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"Wasp-waisted" hysteresis loops from a pyrrhotite and
magnetite-bearing remagnetized Triassic limestone

Giovanni Muttoni
Lamont-Doherty Earth Observatory, Palisades, New York

Abstract. Remagnetized samples of the Triassic Prezzo
Limestone from northern [taly contain a mixture of pyrrhotite
and magnetite, as deduced by thermal nnblocking
characteristics of triaxial isothcrmal remanent magnetizations
(IRM's} and low-lemperature cycling of satnration IRM's.
Hysteresis loops are commonly “"wasp-waisted” and remanent
coercivity curves contain a break in slope, as a result of the
contrast in coercivity between remanence-carrying pyrrhotite
and magnetite. The relative proportion of the high to low
remanent coercivity fractions, as deduccd by the study of the
remanent coercivily cnrves, seems (o control the degree of
"wasp-waistedness” of the hysteresis loops. Samples that are
dominated by onc of the two coercivity end members have
lower Be/B¢ values as well as hystcresis loops that have a less
pronounced constricted waist compared to samples with higher
B¢r/Be valnes. Maximnm Bg /B values {and thus maximum
degrces of "wasp-waistedness™ in the hysteresis loops) arc
attained when the low remanent coercivily fraction contributcs
15-35% to the bulk remancnt coercivity curvcs.

Introduction

Hysteresis loops give information concerning the
cocrcivity spectrum and domain state of ferri- and ferro-
magnelic materials. A set of non-interacting single domain
(SD) magnetic particles with uniaxial symmetry gives
hysteresis loops with saturation remanence (Mpg) values that
are equal to aboul half the satnration magnetization (Mg)
[Stoner and Wohlfarth, 1948]. Lower values of Mpg/M;g are ex-
pected for low coercivity multidomain (MD) grains, due to the
lcss effective mechanism of remancnce acquisition for these
grains.

A problem arises when dealing with rocks that contain
magnetic minerals with contrasting coercivities. Day et al.
[1977] showed that, for (titano)magnetite samples thai
comprise a mixture of <20% of a hard coercivity fraction with a
low coercivity fraction, the coercive force (B.) is dominated by
the soft fraction and the coercivity of remanence (Bgp)
increases with increasing amounts of the hard fraction.
Mixtures of hard and soft coercivity minerals may give "wasp-
waisted" hysteresis loops (i.e., loops that are constricted in
the middle section and wider above and below the middle
seclion). As pointed out by Roberts et al. [1995], "wasp-
waisted" hysteresis loops were first described in the literature
in the 1920's [c.g., Gumlich, 1920]. During recent years, as
the study of the response of magnetic materials o applied
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fields has beeome more common in paleomagnetic researeh,
examples of "wasp-waisted" hysteresis loops from a variety of
natnral and artificial materials are being reported more widely.
"Wasp-waisted" loops have recently been reported from: non-
remagnetized Mesozoic hematite and magnetite-bearing
limestones [Channell and McCabe, 1994], remagnetized
Paleozoic magnelite-bearing limestones with a non-uniform
B./B distribution [Jackson et al.,, 1993; Sun and Jackson,
1994; McCabe and Channell, 1994], basaltic glass containing
single domain magnefite that co-cxists with a
superparamagnetic (SP) fraction [Pick and Tauxe, 1994], as
well as from Pleistocene lake sediments from northern
California, archeomagnetic samples from Bnlgaria, and a wide
range of other natural occurrences [Roberts et al., 1995].
Numerical simulations of composile hysteresis loops using
single domain/superparamagnetic (SP) asscmblages have also
been generated by Tauxe et al. [1995].

The Triassic Prezzo Limestone from northern [taly contains
a mixture of pyrrhotile and magnetite, as deduced by Muttoni
and Kent [1994] and the present study. The aim of this paper is
to lcst whether a pyrrhotite-magnetite mixtnre can give "wasp-
waisted” hysleresis loops. Hysteresis parameters from 48
Prezzo Limcstone samples are presented here.

