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Summary 

The rock magnetic properties of two different Pliocene to Pleistocene marine 
marls from southern Italy are studied. Different conditions during sedimentation 
have led to two completely different magnetic mineralogies in these marls. 

Chapters 2, 3 and 4 examine the rock magnetic properties of the Early Pliocene 
marine marls of the Trubi formation sampled at Eraclea Minoa in the Caltanissetta 
basin on southern Sicily (photo 1). These pelagic marls are characterized by a high 

carbonate content (60-80%), a sedimentation rate of 4-5 cm/ky and a cyclic 

lithology related to the Earth's orbital cycles. Magnetite is the primary remanence 
carrier in the Trubi marls. In chapters 5, 6 and 7 rock magnetic results for the Late 

Pliocene-Early Pleistocene marine marls of the Vrica section are presented (photo 
2). The Vrica section is the Pliocene-Pleistocene boundary stratotype, situated in 

the Crotone-Spartivento basin of northern Calabria. The marls were deposited in 
shallower water with a sedimentation rate between 25 and 50 cm/ky and they 
have a carbonate content of only 15-25%. In these marls the climatic fluctuations 
caused by the Earth's orbital cycles are expressed as frequently occurring saprope
litic layers. Magnetic sulphides are the main magnetic minerals in the Vrica marls. 

In chapter 2 rock magnetic properties of the Trubi marls are investigated. 
Measurements include acquisition of isothermal remanent magnetization (IRM), 
alternating field (AF) demagnetization and thermal demagnetization of IRM, 
hysteresis measurements and low-temperature cycling of IRM to liquid nitrogen 
temperature. Single domain (SO) magnetite is found to be the main remanence 
carrier in the Trubi marls. 

In chapter 3 a method is presented to study alterations of magnetic minerals 
during stepwise thermal demagnetization. The method monitors changes in total 
IRM and the coercivity spectrum of the IRM in order to specify which magnetic 
fractions are affected by alterations. The results confirm that magnetite is the 
main carrier of the remanent magnetization. During heating above 390°C new 
grains with magnetite-like properties are formed in the marls, most likely by 
alteration of pyrite. The formation is indicated by an increase of magnetic 
susceptibility and total IRM and by the occurrence of viscous magnetizations. Part 
of the demagnetization above 500°C is shown to be the result of the alteration of 
magnetite to hematite, but this does not affect the analysis of the NRM directions. 

At about 150°C an alteration is detected that is important for the analysis of 
the NRM. Almost all IRM with AF coercivities higher than 100 mT disappears after 
heating to 150 0 C whereas the IRM with AF coercivities lower than 100 mT 
increases. This alteration is attributed to a reduction of coercivity in SO magnetite 
grains due to the relaxation of stress. In chapter 4 the latter alteration is subject of 
a more comprehensive investigation. It appears that the major part of the variation 
in remanent coercivities in the marl sections has to be attributed to the effects of 
weathering. After heating to 150 0 C the higher coercivities are- reduced to values 
that are normal for magnetite and the initial differences in coercivities virtually 
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disappear. Thermal demagnetization experiments indicate that magnetite with 

anomalously high coercivities is responsible for the observed variation in 
coercivities. It is suggested that low-temperature oxidation due to weathering has 

oxidized the surface of the magnetite grains. The resulting stress in the grains 
causes an increase of coercivities. When the marls are heated to 150°C the stress 
is reduced, presumably through the diffusion of Fe-ions and vacancies. It is 
demonstrated that the weathering induced increase of coercivities has a stabilizing 
effect on the primary component of the NRM as well as on the secondary 
overprint. After heating to 150°C, alternating field demagnetization is much more 

effective to separate the primary and secondary component than before heating. 
Chapter 5 gives some rock magnetic parameters for the Vrica marls and reports 

the results of a microprobe study of magnetic concentrates from the marls. In the 
magnetic concentrates a large number of small iron sulphide grains of many 
different compositions are present. Compositions vary from pyrite to mono
sulphides and even sulphur deficient sulphides. A remarkable observation is the 
presence of a considerable amount of Ni in many sulphide grains. Ni contents up 
to 35% of the total metal content are measured. Processes during early diagenetic 
sulphate reduction are reviewed to explain the presence of magnetic mono
sulphides and the high Ni content. The rock magnetic properties of the marls 
confirm that magnetic sulphides are the main remanence carriers. The properties 
are compatible with the properties of monoclinic pyrrhotite, except for anoma
lously high maximum blocking temperatures for the sulphide remanence. 

Chapter 6 examines the variation in rock magnetic properties in the Vrica 
section. The observations are used to further analyze the magnetic properties of 
the remanence carriers. The results point to a mixed magnetic mineralogy of 
varying amounts of monoclinic pyrrhotite and greigite and a smaller amount of 
magnetite. A distinct decrease in NRIV1 and IRM intensities that occurs 15 m below 
the Pliocene-Pleistocene boundary is attributed to a reduction of sedimentation 
rate as a result of to changing climatic conditions. 

In chapter 7 the method described in chapter 3 is used to study the thermal 
behaviour of the magnetic sulphides in the Vrica marls. After heating to 150 and 
200°C, an increase of existing remanence occurs. In a number of samples of the 
samples this increase of remanence causes spurious magnetization during thermal 
demagnetization of the NRM. During thermomagnetic analyses of the magnetic 
concentrates, higher alteration temperatures are found. When heated in air and in 
an argon atmosphere, the increase in magnetization starts at about 190 and 
230°C respectively. The characteristics of the alteration are compared with the y

transition in hexagonal pyrrhotite. The influence of oxygen on the diffusion of 

vacancies in the sulphide crystal is suggested as an explanation for the variable 
transition temperatures. Inhomogeneous sulphide grains or grains with composi
tions between hexagonal and monoclinic pyrrhotite are proposed as main magnetic 
sulphide phases. So far as the coercivities are concerned, greigite is also a possible 
remanence carrier, but the thermal behaviour observed in the Vrica marls is as yet 
never reported for greigite. 
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Summary 

Photo 1. The carbonate-rich marls of the Early Plioceen Trubi formation near 
Eraclea Minoa (Sicily) 

Photo 2. Sampling site in the Late Pliocene to Pleistocene marine marls of the 
Vrica section near Crotone (Calabria). 
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1 Introduction 

The permanent or remanent magnetization in rocks resides in iron oxides or 
sulphides which occur in trace amounts in virtually all rock types. The primary 
component of the natural remanent magnetization (NRM) is locked into the rock 
during or shortly after its formation. Components that are acquired later in the 
geologic history of the rock are referred to as secondary I\IRM components. The 
nucleus of paleomagnetic research involves the isolation and characterization of 
the primary NRM component. 

Well-known acquisition mechanisms of a primary NRM are the acquisition of a 
thermoremanent magnetization (TRM) in volcanic rocks and the acquisition of a 
depositional remanent magnetization (DRM) in sedimentary rocks. Lava flows 
acquire a TRM when cooling through the blocking temperatures of the magnetic 
minerals. When sediment is accumulating, detrital magnetic particles settle down 
with a small preference for the ambient geomagnetic field direction. This direction 
is imprinted during deposition (DRM) or shortly after deposition when the magnetic 
grains are immobilized by compaction at a certain depth in the sediment, the so
called lock-in depth. The latter magnetization is called a post-depositional 
remanent magnetization (p-DRM). Although the intensity of the geomagnetic field 
is weak, approximately 50 IlT, depending on the geographic latitude, usually a 
well-detectable NRM signal is recorded in the rock. Generally, sediments have 
weaker NRMs than volcanic rocks. This is not problematic, however, because 
sensitive spinner and cryogenic magnetometers enable reliable measurement of the 
NRM of virtually every sediment. Even white limestones, containing very little 
magnetic material, yield a well measurable signal in quite a number of cases. 

To isolate the primary NRM component, undesired secondary overprints have to 
be removed. The method routinely used in paleomagnetism is progressive stepwise 
demagnetization. A rock sample or specimen is subjected to increasingly higher 
alternating fields (alternating field demagnetization) or to increasingly higher tem
peratures (thermal demagnetization) in order to selectively remove part of the 
NRM. Between successive demagnetization steps the residual NRM is measured. 
Analysis of the behaviour of the NRM vector during the demagnetization procedure 
allows the extraction of the primary NRM component. 

Sediments are an extremely valuable source of information for the paleo
magnetic record. By their very nature, sediments provide a continuous record of 
the ancient geomagnetic field, in contrast to a pile of lava flows which represents 

a series of spot readings of the ancient geomagnetic field with varying and usually 
poorly defined time intervals between successive flows. Marine sediments in 
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particular, may provide continuous records of considerable length. Successive 

periods of normal and reversed polarity in a sedimentary sequence can be 

correlated to the Geomagnetic Polarity Time Scale (GPTSj, which is based on the 
pattern of marine magnetic anomalies on each side of mid-ocean ridges. 
Magnetostratigraphy offers a precise dating tool for establishing detailed 
chronology of biostratigraphic datum levels. Correlations can be made globally and 

a possible diachronic development can be established. Tectonic phases 
(deformation, block rotation) can be dated with the GPTS as well. 

Sedimentary records also are an attractive source for the study of the 
behaviour of the geodynamo itself. Long records of the (relative) paleointensity of 
the geomagnetic field and detailed records of the behaviour of this field during 

geomagnetic reversals are becoming more and more available from various 
sediments. The true geomagnetic information of such records is currently debated, 
mainly because processes which may occur during and after sedimentation are still 
insufficiently understood. Rapid geomagnetic fluctuations will be smoothed to 
some extent, because the recording of the geomagnetic field is not instantaneous. 
Authigenic formation of magnetic minerals may produce delays and repetitions in 
remanence acquisition. 

The simplest model of a sedimentary NRM is a composite remanence where a 
DRM represents the primary NRM component on which a secondary NRM 
component is superimposed which can be of viscous origin or created by recent 
weathering. DRM and p-DRM often show an inclination smaller than expected for 
the latitude, referred to as inclination error. Apart from the inclination error, DRM 
and p-DRM are thought to faithfully record changes in the magnetic field. The 

detrital magnetic minerals that carry this remanence originate from the source area 
of the sedimentary basin or from atmospheric dust, in which case the source area 
is not so well defined. Carriers of a detrital remanence will be mainly iron oxides, 
like magnetite and hematite. 

Sediments are not a closed system, however. Physico-chemical conditions will 
change as a function of depth below the sediment-water interface. Usually 
sediments become suboxic or even anoxic at a certain depth, while they are oxic 
directly below the sediment-water interface. In rare cases, conditions are already 
anoxic at the sediment-water interface (e.g. the present Black Sea). After burial 
oxic sediments will become increasingly more reduced and a zonation can be 
recognized with the change from oxidizing to reducing conditions. After oxygen 
has been depleted, nitrate, manganese oxides, iron hydroxides and sulphate will 
successively be reduced. Each zone is typified by diagenetic reactions which may 
involve dissolution of existing magnetic minerals or authigenic growth of new 
magnetic minerals. In the authigenically formed magnetic minerals the 
geomagnetic field direction is recorded at the moment they grow through their 
blocking volume, thereby acquiring a chemical remanent magnetization (CRM). The 
concept of blocking volume is analogous to that of blocking temperature, the 
process through which a TRM is imprinted on a rock. 
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Chapter 1 

In the topmost layer of the sediment authigenic magnetite may be produced 

through the action of magnetotactic bacteria. These magnetotactic bacteria are 

restricted to the rather specific living conditions just above the iron reduction zone. 

Although the resulting NRM is strictly speaking not a depositional NRM, it can be 

regarded as primary as long as it is concurrent with the initial stage of sediment 
formation. 

In particular sulphides are formed through authigenic growth. Sulphate 

reduction occurs in any sediment under sufficiently reducing conditions. The end 

product in the sulphate reduction chain is pyrite, but initially amorphous FeS, 

mackinawite and greigite are formed. In this respect, the observation of pyrrhotite 

in sediments is enigmatic. Possibly certain magnetotactic bacteria have pyrrhotite 

as magnetosomes rather than magnetite. In marine sediments characterized by the 

omnipresence of sulphate, one expects the intermediate monosulphides, i.e. 

greigite and pyrrhotite, not to be preserved. Under specific conditions, however, 

preservation may occur. The iron needed for the precipitation of pyrite and inter
mediate monosulphides partly originates from iron(oxyhydr)oxides. 

Which magnetic minerals will finally contribute to the NRM depends on the 
conditions during deposition. A higher sediment accumulation rate and the 
presence of metabolizable organic material will favour sulphate reduction and 
sulphide formation. The primary NRM may be removed through dissolution of its 

carriers or new magnetic minerals may be formed in a later stage. Moreover, 
changing conditions may produce artefacts in the geomagnetic record due to 

dissolution and reprecipitation. A detailed characterization of the magnetic 
mineralogy is necessary to understand the process and the timing of the 

acquisition of the various NRM components. The reliability of the NRM recorded in 

the sediment depends on these processes. 
For the analysis of the NRM in the laboratory, the behaviour of the magnetic 

minerals during demagnetization has to be studied. Separation of the primary NRM 
component with stepwise alternating field demagnetization may be hindered by 

the resistance of the secondary overprint against demagnetization. During 
stepwise thermal demagnetization alteration of magnetic minerals may disturb the 
analysis. Sulphides in particular, become unstable at the relatively high tempe

ratures applied. Oxidation of sulphides will produce new highly magnetic minerals 

that can cause spurious magnetizations. At the same time, NRM components may 

be lost with the decomposition of magnetic sulphides. 
The present rock magnetic study investigates the magnetic minerals in two 

Pliocene and Pleistocene marine marl formations in southern Italy. The early 
Pliocene Trubi formation consists of pelagic marls with a high carbonate content 
(60-80%) and a low sedimentation rate (4-5 cm/ky). Because of these conditions, 

pyrite formation during sedimentation was not very important in these marls. The 

primary NRM component is carried by magnetite, which may be detrital or 
authigenic. This component doesn't seem to be very much affected by dissolution 
accompanying sulphate reduction and has a relatively high intensity (10-20 

mAim). 
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The Pliocene and Pleistocene marine marls from the Vrica section are an 

example of a sulphide-dominated magnetomineralogy. The low carbonate content 
(15-25%) and higher sedimentation rate (25-50 cm/ky) in these marls, which is 
related to the shallower sedimentation depth, have promoted sulphate reduction 
and sulphide formation. The much weaker NRM in these marls (0.1-2 mAim) is 
mainly carried by magnetic sulphides and shows a more complicated demag
netization behaviour. 

The rock magnetic properties of the marls are compared with properties of 
well-determined grain-size fractions of magnetic minerals, that have been studied 
in the past decades. The behaviour of the magnetic minerals during thermal 
treatment is studied to obtain additional parameters for their identification and to 
support the interpretation of thermal demagnetization of the NRM. 
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2 Rock magnetism of the Early Pliocene Trubi 
formation at Eraclea Minoa (Sicily) 

Abstract 

The most important magnetic mineral in the fine-grained marls of the Early 

Pliocene Trubi formation near Eraclea Minoa is magnetite. Some goethite is also 
present. The magnetite is of high purity and of primary origin. Hysteresis and low

temperature measurements show that most magnetite grains are single-domain. 
The presence of superparamagnetic grains is suspected. Multi-domain grains are 
rare. It is shown that AF demagnetization does not yield correct NRM directions. 

1. Introduction 

The natural remanent magnetization (NRM) in sedimentary sequences provides 
a unique and continuous registration of the changes in the Earth's magnetic field 
during geological past. The NRM of sediments can be very complex, however, due 
to various magnetization processes that may occur in the sediment from the 
moment of sedimentation. Rock magnetic studies can identify the carriers of the 
components that make up the NRM and reconstruct the timing of the magneti
zation processes. 

The aim of the present study is to establish the rock magnetic properties of the 
marine marls of the Early Pliocene Trubi formation near Eraclea Minoa on the 
southern coast of Sicily (Italy). The section starts at the Miocene-Pliocene bound
ary, which age of 4.86 Ma is based on the magnetostratigraphic results (Hilgen 
and Langereis, 1988). The fine-grained marls consist of carbonates (60 to 80%) 
and a mixture of clay minerals. Small-scale sedimentary quadruplets form a 
repetition of grey, white, beige and white coloured beds (Hilgen, 1987). The 
samples used in the present study were taken from grey and beige beds, since 
white beds proved to be more weathered. The samples carry various NRM compo
nents revealed by thermal demagnetization. They are investigated with emphasis 
on the domain state of the magnetic minerals. Techniques used for identification 
are IRM acquisition, low-temperature treatment and hysteresis measurements. 

2. Demagnetization of NRM 

Stepwise thermal demagnetization was used to isolate the characteristic 
paleomagnetic component. Its direction could be reliably deterr:nined in spite of a 
large secondary component (figure 1a). Three components seem to be present. A 
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Figure 1. Demagnetization diagrams of progressive stepwise thermal (a and b) and alter
nating field (cl demagnetizations of Trubi marls, corrected for bedding tilt. Temperatures in 
DC, alternating fields in mT up to 300 mT. Closed circles are projections on a horizontal 
plane, open circles are projections on a vertical plane. Figures band c are thermal and AF 
demagnetizations of specimens from one core. Int is initial NRM intensity. 

small component with a random direction and therefore obviously induced in the 
laboratory, is removed at 100 o e. A large component with a present day geomag
netic direction is consequently of recent and probably viscous origin. Because the 

sediment has never undergone any significant burial, it is acquired during the 

Brunhes normal chron at temperatures not much higher than room temperature. 
Such viscous components can be almost completely removed after heating to 

temperatures between 200 and 250 0 e (Pullaiah et aI., 1975). Between 200 and 
450 0 e a very small component with an intermediate direction seems to be 
present. Pyrrhotite could carry such a magnetization, but it has a maximum 
blocking temperature of 340 0 e and can therefore be ruled out. Most likely this 
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Figure 2. Normalized IRM acquisition curves of Trubi marls. 
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Chapter 2 

direction is an artefact due to an overlap between the secondary magnetization 
and the high-temperature component. Near 450°C a stable endpoint is reached. 
The third and characteristic component has maximum blocking temperatures of 
560 and 580°C. Magnetite with no or very low Ti substitution must be the carrier 
of this characteristic magnetization. Normal and reversed directions throughout the 
section are almost antiparallel; they show a 35 degree clockwise rotation. It can 
be concluded that the magnetization carried by this magnetite is prerotational and 
thus most likely a primary magnetization. Considering this, the secondary com
ponent is probably also carried by magnetite, but with smaller SO grains that have 
lower blocking temperatures and show a long term viscous behaviour. Figure 1b 
and c show thermal and alternating field (AF) demagnetization diagrams of 
adjacent specimens of one core. The thermal demagnetization clearly reveals the 
reversed primary component, but a large overlap in coercivity spectra of the 
secondary and primary component makes it impossible to isolate this reversed 
primary direction by means of AF demagnetization. This is not in conflict with the 
suggested viscous nature of the secondary component. A low-field viscous 
magnetization can be resistant to AF demagnetization (e.g. Rimbert, 1959). 

3. IRM acquisition 

Isothermal remanent magnetization (IRM) acquisition curves were measured for 
a number of specimens up to fields of 2.15 T (figure 2). The acquisition curves are 
typical for magnetite. The samples are close to saturation near 0.3 T, but the IRM 
keeps increasing slowly in higher fields. Another mineral like goethite or hematite 
must be present. The presence of goethite has been detected in the < 2 11m 
fraction by means of X-ray diffraction. It may have formed as a weathering 
product or after redistribution of iron by fluid migration. Thermal demagnetization 
would remove a goethite remanence at about 100°C, together with the laboratory 
induced component. On the other hand, such a remanence would resist the 
highest alternating fields. The high-coercivity mineral does contribute to the total 
IRM and therefore influences the measurements of the remanent coercive force 
(Hcr) and the high-coercivity contribution must be subtracted to determine the Hcr 
for the magnetite. As a first order approximation it is assumed that the IRM 
acquisition of the goethite is linear in low fields up to 1 T (Oekkers, 1989a). In 
Table A both corrected and uncorrected values of Hcr are listed. 

The IRM is 150-300 times the sum of the I'JRM components and may not be a 
good representation of the NRM. The normalized thermal decay curves of NRM 
and IRM show relatively more high blocking temperatures for the I'JRM (figure 3a). 
This must be due to stable large single-domain (SO) grains. There is no indication 
of multi-domain (MO) grains, that contribute relatively more to IRM than to NRM, 
nor that different magnetic minerals contribute to NRM and IRM. NRM and IRM 
were AF demagnetized up to 0.3 T. In some specimens the normalized demagneti
zation curves were identical, while in others the NRM was more resistant to AF 
demagnetization than the IRM (figure 3b and 3c respectively). In general, however, 
the characteristics of NRM and IRM seem to match quite well. 
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4. Hysteresis 

Hysteresis curves were deter

mined using an ac field with a maxi
mum of 0.2 T (figure 4). Test runs 

up to 0.3 T showed no differences. 
The high field susceptibility is on the 
order of 5.10-5 SI units. It is due to 

paramagnetic clay minerals and high 

coercivity magnetic minerals. After 

subtraction of this contribution the 

coercivity He and the Jrs!Js ratio of 
the magnetite were determined 

(Table A). The relatively high He and 
saturation fields indicate that the 
magnetite grains must be single
domain. To check this, the rema
nence ratio Jrs!Js and the coercivity 
ratio Her/He may be used. For SO 
magnetite with some shape aniso
tropy, the theoretical value for Jrs!Js 
is 0.5 and the Her/He ratio lies 
between 1.1 and 2.0 (Stoner and 

Wohlfahrt, 1948). The Jrs/Js ratio 
for the natural samples of this study 
(0.28-0.47) are close to experimental 

SO values based on the results of 
grown and crushed magnetites (e.g. 
King et aI., 1983, Dunlop, 1986). 

