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Introduction

Highly sensitive magnetometers for measuring hysteresis prop-
erties of geological materials [e.g., Flanders, 1988] have recently
become commonly available in paleomagnetic laboratories. So-
called "hysteresis loops" are generated by subjecting a small sample
to a very large magnetic field -Bmax- Such a magnetometer mea-
sures the magnetization of the sample as the applied field B decays
to zero, approaches -Bmax, then returns through zero to +Bmax-
Many factors in the sample affect its response to the magnetic field,
including but not limited to, mineralogy, particle size and shape,
domain state, and particle interactions. If their individual contri-
butions can be separated, a relatively quick procedure could yield
a tremendous amount of information concerning these variables.
The potential of rapid assessment of domain state, magnetic grain
size, and/or magnetic mineralogy [e.g., Wasilewski, 1973; Day et
al, 1977; Parry, 1980,1982; Dunlop, 1984,1986] has led many to
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incorporate hysteresis loop measurements into the routine battery
of rock magnetic analyses accompanying paleomagnetic studies.

However, the interpretation of hysteresis loops is not simple.
Geological materials (and even many synthetic ones) are composed
of particles with vastly different responses to magnetic fields and
the resulting loops are distorted from the simple textbook examples
suited for casual interpretation. While much progress has been made
in determining the fundamental response of several geologically rel-
evant minerals (magnetite [e.g., Dayetal, 1977; Parry, 1980,1982;
Heideretal, 1987; Worm andMarkert, l981;Hodych, 1990; Dun-
lop, 1986; Argyle and Dunlop, 1990], pyrrhotite [Dekkers, 1988],
goethite and hematite [e.g., Hartstra, 1982; Dekkers, 1988], and
the hysteresis response of single crystals [e.g., Enkin and Dunlop,
1987; Enkin and Williams, 1994; Williams and Dunlop, 1989,1995]
very little numerical modeling has been done to simulate hysteresis
behavior resulting from mixtures of various minerals, grain sizes, or
domain states (however see Roberts et al, [1995]). While Sprowl
[1990] did investigate the effect of particle interaction in magnetite,
most numerical modeling of hysteresis behavior has been done
from an engineering point of view [e.g., Jiles, 1992; Walker et al.,
1993a, b; Dellatorre et al, 1994; Basso et al, 1994; Friedman
and May erg oyz, 1992; Ossart and Meunier, 1991] and has not used
geologically relevant parameters.

The importance of numerical modeling of hysteresis loops lies
in the potential payoff: inverting hysteresis loops for the control-
ling grain size, domain state, and mineralogical components. Such
inversions are theoretically possible, and similar types of inver-
sions are carried out routinely in the medical and seismological
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Abstract. Because the response of a magnetic substance to an applied field depends strongly on
the physical properties of the material, much can be learned by monitoring that response through
what is known as a "magnetic hysteresis loop". The measurements are rapid and quickly becoming
part of the standard set of tools supporting paleomagnetic research. Yet the interpretation of
hysteresis loops is not simple. It has become apparent that although classic "single-domain",
"pseudo-single-domain" and "multidomain" loops described in textbooks occur in natural samples,
loops are frequently distorted, having constricted middles (wasp-waisted loops) or spreading middles
and slouching shoulders (potbellies). Such complicated loops are often interpreted in oversimplified
ways leading to erroneous conclusions. The physics of the problem have been understood for
nearly half a century, yet numerical simulations appropriate to geological materials are almost
unavailable. In this paper we discuss results of numerical simulations using the simplest of systems,
the single-domain/superparamagnetic (SD/SP) system. Examination of the synthetic hysteresis
loops leads to the following observations: (1) Wasp-waisting and potbellies can easily be generated
from populations of SD and SP grains. (2) Wasp-waisting requires an SP contribution that saturates
quickly resulting in a steep initial slope, and potbellies require low initial slopes (the SP contribution
approaching saturation at higher fields). The approach to saturation is dependent on volume hence
the cube of grain diameter. Therefore there is a very strong dependence of hysteresis loop shape
on the assumed threshold size. (3) We were unable to generate potbellies using a SP/SD threshold
size as large as 30 nm, and wasp waists cannot be generated using a threshold size as small as 8
nm. The occurrence of both potbellies and wasp waists in natural samples is consistent with a room
temperature threshold size of some 15nm (+/- 5nm).(4)Simulations using a threshold size of 15-20 nm
with populations dominated by SP grain sizes, that is with a small number of SD grains, produce
synthetic hysteresis loops consistent with measured hysteresis loops and transmission electron
microscopic observations from submarine basaltic glass. (5) Simulations and measurements using
two populations with distinct coercivity spectra can also generate wasp-waisted loops. A relatively
straightforward analysis of the resulting loops can distinguish the latter case from wasp-waisting
resulting from SP/SD behavior.