Geology and paleomagnetism

The Prezzo Limestone is latest Anisian (middie Triassic) in
age and consists of up to 90 m of 20-25 c¢m-thick beds of aray
to black limestoncs that aliernate with black marls. The
sampling site (site | of Muttoni and Kent [1994]) is located in
the upper Daone Valley (Giudicarie Alps, Trentine, Italy) near
the late Eocene-Oligocene (42 to 30 Ma) Adamcllo batholith,

The vector end point demagnetization diagrams of Muttoni
and Kent [1994] sometimes show up to 3 antiparallel
demagnetization trajectories that co-exist in a single specimen
and that afl seem to be carried by a 320°C maximum
unblocking temperature phase (the definition "maximnm
unblocking temperature phase" is hercafter abbreviated 10 MTP
for the sake of brevity.) These antiparallel palcomagnetic
direetions are much better grouped in sifu rather than after tilt
correction and they yicld a mean pole which lies close 10 the
early Cenozoic poriion of the European Apparent Polar Wander
Path. These palcomagnetic directions were interpreted by
Muttoni and Kent [1994] as a remagnetization associated with
the Adamello intrusion and they were acquired after the main
phase of deformation in the country rock (i.e., during late
Cretaccous to carly Paleogene time.) By contrast, samples of
the Prezzo Limestone, collected some 50 km 10 the west of the
Adamello batholith, display the presence of an overwhelming
570°C MTB, interpreted as magnetite, and which carry a pre-
folding characteristic component that is likely to be primary
in origin [Muttoni and Kent, 1994].

3167



3168

Laboratory techniques

The ferrimagnetic phases wcre identified with the aid: of
thermal unblocking echaracteristics of triaxial isothermal
remnanent magnelizations (IRM's), according to the method of
Lowrie [1990]. IRM's were obtained by imparting a 1 4T field
along the sample z-axis, a 04T field along the y-axis, and
finally a 0.12T ficld along the x-axis. Low-temperaturc cycling
of a saturation IRM (SIRM) was performed by Christopher Hunt
(Institute for Rock Magnetism, University of Minnesota) with
a Quantum Design MPMS super-conducting susceptometer.
Hysteresis loops (up te +1.4T) were obtained from small rock
chips (a few tens of mg in mass) which were taken from
selected cores. The parameters Mg, M and B were determined
after correction for the para- or diamagnetic contribution to the
total magnetic moment (83% (17%) of the samples displayed a
dia-magnetic (paramagnetic) slope.) Samples were then
demagnetized in an alternate field and given an SIRM which
was demagnetized in a stepwise backfield fromm OT to a
maximum of -1.4T. The curves thus obtained (referred hereafter
to as remanent coercivity curves) give the remanent cocreivity
spectrum of a sample. The coercivity of re-manence (B¢y) is the
particular value of field required to reduce the maximum
remanence 10 zero. Both hysteresis loops and remanent
coercivity curves were obtained with a MicroMag 2900
Alternating Gradient Magnctometer.

Rock magnetic data
Thermal decay of the IRM's

Thermal deeay of the IRM's (and of the natural remanent
magnelizations) is dominated by a magnetic phasc with
narrowly distributed unblocking temperatures between 300 and
320°C, interpreted as pyrrhotitc by Muttoni and Kent [1994]
(Fig. 1). The shape of the thermal decay curves of the hard
(1.4T) and soft {0.12T) cocreivity fractions are similar, with
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Figure 1. Thermal decay curves of three axis IRM's for: (a)
Prezzo Limestonc samples dominated by fine-grained
pyrrhotite (0.4T curve} together with less abundant coarse
grained pyrrhotite (0.12T curve) and magnetite, and (b) Prezzo
Limestone samples dominated by a coarse-grained pyrrhotite
fraction that co-exists with less abundant fine-grained
pyrrhotite and magnetite.
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Figure 2. Thermal variation of room temperature saturation
IRM (mass-normalized) on cooling and heating for one
representative Prezze Limestone sample that contains
pyrrhotite and magnetite. Both the Verwey (110-120K) and the
30-34K transitions are present.

the 0.4T coercivity fraction dominating in some of the
specimens (Fig. la) and subordinate to the 0.12T fraction in
others (Fig. 1b). These new data suggest that the cxample iflus-
trated for the same rock from site [ in Figure 8 of Muttoni and
Kent [1994], where the 1.4T coercivity fraction dominates, is
nol representative of the magnetic behavior of these samples.
The representative exarnples reported in Figure la, b suggesl
the presence of a 300-320°C MTP with relatively uniform
coercivities (i.e., grain sizes). Above 320°C, a small but still
detectable portion of the IRM indicales the presence of, in
some cases, a 500-570°C MTP (Fig. 1b). In other cases, the
unblocking curves change slope al about 450-500°C and reach
unblocking temperatures as high as 680°C (Fig. la). Initial
(volume) susceptibility shows a sharp increase generally
above 400°C, and is somerimes fellowed by a decrease at
higher temperatures. One inlerpretation of the results is that,
due to thermal alteration during the heating procedure, a 320°C
MTP transforms into (or forms) a high susceptibility 450-
500°C MTP, which in turn may (ransform into (or form) a low
snsceptibility 680°C MTP, most probably hematiie. These
observations are reminiscent of the resulls of Dckkers [1990]
who, after monitoring pyrrhotite behavier during heating,
described the progressive oxidization of pyrrhotite into
magnetite and cventually into hematile. Because the
susceptibility incrcases substantially at temperatures
somewhat above 400°C (i.e., when a large fraction of the 450-
500°C MTP is unblocked), it is concluded that at least a portion
of this 450-500°C MTP docs not result from mineral aiteration
during heating, but rather it represents a primary phase that co-
exists with the ubiguitous 320°C MTP.

