out over all directions.

The kbulk at low fields can be fitted to a Rayleigh law curve (see

Section 1). However, for pyrrhotite-bearing rocks the field interval

in which the fitting is reasonable, varies depending on the pyrrhotite

type and concentration, reaching 450 A m−1 only in some cases

(Hrouda et al. 2006a). The region in which pyrrhotite obeys the

Rayleigh law is up to about 80 A m−1 (Hrouda et al. 2006a). However

when measuring low-field susceptibility, the most commonly used

field is 300 A m−1, which garantuees an optimal signal to noise

ratio (e.g. Jelinek 1973). For a pyrrhotite single crystal, Fig. 4(a)

illustrates the values obtained for the Rayleigh law fitting using

all data from 2 to 450 A m−1 and data in the field range from 2 to

300 A m−1 as suggested by Hrouda (2002). The results illustrate that

for pyrrhotite single crystals and probably pyrrhotite-bearing rocks

as well; the most common fields used are already in the so-called

‘minor loop’ region and (far) beyond the Rayleigh region.

The values of kbulk appear to be dependent on the logarithm of

the applied field. They can be fitted with the following polynomial:

kbulk = a2 [log(H )]2 + a1 log(H ) + a0, (4)

where a2, a1 and a0 are the coefficients of the fitting and H is the

applied field in A m−1.

The scalar a0 cannot be related only to the pyrrhotite crystals

but also to paramagnetic material and/or magnetite when present

in the samples. At room temperature, paramagnetic minerals have

a constant magnetic susceptibility with applied field up to several

hundreds of Teslas. For the field range used, magnetite is also in-

dependent in the field ranged used here (Worm 1991; Worm et al.
1993; Hrouda 2002). The relationship expressed in eq. (4) is illus-

trated in Fig. 4(b) for sample pyr.1; the fitted coefficients and the

goodness of fit statistics R2
pol are displayed on the figure.

Eq. (4) was applied to the grain size fractionated data set measured

by Worm et al. (1993). Fig. 5(a) shows the magnetic susceptibility

of fractions labelled ‘EOR’ fitted to eq. (4). The second order co-

efficients (a2) of the polynomial described by eq. (4) for all data

are summarized in Fig. 5(b). The first order coefficients (a1) are

reported in Fig. 5(c). There is a clear correlation between the co-

efficients of the polynomial and the grain size of the pyrrhotite

(Table 4, Figs 5b and c). Values of a2 increase with grain size

while a1 values decrease with increasing grain size. Only the be-

haviour of sample TTE250 does not concur with the others (Figs 5b

and c). This is attributed to intergrown pyrite by Worm et al. (1993).

The same data set has been fitted to a Rayleigh law function and

the results are summarized in Table 4. The field range from 2 to

300 A m−1 has been used. The fitting is good (R2
Ray close to 0.9 for

grain sizes larger than 40 μm). However the fitting is systematically

better for all grain sizes if eq. (4) is used instead (R2
pol).

5 L O W- F I E L D A M S

The eleven crystals show a widespread AMS behaviour as function

of applied field in range from 2 to 450 A m−1, both with respect to

stability of its principal directions and to the parameters of shape

and degree of anisotropy (Fig. 6 and Table 3). Four samples (pyr.2,

pyr.5, pyr.7 and pyr.11) have oblate AMS ellipsoids (Figs 6a and b)

with very well defined principal directions (Fig. 6a) and very high

values of P′ (Fig. 6b). Other samples (pyr.6 and pyr.9) have an oblate

AMS ellipsoid with a well defined mean and k3 perpendicular to

the basal plane (Table 3 and Fig. 6c) but medium values of the

degree of anisotropy (Fig. 6d). Again, in others (pyr.1, pyr.3, pyr.4,

pyr.8 and pyr.10), the shape of the AMS ellipsoid is neutral or very

close to neutral or even negative (Table 3 and Fig. 6e), contrary to

the expected oblate shape. Those samples also display low values

of the anisotropy degree, except for sample pyr.8+ (Table 3 and

Fig. 6f).