communities. Before inversion is practical, however, a great deal
more must be understood about the forward problem. The phys-
ical principles of the problem are well understood, but numerical
simulation can be tricky and computationally intensive. In the fol-
lowing, we will show results from simulations of combinations of
single-domain (SD) and superparamagnetic (SP) particles. These
simulations model quite well the distorted hysteresis loops observed
in many natural samples. As an additional benefit the combination
of experimental and simulated data sets may provide constraints on
the SP/SD threshold size.

Numerical Simulations of SP/SD Hysteresis
Behavior: Uniaxial Anisotropy

Magnetic hysteresis loops from geological materials often dif-
fer from typical examples of single-domain (SD), pseudo-single-
domain (PSD), and multidomain (MD) behavior. The loops can
be distorted, making direct physical interpretation in terms of grain
size or domain state difficult or impossible. The two most common
types of distortion are (1) a constriction of the "waist" ("wasp-
waisted") and (2) the less obvious but equally important "potbelly".
Examples of representative loops derived from submarine basaltic
glass (SBG) are shown in Figure la-c (see also examples in a variety
of geological materials by e.g., Jackson, [1990], Sun and Jackson,
[1994], McCabe and Channell, [1994], Borradaile et aL, [1993],
Channell and McCabe, [1994], Pick and Tauxe, [1993, 1994], Tar-
duno, [1994], Senanayake and McElhinny, [1981], and Roberts et

aL, [1995]). SBG has been shown by Pick and Tauxe [1994] to
have a low-titanium magnetite as the magnetic phase. These loops
can be categorized into four types: paramagnetic (not shown but is
a straight line in these fields), single-domain (Figure la), potbellied
(Figure lb), and wasp-waisted (Figure lc). Potbellied loops have
not received attention in the literature, although we frequently see
them in rock magnetic articles. Wasp-waisting, on the other hand,
has been recognized for decades [e.g., Wasilewski, 1973] and can
result from combining two magnetic phases with vastly different
coercivities [Wasilewski, 1973] or combining superparamagnetic
and single-domain behavior [Pick and Tauxe, 1993; Jackson et aL,
1993]. To investigate the effect of combining different hysteresis
behaviors on the shape of the resulting loops, Pick and Tauxe [1994]
modeled a linear combination of a population of SD grains with one
of two SP populations of different initial slope. Figure Id shows the
hysteresis loop for the SD population (dashed line) plus two approx-
imate SP signals of different initial slope (solid lines). Figure le
(solid line) displays the loop resulting from combining SD plus the
shallow slope (SP1), and Figure If is SD plus the steeper slope
(SP2). This simple model shows that the shape of the composite
curve can indeed be dependent on the initial slope of the super-
paramagnetic population, but determining the actual distribution of
magnetic grain sizes requires a more elaborate inverse modeling
approach. In the following, we will use numerical simulation tech-
niques to study combined superparamagnetic and uniaxial single
domain behavior.

We will be investigating magnetic behavior as a function of an
applied field. When the descending curve (the portion of the loop
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