Jrs!Js ratios plotted versus Her/He 
ratios for all grain sizes of magnetite 
form a well defined trend with SO 
grains in the upper left corner and 
MD grains in the lower right corner 
(Dunlop, 1986, Day et aI., 1977). 
Our data plot near the SO magne

tites, but slightly outside the trend 
(figure 5). Possibly the correction of 

Her for the high coercivity mineral 
was not complete, but even the larg
est possible correction would only 
slightly reduce the values of the 
corrected Her. The Jrs/Js values need 
not be corrected for high coercivity 
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Figure 3. Normalized thermal (a) and AF (b 
and c) decay curves of the algebraic sum of 
NRM components (triangles) and IRM (circles) 
of Trubi marls. AF demagnetization in three 
orthogonal directions. Median destructive 
fields of NRM and IRM are 30 and 55 mT. 
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Figure 4. Hysteresis curve of sample 
EMA36.4A. 
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Figure 5. Double logarithmic plot of co
ercivity ratio Her/He versus remanence 
ratio Jrs/Js' Literature data for magne
tite of known grain sizes fall on a single 
trend indicated by two dashed lines 
(schematic after Dunlop (1986)). Data 
of the Trubi marls plot near the SD 
magnetites, but outside this trend. 
Circles are uncorrected ratios. Crosses 
indicate the data after correction for the 
high-coercivity minerals. 
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Chapter 2 

minerals, because in the fields used for 

hysteresis measurements high coercivity 
minerals only contribute a very small 

amount to J rs ' while their contribution to 
Js is included in the correction for the 
high field susceptibility. 

The Hcr/Hc ratios could deviate from 
SO values if MO grains or superpara
magnetic (SP) grains were present. 

However, MO grains would not produce 

values outside the SO-MO trend. The 
presence of SP grains, on the other hand, 
would reduce Hc values considerably, 
because the coercive force for SP grains 
is almost zero. That would result in higher 
Hcr/H c ratios, like the data of this study. 
The Jrs/Js ratio would be influenced as 
well, since SP grains do not contribute to 

' but the difference would be relativelyJ rs 
smaller. The presence of SP grains could 
therefore explain part of the deviation 
from the general trend. 

5. Low-temperature treatment 

Low-temperature treatment to liquid 
nitrogen temperature was performed on a 
room temperature IRM (2.15 T) of a num
ber of specimens. Figure 6 shows some 
examples of cooling cycles. The 10 to 

20% increase of magnetization during 
cooling and the small loss (1 to 10%) of 
original IRM after rewarming are remark
able. In spite of the fact that most of the 
magnetization is carried by magnetite, the 
indications for a Verwey-transition near 
minus 155 0 C are very small. Only the 
difference between cooling and warming 
curves for specimens EMA5.3A and 
EMA36.2A could be interpreted as a tran
sitional effect. Titanium substitution can 
lower the transition temperature below 
liquid nitrogen temperature (Syono and 
Ishikawa, 1963), but the maximum 
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blocking temperatures show no such 
substitution. A better explanation is the 
domain state of the magnetite grains. 
SO magnetite does not show a tran
sition above liquid nitrogen temperature 
and has a very high recovery rate 
(Kobayashi et aI., 1965; Levi and 
Merrill, 1978). A degree of shape 
anisotropy enhances this effect. Again 
the conclusion must be that the IRM is z·w almost completely carried by SO magnec 

2 
c tite. A small amount of 1VI0 magnetite is 
"0 
Ql 

only indicated in the last curve by the 
.!::! larger loss of magnetization. The revers
ttl 

E ible increase of magnetization during
o 
z cooling can to a large extent be 

explained by the small percentage of 
goethite remanence. Goethite rema

·200 ·150 -100 -50 nence increases linearly with decreasing 
Temperature (OC) temperature and can reach three times 

its room temperature value at -196 0 C 
Figure 6. Normalized low-temperature (Oekkers, 1989b). This assumption is 
eurves of IRM. Cooling and rewarming in supported by the relation between the 
ea. 3 hours. amount of high coercivity remanence 

and the low-temperature increase of 
IRM (Table A). 

6. Conclusions 

The most important magnetic mineral is magnetite with no or very low Ti 
substitution. A high coercivity mineral, most likely goethite, is of minor 
importance. Hysteresis parameters and low-temperature measurements show, that 
most of the magnetite is SO. The presence of SP grains is suspected. Only a small 
amount of MO grains is detected. 

The primary component of NRM is carried by stable (large) SO magnetite. The 
secondary component is probably of viscous origin and is most likely carried by 
smaller SO magnetite grains. The high coercivity mineral is not explicitly seen in 
the demagnetization diagrams of the NRM. 

Hysteresis parameters Jrs/Js and Her/He and low-temperature curves provide a 
powerful means to determine grain sizes in samples that contain mainly magnetite. 

AF demagnetization cannot be used to separate secondary and primary 
components of the NRM in these fine-grained marls. 
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1 2 3 4 5 6 7 8 9 

Sample IRM % high Her Her He Her/He Jrs/Js low-temperature 
(Aim) eoere. (mT) eorr. (mT) %iner. %reeov. 

2.9 9.5 47.9 41.9 18.4 2.28 0.32 

EMA 5.3A 
EM 5.28 

2.9 10.5 47.5 41.9 18.3 2.29 0.31 21 94 

EM 13.28 2.5 2.5 50.4 49.0 31.8 1.55 0.47 

EMA15.58 2.7 3 38.6 37.8 22.8 1.66 0.38 9 97.5 

EM 18.18 2.2 3.5 42.9 41.3 22.3 1.86 0.38 

EM 20.28 2.8 11 45.5 38.0 15.6 2.44 0.31 

EM 22.18 2.3 8.5 47.3 40.9 17.0 2.41 0.30 

EM 22.28 2.2 9 47.0 41.3 17.0 2.42 0.29 

EMA26.4A 2.9 4 67.5 64.5 27.9 2.31 0.42 10 99 

EM 32.18 1.7 9.5 48.4 43.0 18.9 2.28 0.36 

EMA34.1A 1.3 8 50.0 45.1 21.0 2.15 0.37 20 96.5 

EM 36.18 3.1 10.5 47.0 38.3 16.6 2.30 0.31 

EMA36.2A 3.4 12.5 35.8 29.8 15.5 1.92 0.29 18 90 

Table A. Rock magnetic properties of the Trubi marls.
 
Columns represent: 1. IRM(2.15 T) at room temperature. 2. Percentage of IRM con

tributed by high-coercivity minerals. Approximation as explained in the text. Remanent
 
coercivity Her before (3) and after (4) correction for the high-coercivity minerals. He (5)
 
and Jrs/J s (7) determined from hysteresis loops in a 200 mT ac field. Her/He (6) with
 
corrected Her value. Low-temperature treatment of IRM: (8) increase of magnetization
 
during cooling from room temperature to -196°C and (9) recovery of original magnetiza

tion after rewarming.
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3 A method to study alterations of magnetic 
minerals during thermal demagnetization 
applied to a fine-grained marine marl 
(Trubi formation, Sicily) 

Abstract 

The method presented is based on monitoring changes in the coerclvlty 
spectrum of an isothermal remanent magnetization (IRM) during stepwise thermal 
demagnetization. The procedure allows one to determine alteration temperatures 
and the coercivities and blocking temperatures of the magnetic minerals involved 
in the alterations. It distinguishes between thermal decay due to unblocking of the 
remanence and demagnetization due to alterations of magnetic minerals. As a 
result the initial magnetic mineralogy can also be determined. 

The method is demonstrated with samples of fine-grained marine marls from 
the Pliocene Trubi formation in Sicily (Italy). Single domain (SO) magnetite is the 
dominant remanence carrier in this sediment. A first alteration during heating to 
only 145°C is accompanied by a considerable reduction of coercivities higher than 
0.1 T. This alteration is thought to be due to the reduction of stress in superficially 
maghemitized SO magnetite grains. 

Between 390 and 480°C grains with magnetite-like properties are produced, 
most likely by oxidation of pyrite in the sediment. At about 560°C the breakdown 
of iron-bearing silicates also produces magnetic grains. The magnetic grains 
formed during both alteration processes have low blocking temperatures. 

Demagnetization above 510°C is not only due to unblocking of the IRM. 
Alteration of magnetite to hematite proves to be an important demagnetization 
mechanism. 

1. Introduction 

In many rocks, especially sedimentary rocks, thermal demagnetization is most 
successful in separating the various components of the natural remanent magneti
zation (NRM). The blocking temperature (BT) spectrum of the NRM yields valuable 
additional information for the identification of the magnetic minerals. The main 
disadvantage of thermal demagnetization is, however, that heating may induce 

alterations in the magnetic mineralogy, even at fairly low temperatures. Alterations 
occur in magnetic minerals as well as in non-magnetic matrix minerals. Both types 
of alterations can interfere with the demagnetization process. Magnetic grains may 
be altered before their actual BT is reached and before primary and secondary 
NRM directions are separated. The formation of new magnetic minerals from 
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matrix minerals, on the other hand, may produce interfering (e.g. viscous) 
remanences. 

To monitor alterations involving magnetic minerals initial susceptibility (Xo) can 
be measured between the heating steps of a progressive thermal demagnetization, 
but from Xo alone, the nature of the alterations cannot be deduced. Not only 
remanence carriers contribute to Xo' paramagnetic minerals and superparamagnetic 
grains contribute to Xo as well. 

Isothermal remanent magnetization (IRM) is a more suitable parameter to 
monitor changes in magnetic minerals. Its diagnostic value can be enhanced if the 
coercivity spectrum of the IRM is also measured after each heating step. Dunlop 
(1972) determined changes in the coercivity spectrum of IRM acquisition to study 
several hematite dominated sedimentary rock types before and after heating to 
high temperatures (> 520°C). The low-, intermediate- and high-coercivity 
remanence fractions were attributed to magnetite, specularite and hematite 
pigment respectively. Heller (1978) used essentially the same technique to study 
alterations of magnetic minerals in goethite dominated limestones. He measured 
coercivity spectra of IRM acquisition during stepwise thermal demagnetization in 
combination with continuous thermal demagnetization after every heating step. An 
analytical technique based on the thermal decay behaviour of different coercivity 
fractions was proposed by Lowrie (1990). Three coercivity fractions of IRM are 
induced in orthogonal directions and subjected to thermal demagnetization. This 
method is easy to use, but it cannot be applied for the study of alterations of 
magnetic minerals. 

The procedure used in the present paper is developed to monitor alterations 
during stepwise thermal demagnetization and to study their influence on the 
demagnetization behaviour and the resulting thermal decay curve. The method is 
based on reintroduction of an IRM after each heating step. The AF coercivity 
spectrum of the reinduced IRM is measured to study changes in low- and high
coercivity fractions separately. The AF coercivity spectrum of the part of the IRM 
remaining after each heating step is determined as well. It can then be established 
whether the magnetic minerals involved in an alteration still carried a remanence in 
that stage of the thermal demagnetization and whether the BTs of newly formed 
magnetic minerals are higher or lower than the temperature of their formation. 

An IRM acquisition coercivity spectrum requires a sample without any 
remanent magnetization. By using AF demagnetization instead of IRM acquisition 
to determine a coercivity spectrum, the same sample can be used after every 
temperature step, provided the influence of the repeated IRM acquisition is 
evaluated. Only for hematite and goethite dominated rocks it has the disadvantage 
that no distinction can be made between coercivities higher than the maximum 
available alternating field (0.3 T in the present study). The method will be 
demonstrated with samples of fine-grained marine marls in which single domain 
(SD) magnetite is the most important remanence carrier. 
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2. Methods and equipment 

A complete measuring cycle as performed after each temperature step is 
represented schematically in figure 1. Before the cycle shown, a room temperature 

IRM was induced in a 2 T magnetic field. After heating this total IRM to a certain 

temperature T (150°C in figure 1) and cooling to room temperature in zero field, 

Xo is measured and the part of the IRM not removed at this temperature (the 

remaining IRM, indicated by number 1 in figure 1). The AF coercivity spectrum of 

this remaining IRM is determined. The demagnetization steps 10, 40, 100 and 

300 mT peak alternating fields have been selected to divide the remanence into 

five coercivity fractions (figure 2). The next step is a renewed IRM acquisition 

(total IRM, indicated by number 2 in figure 1) in the same 2 T field as the original 

IRM. The AF coercivity spectrum of this new total IRM is determined using the 

same steps as for the remaining IRM. After this AF demagnetization the total 

IRM(2T) is induced again. The last step of each cycle (number 3 in figure 1) is a 

control heating of this IRM up to the temperature of the previous heating step 
(100 ° C in the example of figure 1) to check whether alterations have occurred 
that may influence the results of further measurements. The susceptibility Xo is re
corded after the control heating as well. The next step, heating to the higher tem

perature T + 1 (200°C in the example of figure 1) is the first step of the next cycle. 
IRM was induced in an electromagnet with a maximum field of 2 Tesla and 

measured on a digitized spinner magne

tometer based on the Jelinek JR3 driver 

~ 
'iii 
c 
Q) 

C 

2 unit. The initial susceptibility Xo was 

measured with a Jelinek KLY-1 

susceptibility bridge. 
Thermal demagnetizations were per

3 formed in air in a magnetically shielded 

laboratory built Schonsted type 
furnace. Temperatures are accurate up 

to ± 5°C. The samples remained in the 
furnace for 30 to 35 minutes, enough 

to reach the intended temperature. 
~~.---,~,~~~,'i~~~---ri~~~'i Cooling to room temperature in a 
50 100 150 200 250
 

Temperature (OC)
 

Figure 1. Schematic representation of one complete cycle of the measuring procedure at 
temperature T (145°C in the figure). A sample with a room temperature IRM(2 Tesla) is 
subjected to the following treatments: (1) Thermal demagnetization at temperature T. 
(2) Acquisition of a new IRM in the same direction and field. (3) Control heating at 
temperature To1 of the previous step (100°C in this example). After heatings 1 and 3 Xo is 
measured. The IRM remaining after heating 1 and the new IRM after phase 2 are 
subjected to alternating field demagnetization in order to divide the IRMs in five coercivity 
fractions (cf. figure 2). Next the cycle is repeated at temperature T+1 (200°C). The 
dashed line indicates the resulting decay curve, which generally will be influenced by the 
repeated IRM acquisitions (ef. figure 9). 
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magnetically shielded compartment took 30 minutes. Residual magnetic fields 
during heating and cooling were < 20 nT. 

The maximum available peak field for AF demagnetization was 300 mT. 

Stationary demagnetization along three orthogonal axes was used. Zero field 
conditions were obtained with Helmholtz coils. 

3. Samples 

The samples of the present study are Early Pliocene fine-grained marine marls, 
from the Trubi formation at Eraclea Minoa in Sicily (Italy). The Trubi formation 

consists of a repetition of small-scale sedimentary cycles, which are expressed as 
a grey-white-beige-white sequence in the outcrop. On these marls magneto

stratigraphic investigations (Hilgen and Langereis, 1988) have been carried out. 
Although 60 to 80% of the sediment are diamagnetic carbonates, the para
magnetic clay minerals dominate the Xo of the non-magnetic matrix. They even 
contribute an important part to the total Xo of the sediment. In the grey layers, 
from which the present samples have been drilled, smectite, kaolinite and illite are 
most abundant. Minor amounts of palygorskite and chlorite occur (de Visser et ai, 
1989). The porosity of the dried marl samples allows access of air to some 
degree. Rock magnetic studies using hysteresis measurements, low-temperature 
cycling and IRM acquisition (van Velzen and Zijderveld, 1990) show that the 
remanence for the major part resides in magnetite grains in the SD grain-size range 

(Her/He ratios are between 1.6 and 2.4, Jrs/Js ratios are between 0.5 and 0.3). 
The primary NRM is carried by magnetite grains. Maximum BTs were situated 
between 560 and 590°C. A variable amount of high-coercivity minerals carries up 

to 10% of the IRM acquired in a 
2 T magnetic field. 

Two pairs of samples were 

E 
3000 

used for the present study. 
;;x: EM14.1 B and EM 16.1 B are simiE 

lar samples, as will be illustrated~ 2000 

en with rock magnetic data, and so<::
 
CIl
 

,,,,,
,, 
T--- 0 

,,,, 40 -100 mT 
, are EM25.2B and EM26.1 B. OfC ,, ,.---T------::2 1000 each pair, one sample was sub

a: " ' " ,
" , jected to the whole experimental 
" ' ~---~-------L-_-- ---------------
::: > 300 mT procedure. The sister sample was 

o I I I 

only subjected to routine thermal o 50 100 150 200 250 300 

Peak Alternating field (mT) demagnetization and served as a 
reference sample. During the 

Figure 2. Alternating field demagnetization of thermal treatment it appeared 
IRM. During the measuring procedure the demag that sample EM 16. 1B contained 
netization was performed in four steps (10, 40, part of a pyrite-filled burrow.
100 and 300 mT). Stationary AF was performed 

Initially the magnetic propertiesin three orthogonal directions. The example 
shown is of the initial IRM of samples EM25.2B. of this sample did not differ from 
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Figure 3. Demagnetization diagrams of thermal (th) and alternating field (af) demagneti
zations of the NRM of samples from site EM 14 and EM25 after tectonic correction. 
Closed symbols for projections in the horizontal plane, open symbols for the vertical plane. 
Temperatures are in degrees centigrade, peak alternating fields in mT. Units are mAIm. 

Figure 3 shows thermal and AF demagnetization diagrams of the NRM of the 
two samples and similar samples from the same sites. The NRM consists of three 
components. A small laboratory component, probably of viscous origin, is removed 

at 100°C or 10 mT AF. A secondary component with a present-day field direction 

appears to be removed at temperatures below 200/250°C (figure 3, EM25.2Al. 

The primary component mainly has BTs above 480°C. In sample EM25.2B AF 

field demagnetization seems to separate the primary component from the 

secondary component very well, but a high-coercivity mineral contributes to the 
NRM that is not demagnetized in the maximum available alternating field of 0.3 T. 

29 



Figures 4a and b show AF and thermal decay curves of the samples. The IRM 

of the first pair (EM 14 and EM 16) clearly has lower coercivities than that of the 

second pair (EM25 and EM26). This matches the difference between the coerciv

ity spectra of the NRM of these samples (figure 4a, closed symbols}. The thermal 

decay curves of the samples are very similar (figure 4b}. The NRM has a relatively 

large contribution of stable grains with high BTs, when compared with the IRIVl. 

IRM acquisition curves (figure 5, closed symbols} illustrate the difference in 

coercivities between the two pairs. EM 14 and EM 16 are close to saturation in a 

1.0 
o IRM EM14.1B 

o IRM EM16.1B a 
t;, IRM EM25.2B 

~ 0.8 
v IRM EM26.1B'w 

c: • NRM EM16.1 B 
C 0.6 "'NRM EM26.1B 
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"0 
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N 

'" 0.4 
§ 
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Figure 4. (a) Normalized AF demagnetization 
curves of NRM of two and IRM of all four 
samples used in the measurements. Station
ary AF demagnetization in three orthogonal 
directions. (b) Thermal decay curves of 
NRM and IRM of samples from two sites. 
NB The NRM intensities are calculated as 
the sum of the intensities of the separate 
components. IRM/NRM ratios are in the 
order of 150. 
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0.3 T field, whereas EM25 and 

EM26 are not. The intensity of the 

0.3 T IRM is almost equal for both 

pairs. Remanent coercive forces of 

samples EM25 and 26 are higher 

than those of EM 14 and 16 (Table 
A). The grains with higher coerciv

ities, which carry part of the rema
nence in samples EM25 and 26, 
seem to be responsible for the 
difference. 
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• EM16.1B 0 

.. EM25.2B " 
". EM26.1B v 

102 

Field in mT 

Figure 5. IRM acquisition curves before 
(closed symbols) and after (open sym
bols) stepwise thermal demagnetization 
up to 700°C. Shown is the initial part of 
the acquisition that was performed up to 
the maximum available DC field of 2 T. 
Before thermal treatment samples 
EM 14. 1B and EM 16.1 B are almost satu
rated in a 300 mT field, while EM25.2B 
and EM26.1 B are not. 
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4. Results 

The IRM measurements that have been performed during the complete thermal 
demagnetization procedure are presented in figure 6. For samples EM 14.1 Band 
EM25.2B the measurement cycle, represented schematically in figure 1, is 
repeated at a large number of temperatures. The same temperature steps are used 

as in routine thermal demagnetization of the NRM. For some of the lower tempera
ture steps (100 and 200°C) the procedure was not executed completely. The 
measurements of the sister samples are given as well. Different aspects of the 
results will be discussed separately. 

4.1. Initial susceptibility and total IRM 

Changes in the values for Xo and total IRM, i.e. the IRM(2T) induced after each 

temperature step (figure 7), occur at 145 ° C and above 390 ° C in all samples. The 
parameters Xo and IRM both seem to indicate the same alteration temperatures, 
but an increase of Xo is not always accompanied by an increase of the total IRM 
(e.g. the changes at 145°C). The increase in Xo above 390°C precedes the 
increase in total iRM. Sample EM26.1 B shows similar changes of Xo as its sister 
sample EM25.2B. Sample EM 16.1 B behaves differently during the thermal 
demagnetization. The increase of Xo of this sample above 390 ° C is remarkably 
large (to 10 times the initial value). At 700°C the value of Xo decreases again to 

about two times its initial value, well comparable to the other samples. 
The subdivision of the total IRM induced after each temperature step in five AF 

coercivity fractions (figure 8a and b) reveals to which of the coercivity fractions 
the magnetic minerals, which are affected by the alterations, belong. At 145°C 
the higher-coercive part (>40 mT in EM14 and >100 mT in EM25) of the IRM 
decreases, while the lower-coercive part « 40 mT) increases, resulting in a small 
overall decrease in total IRM intensity (figure 7). The original difference between 
the coercivity spectra of the two samples becomes smaller after heating at 
145°C. The large higher-coercivity part (> 100 mT) of the IRM in EM25 no longer 

exists. 