Samples pyr.8 and pyr.10 display a susceptibility tensor has neg-

ative minimum susceptibility semiaxes and therefore the param-

eters P′ and T cannot be computed unless a common number is

added to the susceptibility eigenvalues, which was done in our study

(Table 3). On these samples the parameters F and P also present

negative values. This phenomenon has been already reported for

hematite single crystals: because the ellipsoid is perfectly oblate,

the actually measured value is not negative but the problem

arises from the non-linearity between M and H (Martin-Hernandez
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Figure 4. Low-field bulk susceptibility as a function of applied field for pyrrhotite single crystal pyr.11. (a) Susceptibility fitted to the Rayleigh law for all

data points (full line) and for those ranging from 2 to 300 A m−1 (dotted line and grey circles). Note the logarithmic scale of the abscissa. (b) Susceptibility as

fuction of the logarithm of applied field H (A m−1) and the fitted second order polynomial. The fitted equations and their goodness-of-fit coefficients (R2) are

shown on the panels. The abscissa is logarithmic.
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Figure 5. (a) Low-field bulk susceptibility as a function of applied field for several grain size fractions of EOR pyrrhotite (Worm et al. 1993). Panels (b) and

(c) Summary of the polynomial coefficients in eq. (4) for all grain size dependent data reported in the literature. These are the data from series EOR (displayed

in panel (a)), series TTE and data from Clark (Worm et al. 1993). Panel (b) shows the results for the quadratic or second order coefficient and (c) those for the

linear or first order coefficient.

Table 4. Coefficients for the fitting of the data reported by Worm et al. (1993) to eq. (4) (a2 and a1) with

the goodness of fit parameter R2
pol and to the Rayleigh law function (α, k) together with the goodness of

fit parameter R2
Ray for the second function.

Sample Grain size (μm) a2 a1 R2
pol k α R2

Ray

EOR 250 0.0617 −0.1130 0.9983 0.174 0.000582 0.9566

EOR 150 0.0518 −0.1088 0.9970 0.155 0.000404 0.9667

EOR 100 0.0378 −0.0834 0.9960 0.132 0.000261 0.9747

EOR 75 0.0253 −0.0611 0.9967 0.107 0.000100 0.9899

EOR 55 0.0147 −0.0370 0.9766 0.087 0.000070 0.9613

EOR 40 0.0075 −0.0192 0.9727 0.072 0.000040 0.9378

EOR 30 0.0047 −0.0137 0.9035 0.059 0.000010 0.6727

EOR 15 0.0047 −0.0137 0.9035 0.033 0.000006 0.0348

EOR 5 3.010−5 0.0004 0.7141 0.012 0.000003 0.2400

TTE 250 0.0563 −0.1309 0.9911 0.188 0.000396 0.9867

TTE 150 0.0649 −0.1527 0.9942 0.240 0.000404 0.9825

TTE 100 0.0534 −0.1282 0.9892 0.231 0.000300 0.9863

TTE 55 0.0279 −0.0772 0.9876 0.204 0.000100 0.9039

TTE 40 0.0167 −0.0491 0.9512 0.182 0.000030 0.8469

TTE 30 0.0092 −0.0256 0.9603 0.183 0.000030 0.7700

TTE 25 0.0011 0.0033 0.9185 0.158 0.000050 0.7431

TTE 20 0.0007 −0.0009 0.5957 0.128 0.000008 0.2370

TTE 15 −0.0007 0.0030 0.0790 0.023 0.000008 0.0451

Clark 83 0.0304 −0.0590 0.9952 0.181 0.000300 0.9760

Clark 32 0.015 −0.0376 0.9453 0.115 0.000070 0.9108

Clark 15 0.0006 0.0028 0.9631 0.083 0.000030 0.7953
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Figure 6. Principal directions of AMS (left-hand side) and corresponding Jelinek plot (right-hand side) for pyrrhotite crystals displaying three types of behaviour

with low field AMS evaluated at different field strengths ranging from 2 to 450 A m−1. Stereogram in specimen coordinates with the c-axis subparallel to the

minimum susceptibility direction, lower hemisphere projection. The arrows indicate increasing applied field values: (a) and (b) Sample pyr.11: stable AMS

principal directions, oblate AMS ellipsoid and high degree of anisotropy, (c) and (d) Sample pyr.6: k1 and k2 semiaxes dispersed on a great circle while a

purely oblate AMS ellipsoid is expected but lower anisotropy degree, (e) and (f) Sample pyr.1: stable principal ellipsoid directions but anomalously low shape

parameter T of the AMS ellipsoid and low degree of anisotropy. The arrow indicates the trend toward increasing values of the applied field.