Low-temperature cycling of SIRM

Four selected samples of Prezzo Limestone were subjectled to
low-temperature cyeling of SIRM. The descending branch of
the curves (i.e., from room lemperature to the liquid helium
temperature) reveals three peculiar features (Fig. 2):

1) A broad peak in the 200K range. This feature corresponds
to a maximum in Mg for pyrrhetite according 1o Rochelle el al.
[1990].

2) A decrease in the intensity of the SIRM ai abour 110-
[120K. This discontinuity is interpreted by several authors
{c.g., Ozdemir et al. [1993] and refercnces therein) as a
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magnetite-diagnostic feature. In magnetite, a discontinuity
occurs at 110-120K due (o the trans-formation of the crysial
structure from cubic to a lower symmetry. This discontinuity is
widely known as the Verwey transition [Verwey, 1939].

3) A sharp decrease in the intensity of the SIRM at abour 30-
34K. Like the first feature, this discontinuity is inierpreted by
Rochette et al, [1990] as a pyrrhotite-diagnostic fcaturc. At
room tewmpcrature, the spontaneous magnctization of
pyrrhotite is confined to the erystallographic basal plane. On
cooling at low temperaturcs, an inferred change of easy axis
direction within the basal plane should cause a discontinuity in
the intensity of remanence between 30 and 34K [Rochette et
al., 1990].

The ascending branch of the curves (i.c., from the liquid
helium temperature to room temperature) does not reproduce the
descending branch. Multidomnain magnetite grains loose some
of their initial remanence when they arc cycled back to room
temperature after being cooled below =130K in zero ficld
[Kobayashi and Fuller, 1964]. There is about a 20% loss in
remancnece for all of the samplcs from the Prezzo Limestone
that have been subjected to low-temperature cycling. This loss
in the intensily of the remancnce may be diagnostic of the
presence of MD magnetife.

In conclusion, thermal decay curves of IRM's and low-
temperature cycling of SIRM have becn successfully applied to
determine the co-cxistence, within single samples of the
Prezzo Limestone, of 320°C MTP pyrrhotite, and of 400-570°C
MTP multidomain (litano)magnetitc.

Hysteresis loops and remanent coercivity curves

Both hysteresis loops and remanent coercivily curves from
the Prezzo Limestone are, in most cases, indicative of a
composile magnetic assemblage. The hysteresis loops are
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“wasp-waisted” in shape, and the remanent coercivity curves
are sometlimes characterized by a break in slope, usually at low
applied backfield values (Fig. 3; in the remanent coercivity
curves, the arrow indicates the slope break.) When visible, this
break in slope divides the remanent coercivity curve into an
initial steep porlion, which is controlled by the low remanent
coercivity fraction, and a succeeding Icss inclined portion,
which is controlled by the high remanent cocrcivily fraction,
and which eventually reachcs saturation at fields usually as
high as 0.7T or morc. This is interpreted to reflect the co-
existence of pyrrhotite and magnetite with contrasting
coercivilies. The low cocreivily fraction (i.c., MD magnetite
and possibly coarse grained pyrrhotite. as revealed by the
0.12T curve in Fig. 1), mainly controls the B. values, whercas
the high cocrcivity fraction (i.e., fine grained pyrrhotite as
indicated by the 0.4T curve). contributcs mostly 1o the Bep
valucs.

The inflection in the remanent coercivity curve can be used
to cstimate the percentage coniribution of the low remanent
cocreivity component. For example, if the inflection occurs at
My = 0, then the low remanent coercivity fraction contributes
50% to the total rc-manence. The percentage contribution of
the low remanent coereivity fraction {L¢) to the bulk rcinanent
coercivity curve is then simply calculated as L
(Mp¢/2M )*100%, where My is the value of the magnctic
remanence at the slope break.