Sample 

EM 14.16 
EM 16.16 
EM 25.26 
EM 26.16 

NRM 
mAIm 

IRM(2 T) 
mAIm 

Susc. 
10-551 

Hcr 
mT 

MDF 
mT 

18 
16 
13 
11 

2490 
2660 
3290 
2820 

22 
23 
21 
18 

48 
47 
61 
56 

36 
36 
50 
45 

Table A. Rock magnetic parameters of marl samples from the Early 
Pliocene Trubi formation near Eraclea Minoa (Sicily). NRM intensities are 
the approximate sum of the intensities of the primary and secondary 
components. Median destructive fields IMDF) of IRM(2T) obtained with 
stationary AF demagnetization in three orthogonal directions. 
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The increase of the total IRM above 390°C is most pronounced in sample 

EM 14. It is due to an increase in the two lower-coercivity fractions « 40 mT) 

which reach their highest intensity at 480°C. Between 390 and 600°C the higher

coercivity IRM (> 100 mT) increases 

as well, but initially the change is 
small. Differences between EM 14 

and EM25 above 480°C are mainly 
due to differences in the < 40 mT 
fractions. For EM 14 both Xo and the 
totallRIVI start to decrease at 510°C, 
mainly as a result of decreasing 10

40 mT and 40-100 mT fractions. 

Similar changes in EM25 seem to 
develop more slowly as evidenced by 

the temperatures corresponding with 
the maximum values for the 0-10 mT 
and 10-40 mT fractions. In sample 
EM25 the total IRM increases again 
at 580°C (figure 7). This increase, 
which seems to be absent in EM 14, 
is due to an increase in the <40 mT 
fractions (figure 8bl. 

After the last heating step of 

700°C the intensity of the total IRM 
acquired by the samples, is about half 
the intensity of the original IRM. The 
relative contributions of the individual 
coercivity fractions have changed 
considerably. This is also visible in 
the IRM acquisition curves of the four 
samples after 700°C (figure 5). The 

very low coercivities « 10 mTI have 
become relatively more important 
compared to the original acquisition 
curves. Also a high-coercivity part 
has developed, that is not saturated 
in a 2 T field. This agrees with the 
AF coercivity spectrum measured 

after this last temperature step 
(figure 8a,b). The IRM acquisition 
curve of the deviating sample EM 16 
shows that also in this sample a low
coercivity part has developed, but the 
acquisition in higher fields is much 
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larger than in the other samples. This behaviour of EM 16 is apparently related to 
the presence of the pyrite-filled burrow. 

4.2. Thermal decay curves of IRM 

The thermal decay curves of the two reference samples are true decay curves 
of an IRM induced only once. For the other two samples, that repeatedly acquired 
a new IRM, the IRM remaining after each heating step is likely to differ from a true 
thermal decay curve. Magnetic grains, newly formed at a certain temperature, will 
carry a remanence after the acquisition of a new IRM, part of which may not be 
demagnetized at the next heating step (the part with BTs higher than the next 
heating temperature). Apart from the control heatings (see next section), 
comparison of the decay curves of sister samples can detect such effects. 

The decay curves of all four samples were normalized (figure 9). The two 
samples that acquired a new IRM at each temperature step (EM14 and EM25) 
have almost identical decay curves and as do the two control samples. Between 
sister samples, deviations occur between 145 and 200°C and between 250 and 
330°C. Samples EM14 and EM25 acquire a new part of the IRM after heating to 
145°C, 250°C and 300°C, although the total IRM slightly decreases in this tem
perature range (figure 7). This new part of the IRM is not demagnetized at 200 ° C, 
300°C and 330°C respectively and causes the deviation from the sister samples 
(figure 9). Apparently, at 145°C, 250°C and 300°C magnetic grains are formed 
or altered, resulting in a larger IRM with BTs higher than the temperature at which 
they originate. 

To investigate the BTs of each coercivity fraction of the IRM, the IRM 
remaining after each heating step 

1 was also demagnetized in alternating 
2.4	 fields (figure BC,d). At 145 ° C a 
2.2 
2.0 similar decrease of the higher

~ 1.8 coercivity fractions and increase of 
~ 1.6 Susc. the lower-coercivity fractions occurs 
>
 
-a 1.4 as in the total IRM (ct. figure Sa,b) .
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""iii 1.0
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0.4 • EM16.1B	 which the deviation of the thermal 
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civities is not reflected in the same fractions of the remaining IRM. The difference 

between a coercivity fraction of the total and of the remaining IRM at each heating 
step is the part of the fraction that has BTs lower than the heating temperature. 

Apparently, the newly formed magnetic grains that cause the increase of total IRM 

have BTs lower than the temperatures of the next heating steps. 

Above 390°C the coercivity fractions of the IRM remaining after thermal 

demagnetization behave differently than the fractions of the total IRM. The 

increase of the total IRM fractions with the lowest coercivities is not reflected in 

the same fractions of the remaining IRM. The difference between a coercivity 
fraction of the total and of the remaining IRM at each heating step is the part of 
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For the 40-100 mT fraction the difference between total and remammg IRM 

remains very small up to high temperatures, indicating high BTs. The major part of 
the < 10 mT fraction of the total IRM, however, has very low BTs. The 10-40 mT 
fraction is more stable, but more than half of this fraction has BTs lower than 
480°C. Furthermore, it is remarkable that part of the > 300 mT fraction 
(presumably fine-grained hematite!, that has developed at high temperatures, is 
demagnetized below 600°C, as comparison of the total and remaining IRM shows. 

4.3. Influence of alterations on decay curves 

After each temperature step T the newly induced IRIVI is first heated to the 
temperature of the previous step T-1. This is done to reveal the influence of 
possible alterations involving magnetic minerals with BTs higher than the highest 
heating temperature. In fact, the best check would be to heat the sample to the 
same temperature T a second time and compare the remaining IRM with the IRM 
remaining after the first heating at that temperature. But alterations which started 
during the first heating, will continue during the second heating at the same 
temperature. During heating to the temperature T-1 of the previous step, however, 
alterations will be relatively small (which was checked by measuring Xo after every 
control heating). 

If no alterations have taken place, the demagnetized IRM should be eqyal to the 
remaining IRM after the sample was heated to that temperature for the first time. 
Alterations merely involving grains with BTs lower than T-1 will not cause a 
difference between the two values either. If a difference does occur, it could be 
due to alterations during the heating 
at T, but, in case new magnetic 
grains were formed, alterations 

1.0 
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same in both measurements. 
In figure 10 the difference between the values of the IRM remaining after the 

first and second (control) heating to temperature T-1 is shown (open symbols). 
Alterations in grains with BTs lower than T-1 do not contribute to the difference. 
Since changes in total IRM reflect alterations in all remanence-carrying minerals, 
these are shown for comparison (closed symbols). The changes are calculated 
over the two temperature steps T-1 and T, because the control measurements in 
most cases reflect changes during both steps as well. 

The sign of the changes in the total IRM and the sign of the changes due to 
alterations involving magnetic grains with BTs higher than T-1 is not necessarily 
the same. At 300 D e the IRM carried by grains with BTs higher than this 
temperature increases, while the total IRM decreases slightly (see figure 7). From 
420 to 480 D e the reverse is true. The total IRM increases considerably, but IRM 
carried by grains with BTs higher than the temperature at which the alterations 
take place, decreases or increases much less. 

Above 51 ODe, at each temperature, an alteration causes a decrease of the IRM 
with BTs higher than the previous temperature step. This trend is the same in both 
samples, even though sample EM25 shows an increase in total IRM at 580 and 
600 D e. Apparently, this increase involves grains with BTs lower than 560 and 
580 D e respectively. The decrease is also reflected in the total IRM of EM 14. In 
EM25 the increase of total IRM at 580 and 600 D e masks the decrease caused by 
the alteration. The results of the control heatings imply that in the alteration grains 
are involved that carry the remaining remanence unless all of the grains affected at 
T fall in the BT range T-1-T, which is very unlikely. During heating steps from 540 
to 600 D e, the decrease in this high BT remanence constitutes even a considerable 
part of the total decay of the remaining IRM between T-1 and T (see figure 6). This 
raises the question whether demagnetization at these temperatures close to the 
eurie temperature of magnetite is a matter of unblocking or alteration of magnetic 
grains. 

5. Discussion 

The changes observed in the rock magnetic parameters measured during 
thermal demagnetization indicate a number of different alterations involving 
magnetic minerals. The data obtained allow a detailed study of the nature of these 
alterations as well as their influence on the thermal demagnetization results. 
Successively, the changes in magnetic properties occurring at 145 D e, 250
330 De, 390-51 ODe and 51 0-700 De and their consequences will be discussed. 

5.1. Alterations at 145 D C 

The first substantial change in magnetic properties occurs at temperatures as 
low as 145 D e. The total IRM decreases and Xo increases (figure 7). The AF coer
civity spectra of the total IRM (figure 8a and b) show a decrease of the high
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coercivity fractions (40-100 mT and 100-300 mT for EM 14, 100-300 mT and 

>300 mT for EM25) and an increase of the 0-10 mT and 10-40 mT fractions. At 

100°C no AF demagnetization of the total IRM was performed. It is unlikely, 

however, that part of the changes occurred at 100°C since the changes in Xo and 
total IRM are very small (figure 7). 

The changes in the coercivity spectra of the decay curves (i.e. of the thermally 

demagnetized IRM, figures Bc and d) are similar to those in the total IRM. The 

results of the 100°C step show that the decrease of the high-coercivity fractions, 

in fact, did occur at 145°C. The absence of an increase of the total IRM at 100°C 

shows that the increase of the low-coercivity fractions occurred at 145°C as well. 
The magnitude of the decrease of the high-coercivity fractions in the two samples 

is proportional to the increase of the low-coercivity fractions. Both changes must 

be the result of the same alteration. 

These observations have important implications concerning the nature of the 

alteration responsible for the observed changes in magnetic properties. The fact 

that the increase of the intensity of the low-coercivity fractions, as a result of an 
alteration process at 145°C, becomes visible in the coercivity spectrum of the 

decay curve before induction of a new IRM (figures Bc and dl, shows that the 
alteration reduces the coercivity of the grains, but does not affect the magnetiza

tion directions of at least part of the 
grains. This limits the possible altera

tions to those with positive magnetic 

interaction between the remanence 

of original and altered grain. Ql
 
U
 
c: QlMagnetostatic interaction could 
Ql '" c: Cll 
Cll Qlbe positive in the case of closely E U 
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Figure 10. Results of the control heatings. Following each new IRM acquisition after 
heating step T a control heating was performed at temperature T_,. The difference 
between the IRM remaining after the control heating and the IRM remaining after the first 
heating to T_, is a measure for the influence of alterations on the subsequent steps of the 
measuring procedure (open symbols). Only alterations of grains with BTs higher than T., 
contribute to the difference. At temperature T (at that moment the highest heating step) 
the result of the control heating at T_, is plotted, because with the control heating the 
effects of alterations during heating steps T_, and T are measured. Only alterations during 
heating step T_, that do not affect the remanence direction of the altered grains do not 
contribute to the difference. For comparison the change in the total IRM during the last 
two heatings (T and T-,) is plotted (closed symbols). This second- curve includes all 
alterations, not only those involving grains with BTs higher than T_,. 
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observed changes is proposed. The magnetite grains that carry the remanence in 

the sediment, might be partly oxidized. Oxidation is limited to a surface layer and 
has produced a partially maghemitized shell. Due to the similarity of the lattices, 
the exchange coupling remains intact over the transition zone between the partly 
oxidized surface layer and the unoxidized magnetite core. The change in lattice 

parameters does, however, produce stresses between the surface and the core of 
the grains, causing high coercivities and low susceptibilities. Moderate heating, as 
applied here, reduces the stresses, which cause the effects observed, while the 

exchange coupling preserves the magnetization direction of the grains. The 
observed decrease of the total IRM (figure 7) could either mean that the bulk 

magnetization of the altered grains decreases or that some of the transformed 
grains become superparamagnetic in size. 

Only part of the grains keeps its original magnetization direction. Another part 

of the magnetization is randomized and remagnetized with acquisition of a new 
IRM after the 145°C heating step. This part appears in the decay curve at the 
next heating step of 200°C (figure 9), as far as the grains have BTs higher than 
200°C. It causes the apparent decay curves of the two samples, that acquire a 
new IRM, to deviate from those of their sister samples at 200°C. 

5.2. Alterations between 250 and 330 0 e 

The changes in rock magnetic properties between 250 and 330°C are less 

conspicuous. The only indication for a change comes from the deviation from the 
thermal decay curves of the sister samples (figure 9). This relative increase 
indicates the formation of magnetic grains at 250 and 300°C with BTs higher 
than the formation temperatures. In the coercivity spectra only a small decrease of 
the 10-40 mT and a small increase of the 40 -100 mT fraction can be noticed 
(most evident in EM 14, figure 8a). This increase seems to be related to the 

observed deviation of the decay curves. Figure 10 also shows that at these 
temperatures the IRM with higher BTs slightly increases whereas the total IRM 
slightly decreases. The new magnetic grains seem to have very high BTs, because 
the difference between the decay curves (figure 9) persists up to temperatures 
close to the maximum BTs of the remanence. 

5.3. Alterations between 390 and 5l0 oe 

After the 390°C step the susceptibility Xo in all four samples starts to increase 
(figure 7). It is a first indication of an alteration that influences all magnetic 

parameters. The total IRM starts to increase at 420°C in EM14 and at 450°C in 

EM25. The coercivity spectra of the total IRM (figures 8a and b) show, that the 
increase is due to an increase in the low-coercivity fractions «40 mT in EM 14 
and < 100 mT in EM25l- In EM25 the increase is less pronounced and starts at 

higher temperatures. There is no trace of this increase in the coercivity fractions of 
the decay curves (figures 8c and d). Also the thermal decay curves of a sample 
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and its sister sample show the same decay of magnetization in spite of the 

repeated IRM acquisition of one of them (figure 9). Apparently, magnetic particles 
are formed with BTs lower than the heating temperature. This agrees with the 
results of the control heating after each new IRM introduction. The total IRM 

increases moderately during these temperature steps (figures 7 and 10, closed 

symbols), but the IRM fraction with BTs higher than the temperature of the control 
heating shows a slight increase only after the 510°C heating step (figure 10, open 
symbols). Only at that temperature a number of grains are formed with BTs higher 
than the temperature of the control heating (here 480°C). 

So the alteration first leads to an increase in Xo followed by an increase of the 

low-coercivity fractions of the IRM at higher temperatures. It was also noticed that 
samples became increasingly viscous starting at 390°C. These features can be 
explained by the growth of magnetic particles from initial SP size through the 

SP/SO boundary to SO size. This new phase is highly magnetic and has low 

coercivities, strongly pointing to magnetite. Possible precursors are iron sulphides 
and goethite (Oekkers 1990a and b). Clay minerals like chlorite are stable up to 
higher temperatures (e.g. Brindley and Lemaitre, 1987). The most likely source for 
the growth of magnetite starting at 390°C is the decomposition of pyrite. 
Interesting in this context is the behaviour of sample EM 16 with a pyrite rich 
burrow. It shows an enormous increase of Xo at these temperatures (figure 7), 

whereas the decay curve of this sample is not different from the others (figure 9). 
In the other samples the magnetite production may be attributed to dispersed 
pyrite which is present throughout the sediment, but in low concentrations. Pyrite 
was detected with XRO in the magnetic concentrates of the sediment. 

5.4. Alterations between 510 and 700 0 e 

5.4.1. Magnetite to hematite transformation 

At 510°C the IRM and Xo of EM14 start to decrease (figure 7). A strong 
decrease of the low-coercivity fractions of the total IRM is accompanied by a 
smaller increase of the> 0.3 T fraction (figure 8a). The> 0.3 T coercivity fraction 
of the decay curve shows a slight increase as well (figure 8c), indicating that part 

of the alteration product has BTs higher than the alteration temperature. The 
alteration from a strongly magnetic low-coercivity mineral to a less magnetic high
coercivity mineral that starts at 510°C (or earlier) must be the oxidation of 
magnetite to hematite. This includes the magnetite-like grains that have been new
ly formed between 390 and 510°C. The alteration is more pronounced in EM 14 

than in EM25, but a gradual change of colour to bright orange due to pigmentary 
hematite, shows that the transformation occurs in both. The slower rate at which 

reactions seem to proceed in EM25 is responsible for the difference. Possibly 
EM25 is less porous and therefore the supply of oxygen in the sample is less. 

The > 0.3 T fraction of the total IRM increases much more than the same 
fraction of the decay curves (compare figures 8a and b with 8c and d). This is 
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because the first hematite grains that are formed are very small and consequently 

have low BTs. Gradually larger grains are formed with coercivities higher than 0.3 
T, but not many have BTs higher than 600 o e. 

After 700 0 e the high-coercivity fraction (>0.3 T) forms a considerable part of 

the total IRM. Nevertheless, also low-coercivity grains remain. When comparing 
the IRM acquisition after heating to 700 0 e with the acquisition before the heating 
(figure 5), it is clear that the low-coercivity fraction of the samples has changed. 

The initial increase of magnetization has shifted to lower coercivities (0-10 mT). 
The contribution of the intermediate coercivities (40-100 mT) has almost dis
appeared. The same observations can be made from the AF-coercivity spectra 
(figures 8a and b, crosses). 

These changes can be explained by the following model. It can be assumed 
that the oxidation proceeds from the outside to the inside of the magnetite grains, 

slowly reducing the size of the magnetite core of the grains and producing an 
hematite shell of increasing thickness. It is likely that the magnetite will become 
cation deficient during this process (Heider and Dunlop, 1987). Since, in the case 
of a magnetite/hematite transformation, evidence accumulates against exchange 
interaction between parent and daughter phase (Ozdemir and Dunlop, 1989), the 
ferromagnetic interaction between core and shell is expected to be minimal and 
the oxidation process will cause a decrease of coercivities and BTs of the 
magnetite part of the grains. The originally large SO magnetite grains that may 
become partly maghemitized themselves, reduce in size and move towards the SP
SO size boundary. The decrease of the BTs can be shown with a second complete 
stepwise thermal demagnetization of the samples after they have been heated to 

700 0 e (figure 11). The IRM in samples that were heated up to 700 0 e (open sym
bols) shows a rapid decay up to 300 o e, pointing to extremely fine-grained 
magnetite, and an almost linear decrease to BTs above 600 o e, attributed to 
hematite. Other specimens of the same cores had only been heated up to 600 0 e 
(closed symbols). They show a much more gradual decay to temperatures just 
above 500 o e, indicating that the magnetite cores of the grains are still larger. The 
process can also explain the unexpected increase of susceptibilities at 700 0 e 
(figure 7), since many of the magnetite cores must have decreased to SP size after 

this heating. The higher BTs of the EM 16 samples are due to the large amount of 
magnetite that was formed during the first series. 

5.4.2. Magnetite production from clay minerals 

Another alteration can be related to the changes observed in the weight of the 
samples during the thermal demagnetization procedure. After an initial weight 

decrease caused by the loss of adsorbed water, the sample mass is stable until 
about 480 o e. Then it starts to decrease more and more rapidly (at 700 0 e about 
85% of the initial weight remains). Since carbonates are stable up to higher 
temperatures, this decrease must be due to the breakdown of clay minerals (e.g. 
illite and smectite, Brindley and Lemaitre, 1987) in the matrix. EM25 shows a 
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renewed (small) increase of low-coercivity fractions (0-10 mT and 10-40 mT) 
above 540°C. It is superimposed on the other changes. In EM14 this increase may 
also occur, but it is probably much smaller than the overall decrease in that 
temperature range (figures 7 and 8a). Apparently, iron coming from the clay 
minerals forms new magnetic grains with low coercivities. 

5.4.3. Demagnetization by magnetite alteration 

The question arises whether at temperatures between 540 and 600°C the IRM 
decay curves truly reflect the BT spectrum of the magnetic grains. Transformation 
of magnetite to hematite seems to be an important factor. The total IRM is 
reduced considerably during these heating steps. The results of the control 
heatings show that a considerable portion of the total IRM carried by grains with 
BTs higher than T·1 has disappeared after the heating to temperature T (figures 6 
and 10). After the heating at 580°C, for example, the control heating at 560°C 
shows, that about 300 mAim of the capability of the samples to carry an IRM 
with BTs higher than 560°C is lost (cf. open symbols at 580°C in figure 10). This 
amount is almost equal to the total loss of remanence between 560 and 580°C 
(figure 6). For EM25 this happens in spite of an increase in the total IRM. Between 
540 and 600°C in all cases, the part of the total IRM remaining after the control 
heating is much less than after the first heating at the same temperature. It is 
therefore likely that only a small part of the decay between 540 and 600 ° e 
reflects a true BT spectrum. Transformation of magnetite to hematite turns out to 

be an important demagnetizing 
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Nishitani and Kono, 1983), but at the same time it would make them more 
susceptible to further oxidation at high temperatures. 