& Hirt 2004). The susceptibility matrix contains either negative

or two equal eigenvalues. The measurements cannot be fitted to a

triaxial ellipsoid because it degenerates into a plane (Hrouda 2002).

V m values show a rather large variation from −659 to 8509

(Table 3). Sample pyr.11 has an anomalously high value, higher

than the higher reported value of 230 (Hrouda et al. 2006a).

6 H I G H - F I E L D T O RQ U E

M A G N E T O M E T RY

The delicate high-field torque measurements were performed on six

(pyr.2, pyr.7, pyr.8, pyr.9, pyr.10 and pyr.11) of the eleven samples,

only those suitable to be mounted on the cantilever. Three out of
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Figure 7. Cantilever torque measurements and main derived parameters. (a) Mean torque curve of a pyrrhotite single crystal within the basal plane (pyr.11),

(b) dominant Fourier coefficients of the torque signal (pyrr.11), (c) 6–θ term (A6) of the curve and fitted theoretical expression (eq. (3)) where full symbols

present the data points selected to fit the curve into its theoretical expression for all the new samples analyzed in this study. Diamonds and light-dotted grey

curve correspond to pyr. 7, squares and dark-dotted grey line correcorrespond to pyr.2 and circles and black line correspond to pyr.11. (d) Rotational hysteresis

of pyrrhotite single crystal pyr.11 (black diamonds) compared with the rotational hysteresis of magnetite for different grain sizes (grey squares, 7.5 μm; black

triangles, 39 μm; grey triangles 59 μm and open squares, 79 μm, all from Muxworthy (2002) and open circles magnetite single crystals from Martı́n-Hernández

et al. (2006)).

these six crystals (pyr.2, pyr.7 and pyr.11) showed an interpretable

torque signal attributable to the pyrrhotite basal plane only. The other

three had either a significant contribution of a second overlapping

phase which increased the torque amplitude up to fields higher than

2 T or the signal was too weak to be measured.

As expected, the torque curve is dominated by a 6θ term

(Fig. 7a). This term increases in magnitude until a maximum value at

600 mT, the field in which pyrrhotite magnetization saturates when

measured within the basal plane (Fig. 7b). For fields higher than

600 mT, the 6θ term decreases to zero. A more extended analy-

sis shows a superposition of a 6θ and 2θ term for the entire field

range. The presence of an overlapping 2θ term to the theoretical 6θ

curve is already described for pyrrhotite single crystals, most likely

due to a small misorientation of the crystal (Mikami et al. 1959;

Hirone et al. 1962). By a non-linear least squares fitting, the 6θ

coefficient of the torque curve can be fitted to eq. (3) with K 1 as

the only unknown parameter. The value of K 1 can then be derived

(Fig. 7c). M s values for the different samples have been taken from

the hysteresis measurements (Table 1). Table 5 summarizes in the

first column values reported in the literature evaluated by torque

magnetometry (Mikami et al. 1959; Hirone et al. 1962) and magne-

tization curves (Bin & Pauthenet 1963; Sato et al. 1964) and in the

second column values determined in the present contribution and a

re-evaluation of the data reported based on torque magnetometry.

Combining those five entries results in a mean value of K 1: (2.7 ±
0.2) 104 Jm−3.

Pyrrhotite single crystals possess a maximum value of the rota-

tional hysteresis at about 600 mT, that decays to zero monotonously

at a rate proportional to 1/B (Fig. 7d). The peak in rotational hys-

teresis occurs at distinctly higher field values for pyrrhotite than for

magnetite (Schmidbauer 1988; Muxworthy 2002) and titanomag-

netites (Schmidbauer & Keller 1994; Keller & Schmidbauer 1999)

Table 5. Values of the first anisotropy constant (K 1) for pyrrhotite reported

in the literature (first column) and data presented in this study (second col-

umn) and measured M s values for the analysed samples (third column).

Error bars in the mean correspond to the standard deviation of mean values.