In Figure 3, for cach of the Prezzo Limestone samples, the
coercivity contrast, cxpressced by the Bep/Be ratio, is plotted
versus the correlative value of Le. Sample "A", which plots far
to the left in the Bep/Be vs. Le diagram, has a relatively low
coercivity contrast and it is domiuated by the high remanent
coercivity end member (Le=1-2%). This sample gives risc to a
loop with a less pronounced waist than thosc of samples "B",
"C" and "D", which have higher B;/B¢ and L valucs. Fer
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Figure 3. Hysteresis loops (corrected for the para- or diamagnetic contribution to the total magnelic moment) and remauent co-
ercivity curves of representative Prezzo Limestone samples (sample "A" is AD96, sample "B" is 28F94ABIA, sample "C" is
SF110A, sample "D" is AD80, sample "E" is SFF96A.) In the centrai portion of the figure is the Be/Bg vs. Le plot. See text for dis-
cussiou.
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samples "B", "C" and "D" the contribution of the low remanent
coercivity fraction is higher, and reaches values of Lo=21%,
Le=25% and L=34%, respectively. Sample "E", which plots
far to the right of the diagram, has a low B /B value and it is
dominated by the low remanent coercivity fraction (the value
of L¢ is about 50%). This latter sample gives rise t0 a less
pronounced “wasp-waisted” hysteresis loop of a different type
than those of samples that plot to the left of the Bo/Bg vs. Lg
diagram. As deduced from Figure 3, the high degrees of "wasp-
waistedness” for the Prezzo Limestone samples are accounted
for by high Bg/B; values, which are attained when the low
remancnl coercivity fraction contributes 15-35% to the bulk
remanent coercivity curves.

Discussion and Conclusions

Rock magnetic experiments have unambiguously
determined the presence of pyrrhotite and MWD
(titano)magnetite within individual Prezzo Limestone samples,
These resulls are positive because other authors have tried to
infer the presence of these two minerals in remagnetized
carbenate rocks and have obtained uncertain results [Jackson et
al., 1993]. This mixture gives rise (0 a strong contrast in
coercivity, as evident in the "wasp-waisted" shape of
hysteresis loops and remanent eocreivity curves that are
charaeterized by a major slope break, generally at soft
coercivilies. The degree of "wasp-waistedness” inercases with
inereasing B /B values, as pointed out also by Roberts et al.
[1995]. Maximum B /B values are attained when the low
remanent cocrcivity fraction contributes 15-35% to the bulk
rcmanent eogreivity curves. When the contribution of the low
remanent coereivity fractiou is either small (i.e., Lo<I3%) or
large {i.e., L;>35%), however, the shape of the hysieresis
loops is sensibly less "wasp-waisted". In the former case, the
hysteresis loops are more open in shape and have Myg/Mg
values of about 0.45, whereas in the latter case the average
values of Myg/Mg are somewhat less (i.e., 0.2-0.3).

Hysteresis parameters are often plotted on a log{Mps/Mg)-
log(B./Be) diagram of the type described by Day et al. [1977].
When plotted on such a diagram, the Prezzo Limestone samples
display restricted Mpg/Mg vs. distributed By /B values (power-
law fit Mpg/M=0.41(Bor/Bc) %%, r=0.29). This is reminiseent
of the results of Channell and McCabe [1994] for magnetile
and hematite-bearing Mesozoic Tcthyan limestones.

As already pointed out by other investigators (e.g., Tarduno
and Myers [1994]), the presenee of "wasp-waisted" hysteresis
loops alone does not provide an unambiguous test for
remagnetization. A non-uniform distribution of eoereivilies
that result in a "wasp-waisted” loop can easily be associated
with either secondary or primary processes of magnetization
acqnisition. Secondary processes may involve the growth of a
late authigenic phase forming over a primary phase. This
example is precisely the case of the remagnetized Triassic
Prezzo Limestone of the present study, in whieh magnetile is
probably the surviving primary phase, and at least a portion of
pyrrhotite successively formed as a consequence of
hydrothermal circulation aetivated by the Cenozoic Adamello
batholith. Moreover, "wasp-waisted" loops have been found in
mixtures of detrital and/or biogenic magnetite and pigmentary
hematite that carry primary paleomagnetic directions (e.g., the
reddened varietics of the Mesozoic Tethyan limestones of
Channell and McCabe [1994]), as well as in recent basaltic

GIOVANNI MUTTONI: “WASP-WAISTED” HY STERESIS LOOPS

glass [Pick and Tauxe, 1994] and basaltic lava flows
[Radhakrishnamurty, 1993], which are presumably non
remagnetized.
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