5.5. Consequences for NRM demagnetization 

The results are obtained for IRM(2T) and one should be cautious to apply them 

directly to the I'JRM. Like in most rocks, in these marine sediments the NRM 
intensity is only a fraction of the IRM intensity: the IRM/NRM ratio is in the order 
of 150. However, the carriers of the NRM components seem to be well 
represented in the IRM. Differences between the IRM and the I\IRM in the decay 
curves are due to an overrepresentation of grains with BTs between 250 and 
480°C in the IRM (figure 4b) and a relatively small contribution of the 40-100 mT 
fraction to the AF coercivity spectrum of the IRM (figure 4a). The secondary NRM 
component is demagnetized between 100 and 200/250 o C (figure 3). The primary 
component is mainly carried by grains with BTs higher than 480°C. In some 
instances the secondary NRM component cannot be completely demagnetized in 
0.3 T alternating fields. The low BTs and high coercivities of the secondary 
component seem to point to goethite. However, goethite does not alter below 
some 300°C (Dekkers, 1990b), whereas the > 0.3 T fraction of the IRM is 
reduced considerably after heating to 145°C. Although goethite may contribute to 
the NRM, its contribution can only a minor one. 

The secondary component usually has a recent geomagnetic direction. It was 
attributed to viscous behaviour (van Velzen and Zijderveld, 1990), implying that it 
might be completely removed at low temperatures. However, part of the carriers 
of the secondary component have high coercivities and may well belong to the 
magnetic grains that are subject to alteration at 145° C. Since this alteration 
occurs with partial preservation of magnetization directions, the altered grains may 
have acquired high BTs, possibly even in the range used to determine the 
characteristic directions (510 to 580°C). Investigations are in progress to assess 
the extent of the influence of this alteration. 

The alteration of magnetite to hematite above 540°C will only have effects on 
the shape of the BT spectrum. The apparent maximum BTs may not really 
represent the maximum BTs of the magnetic grains. The characteristic directions 
determined by thermal demagnetization, however, will not be influenced by the 
actual demagnetization mechanism: unblocking or alteration of the magnetic 
carriers. 

The examples shown illustrate the potential of the measuring procedure. The 
division in coercivity fractions of the total IRM and the part of the IRM remaining 
after thermal demagnetization is proven to be very successful. The changes in the 
coercivity spectrum during the stepwise thermal demagnetization procedure reveal 
valuable information about the alterations involving magnetic minerals. The control 
measurements and measurements on sister samples are also an important part of 
the procedure. Apart from providing a check for the influence of repeated IRM 
acquisition on the remaining measurements, they also yield extra data. The 
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method is quite laborious. Nevertheless in many cases it may prove worthwhile to 

subject a number of carefully selected samples to the procedure. The marine 

sediment that was used as an example in this paper did not seem to pose 
problems during thermal demagnetization. In spite of that, the described measuring 

procedure revealed a number of alterations of magnetic minerals, one of which 
may influence the measured characteristic directions. 

6. Conclusions 

Alterations of magnetic minerals during stepwise thermal demagnetization can 

be studied in detail with the measuring procedure described in this paper. By 

monitoring changes in the AF coercivity spectrum of an IRM and the part of this 

IRM that remains after each heating step, the effect of alterations can be studied 

for each coercivity fraction of the IRM separately. The method is also a useful tool 

to check the validity of decay curves as true blocking temperature (BTl spectra. It 
can be established whether a rapid decay during thermal demagnetization is due to 

true unblocking of grains related to their Curie temperatures, or whether it is 
caused by alterations. 

In samples of the Early Pliocene Trubi marls an alteration was detected after 
heating at a relatively low temperature: 145 DC. This alteration was attributed to 
relaxation of stress in superficially maghemitized magnetite grains. Coercivities 
were reduced and xos were enhanced during the alteration. Part of the IRM carried 

by the affected grains was preserved during alteration. The alteration can be 
recognized by a rapid decrease in the thermal decay curve of IRM between 100 
and 150DC, caused by the loss of remanence of another part of the affected 
grains. The alteration has paleomagnetic importance, because the NRM component 
that is removed in the temperature range between 100 and 200 DC usually has a 
recent geomagnetic direction. The primary direction may be biased, if part of the 
secondary component becomes stable during the alteration at 145 DC. 

Increasing Xo and total IRM at temperatures > 390 DC are due to the formation 

of magnetic grains with magnetite-like properties. They are most likely formed by 
the alteration of pyrite. The BTs of the newly formed grains are practically all 

below the temperature of formation, minimizing the possibility of acquisition of 
spurious magnetizations during formation in the furnace. The new grains do, 
however, cause the samples to become viscous. 

Above 480 DC the alteration of magnetite grains to hematite becomes increas

ingly important. Not only are the newly formed grains altered but the more stable, 

original grains are also affected. Above 540 DC a small amount of new magnetic 
minerals is formed, probably due to the breakdown of iron-bearing clay minerals. 

The rapid decay of magnetization above 510 DC had formerly been interpreted 
to represent the demagnetization of magnetite grains close to their Curie 
temperature. (van Velzen and Zijderveld, 1990). Apparent maximum BTs were 
believed to be between 560 DC and 590 DC. However, the demagnetization 
process might for an important part be the result of the progressive oxidation of 
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magnetite grains. Data are interpreted to show that grains are formed with a 

(possibly cation-deficient) magnetite core and an increasingly thick hematite shell. 

The alterations at 145°C and above 510°C suggest that the magnetite grains 

in the sediment are slightly oxidized, possibly due to recent weathering. As a 

result part of the grains has higher coercivities than expected for magnetite. 

Alterations like these may occur in many rocks, since many rocks have suffered 

some degree of oxidation. 
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4
 Effects of weathering on single domain
 
magnetite in Early Pliocene marine marls
 

Abstract 

Rock magnetic parameters are often used to recognize variations in the original 

magnetic mineralogy and for normalizing purposes in paleointensity studies. 
Incipient weathering, however, is shown to have profound but reversible influence 
on the rock magnetic properties of the marls of the Early Pliocene Trubi formation 
in southern Sicily (Italy). The remanence in the marls resides in single domain (SD) 
magnetite grains, but the remanent coercive force (Her) shows a strong variation 
and most values observed are anomalously high (Her range 36-188 mT). 

The enhanced coercivities are attributed to stress in the magnetite grains 
induced by surface oxidation at low temperature. Upon heating to 150°C a re
duction of coercivities occurs that can be explained by a stress reduction as a 

result of a higher Fe + 2 diffusion rate at higher temperature. After heating to 
150°C coercivities are quite uniform throughout the outcrop and the values are 
characteristic of SD magnetite (Her range 30-38 mT). Other parameters are also 
influenced by heating at 150°C. The bulk susceptibility increases 4-24%, and the 

isothermal remanent magnetization (IRM) decreases 5-11 %. The increase in 
anhysteretic remanent magnetization (ARM) is large: 20-242%. The magnitude of 
the changes seems to be related to the degree of weathering. 

Another effect of heating the marl samples to 150°C is a substantial reduction 
of the coercivities of the secondary overprint in the natural remanent mag
netization. After heating, separation of the secondary and primary components by 
alternating field demagnetization is more efficient. The usual difficulties of thermal 
demagnetization above 300°C can thus be avoided by a combination of moderate 
heating to 150 0 C and subsequent alternating field demagnetization. 

1. Introduction 

Between the acquisition of the primary component of the natural remanent 
magnetization (NRM) and the sampling for paleomagnetic purposes the magnetic 
mineralogy of rocks can be subject to alterations. These are a major concern for 

paleomagnetists, because each change may influence the stability of the primary 

component or introduce a new remanence component. 
In this chapter the effects of weathering on the NRM and the magnetic 

properties of samples from outcrops of Early Pliocene marine marls of the Trubi 
formation at Eraclea Minoa (Sicily, Italy) are reported. The marls of the Trubi 
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formation are exposed in a series of cliffs along the south coast of Sicily. The fine

grained marls have a high carbonate content (60 to 80%). Repeating small-scale 
sedimentary cycles, related to variations in the precession of the earth, are 
expressed as grey-white-beige-white sequences in the outcrop (Hilgen, 1987). 
These are the colours of the weathered sediment. Only after removing this 
weathered surface layer the colours start to change to the blue-grey typical of 

fresh marls. The weathered surface varies in thickness depending on the position 

in the outcrop. It can be over a meter thick but, in other places, fresh sediment is 
covered by no more than ten centimetres of weathered sediment. 

Most samples for the present study were collected for a magnetostratigraphic 
study (Langereis and Hilgen, 1991) at Eraclea Minoa. Samples were taken from 
grey and beige levels, because they appeared to be less weathered. For 

magnetostratigraphic purposes a uniform sampling interval is required and it was 
not always feasible to remove the weathered layer completely. This did not 
present a problem, however, since the normal or reversed polarity of the primary 
component could be easily established with routine stepwise thermal 
demagnetization, despite the presence of a secondary component of varying 
magnitude (figure 1). Heating to 100° C removes a viscous laboratory component. 
The major part of a secondary component, having a near present-day geomagnetic 
field direction, is demagnetized between 100 and 200°C. It is not clear at which 
temperature this secondary overprint is completely removed. The secondary 
component varies in magnitude and sometimes has a considerable overlap with the 
primary component (figure 1c). Samples taken from fresh-looking sediment 
generally have a secondary remanence which is completely removed at about 
200°C (figure 1b). The secondary component is absent in truly fresh samples 

(figure 1a). 

a EMA36.2B b EM 25.2A c EMA35.2C 
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Figure 1. Thermal demagnetization diagrams of Trubi samples with a reversed primary 
component and a secondary component with a near present-day field direction (corrected 
for a 14° bedding tilt). A laboratory component is removed by heating to 1aaee. (a) Fresh 
sample without secondary component. (b) Typical sample with secondary component (c) 
Weathered sample with a large overlap of primary and secondary components. 
Temperatures in ee. Int is the initial NRM intensity. 
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As indicated by the maximum unblocking temperatures, the primary remanence 

of the marls resides in magnetite. Rock magnetic experiments demonstrated that 

the remanence resides in large single domain (SO) magnetite (van Velzen and 
Zijderveld, 1990). At that time the influence of weathering on the magnetic 
properties of the magnetite was not evident. The effects of weathering were 

revealed by a subsequent study of alteration of magnetic minerals during routine 

stepwise thermal demagnetization (van Velzen and Zijderveld, 1992). Apart from 

alterations at higher temperatures (> 350°Cj, changes in rock magnetic properties 
were observed after heating the samples to 145°C. 

The temperature needed to accomplish the changes may be lower than 145 ° C. 
In the previous study samples the heating steps were 100°C and 145°C and 
samples were about ten minutes at these temperatures. At 100°C no changes in 

rock magnetic properties were observed. After the 145 °C step the alteration was 

completed. For the present study a heating temperature of 150° C was chosen to 
ensure that rock magnetic changes occur in the samples. 

2. Characteristics of the alteration at 150°C 

The effects of alteration at about 150°C (van Velzen and Zijderveld, 1992) can 
be summarized as follows (see figure 2). The alteration is accompanied by an 
increase in initial susceptibility (Xo)' The Isothermal Remanent Magnetization (IRM) 
that is acquired in a 2 T magnetic field after the 150°C heating step is less than 
after the 100°C step (figure 2a). The thermal decay curve of an IRM(2T) shows a 

relatively large remanence loss at 150°C (figure 2b). 
More important, however, is a significant change in the coercivities of 

remanence carrying minerals. The alternating field (AF) coercivity spectrum of the 
total IRM(2Tj, induced after heating to 100°C, shows a considerable contribution 
of the > 100 mT fractions (figure 2c). These relatively high-coercivity fractions 
almost disappear in the coercivity spectrum of the part of this IRM remaining after 
heating to 150°C. 

It is tempting to attribute this change to the demagnetization of goethite, a 
typical product of weathering with high coercivities and a Neel temperature of the 
well-crystalline form between 120 and 130°C (e.g. Strangway et aI., 1968; 
Hedley, 1971; Oekkers, 1989a). However, goethite is stable up to much higher 
temperatures (the conversion of goethite to hematite starts at about 250°C; 
Oekkers, 1990) and its typical hard remanence should reappear when after heating 
at 150°C a new IRM is induced in the sample. This is not the case. The> 100 mT 
fractions contribute only a few per cent to this new IRM (figure 2c) proving that 
the high-coercivity remanence carrier no longer exists, excluding goethite as a 

possible explanation. For the same reason hematite cannot be responsible for the 

changes in the coercivity spectrum. 
The coercivity spectra in figure 2c contain more information about the nature 

of the alteration and the magnetic mineral involved. While the > 100 mT fractions 
decrease during heating to 150°C, the 10-100 mT fractions increase. Part of this 
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increase occurs during heating, as seen when comparing the 10-40 mT fraction of
 

the IRM induced after heating to 100°C and the 10-40 mT fraction remaining after
 

heating to 145°C. The increase of this fraction indicates a transfer of part of the
 
> 100 mT remanence to lower-coercivity fractions. This can only be interpreted as
 
representing the reduction of coercivities of remanence carrying grains.
 

3. High-coercivity magnetite 

To identify the mineral responsible for the high coerclvltres and the changes
 
observed during heating to 145°C, thermal demagnetization of the high-coercivity
 

part of the IRM was performed. After acquiring a 2 T IRM, five samples from the
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Figure 2. Changes in rock magnetic parameters during heating to 150°C. The magnitude 
of these changes is related to the degree of weathering. (a) Bulk susceptibility (Susc.) and 
the total IRM(2T) induced in the samples after each temperature step. (b) Routine thermal 
decay curves of IRM(2Tl, induced only once. (c) Coercivity spectrum of the original IRM 
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outcrop at Eraclea Minoa were demagnetized in alternating fields of 80 mT cilia 

five in alternating fields of 300 mT (stationary AF demagnetization in three 

orthogonal directions). The theoretical maximum coercivity for (very elongated) SO 
domain magnetite grains is 300 mT (e.g. Stacey and Banerjee, 1974). In practice 

even coercivities over 100 mT are rare. After demagnetization in alternating fields 

of 80 mT still a considerable part of the IRM remains (13 to 25%; see figure 3a). 
After partial AF demagnetization, the samples were subjected to normal stepwise 

thermal demagnetization without the repeated IRM acquisition (figure 3a). The four 
samples with more than 20% of the original IRM remaining show a large decay at 
150°C and a final decay of a considerable part of the remanence between 560 

and 600°C, close to the Curie temperature of pure magnetite. Apparently, the 
> 80 mT IRM is mainly carried by magnetite grains, but magnetite with rather high 
coercivities. The small part of the IRM demagnetized above 600°C indicates a 

hematite contribution. 
All magnetite remanence should be removed after demagnetized with 300 mT 

alternating fields. The> 300 mT remanence in the other five samples is therefore 
expected to be carried by goethite and hematite, which were shown to carry a 
small part (about 5%) of the IRM (van Velzen and Zijderveld, 1990). The thermal 
decay curves of three of the samples indeed show a large decay at 100°C (figure 
3bl, indicating the presence of goethite, which generally has unblocking 
temperatures substantially lower than the Neel temperature of 120°C for well
crystalline goethite (Lowrie and Heller, 1982; Oekkers, 1989b). In these three 
samples, a monotonous decrease of the remanence between 200 and 650°C is 
due to the contribution of different grain sizes of hematite. The > 300 mT 

remanence of these samples is only about 7% of the total IRM. The other two 
samples have a larger contribution of the > 300 mT IRM (11 and 23%, respec-

Figure 3. Normalized thermal decay curves of the high-coercivity part of the IRM. (a) IRM 
after 80 mT AF. (b) IRM after 300 mT AF. For each sample the total IRM(2T) and the 
percentage of this IRM remaining after AF treatment is tabulated in t!1e figure. Samples 
with the highest percentage of remaining IRM show a relatively large decay of remanence 
at 150°C, attributed to the presence of magnetite with enhanced coercivities (see text). 

Temperature (QC) Temperature (OC) 
700 

49 



tively} and a different demagnetization behaviour. They show a relatively large 

remanence decay after the 150 and 200°C steps and also a distinct decay close 
to the Curie temperature of magnetite. Apparently, in these two samples even a 

large part of the> 300 mT IRM is carried by magnetite grains, but magnetite with 
unusually high coercivities. 

An explanation for the high coercivities can be the presence of stress. During 
heating at 150°C the stress is reduced and part of the remanence is randomized. 
This causes the relatively large decay near 150°C, by which the alteration can be 
recognized (figures 2b and 3). Apparently, another part of the affected grains 

preserves the remanence during alteration and this remaining remanence is stable 
until over 560°C (figure 3). The high unblocking temperatures indicate that the 

magnetite grains that preserve their remanence are probably of SO or pseudo 

single domain (PSO) grain size and the maximum unblocking temperatures some 
20°C above the Curie temperature of stoichiometric magnetite may point to some 
oxidation of the grains (Nishitani and Kono, 1983). 

4. The 150° C alteration versus weathering 

Although it is difficult to judge the exact degree of weathering of a sample 
from its appearance, it is clear that the lowest remanent coercivities are found in 
samples taken from fresh-looking, blue-grey sediment. The highest remanent 
coercivities measured are five times as high as the lowest ones (188 mT compared 
to 36 mT; see table A). The high coercivities are reduced by heating to 150°C. 
Thus there appears to be a strong relationship between these high coercivities and 
the 150°C alteration. This can be illustrated with an example of a large number of 

samples that were collected for a study of a polarity transition in the Trubi 
formation at Punta di Maiata (van Hoof et al., 1993). 

In spite of considerable effort the weathered sediment could be removed to 
expose truly fresh sediment only at the lower most 10 em of the 1 m stratigraphic 
sampling interval. The samples from this lower level are significantly different from 
the more weathered samples. They do not have a secondary overprint in the NRM. 
Their remanent coercivities are considerably lower than those of the more 
weathered samples (46 mT and about 70 mT, respectively). Also they do not 
show the large decay of IRM after heating to 150°C (figure 4). In the more 
weathered samples this decay indicates the presence of the 150 0 C alteration, 
during which the high coercivities were shown to decrease, minimizing the initial 
differences between relatively fresh and weathered samples. At the Eraclea Minoa 
section, the freshest samples show the same characteristics as the samples from 

the lowest level. 
The magnitude of the changes that occur during heating to 150 0 C are 

considerable. Some rock magnetic properties of samples with different weathering 
degrees were measured before and after heating (Table A). The Xo increase of the 
samples (4-24%) is significant, especially when considering that up to 50% of Xo 
is due to paramagnetic matrix minerals. The decrease of the total IRIVI(1.5 T} is 
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relatively smaller (5-11 %). The changes hardly affect the large variation in IRM 
intensities found in the Trubi marls. Both IRM and Xo remain representative of 

lithological variations, despite of the influence of weathering. This is not the case 

for the remanent coercive force (Hcr)' After heating to 150°C, the Hcr values are 
quite uniform (30-38 mT). The small remaining variation may be partly due to the 
varying contribution of goethite and hematite to the IRM (roughly between 3-7%). 

Clearly, the initial Hcr values (36-188 mT) can largely be attributed to the degree 
of weathering rather than varying primary magnetic mineralogy. From the wide 
range of the initial values it is clear that the effect of low-temperatureHcr 
oxidation can be enormous. 

Anhysteretic remanent magnetization (ARM) is a parameter that is often used 
for normalization purposes in relative paleointensity studies (e.g. King et aI., 1983; 

Tauxe, 1993). ARM is very sensitive to the distribution of coercivities of the 

magnetic minerals, because the inducing alternating fields are usually not higher 
than 100 mT. In this study, ARM was induced before and after heating, using 
slowly decreasing alternating fields with a maximum of 100 and 200 mT and an 
inducing steady field of 0.03 mT (Table A). As a consequence of the reduction of 
high coercivities to values below 100 mT and 200 mT, respectively, the ARM 
intensities increase considerably during heating. For the ARM( 100 mT) the 
smallest increase was 20%, but in samples with initially high coercivities increases 
of more than 200% were measured. 

Because the degree of weathering usually varies within an outcrop, the 
coercivities of the unheated samples will mainly reflect the degree of weathering. 
After heating to 150°C they will give a better representation of the original 
magnetic mineralogy. In paleointensity and polarity reversal studies ARM is often 
used as a normalization parameter to separate lithological effects from the effects 
of paleofield variations. Weathering can seriously interfere with this method. It is 
therefore recommended to check for weathering induced changes of magnetic 

properties. 
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U1 
N 

sample Susceptibility in E-06 SI IRM(1.5 T) in mAim 
original after 150°C original after 150°C 

1049 960 -8%EM 4.28 58 67 + 16% 

EM 7.18 92 99 +8% 1309 1233 -6% 

EM11.28 96 101 +5% 1284 1215 -5% 

EM15.28 167 185 + 11 % 2855 2673 -6% 

EM51.18 78 97 +24% 1725 1536 -11 % 

EM53.3A 91 112 +23% 1832 1634 -11 % 

EM54.18 224 249 + 11 % 3425 3080 -10% 

EM58.3 206 215 +4% 2912 2696 -7% 

Hcr(1.5 T) in mT 

original after 150°C 

54.4 37.6 -31 % 

36.9 29.8 -19% 

35.9 30.1 -16% 

54.5 34.8 -36% 

187.6 35.6 -81 % 

123.1 33.3 -73% 

47.7 32.8 -31% 

37.4 32.3 -14% 

ARM(100 mT) in mAim 
original after 150 0 C 

49.0 79.3 +62% 

69.3 90.6 +31% 

77.1 92.6 +20% 

156.9 236.9 +51 % 

43.1 147.6 +242% 

45.6 145.6 +219% 

76.9 157.4 + 105% 

108.0 130.5 +21% 

ARM(200 mTl in mAim 
original after 150 0 C 

56.3 81 +44% 

73.7 90.9 +23% 

81.3 92.9 + 14% 

174.3 240.8 +38% 

47.9 149.2 +211 % 

52.5 146.4 +179% 

79.1 158.4 + 100% 

118.7 131.3 + 11 % 

Table A. The effects of heating at 150 D C on samples with different degrees of weathering. 
ARM was induced in AC coils in a DC field of 0.03 mT and peak alternating fields of 100 and 
200 mT respectively. 
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5. A re-evaluation of magnetite grain size 

Magnetite is the major remanence carrier the Trubi marls. The conclusion that 

the magnetite is of SD grain size (van Velzen and Zijderveld, 1990) was mainly 

based on three rock magnetic results: (1) the hysteresis properties are close to 

those of SD grain size fractions of magnetite and theoretical values for SD 

magnetite, (2) a large part of the remanences (both NRM and IRM) is unblocked 

close to the Curie temperature of magnetite, and (3) the absence of a Verwey

transition when cycling to liquid nitrogen temperature through the isotropic point 

at -153°C. However, these properties can all be influenced by weathering. A re

evaluation is therefore necessary, using the fact that the original magnetic 

properties seem to be largely restored after heating to 150°C. 