Sample K 1 (Jm−3) K 1 (Jm−3) MS (kA m−1)

pyr.2 2.89 × 104 15.77

pyr.7 2.85 × 104 9.55

pyr.11 2.40 × 104 57.5

Mikami et al. (1959) 2.83 × 104 2.82 × 104

Hirone et al. (1962) 1.41 × 104 2.76 × 104

Bin & Pauthenet (1963) 3.5 × 104 ≈97

Sato et al. (1964) 5.1 × 104 57

Mean (3.2 ± 1.5) 104 (2.7 ± 0.2) 104

but at lower values than hematite (Owens 1981). Since the field

at which the maximum magnetic energy is stored is different for

some of the most common minerals, this parameter might be used

to estimate the magnetic phases in natural samples and evaluate the

degree of interaction between particles (Yoshida et al. 1994). The ex-

isting rotational hysteresis database is too sparse to allow for robust

inferences concerning the influence of grain size with respect to ro-

tational hysteresis (Muxworthy 2002) or the accumulation of stress

into the crystallographic structure (Robion & Borradaile 2001).

7 D I S C U S S I O N A N D C O N C L U S I O N S

7.1 Bulk susceptibility and applied field

The bulk susceptibility variation with applied field shows consid-

erable scatter among different samples. The V p and V LF parame-

ters display larger values when the measurements are confined to

C© 2008 The Authors, GJI
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the basal plane. This might become problematic when measuring

natural samples: if the bulk susceptibility that much orientation-

dependent, its variations could erroneously be attributed to other

phenomena than intrinsic anisotropy of the magnetic particles. Two

samples from the same site and same characteristics might have a

different value of the V p and V LF if measured in the foliaton plane or

the pole to bedding plane, only due to the differences of anisotropy

in pyrrhotite, but not attribuible to variations in concentration or

grain size.

In order to compare some of these parameters between different

magnetic minerals, the reported pyrrhotite V m values range from

229.6 to 2.1 in natural samples (Hrouda et al. 2006a) and from 8509

to −659 in single crystals (Table 3). For single domain magnetite the

values range from 12.5 to 4.4 and for multidomain hematite from 9.6

to 0.9 (Hrouda et al. 2006a). High values may be taken as indication

for the presence of pyrrhotite in the rock under investigation but

values <13 can indicate several magnetic minerals.

An increasing magnetic susceptibility with applied field has also

been found for titanomagnetite (Jackson et al. 1998; de Wall & Nano

2004) and hematite (Hrouda 2002). However, the field dependency

determined for those minerals does not fit the curve proposed in this

study for pyrrhotite. For this reason, caution must be taken in using

the coefficients of the fitting between logarithm of applied field and

bulk susceptibility as grain size estimation for pyrrhotite-bearing

samples. Such samples have to fulfil two criteria for being applica-

ble: (i) they must be devoid of titanomagnetite and/or hematite

and (ii) they must contain only one population of pyrrhotite. If

the samples contain hematite and/or titanomagnetite, variation of

the bulk susceptibility with applied field also occurs. When more

than one population of pyrrhotite is present, the function governing

the correlation between applied field and susceptibility is a combina-

tion of the different populations of pyrrhotite and the interpretation

would not be unique. The presence of pure magnetite, paramagnetic

or diamagnetic minerals should not be a problem because their sus-

ceptibility is field-independent for the applied field range (Hrouda

2002). The results obtained so far are encouraging, but more data

from other magnetic minerals are needed to confirm the universal-

ity of the relationship between grain size and applied field using a

polynomial of the logarithm of applied field.

7.2 Low field AMS

The variation of susceptibility, characterized by the V LF and V p

parameters does not show any correlation with the pyrrhotite com-

position determined by magnetic methods (Tables 1 and 3). We have

analysed samples from monoclinic, hexagonal and hybrid compo-

sition in this study. Moreover, the AMS of pyrrhotite crystals is

not straightforward at low fields. Some crystals showed a suscepti-

bility ellipsoid with negative minimum susceptibility and positive

maximum and intermediate susceptibility. This leads to an incor-

rect estimation of the susceptibility increments as expressed with

the field parameter V m. Also shape and degree of anisotropy of the

ellipsoid can be calculated erroneously.

The evaluation of the main low-field AMS parameters (T and

P′) allows also the discrimination between ‘pure’ single crystal

and polycrystalline specimens. Samples with low or negative val-

ues of the shape parameter T are not compatible with monoclinic

pyrrhotite and therefore are the consequence of crystal aggregates.

Samples displaying low to negative values of T coincide with

those in which the degree of anisotropy is lower than 3 (Table

3). Low values of T and P′ are interpreted to be due to a poly-

crystalline nature of the samples. AMS measurements are there-

fore a useful tool in the discrimination of pure single crystals from

aggregates.