The remanence ratio Jrs/Js and the coercivity ratio Hcr/Hc are indicative of 

grain size and domain structure (Day et aI., 1977). For magnetite grains of different 

sizes all experimental values seem to follow a single trend (Dunlop, 1986). For the 

Trubi samples the ratios are close to the values for large SD grains, but both ratios 
tend plot above this trend (van Velzen and Zijderveld, 1990). Considering the high 
coercivities of the oxidized magnetite grains, however, all magnetite can not have 

been saturated in the alternating fields applied during the hysteresis measurements 
(a maximum field of 200 mT was available). An additional aspect is the presence 

of stress. These hysteresis parameters are less reliable as grain size indicators 
when stress is present (Gapeev and Tselmovich, 1992). With increasing stress the 

remanence and coercivity ratios change, but they change in such a way that even 

crushed grains do not seem to digress from the observed trend (Dunlop, 1986). 
The ratios are merely moved to values that are characteristic of larger grain sizes. 

Because heating to about 150°C seems to reduce the stress and change the 
properties of the grains to those normal for magnetite, the hysteresis parameters 

of some samples were measured before and after heating to 150°C (Table B). 

After heating, the hysteresis parameters will be closer to the true values, because 

TotaliRM IRM after Her(1.5 T) He Her/He Jrs/Js LT reeov. LT iner. 
mAIm heating (mT) (mT) % % 

3411 2222 56.5 30.4 1.86 0.48 100 10 
2790 34.7 22.5 1.54 0.48 100 10 

978 598 134 26.6 5.04 0.48 100 15 
834 33.7 21.1 1.6 0.42 100 (100) 15 (9) 

Table B. Comparison of rock magnetic properties before and after heating to 150°C. The 
columns show, from left to right: the total IRM acquired in a 1.5 T field; the part of this 
IRM remaining after the heating; the Her after acquisition of the IRM(1.5 T); He from 
hysteresis measurements in a maximum field of 0.2 T; coercivity ratio Her/He; remanence 
ratio Jrs/Js; recovery of the IRM after cycling to -196°C; increase of IRM at -196°C 
compared to room temperature (values between brackets for the IBM remaining after 
heating to 150°C). 

Sample 

EM 25.18 
150°C 

EMA 35.8A 
150°C 
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the samples are closer to saturation. The ratios are still close to those of large SO 

grains (Day et aI., 1977) and the data points are closer to the generally observed 
trend (Dunlop, 1986). 

In these samples unblocking of remanence is not the only demagnetization 
mechanism. Near 580°C the conversion of magnetite to hematite is, at least 
partly, responsible for demagnetization (van Velzen and Zijderveld, 1992). After 
the 150°C alteration, the magnetite grains likely remain in a partly oxidized state, 
which would raise the Curie temperature (e.g. Nishitani and Kono, 1983). 
Possibly, the alteration to hematite is facilitated by the partial oxidation of the 

grains. The thermal decay curves therefore also indicate that the remanence carrier 
is SO magnetite, probably with some degree of oxidation. 

The behaviour of magnetite grains during low-temperature cycling may also be 

influenced by stress. The absence of the Verwey transition and a high recovery of 
magnetization are generally regarded characteristic of SO grains (Kobayashi et aI., 
1965; Levi and Merrill, 1978; Dunlop and Argyle, 1991; Heider and Dunlop; 
1992). There are two factors that should be considered, however. Stress in multi
domain (MD) magnetite grains cancels the effect of near zero anisotropy constants 
at the isotropic point (-143 ° Cl, since magnetostriction rather than magneto
crystalline or shape anisotropy controls coercive force at low temperatures 
(Hodych, 1991). The recovery of magnetization during heating through the 
crystallographic Verwey transition (-153°C) is usually low in MD grains, but it will 

be enhanced by the presence of stress-induced anisotropies (Heider et aI., 1992). 
The large recovery could be misinterpreted to be due to a SO grain size of the 
magnetite. Moreover, the absence of the Verwey transition in SO grains is 
attributed to oxidation (Ozdemir et al., 1993). Minor surface oxidation can induce 
sufficient stress to suppress the transition. In the present samples, the absence of 

Figure 5. Low-temperature cycling of IRM for 
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sample EMA35.8A: (1) before thermal treat
ment; (2) the part of the IRM remaining after 
heating to 150°C and (3) the newly induced 
IRM. The absence of a Verwey transition near 
-153°C indicates oxidation of the SD magne
tite (Ozdemir et aI., 1993). Additional proof 
that some goethite contributes to the IRM and 
is responsible for part of the increase in mag
netization towards lower temperatures comes 
from the low-temperature cycling of the part 
of the IRM remaining after heating at 150°C 
(cf. Table B). Goethite remanence increases 
almost linearly with decreasing temperature 
(Heller, 1978; Dekkers, 1989b; Rochette and 
Fillion, 1990). The IRM in (1) and (3) 
increased by 125 mAim at -196°C, but the 
IRM remaining after heating at 150°C (i.e. 
above the Neel temperature of goethite) 
increases only 25 mAim (2). 
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the Verwey transition should therefore be regarded as a confirmation of the 

presence of surface oxidation rather than an argument for the SO size of the 

magnetite. After heating at 150°C, the recovery of the original magnetization is 
complete (figure 5, Table A). Apparently, some stress is still present after heating. 

The former conclusion that the magnetite is large SO (van Velzen and 

Zijderveld, 1990) can be maintained. It must be added that the properties of the 
grains are modified by surface oxidation. These modifications seem to be largely 
undone by heating to 150°C. 

6. Effects on NRM 

The low-temperature oxidation of the magnetite grains and heating at 150°C 

cause appreciable changes in rock magnetic properties that will also influence the 
behaviour of the NRM. Heating seems to remove the effects of weathering to a 
large degree, but this does not necessarily mean that the NRM is restored to its 
original form. 

Weathering has more influence on the efficiency of AF demagnetization than on 
the efficiency of thermal demagnetization (cf. figure 1). Initially samples show a 
large variation in AF demagnetization behaviour. In truly fresh samples, the NRM 
can be completely demagnetized with 100 mT fields (figure 6a). For other, more 
weathered samples, fields of 300 mT are needed (figure 6b) or even not sufficient 
to accomplish complete demagnetization (figure 6cl. 

To investigate the influence of heating at 150°C on the I\JRM a combination of 
AF and thermal demagnetization was used. Samples with reversed primary 
components were selected, in which the influence of weathering was clearly 
present. First, stepwise AF demagnetization was performed in fields up to 150 mT 
(figure 7). In all samples the NRM was only partly demagnetized at these fields. 
Subsequently the samples were heated and almost no changes are evident at 
100°C. This confirms that none of the remaining NRM is carried by goethite. The 
effect of heating at 150°C on the NRM is remarkable, albeit less surprising with 
the IRM results in hand. A large NRM component is demagnetized with a direction 
close to that of the secondary component, i.e. the present-day field direction. 
However, while preserving their original magnetization direction, the carriers of the 

remaining NRM have been altered. This is revealed when starting a new stepwise 
AF demagnetization. Now low alternating fields remove the formerly high
coercivity (> 150 mT) remanence, starting with the remaining part of the 
secondary component: fields of 100 mT suffice to remove the remanence 
completely (cf. figure 7). These fields are comparable to those needed in unheated 

samples that are truly fresh. The same reduction of coercivities that was found for 

the IRM apparently affects the carriers of the NRM. 
During the AF-Thermal-AF demagnetization sequence, and after removal of the 

laboratory component, the NRM vectors for all samples are close to a single plane 
through the origin. Apparently, the NRM consists only of two components 

throughout the demagnetization procedure, in spite of the low-temperature 
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oxidation due to weathering and the 150°C alteration. It is therefore possible to 

separate the behaviour of the primary and secondary component during 
demagnetization. The calculated decay curves will, however, depend on the choice 

of directions of the two remanence components. In the following a reasoning 
similar to the remagnetization circles analysis is used (McFadden, 1977), but in 
reversed order, starting with a choice of most likely directions and adjusting this 

choice for each individual sample. For the secondary component the local 
geocentric axial dipole directi~(3600, 57 0) is a logical choice, since this 
component likely has a viscous origin (see below). The reversed primary 
component has an average clockwise tectonic rotation of about 35 ° after 

correction for dip of the strata (Langereis and Hilgen, 1991; Scheepers and 
Langereis, 1993). The average inclination is about 46 0, which is somewhat 

shallower than that of the present geomagnetic field (Scheepers and Langereis, 
1993). 

To find the best fitting plane for each sample, the perpendicular projection of 
every remanence vector to the plane was determined. The sum of the distances 
between original and projected vector endpoints (after removing the laboratory 
component) was minimized by slightly adjusting the primary direction in order to 
allow for small differences in inclination and possibly declination. The resulting 
planes were close to the standard best-fit planes (Kirschvink, 1980) obtained using 
no a priori directional information. The angular difference between the poles of the 
calculated and the best-fit planes (0.5 0 to 4.5 0) was generally well within the 
maximum angular deviation of the best-fit planes (30 to 8 0). 

An extra check for a possible erroneous choice of directions is provided by the 
changes in the distance between every measured remanence vector and its 

projection during demagnetization. After demagnetization of the laboratory 
component (with 10 mT AF), these distances remain consistently close to zero 
throughout the total demagnetization sequence (figure 7). Taking the foregoing 
into account, it is therefore likely that the chosen primary and secondary directions 
are close to the true directions of the two components in each sample. It should 
be kept in mind, however, that a slightly different choice of the two NRM 
directions the calculated plane results in different decay curves. 

The decay curves confirm that both the primary and secondary NRM 

components have increased coercivities (> 150 mT) due to oxidation (figure 7). 
After the first AF series both components are only partly demagnetized. It is now 
possible to separate the effect of the 150 ° C heating on stable SD grains that 
carry the remaining primary NRM and the effect on the less stable grains that carry 
the remaining secondary NRM. While, as expected, the secondary remanence 
diminishes during heating, the primary remanence increases in all samples. The 

second AF demagnetization shows that, after heating, the carriers of the 
secondary component generally have lower coercivities than those of the primary 
component. 
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Figure 6. AF demagnetizations of NRM (corrected for bedding tilt) for (a) a fresh sample; 
the NRM is completely demagnetized at 100 mT, (b) a typical sample; large overlap 
between primary and secondary components and (c) a relatively weathered sample; the 
NRM cannot be completely demagnetized at 300 mT. Alternating fields indicated in mT. 
Int is initial NRM intensity. 

7. Origin of the secondary remanence 

The secondary component has a near present-day geomagnetic field direction 
before tilt correction, which indicates an age of less than 780 ka, but the lack of a 

secondary component in the freshest samples restricts its age to the period over 
which weathering affects the sediment. It is unlikely that the secondary 

remanence is a chemical remanence due to low-temperature oxidation. Even during 

the oxidation of SD titanomagnetite and magnetite up to very high oxidation 

degrees in an ambient magnetic field, the direction of the parent remanence is 

preserved (Ozdemir and Dunlop, 1985; Heider and Dunlop, 1987). The exchange 
coupling between mother and daughter phases is very strong. Moreover, the 
magnetite grains in the sediment are only in a first stage of maghemitization and 

the enhanced coercivities would make it even more difficult for the magnetization 
of the grains to switch to the present-day field direction. 

The presence of a secondary component with a present-day field direction in 

more weathered samples can be argued to be due to the stabilizing effect of the 
low-temperature oxidation. In the freshest samples this component is absent (cf. 

figure 1 and 6). Before weathering, small SD grains and superparamagnetic (SP) 

grains have a magnetic moment directed along the local geomagnetic field in the 

outcrop. Weathering results in an increase of coercivities and relaxation times of 
these magnetite grains, creating a stable secondary component. Because the 

component is stabilized through alteration, it becomes by definition a chemical 

remanent magnetization (CRM). The initial viscous nature of the secondary 

remanence is confirmed by the results of the combined AF-Thermal-AF 
demagnetization of the NRM (figure 7). During heating at 150 o C, the anomalously 
high coercivities of the magnetite grains are reduced and the blocking 
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temperatures are reduced correspondingly. A large part of the secondary 

component is demagnetized after heating at 150°C, indicating that the blocking 

temperatures of this remanence become lower than 150°C after the stabilizing 

effects of the weathering have been largely removed. The secondary NRM may 

reside in small SD and SP, that are stabilized by the increased coercivities. At 

room temperature the viscous behaviour of small SD grains is only small due to 

their long relaxation times, that correspond to their blocking temperatures, but 

over a period of 780 ky they can acquire a significant viscous remanence. SP 

grains are viscous by definition, but the increase of coercivities accompanying 

oxidation will also have a stabilizing effect on those grains, so that both small SD 

grains and grains that were originally SP may contribute to secondary component. 

The changes with respect to the IRM can be explained in a similar fashion. 

After heating to 150°C less IRM can be induced in the samples (figure 2a, Table 

A), because the grains that were temporarily stabilized by the oxidation become 

superparamagnetic again. The relatively large decay of remanence during thermal 

demagnetization of the IRM at 150°C (figures 2b and 3) is due to the reduction of 
blocking temperatures of the small SD grains to values below 150°C. 

There are two possible explanations for the differences between fresh and 

weathered samples. The first explanation assumes the same grain-size distribution 

for all samples. The grains that carry the secondary NRM in weathered samples, 
have relatively short relaxation time in fresh samples and consequently carry the 

laboratory component. The second explanation is that in weathered samples other 

chemical processes have been active before the stabilizing oxidation. In the 
presence of formation water, iron can be leached from more stable SD grains, 

reducing their size and bringing them nearer the SP-SD grain size (very effective in 

small grains). The leaching facilitates oxidation, since Fe 2 + is preferentially 
removed from iron oxide crystals (Stumm and Sulzberger, 1992). During the low

temperature oxidation the reduction of size may continue, because in an aqueous 

environment removal of iron rather than addition of oxygen is the most likely 
process by which maghemitization proceeds (Akimoto et aI., 1984; Brown and 

O'Reilly, 1987). This new grain-size fraction will have viscous properties, but it 

Figure 7. Combined AF-Thermal-AF demagnetizations of NRM, demagnetization diagrams 
and remanence decay curves. The demagnetization diagrams are corrected for bedding tilt 
and values are in mT unless indicated otherwise. AF demagnetization up to 150 mT, fol
lowed by thermal demagnetization at 100 and 150°C. After heating to 150°C, a new AF 
demagnetization up to 100 mT completely demagnetizes the remaining NRM. The decay 
curves of primary (open circles) and secondary (open squares) components (see text), 
after demagnetization of the laboratory component, show a large overlap between the two 
components and an increase of primary NRM after heating at 150°C. Closed circles show 
the sum of primary and secondary intensities. Stars denote the perpendicular distances 
between measured remanence vectors and the plane through the pnmary and secondary 
remanence vectors. All values are normalized to the maximum of the sum of the intensi
ties (after demagnetization of the laboratory component with approximately 10 mT). 
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may carry the secondary component in the weathered samples, because viscous 

behaviour is prevented. The increase of coercivities prolongs the relaxation time 
and hence stabilizes the remanence. 

8. Surface oxidation and stress 

During low-temperature maghemitization of titanomagnetites in ocean floor 

basalts, changes in coercivities are observed that are comparable to the changes in 
the Trubi marls. This is not surprising, since weathering induced oxidation may be 
seen as the initial stage of low-temperature maghemitization. Models for 
maghemitization in ocean floor basalts assume that during oxidation the 
titanomagnetite grains consist of an oxidized shell around a non- (or less-) oxidized 

core (Knowles, 1981; Petersen and Vali, 1987; Housden and O'Reilly, 1990). In 
the partly oxidized shell the lattice constants decrease, so that the shell is 
stretched over the core and stresses occur in the grains. For larger grains (> 5 11m) 
the stress leads to shrinkage cracks (Petersen and Vali, 1987). In SD grains the 
stress causes an increase in coercivity and a decrease in remanent magnetization 
in the initial stages of oxidation (e.g. Knowles, 1981; Beske-Diehl and Soroka, 
1984; Appel, 1987; Smith, 1987; Housden and O'Reilly, 1990). 

The cause of the higher coercivities is an increased contribution of 
magnetostriction to the magnetic energy state of the magnetite grains. Average 
stress values can easily be large enough to make the magnetostriction contribution 
larger than either magnetocrystalline anisotropy or shape anisotropy (Appel, 
1987). In a spherical grain, for reasons of symmetry, the surface oxidation model 
predicts no anisotropy due to stress. In an ellipsoidal grain the stress anisotropy 
depends on the degree of eccentricity of the ellipsoid. With increasing anisotropy, 
the energy barrier between two energetically favourable states becomes higher 
and consequently the coercive force needed to switch between states becomes 
larger. Housden and O'Reilly (1990) show that for ellipsoidal titanomagnetite 
grains the variation in median destructive field (MDF) with oxidation grade in ocean 
floor basalts can be explained by a model in which a stressed maghemitized shell 
encloses an unaltered titanomagnetite core. In this model the six-fold increase in 
MDF of ocean floor basalts with increasing oxidation degree (Petersen and Vali, 

1987) can be attained in grains with only small ellipsoidal eccentricity. 
Another aspect is the change in microstructure that is likely to occur due to 

stresses. This can, for example, be observed in large (MD) titanomagnetite grains 
that are affected by low-temperature oxidation. The domain pattern in these grains 
becomes chaotic near the edge, where the oxidation degree is expected to be 

highest (Appel, 1987). In SD grains the preferential direction of magnetization may 
be turned away on a local scale in a similar way, causing a decrease of net 
magnetization. In SD grains with a higher degree of oxidation an incoherent spin 
structure with a circular spin in the oxidized mantle may even become 
energetically more favourable (Housden and O'Reilly, 1990). 

Of these partial oxidation effects, only the increase in coercivity is observed in 
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samples from the Trubi formation. The different degrees of oxidation are reflected 

in the variation in coercivity. The factor of five between the highest and lowest 
Hcr values observed (Table A) may correspond to the six-fold increase in MOF in 

ocean floor basalts. A possible remanence decrease cannot be observed directly in 
the Trubi marls, because comparison with unaffected samples is not possible due 

to the natural variation of the quantity of magnetic minerals with lithology. 

9. Reduction of stress model 

In light of the above explanation for the observed high coercivities, a reduction 

of stress model can explain the 150°C alteration. Apparently, the most severe 

effect of oxidation is removed by heating: the stress-induced high coercivities are 
reduced to values that are normal for magnetite. The stresses originate in the 

difference in lattice constants of the shell and the core. The more oxidized shell 
shrinks because it contains more Fe3 + and vacancies and less Fe2 + than the less 
oxidized core. The oxidation proceeds through diffusion of Fe2 + from the core to 
the shell. For each Fe2 + -ion diffusing out of the core, one vacancy is produced 
and two Fe2 + -ions are converted to Fe3 +. The total rate of oxidation is limited by 
the concentration of Fe2 + near the grain surface. Because diffusion rates are 

highly temperature dependent, a large oxidation gradient will occur when the 
oxidation takes place at low temperatures (near room temperature in this case). 
The stresses in the grains are proportional to this gradient. An increase in 
temperature to 150°C accelerates the diffusion and the oxidation gradient will be 
considerably reduced. Consequently, the stresses in the grains will decrease. 

The reduction of stress will also influence the microstructure within the 
magnetite grains. The deviations from the preferred spin direction that likely exists 
in the stressed grains (see section 8), will become less. Consequently the net 
magnetization per grain may increase. This would explain the increase of the 
primary NRM component after heating to 150°C in the AF-Thermal-AF demag
netization (figure 7). By observing the effects of stress reduction, the otherwise 
invisible effects of oxidation-induced stress on the microstructure of the magnetite 
grains might indirectly be inferred. 

10. Conclusions 

The SO magnetite grains in the Early Pliocene marine marls of the Trubi 
formation are affected by low-temperature oxidation due to recent weathering. 
The most conspicuous effect of the oxidation is increased coercivities. Remanent 

coercivities originally vary between 36 and 188 mT, depending on the degree of 

weathering. Heating the samples to 150°C has the opposite effect of weathering: 
the high remanent coercivities are reduced to uniform values between 30 and 38 
mT, which are normal for SO magnetite. 

The increased coercivities, due to weathering, are similar. to the increased 
coercivities that occur during the first stages of low-temperature maghemitization 
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of titanomagnetites in ocean floor basalts. A similar model was therefore adopted 

to explain the effects of weathering on the Trubi samples. Stresses in magnetite 

grains are induced by a large gradient in the oxidation degree from the shell to the 
core of the grains. The more oxidized shell shrinks and is stretched over the less 
oxidized core. In an aqueous environment the oxidation proceeds through the 
superficial removal of Fe2 +. It is suggested that for stress to occur the oxidation 

must take place at low temperatures. At room temperature the diffusion rate of 
Fe2 +, from the magnetite core to the shell, is low and a large oxidation gradient 

arises, resulting in stress and the related increase in coercivity. When the samples 
are heated to 150°C, the stresses are reduced due to the considerably higher 
diffusion rate of Fe2 + at that temperature. The large oxidation gradient is 

removed, as is the cause of the stress and the enhanced coercivities. 
The changes in rock magnetic parameters observed after heating to 150°C, are 

all related to the reduction in coercivity. The total IRM(1.5 T) decreases (5-11 %) 

and Xo increases (4-24%) after heating to 150°C. The decrease in IRM is 
attributed to the increased number of grains with superparamagnetic behaviour, 
which owed their stability before heating only to their enhanced coercivities due to 
an oxidized shell. The same phenomenon causes a relatively large decay of IRM 
that is observed at the 150°C step of a normal stepwise thermal demagnetization 
in weathered samples. Despite these changes, IRM and Xo give a good 
representation of the lithological variations before as well as after heating at 

150°C. 
The initial variation of the coercivities and ARM in the unheated sediment, 

however, is a reflection of the variation of oxidation degree and not of magnetic 
mineralogy. Due to the reduction of coercivities after the heating the ARM(0.03 
mT; 100 mT) was between 20 and 240% higher. 

The effect of thermal treatment at 150°C is demonstrated by NRM 
demagnetization in which a combination of AF and thermal demagnetization is 
used. Both the secondary and primary NRM components are affected by 
weathering. Regular AF demagnetization does not succeed in separating the two 
components and, in more weathered samples, 300 mT alternating fields are not 
high enough to demagnetized the NRM completely. After thermal treatment at 
150°C, the AF demagnetization becomes much more effective. The secondary 
remanence can be demagnetized at 20 mT alternating fields and the hardness of 
the primary component is reduced as well. With 100 mT alternating fields the 
remaining NRM can be completely demagnetized. The same reduction of 
coercivities as found in the IRM is observed for the I\lRI\II. 

Low-temperature oxidation is a common process. The surface oxidation of 
(titano-) magnetites and the related stress reduction after heat treatment described 
here may well be widespread, but they can only be recognized after dedicated 

experiments. The relatively large decay of remanence between 140°C (i.e. higher 
than maximum blocking temperatures of goethite) and 200 ° C and an increase of 
Xo may help recognition of the presence of oxidation-induced stress. Due to the 
influence of weathering, variations of some rock magnetic parameters (especially 
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coerclvltles and ARM) may be misinterpreted. It is therefore advisable to measure 
the rock magnetic parameters before and after heating to 150°C, when influence 
of low-temperature oxidation is suspected. 
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5 
Magnetic iron-nickel sulphides in the 
Pliocene and Pleistocene marine marls 
from the Vrica section (Calabria, Italy) 

Abstract 

The rock magnetic properties of the late Pliocene and early Pleistocene open
marine marls from the Vrica section in Calabria (Italy) point to magnetic sulphide 
as the main magnetic mineral and remanence carrier. The maximum blocking 
temperatures, however, are between 340 and 360°C, which is too high for 
stoichiometric monoclinic pyrrhotite. Magnetic concentrates of the sediment are 
rich in iron sulphide grains and iron-nickel sulphide grains. Microprobe observations 
show that most of the grains are of the order of 1 I-!m in size and attached to iron
bearing clay flakes. 

Microprobe analyses of the sulphides yield a large range of compositions, 
ranging from pyrite through greigite-pyrrhotite to sulphur-deficient monosulphides, 
and with Ni contents varying from zero to a few atom percent in the pyrite grains 
and from zero to as much as 35 atm% in the monosulphides. The high Ni content 
of many of the grains is extraordinary and has not been reported before in marine 
sediments. Most of the compositions cannot be directly connected with a known 
mineral phase. The marine depositional environment of the marls imposes an 
authigenic origin for the sulphides, and this is supported by several observations. 

The great number of sulphide grains in the magnetic concentrates suggests 
that at least one of the sulphide compositions must have a ferrimagnetic structure, 
possibly the sulphides with a metal to sulphur ratio close to that of monoclinic 
pyrrhotite, and between 25 and 35% of the Fe replaced by Ni. The Ni substitution 
could possibly be the cause of the high blocking temperatures. 

1. Introduction 

The Vrica section (Crotone-Spartivento basin of northern Calabria, Italy) 

consists of open-marine marls dating from ca. 2.1 Ma to 1.55 Ma. The section has 
been formally designated as the Pliocene-Pleistocene boundary stratotype (Aguirre 
and Pasini, 1985) and has consequently been intensively studied (e.g. Pasini et aI., 
1975; Selli et aI., 1977; Obradovitch et aI., 1982; Backman et aI., 1983; Tauxe et 
aI., 1983; Hilgen, 1990). Most recent paleomagnetic results from the Vrica 
section contributed to a detailed magnetostratigraphy for the late Pliocene to early 
Pleistocene and the absolute age for the PIP boundary (Zijderveld et aI., 1991). 
The groups of sapropelitic layers that are found throughout the section in the 
otherwise homogeneous marls are interpreted as interference patterns related to 
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Figure 1. Vrica composite section. 
Samples VBA 1 and VBA 6 were 
taken from subsection Vrica B at 
stratigraphic levels 114 m and 162 
m, respectively. Magnetostratigraphic 
results in Zijderveld et al. (1991). 
Normal polarities are indicated in 
black, reversed polarities in white. 

the Earth's orbital cycles (Hilgen, 1987; 

1991) and provide an astronomically cali

brated polarity time scale for the time 
interval represented by the section. 

During the recent magnetostratigraphic 
study (Zijderveld et ai., 1991) much atten

tion was paid to the interpretation of the 
thermal demagnetization diagrams. For the 

present study rock magnetic measurements 

were performed and magnetic concentrates 
were made in order to improve our under

standing of the demagnetization process. 
This paper reports the results of microprobe 
analyses of magnetic concentrates. 

2. Sampling sites 

Concentrates were made of two samples 
(VBA 1 and VBA 6) taken from subsection 

Vrica B, 2.5 m below sapropel c and 0.5 m 
below sapropel h respectively (sapropel 
labelling by Selli et al. (1 977), see Figure 1). 
The average accumulation rate of subsection 

Vrica B is 30 cm per thousand years 
(Zijderveld et ai., 1991). Between sapropels 
band c and between f and h the sedimen
tation rate is 48 and 23 cm/ky respectively 
on the basis of the astronomical age of the 
individual sapropels (Hilgen, 1991). The 

sedimentation depth was about 500 m. 
Conditions were oxygen-poor or anoxic 
during deposition of the sapropelitic layers 

but oxygenated otherwise. 
The carbonate content of the marls 

ranges from 13% (in the sapropels) to 25% 
(Thunell, 1986; van der Weijden, 1993). In 
the non-sapropel sediment the organic 
carbon content is between 0.4 and 0.8% 

(van der Weijden, 1993). The clay minerals 
in the Vrica section are mainly smectite (ca. 
55%), illite (20%), chlorite (15%) and 
kaolinite (10%) (van der Weijden, 1993; 
Combourieu-Nebout, 1987). 
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3. Natural remanent magnetization 

The intensities of the natural remanent magnetization (NRM) in the Vrica 
section vary considerably (Zijderveld et aI., 1991). In the lower part of subsection 
Vrica B up to sapropel c relatively high intensities are found (0.5-3 mAim). 

Progressive thermal demagnetization removes a characteristic component with a 
normal polarity between 200 and 300°C, after demagnetizing a viscous laboratory 

component at 100°C and a small secondary component with a slightly different 

direction at about 200°C (figure 2a). The upper limit of the demagnetization 
temperatures remains obscure, however, due to the spurious behaviour of the 
remanence starting around 340°C. The increase of the bulk susceptibility of the 

samples, which starts at the same temperature, indicates the formation of new 
magnetic minerals in this temperature range (figure 2c). 

Above sapropel c NRM intensities drop to 0.1-0.2 mAim. Due to the low 
intensities and consequently relatively large secondary remanences it is often more 
difficult to determine characteristic directions in this interval (Fig 2b). Half way 
between sapropels e and f NRM il1tensitie.s start to increase again to values 
between 0.1 and 0.5 mAim. Thermal demagnetization diagrams are similar to 
those in the lower part of the subsection, only here the characteristic component 
removed between 200 and 300 or 340°C has a reversed polarity. Above 340°C 
again the formation of new magnetic minerals prevents further interpretation of 
the demagnetization results. Alternating field demagnetization would avoid thermal 
alterations, but alternating fields higher than 40 mT create new remanences that 
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Figure 2. (a) Stepwise thermal demagnetization of a sample with a relatively high NRM 
intensity from the lower part of subsection Vrica B. Closed symbols and open symbols are 
horizontal and vertical projection respectively. Temperatures in degrees centigrade. Int is 
NRM intensity at 200°C. Decl and Incl are calculated as the best fit for the vector 
removed between ca. 200 and 300°C. (bl The same for a sample from the part of the 
section characterized by lower NRM intensities. (c) Changes in initial susceptibility 
occurring during the thermal demagnetization. High-intensity sample shown by closed 
symbols; low-intensity sample shown by open symbols. 
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disturb the demagnetization process. 

The overall trend in the NRM intensities of the section is distinct, but on a 
small scale the sediment is quite inhomogeneous with respect to the magnetic 
properties. Samples taken next to each other can have very different NRM 
intensities and demagnetization behaviour. 

4. Rock magnetic properties of the sediment 

The rock magnetic properties of the sediment indicate that the dominant 

magnetic mineral might be an iron sulphide. Isothermal remanent magnetization 

(IRM) acquired in fields up to 2 T varies between 0.1 and 0.8 Aim. Coercivities are 
generally lower than 0.3 T and this is confirmed by the alternating field demagneti

zation of the IRM (figure 3a and b). Remanent coercivities (Her) are between 45 
mT for the low-intensity samples and 80 mT for the high-intensity samples. Sites 
VBA 1 and VBA 6 both have relatively high intensities (Table A). Their coercivities 
are substantially higher than typical magnetite coercivities (e.g. Dunlop, 1986) and 
compare well with coercivities of pyrrhotite grains in the pseudo-single domain 
size range (Clark, 1984; Dekkers, 1988). Thermal demagnetization of IRM (figure 
3c) shows that a large part of the remanence has maximum demagnetization 
temperatures lower than 360°C, comparable to those of the NRM. A smaller part 
of the remanence has maximum demagnetization temperatures well above 500°C. 
The linear decay of the latter remanence points to very fine magnetite grains in the 
size range between superparamagnetic and stable single domain grain sizes (ct. 
van Velzen and Zijderveld, 1992). It is not possible to establish whether a small 
part of the NRM also has these high blocking temperatures. The NRM intensities 

are only 0.1 % of the IRM intensities and the NRM demagnetizations are disturbed 
by the thermal alterations above 340°C. 

The coercivities and the maximum demagnetization temperatures are close to 

those of monoclinic pyrrhotite, except that the maximum demagnetization 
temperatures are some 20-40 o C higher than the Curie temperature of monoclinic 
pyrrhotite which is generally reported as being between 305 and 325°C (e.g. 

Table A. Rock magnetic properties at the sampling sites 

VBA 1 VBA 6 

Stratigraphic level 

Polarity 
NRM intensities 

Average 

IRM(2T) 

Her 

MDF of IRM(2T)* 

114 m 

normal 

0.15-2.5 mAim 

0.5 mAim 

380-680 mAim 
80-81 mT 

62 mT 

162 m 
reversed 

0.05-0.37 mAim 

0.2 mAim 

460-760 mAim 

73-78 mT 

* Median destructive fields of stationary alternating field 
demagnetization in three orthogonal directions 
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1.0 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Schwarz and Vaughan, 1972; 

Schwarz, 1975; Vaughan and Craig, 

1978; Dekkers, 1989). However, 

higher maximum blocking tempera

tures (up to 350°C) were found in 

fine-grained pyrrhotites by Rochette 
-g 
N 

0.5 et al. (1990). The spurious magneti
lii 
§ 
a 

zations that occur during AF demag

netization of the NRM are also similar 
Z 

to the behaviour found in pyrrhotites 

(Schwarz, 1966; Thomson, 1990). 

Greigite (Fe3S4) is also known to 

be a strongly magnetic mineral 

occurring in reducing sedimentary 
environments (e.g. Snowball, 1991; 

Hoffman, 1992; Diaz et aI., 1992; 

and references therein). The mineral 
becomes thermally unstable at about 

300°C, however, which is not 

compatible with the high maximum 
blocking temperatures observed in 
the marls in this study. Moreover, 

coercivities reported for greigite are 
generally lower than those of 

pyrrhotite. Like pyrrhotite, greigite 

exhibits spurious behaviour during AF 
demagnetization (Krs et aI., 1990). 

Pyrrhotite and greigite cannot 

explain the combination of high 

blocking temperatures and high coer

civities. However, the observed rock 

magnetic properties do not exclude 

these two pure iron sulphides as 

contributors to the remanence. 

Figure 3. (a) IRM acquisition of samples with high-intensity NRM (closed symbols) and 
low-intensity NRM (open symbols). Normalized at 2 T. The IRM of the high-intensity 
samples is about four times the IRM of the weak samples. (b) Alternating field demagneti
zation of the normalized IRM(2T} of the same samples. Demagnetization was stationary in 
three orthogonal directions. Rock magnetic data for samples VBA 1 and VBA 6 in Table A. 
(c) Stepwise thermal demagnetization of IRM(2T). 
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5. Magnetic concentrates 

For further study of the magnetic minerals in the sediment magnetic separation 
was performed. A suspension of 400 g of sediment in 2 I of demineralized water 
was slowly passed through a glass tube between the poles of a Frantz isodynamic 
separator operating at a high current (1.5 A). Some ascorbic acid was added to 
the suspension in order to create slightly reducing conditions and prevent possible 
oxidation of mineral phases. Every few hours the circulation was stopped and the 
mineral grains attracted by the magnet were washed from the tube. They were 
stored under reducing conditions in demineralized water with some ascorbic acid. 
This first magnetic concentrate still consisted mainly of clay minerals. It was 
subjected to a second concentration step to separate the strongly magnetic 
fraction from the less magnetic part. The suspension was again passed between 
the poles of the isodynamic separator, first operating at a low current (0.25 A), to 
obtain only highly magnetic minerals (yield ca. 0.03 g), and then at a high current 
to extract the remaining magnetic minerals (yield ca. 3 g). The two concentrate 
fractions still contained a considerable amount of clay minerals. 

Polished thin sections of the concentrates were prepared for microprobe 
analysis (EDA) and electron microscope observation to determine the composition 
and the appearance of magnetic particles. 

6. Microprobe observations 

Back scatter images of the polished thin sections confirm that all concentrates 
still contain a large number of clay flakes. In low-field concentrates of VBA 6 
many of the clay flakes have small grains attached to them; these are the bright 
areas in the images (figure 4). These bright grains are sulphides of various 
compositions. As expected, sulphur and iron form the main constituents of these 
grains, although many of them also contain a large amount of nickel. Microprobe 
analysis of the clay flakes on which sulphide grains were observed reveals that 
these clay flakes contain iron (Table B). Apart from the clay minerals and 
sulphides, some few grains containing iron and titanium were found in sizes from 
1 to 50 f.Lms. These grains often have sharp edges and Fe:Ti ratios close to unity, 
indicating that they are grains of ilmenite, which is paramagnetic at room 
temperature (e.g. Stacey and Banerjee., 1974). Fe-Ti grains with other ratios were 
seldom found. In the VBA 6 low-field concentrates grains with Fe and Cr are also 
present. These grains usually contain as least twice as much Fe as Cr, and in 
some instances they also contained considerable amounts of Ni and traces of 
other metals (Table B). These grains are supposedly paramagnetic too. 

The abundance of the sulphides and the absence of other magnetic minerals in 
the magnetic concentrates indicates that these sulphide grains contribute to an 
important part of the remanent magnetic signal in the marls. Attention was there
fore focused on these iron-nickel sulphides. Most sulphide grains are attached to 
clay flakes and have a uniform appearance. The majority of the grains are smaller 
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Clay flakes with 
sulphides 

Fe-Cr oxides 

Fe-Ti oxides 

Si 

Fe 

Fe 

AI 

1.07 
0.75 
0.63 
0.60 

Cr 

0.25 
0.16 
0.21 

Ti 

1.02 
1.13 
0.5 

Mg 

0.49 
0.81 
0.34 
0.21 

Ni 

0.12 

Fe 

0.99 
0.51 
0.49 
0.35 

Mn 

0.02 
0.02 
0.01 

Mn 

0.02 
0.08 
0.01 

K 

0.02 
0.02 
0.21 
0.13 

Mg 

0.03 

Mg 

.07 

.01 

.05 

Ca 

0.00 
0.01 
0.01 
0.06 

Other elements 

VBA 1 low field 
Na, Ti, S VBA 1 high field 
Na, Ti, S VBA 6 low field 
Na, Ti, S VBA 6 high field 

Si, AI 
Ni, Mg, Ti, Si, AI 
Ti, Zn, Si, AI 

Si 
Si 
AI 

Table B. Some representative microprobe analyses of clay minerals that have sulphide 
grains attached to them, of some Fe-Cr oxides, and of some Fe-Ti oxides. The values are 
given as atom percentages normalized to Si (for the clay flakes with sulphides) and Fe (for 
the Fe-Cr and Fe-Ti oxides). The clay flakes come from magnetic concentrates that were 
separated with low and with high magnetic fields. The Fe-Cr oxides come from the low
field concentrate of VBA 6. 

than 1. 5 ~m and seem to be spherical (although for the smallest grains it is 

difficult to assess the exact shape, because they are close to the detection limit of 
the microprobe). 

The measurement of the exact composition of the sulphide grains with the 
microprobe was complicated by the small size of most of the grains « 1. 5 ~m, a 

size that is comparable to the spot size of the electron beam (ca. 1 ~mll. In 

addition, the sulphide grains are possibly thin, so that part of the background 

(generally a clay flake) may be analyzed together with the sulphide grain. These 

conditions result in biased compositions for the sulphides, especially with respect 
to Fe. Therefore, the clay flake background was measured separately and the 
composition of the sulphide grains was corrected for iron from the background, 
assuming that all Si and AI measured is actually derived from the background. 

After correction the atom percentages are considered to be fairly accurate. 
Depending on the magnitude and the estimated accuracy of the correction the 
results are divided in well-determined (with estimated errors less than 2 atm% 

sulphur and 2% Nil and somewhat less well-determined (errors < 4%) composi

tions. Most microprobe analyses were performed on sulphide grains in the low

and high-field concentrates of VBA 6 and on some in the concentrates of VBA 1. 

Some of the very dispersed sulphides in polished thin sections of the original 
sediment were also analyzed. The sulphur percentage in the grains varies over a 
large range (figure 5), from compositions close to pyrite via pyrrhotite to sulphur 
contents close to that of pentlandite. The percentage of nickel replacing the iron in 
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the sulphides is not restricted to a few percent only. Nickel concentrations of up 

to 35% are measured. 

The sulphide compositions can be roughly divided into four groups: (1) a pyrite 

group with 60-70% S and occasionally a few percent Ni, (2) a greigite-pyrrhotite 

group with 52-60% S and generally high Ni content (20-35% of the total metal 

content!, (3) a large group with S content between 43 and 52% and Ni percent

ages from zero to 32, and (4) a highly sulphur deficient group with less than 43% 
Sand Ni between 5 and 15% of the total metal content. 

(a) 

(b) 

Figure 4. Microprobe back scatter images of grains separated in low magnetic fields (VBA 
6). Sulphide grains appear bright in the image. (a) A collection of different clay flakes, 
iron-titanium oxides (large white pieces) and iron-nickel sulphides (the small white grains 
on and between the flakes) with ca. 15 atm% Ni. (b) Many small sulphide grains on an 
iron-bearing clay flake: mainly pyrite grains, sometimes with a trace of Ni (0.2 atm%) and 
some monosulphide grains with ca. 45 atm% Sand 4-6 atm% Ni. 
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The compositions of sulphide grains on a single clay flake are not always the 
same. Iron sulphides with and without Ni occur on the same flake. Also, pyrite-like 
compositions and monosulphide compositions may occur together on the same 
flake. 