7.3 Magnetocrystalline anisotropy constant

High-field torque magnetometry was used for the evaluation of the

anisotropy constant within the pyrrhotite basal plane. Literature val-

ues are rather dispersed, in part because different measurement tech-

niques were used (torque magnetometry and magnetization curves).

Also different theoretical developments were utilized for the same

measurement. Torque data by Mikami et al. (1959) are based on

the full torque curve while Hirone et al. (1962) concentrated on the

torque amplitude as a function of applied field.

Previously reported works did not include a compositional anal-

ysis of the pyrrhotite. Mikami et al. (1959) and Hirone et al. (1962)

use the value of M s = 80 kA m−1, thus assuming that their crystals

were pure monoclinic pyrrhotite. Bin and Pauthenet (1963) reported

a value of M s ≈ 97 kA m−1, larger than the accepted value for pure

monoclinic pyrrhotite. However, their value of the magnetocrys-

talline anisotropy constant is not the largest reported value, which

was given by Sato et al. (1964). Their saturation magnetization ap-

pears to be 57 kA m−1, ∼40 per cent smaller than the expected

value, which they commented was due to non-magnetic impurities

that led to an smaller value of M s with no demonstratable effect on

the crystallographic properties (Table 5).

A re-evaluation of the data determined by torque magnetometry

was done after digitizing the torque curves and fitting the results

to the theoretical expression given by eq. (3). The newly evalu-

ated values and three additional data points from this study give a

much better constrained value (Table 5). Together with the estimate

of the monoclinic pyrrhotite fraction based on M s measurements

(Table 1) it emerges that monoclinic pyrrhotite has a value for its

magnetocrystalline anisotropy constant that is ∼15 per cent lower

than previously known. However, some caution is appropriate: the

total number of data points still is not very large and stoichiometric

information on the previously reported data is lacking. In addition

to the estimate of the monoclinic pyrrhotite fraction we provide the

information obtained from the analysis of the AMS tensor, which

also gives a first-order approximation about the purity of the very

crystal utilized in the torque data acquisition. In this context, AMS

measurements can be used as indicator of the presence of monoclinic

pyrrhotite single crystals.

Thermomagnetic analysis and high-field torque magnetometry

was done on different crystal fragments of the same sample. Ther-

momagnetic curves must be considered a good indicator of the com-

position of the samples, but as discussed above, the homogeneity of

the crystal is always of concern particularly in the case pyrrhotite

where intergrown superstructures occur as a rule. AMS, however, is

done on the same sample and we considered it essential. We have

only used the good stable low-field AMS tensors, the best approach

to a single crystal. Some reported values seem to offer data on im-

pure crystals (Sato et al. 1964) still yielding the same K 1 estimate,

which could suggest that crystallographic purity arguments may be

of lesser importance.

A mean value of K 1: (2.7 ± 0.2) 104 Jm−3 has been derived. The

new value has a relative error of 3.5 per cent, one order of magnitude

smaller than the previously reported value, which had a relative error

of 47 per cent. The new value is more similar to the determination by

Mikami et al. (1959) than that reported by Bin & Pauthenet (1963),

which is the most commonly used (Dunlop & Özdemir 1997).

C© 2008 The Authors, GJI

Journal compilation C© 2008 RAS



May 7, 2008 9:44 Geophysical Journal International gji3793

12 F. Martı́n-Hernández et al.

A C K N O W L E D G M E N T S

Six of our samples have been kindly provided by T. Senior from the

Utrecht University collection and the other five by J.-P. Lorand of the

Museum National D’Histoire Naturelle, Paris. M.L. Osete is thanked

for allowing the access to her lab facilities. The manuscript has

benefited from the comments of GJI reviewers Adrian Muxworthy

and Pierre Rochette, which were appreciated. This work has been

supported by a Marie Curie Fellowship to FMH (project number

MEIF-CT-2003-502133).

R E F E R E N C E S

Arnold, R.G., 1967. Range in composition and structure of 82 natural ter-

restrial pyrrhotites, Can. Min., 9, 31–50.

Bennett, C.E.G. & Graham, J., 1980. New observations on natural

pyrrhotites. Part III. Thermomagnetic experiments, Am. Mineral., 65,
800–807.

Bennett, C.E.G. & Graham, J., 1981. New observations on natural

pyrrhotites: magnetic transition in hexagonal pyrrhotite, Am. Mineral.,
66, 1254–1257.
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