In one case, on the inside of a carbonate shell (figure 4d). zinc was found to be 
a major constituent of the iron-nickel sulphides. The sulphur content of separate 
grains varies only between 46.2 and 50.7 atm%, placing them in the third group 
of sulphide compositions. The metal content, however, varies considerably. On the 

(e) 

(d) 

Figure 4. (c) Iron-bearing clay flake with sulphide grains: pyrite (without Nil and mono
sulphide grains (42 atm% < S < 47 atm%) with between 4.5 and 17 atm% Ni. 
(dl Carbonate shell with sulphides that approximate monosulphides, containing Fe, Ni and 
In. The ln content of the sulphide increases towards the middle of the cavity (see Table 
C). The width of the shell is ca. 140 mm (magnification 350 x). 
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Position 

In carbonate 

Edge of carbonate 

Edge of carbonate 

In middle 

In middle 

atm% S atm% Fe atm% Ni atm% Zn 

44.7 55.0 0.2 1.0 

49.6 49.4 0.9 0.6 

50.7 43.7 4.8 0.6 

48.1 11.3 0.1 40.4 

46.2 17.2 0.1 36.4 

Table C. Microprobe analyses of sulphides inside carbonate shell. The microprobe was 
calibrated for Fe, Ni and Zn with standards of pure Fe, Ni and Zn and for S with pyrite. 

inside edge of the shell the sulphides contain a variable amount of Ni (0.2-4.8%, 
see Table C), and Zn. Zinc becomes more important nearer the middle of the 
cavity, where it is a major constituent (up to 40 atm% of the sulphide). This 
increase in Zn content towards the middle of the cavity may reflect time
dependent availability of the metal ions (Huerta-Diaz and Morse, 1992). This is a 
typical example of authigenic sulphide formation related with the presence of 
organic material (cf. Krs et aI., 1992; Pruysers et ai., 1991). Black spots found 
throughout the sediment probably represent similar concentrations of sulphides, 
some of which may be magnetic. This would explain why the sediment is very 
inhomogeneous with respect to the remanent intensities (et. Table A). 

7. Comparison with known sulphides 

The wide range of sulphide compositions makes it difficult to determine which 
sulphide or sulphides are the remanence carriers. Most of the sulphide 
compositions of the grains found in the sediment are not compatible with any 
known mineral. In particular, the high Ni content of many of the grains is very 
distinctive compared to any natural sulphide reported hitherto. Most sulphides of 
the first group (60-70% S) have compositions close to pyrite (FeS2), with occa
sionally some Ni (up to 2%). The grains containing Ni could be a member of the 
bravoite (Fe,Ni)S2 solid solution series. Bravoite has a highly variable IlJi content 
and has been synthesized at low temperatures (Shimazaki, 1971). Unlike the 
sulphides in the sediment, bravoite is metastable. It is difficult to imagine that the 
observed low Ni content will change the diamagnetic properties of the pyrite. 

In the second group a number of grains have sulphur contents between greigite 
(57.1 atm% S) and pyrrhotite (53.3 atm% S) and very high Ni contents (20-35%). 
Smythite, with a composition of (Fe,Ni)gS11' is also in this range (55 atm% S). 
This mineral is often observed in combination with pyrrhotite (Jover et ai., 1989) 
and greigite mineralizations (Krs et ai., 1992). Smythite is magnetic (Vaughan and 
Craig, 1978; Jover et ai., 1989), but it has a very limited thermal stability 
«75°C; Taylor, 1970), and it would therefore not survive our thermal demag
netization at higher temperatures. Also, the smythites reported have only a very 

low Ni content. 
The third group is sulphur deficient, with Ni ranging from 0 to 32 %. The 
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sulphur content is close to that of pentlandite ((Fe,Ni)gSS' 47.4 atm% SI, but the 

Ni content is lower than in naturally occurring pentlandites (35-66%; Vaughan and 

Craig, 1978). The measured chemical composition is not consistent with any 

known mineral. However, a synthetic iron sulphide (FegSS) with the cubic 
pentlandite structure has been prepared by the flash-evaporation technique of 
vacuum deposition (Nakazawa et aI., 1973). No properties of this FegSS are 
known. One could speculate on having found the natural analog of this synthetic 
mineral, an extension of the pentlandite compositional range to more Ni poor and 

even I\li-free, compositions. Since both FegSS and pentlandite have the same cubic 

pentlandite structure, it is not unlikely that all compositions ranging from 0 to 
30% Ni have the same cubic structure. The ordering of the Ni-ions in the lattice 
could then determine whether the sulphide has ferrimagnetic properties. 

Pentlandite itself is paramagnetic and is associated with magmatic ore 
deposits, in which it often occurs intergrown with pyrrhotite. Pentlandite/
pyrrhotite intergrowths are formed through exsolution from the (Fe,Ni)S solid 
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Figure 5. Microprobe analyses (EDA) of sulphide grains from VBA 6 (Iow- and high-field 
magnetic concentrates and a sediment thin section) and VBA 1 (magnetic concentrates). 
Larger symbols for the most accurate measurements (see text). The microprobe was 
calibrated for Fe, Ni and S with standards of pure iron, pure nickel and pyrite. Asterisks 
denote the position of four iron sulphides in the diagram. The Ni content in natural 
pentlandites varies between 35 and 66% of the total metal. 
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solution series, the series being complete at high temperatures. This mode of 

occurrence does not imply that the present Ni-poor 'pentlandite' observed in our 

marls is detrital: apart from the fact that pentlandite weathers easily, the deviating 
Ni content of the sulphide grains also argues against a detrital origin. 

Many sulphides of this third group also have a sulphur content close to that of 

mackinawite (Fe, +xS, with 0.04<x<0.07, i.e. 48.3-49.0 atm% S) or troilite 
(FeS). Mackinawite is a metastable low-temperature mineral that can incorporate a 

large amount of Ni (and Co) in its structure. Vaughan (1969) found up to 18.7 

wt% Ni in mackinawite in basic rocks and Clark (1969) up to 8% Ni. M6ssbauer 
studies have yielded conflicting results on whether mackinawite possesses a 

magnetic structure (Morice et aI., 1969; Vaughan and Ridout, 1971). Troilite (FeS) 
is antiferromagnetic, but terrestrial troilite is extremely rare; it occurs only in 

meteorites. Possible Ni substitution is not known. 
The fourth group of grains is even more sulphur deficient than the third. Grains 

from this fourth group have a limited but not unimportant Ni content. A mineral 

with a similar metal to sulphur ratio is heazlewoodite (Ni3S2), which is para
magnetic (Vaughan and Craig, 1978). 

Although the microprobe analyses are accurate, there are two complicating 
factors that must be taken into consideration. One is the possibility that the 
sulphide grains actually consist of two (or more) intimately intergrown phases. 
Because the grain sizes are of the order of 111m, intergrowths would not be visible 
under the microprobe. The analyses would then yield average values for sulphur, 
iron and nickel, between the true compositions of the two distinct phases. 1\10 

indications exist for such intergrowths, however, and the high Ni content of the 
sulphides would still remain unexplained. Another complicating factor might be a 
possible oxidation of the sulphides during concentration and preparation for the 
microprobe. The concentration procedure was performed under reducing condi
tions, so oxidation should be inhibited, but the sulphides nevertheless remain 
vulnerable. Indeed, one thin section of a concentrate was visibly oxidized after 
polishing and had to be prepared a second time. Thus, a slight degree of oxidation 
cannot be ruled out. Supposing the Ni/Fe ratio were not affected by superficial 
oxidation, the analyses would yield a slightly diminished S content. The real S 
percentage would be slightly higher. It is therefore possible that the four analyses 
with a very low S content are due to more severe oxidation. In general, however, 

considering the consistency of the analyses between concentrates, discrepancies 
are not expected to be very large. 

8. Origin of the iron-nickel sulphides 

Iron sulphides are very common in marine sediments. Authigenic pyrite 
formation through bacterially mediated sulphate reduction occurs wherever 
reducing conditions are established and iron and sulphate are available. Pyrite is 
the final product in a chain of reactions starting with the formation of so-called 
amorphous FeS. Subsequent to this FeS phase, mackinawite, greigite and finally 
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pyrite are formed. Amorphous FeS, mackinawite and grelglte are usually referred 

to as Fe-monosulphides. These intermediate monosulphides are in principle meta
stable (e.g. Berner, 1981; 1984; Mossmann et aI., 1991), but they may be 

preserved in the sediment when sulphate from the pore water is depleted and 
reducing conditions continue to exist. Mossmann et al. (1991) conclude that 
polysulphides are necessary for the reaction of monosulphides to pyrite. Hence, 

monosulphides may be preserved if formation of polysulphides is inhibited. The 
observation of pyrrhotite in sediments is, however, rather enigmatic from the 
sulphate reduction point of view, and only Sweeny and Kaplan (1973) mention 
hexagonal pyrrhotite as part of the sulphate reduction reaction chain. 

In contrast to the omnipresence of iron sulphides, the presence of nickel
bearing sulphides in marine sediments is rarely reported. Luther et al. (1980) found 
up to 4 wt% of Ni in pyrite framboids in recent estuarine sediments in Newark 

Bay, New Jersey. They also found Zn and Mn sulphides in the sediment. 

Authigenic greigite-smythite mineralizations with on average 0.2 wt% Ni have 
been reported from Middle Miocene claystones in BOhemia (Krs et aI., 1990; 
1992; Hoffmann, 1992). Whenever iron-nickel sulphides in a sedimentary environ
ment are reported, the contribution of Ni is restricted to a few percent. It is 
therefore remarkable that the Ni content of sulphide grains in the Plio-Pleistocene 
marine sediments from the Vrica section is much higher, even more so because 
the abundant presence of sulphide grains in the magnetic concentrates demon
strates that at least one, and possibly several, of the sulphide compositions is 

strongly magnetic. 
The iron and iron-nickel sulphides in the Vrica sediment have an authigenic 

origin. Detrital sulphides are very unlikely to occur in a marine environment. 
Sulphides such as pyrite, and especially pyrrhotite and greigite, are readily oxidized 
under the oxic conditions to which they are subjected during transport (e.g. 
Snowball and Thompson, 1990). An iron-nickel sulphide such as pentlandite also 
weathers under atmospheric conditions. 

The relatively high sedimentation rate and input of organic material created a 

reducing environment once the sediment was sealed of from oxygenated bottom 
waters (e.g. Berner, 1984) setting the stage for sulphate reduction. Nickel can 

apparently participate in these reactions. If Ni is available, it may partly substitute 
for iron during authigenic sulphide formation (Luther et aI., 1980). In high
temperature assemblages Ni substitution is very common. A small percentage of 
Ni in pyrrhotite, for example, is not unusual in sulphide deposits (Page, 1972; 
Misra and Fleet, 1973). In the latter case the Ni substitutes for Fe and the 
pyrrhotite vacancy distribution remains unchanged (Shishkin et aI., 1974). 

9. Sources of iron and nickel 

The iron for the sulphides in the sulphate reduction reactions is usually derived 
from poorly crystalline Fe oxides like goethite and ferrihydrite (Goldhaber and 
Kaplan, 1974), which occur as coatings on silicate grains. The fact that almost all 

79 



sulphide grains are attached to iron-bearing clay flakes suggests that the clay 

flakes may also have been a source of iron during the sulphide formation. 
Depending on the availability of Fe and S, ferrous ions in fine-grained chlorite can 
serve as a source for Fe for the formation of sulphides (Manning et aI., 1979; 

Suttill et aI., 1982). The source for nickel is more puzzling. The sampling sites are 
not close to sapropels and consequently the Ni in the sulphides does not seem to 

be connected with the enrichment of Ni encountered in sapropels (Calvert, 1983; 
Pruysers et aI., 1991; van der Weijden, 1993). The Ni might be derived from Fe-Cr 

oxides which were found to contain varying amounts of Ni (Table B). It is possible 
that very local factors determine the Ni availability. 

10. Influence of Ni on magnetic properties 

The presence of Ni in the iron sulphides will of course influence their magnetic 

properties. Substitution of a few per cent Ni in pyrrhotite does not change the 
vacancy distribution (Shish kin et aI., 1974), although the Curie temperature of 
pyrrhotite with just 1% Ni is slightly lower than that of normal pyrrhotite (Vaughan 
et aI., 1971). If the monoclinic pyrrhotite structure is also preserved with the high 
Ni contents observed here, these sulphides are likely to be ferrimagnetic as well. In 
the latter case the lower number of Bohr magnetons of Ni in comparison with 
ferrous Fe (2 and 4 flB' respectively) will undoubtedly have major implications for 
the magnetic properties. 

Greigite also is a strongly ferrimagnetic mineral, but its magnetic properties are 

poorly understood and the influence of possible nickel substitution can only be 
guessed at. The chemical composition of none of the other sulphides matches that 
of any known mineral and their mineralogical structure could not be determined. 
The question of their possibly ferrimagnetic nature must be addressed by 
laboratory studies of synthetic equivalents. 

11. Timing of natural remanent magnetization 

Seeing as magnetic sulphides turn out to be the dominant remanence carriers, 
the authigenesis of the sulphides possibly resulted in non-instantaneous NRM 

acquisition. Such authigenesis may have obscured the position of boundaries 
between normal and reversed intervals in the sediment. However, in general a fast 
rate of sulphate reduction and formation of sulphides is restricted to a small inter
val in the sediment column. The reactions virtually cease as soon as sulphate from 
the pore water is depleted or the readily metabolizable organic matter is 

completely oxidized (Goldhaber and Kaplan, 1974). Sulphate reduction continues 
at a much lower rate dictated by sulphate diffusion in the sediment or the slower 

oxidation of the remaining organic compounds. The magnetostratigraphic results 
show that the polarity intervals observed in the Vrica sediment compare well with 
the geomagnetic polarity time scale for the time interval in question (Zijderveld et 
aI., 1991). The results thus suggest that the majority of the magnetic sulphides 
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must have formed in a relatively short period not long after sedimentation. Small
scale variations in magnetic properties and consequent differences in demag

netization behaviour of some samples may indicate that very locally magnetic 

sulphides can have formed over a longer period of time. This could be due to the 

local occurrence of less accessible organic material (e.g. within the carbonate shell 
of figure 4d). 

12. Conclusions 

The rock magnetic parameters of the Plio-Pleistocene open-marine marls of the 

Vrica section point to magnetic iron sulphide as remanence carrier, although the 

blocking temperatures of NRM and IRM are too high for stoichiometric monoclinic 
pyrrhotite (340-360 o C). 

Magnetic concentrates of the sediment were prepared for microprobe analysis. 
However, in spite of two upgrading steps abundant iron-bearing clay flakes still 
remained in the concentrates. Attached to the clay flakes are numerous small 
spherical sulphide grains, most of which are smaller than 1.5 f!m. Microprobe 
analysis reveals that these grains are iron-nickel sulphides with nickel contents of 
as much as 35% of the total metal content. Apart from pyrite many monosulphide 
compositions are present, and these normally comprise an intermediate stage in 
authigenic pyrite formation. This and other observations indicate that the sulphides 
are of authigenic origin. 

Four major compositional groups can be distinguished: (1) pyrite with a few 
percent Ni, (2) greigite-pyrrhotite compositions with usually between 20 and 35% 
Ni, (3) sulphur-deficient pentlandite-like compositions with between 0 and 32% Ni, 

and (4) even more sulphur deficient compositions with between 5 and 15% Ni. 
The compositions of group (2), (3) and (4) do not match those of any known 
mineral. The high Ni contents in particular are different from any natural sulphides 
hitherto reported. (A mineralogical characterization of the mineral phases by X-ray 
diffraction was not successful due to the high clay content of the magnetic 
concentrates, which resulted in the sulphides being below the detection limit.) 

It is not possible to determine which of the sulphides is magnetic. The only 
phase that can be inferred to be ferrimagnetic has a composition close to that of 
monoclinic pyrrhotite, but with Ni replacing 20-35% of the Fe. The influence of 
the high Ni substitution on the properties of pyrrhotite is not known. The fact that 
the pentlandite-like sulphides form the largest group of sulphide compositions in 
the magnetic concentrates suggests that they are ferrimagnetic too. Further 
studies to characterize the mineral phases and their possible ferrimagnetic 

structure are in progress. 
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6 Rock magnetic properties of the 
Pliocene and Pleistocene marine marls 
'From the Vrica section (Calabria, Italy) 

Abstract 

Two groups of magnetic minerals are present in the marls of the Vrica section. 
The rock magnetic properties of the most important group with maximum blocking 
temperatures up to about 375°C indicate magnetic sulphides. The second group 

with lower coercivities and higher maximum blocking temperatures (550-600 0 C) 
consists of magnetite. 

Based on remanent coercivities and thermal demagnetization of IRM and ARM 
it was not possible to choose between monoclinic pyrrhotite and greigite as main 
remanence carrier. Both minerals may be present in the marls. To explain the high 
maximum blocking temperatures of the sulphide remanence (330-375°C) it was 
either necessary to assume that impurities or oxygen in the crystal can enhance 
the Curie temperature of monoclinic pyrrhotite (suggested by Rochette et aI., 
1990) or that greigite can partly survive in the samples up to these temperatures 
(Snowball, 1991; Horng et aI., 1992a; Roberts and Turner, 1993). 

The NRM behaviour in marls from the Vrica section is quite variable. The rock 
magnetic results indicate that the NRM mainly resides in sulphides. Occasionally, a 

small magnetite component can be isolated, that likely predates the authigenic 
formation of the magnetic sulphides. In general this component could not be 
detected due to spurious magnetizations during thermal treatment. 

The variation in rock magnetic properties is interpreted to be due to variations 
in the magnetic sulphide content. Small-scale variations appear to be caused by 
local conditions that have influenced the authigenic formation of sulphides. A 
decrease in NRM intensities 15m below the Pliocene-Pleistocene boundary seems 
to be directly related to a decrease in sedimentation rate from about 40 cm/ky to 

25 cm/ky. 

1, Introduction 

The marine marls of the Vrica section in Calabria (Southern Italy, figure 1) were 

deposited during the late Pliocene and the beginning of the Pleistocene. The 
section is formally designated as the Pliocene-Pleistocene boundary stratotype 
(Aguirre and Pasini, 1985) as proposed by Selli et al. (1977). The section was 

subject of a detailed integrated magnetostratigraphic and biostratigraphic study 
(Zijderveld et aI., 1991). The interpretation of the natural remanent magnetization 
(NRM) in this study was not without problems. Throughout th"e section the NRM 
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Chapter 6 

showed a considerable variety in intensity and behaviour during thermal 

demagnetization. 

The blocking temperatures of I\JRM and isothermal remanent magnetization 
(IRM) and the high sulphide content of magnetic concentrates (van Velzen et aI., 

1993) pointed to a magnetic sulphide as the main remanence carrier. Remanent 

coercivities are in the range characteristic of monoclinic pyrrhotite, but the 

observed maximum blocking temperatures are too high compared to the values 

reported for monoclinic pyrrhotite. A rock magnetic study was undertaken to 

identify the magnetic minerals in the marls. The magnetic mineral content is very 

low, precluding other means of analysis. In this chapter the rock magnetic proper

ties of the marls are discussed and compared with the properties of pyrrhotite and 

greigite. The relation between rock magnetic properties and variations in magneto

mineralogy and the influence of sedimentation rate is discussed. The next chapter 

will focus on the influence of thermal alterations on the magnetic minerals. 

2. Magnetic sulphides 

Two ferrimagnetic iron sulphides may occur in sediments: pyrrhotite and 
greigite. Of the pyrrhotites only monoclinic pyrrhotite (Fe7S8) is ferrimagnetic. The 
iron-richer pyrrhotites are hexagonal and antiferromagnetic at room temperature. 
The Curie temperature of monoclinic pyrrhotite is reported between 305 and 

325°C (Schwarz and Vaughan, 1972; Schwarz, 1975; Vaughan and Craig, 1978; 

Dekkers, 1989). Coercive forces are grain-size dependent. The remanent coercive 

force (Her) ranges from 10 mT for large grains to 110 mT in grains of 1 micron in 

synthetic and natural pyrrhotites, the coercive force (Hcl from 8 to 80 mT (Clark, 
1984; Dekkers, 1988; Menyeh and O'Reilly, 1991). Greigite (Fe3S4) is reported to 

Figure 1. (a) Vrica composite section. Polarities according to Zijderveld et al. (1991). 
Samples for the rock magnetic study were taken from an interval containing the Lower 
Olduvai transition record in subsection Vrica A (stratigraphic level 0-137 m). from six 
levels (VBA 1, 2, 3, 5, 6 and 7) in subsection Vrica B (stratigraphic level 97-112 m). 
Samples from the interval containing the Upper Olduvai transition record were taken in the 
parallel San Leonardo section. See Table A for the stratigraphic level of the samples. 
(b) Variation of NRM intensities in the Vrica composite section (after Zijderveld et aI., 
1991). The intensities were taken after thermal demagnetization at 200°C or 250°C, 
when secondary overprints are generally removed. 
(c) IRM intensities in parts of the Vrica section and parallel section San Leonardo. 
Saturation IRM was induced in fields of 1.5 T. Open symbols refer to samples from the 
part with high NRM intensities below sapropel c (circles to Lower Olduvai (LO) samples; 
triangles to VBA 1, 2 and 3). Closed symbols refer to the part with low NRM intensities 
above sapropel c (squares to Upper Olduvai IUO) samples; inverted triangles to VBA5, 6 
and 7). 
(d) Remanent acquisition coercivities of IRM (Her')' Symbols as in figure 1c. 
(e) The sedimentation rate (cm/ky) in the Vrica section. Average values were calculated 
between the midpoints of the sapropels. Dating of the sapropels was done through 
astronomical tuning (Hilgen et aI., 1993) 
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become unstable upon heating well below 300°C (Skinner, 1964; Uda, 1968; 

Coey et aI., 1970; Spender et aI., 1972). Direct measurement of the Curie tem

perature is therefore not possible. Values estimated by extrapolation are between 
300 and 330°C (Uda, 1968; Coey et aI., 1970; Spender et aI., 1972). While 
synthetic greigites have low coercivities (He = 10-30 mT; Uda, 1968; Coey et aI., 

1970; Spender et aI., 1972; Snowball, 1991 and references therein), natural 

sedimentary greigites have considerably higher coercivities (He = 41-57 mT, 

Snowball, 1991; Her = 60-1 00 mT; Horng et aI., 1992a). Possibly, differences in 
grain size are responsible for these discrepancies. These sedimentary greigites are 
reported to be thermally more stable, well above 300°C when heated in air and 

even close to 400°C in a nitrogen atmosphere (Snowball, 1991; Tric et aI., 1991; 

Hoffmann, 1992; Horng et aI., 1992a; Roberts and Turner, 1993). 

3. Setting and sampling of the Vrica marls 

The marls of the Vrica section are homogeneous on a large scale, except for a 
number of regularly occurring sapropelitic beds and some silty intervals. The 
sapropelitic beds consist of laminated marls deposited during oxygen-poor or 
anoxic conditions. Several distinct lithological levels in the section, among which 
most of the sapropels, have been labelled 'a' to 't' (Selli et aI., 1977; cf. figure 
1a). The Pliocene-Pleistocene boundary (age 1.81 Ma; Hilgen, 1991) is defined at 
the top of sapropel e. The sequence of sapropels is interpreted in terms of inter
ference patterns related to the Earth's orbital cycles (Hilgen, 1987, 1991). Outside 
the sapropels the carbonate content of the marls varies between 14 and 24% (van 
der Weijden, 1993). Clay minerals in the marls are smectite (40 - 70%), chlorite 
(20-30%), illite (30-40% and kaolinite (10-20%) (Combourieu-Nebout, 1987; van 
der Weijden, 1993). The relative contribution of smectite starts to decrease close 

to the Pliocene-Pleistocene boundary. Levels with a higher silt content incidentally 
occur, for example above sapropel e and between sapropels hand n (ct. figure 

1a). 

The Vrica section consists of subsections A, Band C. Geomagnetic polarities 
as recorded in the characteristic natural remanence are reversed, except for the 
interval of the Olduvai subchron. According to Zijderveld et al. (1991), the Olduvai 
subchron extends from the sapropel below sapropel a in subsection Vrica A to the 
base of sapropel d in subsection Vrica B with possibly another small normal 
interval above sapropel e (cf. figure 1a). The magnetostratigraphy of Tauxe et al. 
(1983) shows a reversed interval in the Olduvai subchron between sapropels b 

and c. 
The rock magnetic properties of the marls vary considerably. The variations 

occur on a larger, stratigraphic scale, but also over small distances. One of the 
most notable variations is that in the NRM intensities (figure 1b). Up to sapropel c 
(i.e., the 120 m level) NRM intensities are relatively high (0.5-3.0 mA/ml. The 
intensities are below 0.2 mAim from sapropel c up to the 149 m level. Continuing 
upward in the section the NRM intensities recover slowly to higher values. The 
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small-scale variations, however, are also large and just as interesting from a rock 
magnetic point of view. These small-scale variations occur over distances of only a 
few em, even within a stratigraphical level. 

Samples used for the present rock magnetic study come from parts of the marl 
sequence with different NRM intensities (figure 1, Table A). Samples from an 
interval between the 50 m level and the 90 m level in subsection Vrica A, 
containing the Lower Olduvai transition, and samples from three closely spaced 
sites (VBA1, 2 and 3) around the 115m level in subsection Vrica B are from the 
high-intensity part. The samples from a 13 m interval around the Upper Olduvai 
record (137 m to 150 m level) are in the low-intensity interval. This Upper Olduvai 
record was sampled in the parallel section of San Leonardo (Zijderveld et aI., 
1991), because the corresponding part in subsection Vrica B appeared to be too 
weathered to obtain meaningful paleomagnetic results. Samples from three sites 
(VBA5, 6 and 7) between the 160 and 167 m level in Vrica B are from the part 
where the intensity is increasing again (figure 1). 

Cores were drilled with an electric drill and a portable generator. Before 
sampling, the weathered surface of each sampling site was removed to obtain 
samples from blue-coloured sediment, as fresh as possible. Cores from the Lower 
and Upper Olduvai transition were kept moist by packing in air-tight plastic bags to 
prevent oxidation. Two to four standard-sized specimens were obtained from each 
core. 

LO VBA 1 VBA 2 VBA 3 UO VBA 5 VBA 6 VBA 7 

Strat. level (m)
 

Polarity
 

NRM into (mAim)
 
Typical
 

ARM (mAim)
 
Typical
 

JRMl1.5T) (mAim)
 
Typical
 

Hcr (mT)
 
Hcr' (mT)
 
Typical
 

50.3-88.7 

R/N 

0.12-3.1 
1000 

3.5-13.8 
6 

180-2665 
1200 

62-90 
80 

114.6
 

N
 

0.15-2.5
 
500
 

4.8
 

380/680 

80/81 
87-105 

115.2
 

N
 

0.09-1.3
 
500 

4 

430 

81 
94-98 

116.8 

N 

0.4-1.7 
600 

3.5 

430 

64 
82 

36.5-15 160.1 

N/R R 

0.03-2.1 0.07-0.1 
300 110 

1.9-13.6 2.2 
3 

80-2380 100 
350 

43 
55-89 53 

60 

162.6 166.6 

R R 

0.05-0.3 0.09-0.23 
200 200 

4.5 2.5 

4601760 130 

73178 49.5 
89-96 62-63.5 

Table A. Rock magnetic parameters for the samples from this study. Stratigraphic level 
refers to the position in the Vrica section (et. figure 1a) and normal (N) or reversed (R) 
polarity of the characteristic NRM component is indicated. NRM intensities are initial 
intensities. ARM was acquired in AC fields of 300 mT with a DC field of 38 f.lT. Her and 

' are remanent coerce force and remanent acquisition coercive. force, respectively.Hcr 
Ranges are indicated to illustrate variation within a level or interval. Averages indicate 
typical values. 
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4. Natural remanent magnetization 

The demagnetization behaviour of the NRM is equally diverse as the NRM 
intensities. Samples from one level generally show the same demagnetization 

behaviour, but occasionally even in samples from one core the characteristic NRM 
directions can differ. All samples have in common that a major part of the initial 
NRM is removed after thermal demagnetization at 350°C. Examples of the varying 

demagnetization behaviour are shown in figure 2. A first group of samples, usually 
from the interval with higher NRM intensities, has a straightforward demagneti 
zation behaviour. A characteristic normal or reversed direction is reached after 

removal of a viscous laboratory component at 150°C (figure 2a,b). 

In a second group a characteristic direction is reached after demagnetization at 
about 300°C, after removal of a component with a different direction (figure 

2c,d). Often it is only possible to determine the polarity of characteristic com
ponent, because components overlap (figure 2e,f). The maximum blocking 
temperatures of the characteristic NRM component are not always the same. The 
remanence can be almost demagnetized at 350°C (figure 2a,b,d), but in other 
samples the decay above 350°C is still significant (figure 2c,e,f). Even after 
heating to 400°C a part of the remanence still is present. 

The demagnetization behaviour above 350°C can only be observed in samples 
that are not influenced by thermal alterations. From 300°C onwards, samples may 
become viscous or subject to spurious magnetizations acquired during heating. An 
increase of the initial bulk susceptibility (Xo), which in most samples starts at 

about 350°C (figure 3), corresponds with the occurrence of alterations producing 
a highly magnetic mineral phase. This alteration will be discussed in chapter 7. In 
the samples that are influenced by this alteration, the initial rectilinear decrease of 
remanence is interrupted and spurious remanences make further demagnetization 
useless (figure 2g). 

A third group of samples shows a demagnetization path that deviates from the 

usual two-component demagnetization. In some samples the remanence first 
increases or moves in an apparently random direction between 150 and 300°C 
before decreasing along a curved trajectory towards the origin (Figure 2h). This 
behaviour is due to a low-temperature alteration of magnetic minerals, that has 
important consequences (see chapter 7). Some samples seem to behave randomly 
or show hardly any decay up to 300°C (figure 2i,j). 

Alternating field (AF) demagnetization of the NRM was also attempted in order 
to avoid the thermal alterations (figure 2k,l). Demagnetization results are 
reasonable up to fields of 40 or 50 mT, but higher fields produce spurious 
magnetizations that are reminiscent of the effect of alternating fields on pyrrhotite 

Figure 2. Examples of demagnetization diagrams of NRM after tectonic correction (strike
 
185°, dip 9°). Closed (open) symbols are horizontal (vertical) projections. Int = initial NRM
 
intensity. (a-j) Thermal demagnetization, temperatures in °C.
 
(k,1) Alternating field demagnetization, alternating fields in mT.
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and greigite (Schwarz, 1966; Thomson, 1990; Krs et aI., 1990). During the three

axes, stationary AF procedure an increasing remanence was often produced (figure 
21). 

The NRM intensities in figure 1b are given after thermal demagnetization at 
200 or 250°C, dependent on the demagnetization behaviour. Generally, however, 
this intensity will be a good measure for the intensity of the characteristic 

component of the NRM, in spite of the diversity of the demagnetization behaviour. 
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Figure 3. Changes in initial susceptibility (Xo) 
during thermal demagnetization. In most 
samples Xo starts to increase above 350°C, 
but changes at lower temperatures occasion
ally occur. Symbols as in figure 1c. 
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5. Rock magnetic measurements 

5. 1. Methods and instrumentation 

The magnetic properties of the marls are dominated by clay minerals. 
Hysteresis curves and Xo are strongly influenced by the presence of these 
paramagnetic minerals. Isothermal remanent magnetization (IRM) and anhysteretic 
remanent magnetization (ARM) are parameters that better represent the ferro
magnetic minerals. IRM acquisition curves, remanent coercivity measurements and 
AF demagnetization are used to determine the coercivity spectra. The thermal 
decay curves of IRM and ARM yield the blocking temperature spectra (and 
alteration temperatures) of the magnetic minerals. 

IRM acquisition curves and remanent coercivities were determined using DC 
coils with a maximum field of 1.5 T. ARM acquisition was performed in AC coils 
with a maximum field of 0.3 T and DC fields of 19 or 38 IlT. The same coils were 
used for AF demagnetization. For hysteresis measurements a pair of balanced AC 
coils was used with a maximum field of 0.2 T. Initial susceptibility and anisotropy 
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of susceptibility were measured on a KLY-2 susceptibility bridge. Thermal demag
netization temperatures in a laboratory-built oven were accurate to within 2°C. 

Total heating times were chosen so that samples spent 5 to 10 minutes at the 
intended temperature. IRM and ARM intensities were measured on digitized Jelinek 

spinner magnetometers based on the JR3 drive unit, NRM partly on a 2G vertical 

cryogenic magnetometer (model 740 R). The detection limits of the magne
tometers are 4*10- 11 Am 2 and 2*10- 11 Am2 respectively, with the measuring 
protocols used. 

5.2. Hysteresis parameters and anisotropy of the magnetic susceptibility 

The small amount of ferromagnetic minerals in the marls and the large contri
bution of paramagnetic clay minerals prevents accurate determination of the 

coercive forces and the remanent and saturation magnetization with hysteresis 
measurements (figure 4). Moreover, the maximum fields in the AC coils available 
for the hysteresis measurements were not sufficient to saturate the marls. The 
large high-field susceptibility of the samples (160 ± 10* 10-6 81) is mainly due to 
the clay minerals. This implies that also 160* 10-6 81 of the initial susceptibility Xo 

is contributed by clay minerals. This is 75% to 95% of the total Xo of the marls. 
When the clay content of the samples is assumed to be constant, Xo only 

varies with the ferromagnetic content. Because IRM is a measure for the 
ferromagnetic content, linear extrapolation of Xo versus IRM towards zero 
remanence (figure 5) yields another estimate for the paramagnetic susceptibility, 
provided that IRM and ferromagnetic susceptibility are proportional. That this value 
is 10-1 5 * 10-6 81 higher than 160* 10-6 81 indicates that this condition might not 
be fulfilled, for example because several magnetic minerals with different Xo/1RM 
ratios contribute to the IRM. 

The anisotropy of the magnetic susceptibility in the samples is low: the 
anisotropy factor P (= total anisotropy) measured in 10 samples is between 1.02 
and 1.045. Foliation is dominant. The minimum axis of the anisotropy ellipsoid is 
always perpendicular to the bedding of the marls indicating a sedimentary fabric. 
Because such a large part of Xo is due to the clay minerals, this anisotropy will be 
of paramagnetic origin, with only a minor (if any) influence of the remanence 

carrying minerals. Although the anisotropy ellipsoid shows a primary depositional 
fabric, this can therefore not be considered evidence of a primary origin of the 
remanence. Despite the small lineation (L is typically between 1.004 and 1.01), 
the maximum anisotropy axes concentrate reasonably well. The direction of the 
average lineation is (350 0, 0 0) is almost antiparallel to the average declination for 

the reversed polarity primary component of the NRM as calculated for the Vrica 
marl sequence by 8cheepers (1994). It is unlikely, however, that this slight 
lineation is an expression of the anisotropy of the small amount of remanence 
carrying minerals in the marls. In similar sediments of the same age and with 
similar magnetic fabrics the lineation was demonstrated to originate from 
deformation (8cheepers and Langereis; 1994). 
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5.3. IRM acquisition 

Although the variation in IRM intensity in the section is less than that of the 

NRM intensity, nevertheless a range of values between 0.1 and 2.5 Aim is 
measured for the IRM induced in a 1.5 T field (figure 1c and Table A). Over 

distances of less than a meter the intensity may vary an order of magnitude. Even 

within a single core the IRM can vary a 

250	 factor of 2. Comparison of different 

rock magnetic parameters measured in 

separate specimens of the same core 

can therefore be less reliable. 

The efficiency of the NRM is low: 

6 the IRM/NRM ratio is generally between '" 

o 100	 500 and 1500 (figure 6), but IRM and 
~ 

NRM intensities do not show a simple 

50 linear relationship. The scatter in Lower 
and Upper Olduvai data may be partly 
due to the fact that in these intervalso+-.~---.-,~~'T""'~---'-'~~---'-'~---'-'~---'--'--' 

o 500 1000 1500 2000 2500 3000 NRM and IRM were not measured in 
IRM (mAim) 

the same specimen, but in adjacent 
Figure 5. Initial susceptibility (Xo) versus specimens from the same core. 
IRM. Linear regression lines for LO samples The IRM acquisition curves (figure
and UO samples (sample with extremely 

7) show that the IRM is already close
high intensity excluded) are plotted. A 

to saturation at 0.3 T. At 0.5 T morelinear relationship will only exist, however,
 
for a simple magnetic mineralogy. than 97% of the IRM intensity obtained
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after applying fields of 1.5 T is reached. The coercivities of the magnetic minerals 
nevertheless show a considerable variation throughout the sequence. The rema
nent acquisition coercive force (Her" i.e. the DC field needed to induce a 
remanence that is half the saturation IRM) varies between 53 and 105 mT,"' and 
Her between 43 and 81 mT (Table A). The existence of such a range can indicate 
variations in magnetic mineralogy or grain size. The observed coercive forces are 
higher than those of magnetite (e.g. Dunlop, 1986). They are in a range typical of 
pyrrhotite (Clark, 1984; Dekkers, 1988; l\IIenyeh and O'Reilly, 1991) or greigites 
found in sediments (Snowball, 1991; Horng et aI., 1992a). 

The IRM intensity and the coercive forces are both related to the magneto
mineralogy. Plotting the IRM intensity versus Her and Her' (figure 8a,b) mjght 
therefore reveal whether the variation in magnetomineralogy in the section is due 
to the varying amount of one mineral phase with specific properties or to an 
overall variation of magnetic mineral content. Her values were only determined in 
VBA samples, Her' in all samples (figure 8). Her increases with the IRM intensity, 
especially for IRI\II values <400 mAim. In the VBA samples Her' shows a similar 
relation as Her' but the trend in the Lower Olduvai (LO) and Upper Olduvai (UO) 
samples is not so clear. The LO samples suggest a slight increase of Her' for IRM 
intensities > 400 mAim. The UO samples show Her' values more or less inde
pendent of the IRM intensity. Her' of UO samples is generally lower than that of 
LO samples, except for three samples with Her' values between 80 and 90 mT. 
During sampling no differences were noted for the appearance of these three 
samples. The lower Her' values could indicate larger grain sizes of the same 
magnetic sulphide or the presence of another magnetic mineral phase with lower 
coercivities. 

5.4. Thermal demagnetization of IRM 

Thermal demagnetization of the remanent magnetization shows blocking 
temperatures of the magnetic carriers, indicative of magnetic mineral phases and 
grain sizes of the magnetic particles. Due to the low intensities of the NRM and 
the occurrence of spurious magnetizations or viscous behaviour, it is difficult to 
determine the thermal decay of the NRM in the Vrica samples. The IRM is in the 
order of 1000 times stronger than the NRM, and is consequently less affected by 
these problems. The thermal decay curves of the IRM (figure 9a,b) indicate that 
there are at least two magnetic minerals with different blocking temperature 
spectra. The most important mineral has blocking temperatures below 400 ° C. 
Above 400°C only a small part of the remanence remains, which apparently 
resides in another mineral (figure 9b). 

The greater part of the thermal decay of the IRM occurs in fact below 325°C, 
i.e. below the Curie temperature of monoclinic pyrrhotite and in the temperature 
range where greigite becomes thermally unstable in air. However, the decay of the 
low-temperature remanence apparently continues above this temperature. The 
maximum blocking temperature of this remanence is indicated by an inflection in 
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the decay curve, which can be found 

somewhere between 330 and 375°C in 

all samples. This could either mean that 
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majority of the remanence has maxi
mum blocking temperatures of around 

360°C or that this remanence is carried 

by several mineral phases, one of 

which has these blocking temperatures 

higher than 325°C. It should be noted, 

however, that from these results it is 
not clear whether the demagnetization 

is due to unblocking of remanence or to 

alteration of the minerals involved. In 

fact, it can be shown that a small part 
of the decay is due to alteration (see 
chapter 7). 

In view of the demagnetization 
temperatures the possibility should be 
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accompanied by a decrease of the susceptibility. Also a decrease of low-coercivity 
remanence and an increase of low-coercivity remanence would occur. Such 
changes are not observed in this temperature range (see also chapter 7). 

Based on the coercivities and the blocking temperatures as well as the 

alteration temperatures, it is therefore likely that the mineral phases carrying this 

dominant part of the remanence are some kind of magnetic sulphides. The anoma
lously high maximum blocking temperatures of this remanence indicate that it can 
not only reside in stoichiometric monoclinic pyrrhotite. An attempt to identify the 
sulphides in magnetic concentrates by X-ray diffraction was not successful. Many 
reflections were found, but most peaks belonged to clay minerals, which are 
abundantly present in the concentrates. Although with the microprobe numerous 

sulphide grains were found in the concentrates (van Velzen et aI., 1993), the 
amount of sulphides was apparently too low to be detected with XRD. 

To investigate the presence of monoclinic pyrrhotite, a sample with an IRM 

was cooled to liquid helium temperature, but it did not show the characteristic 
magnetic transition at 30-34 K (Rochette, pers. com.) found in many monoclinic 
pyrrhotites (Rochette et aI., 1990). The absence of the transition does not prove 
that monoclinic pyrrhotite is not present. It is conceivable that the transition is 
suppressed when for example the pyrrhotite grains have an oxidized surface, 
analogous to the absence of the Verwey transition in slightly oxidized magnetite 
grains (Ozdemir et aI., 1993). 

After heating to 375 DC usually only a small part of the initial IRM remains. This 
part of the remanence decays almost linearly above this temperature and has 
maximum blocking temperatures between 550 and 600 DC (figure 9b). The maxi

mum blocking temperatures clearly 
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Figure 10. IRM remaining after thermal de
magnetization at 375°C as a function of the 
initial IRM intensity. The IRM(375 DC) varies 
between 20% of the initial IRM in samples 
with low intensities to 2% in samples with 
high intensities. Symbols as in figure 1c. 

point to magnetite. A linear decay can 
occur when the grain-size spectrum of 
a magnetic mineral is continuous 
between super paramagnetic (SP) and 
single domain (SD) sizes, from small 
grains with low blocking temperatures 
to larger grains with higher blocking 
temperatures. Whereas the IRM car
ried by the sulphide phases shows a 
large variation in intensity, the inten
sity of the magnetite IRM after heating 
to 375 DC is more constant. It only 
varies between 15 and 60 mAIm 

(figure 10). The IRM remaining after 
demagnetization at 375 DC is slightly 

higher in samples with higher initial 
IRM. All samples show this increasing 

trend. It should be noted that for 
samples with 10w'IRM intensities the 
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Figure 11. (a) Normalized ARM acquisition curves in alternating fields up to 300 mT and 
DC fields of 38 I!T (solid lines) and 19 I!T (dashed lines). Final ARM intensities are 
proportional to the DC fields. (b) Normalized ARM acquisition and AF demagnetization of 
the ARM. AF demagnetization curves are shown as well as their complement 1-AF (both 
dash-dot lines). Symbols as in figure 1c. 

IRM(375°C) can be 20% of the total IRM, for the highest IRM intensities it is less 

than 2%. 

5.5. ARM acquisition 

Only a small part of all magnetic minerals will contribute to an ARM induced in 

DC fields comparable to the Earth's magnetic field. ARM acquisition curves were 
measured with a constant DC field and increasing maximum AC fields (figure 11 a). 

Comparison of the first part of the ARM acquisition curves with the corresponding 

part of the IRM acquisition curves reveals that the relative contribution of the 

magnetic fraction with coercivities < 100 mT is higher for the ARM than for the 
IRM. The low coercivities are not enough to explain this. Differences in the nature 

of the anisotropy in different magnetic minerals are an important factor in ARM 

acquisition. 

The normalized curves of ARMs induced in 19 !IT and 38 !IT DC fields are very 

similar and the remanences are proportional to the DC field. Intensities of the ARM 
induced in 38 !IT fields are about 10 times the NRM intensity (Table A). At 100 

mT, the AC field commonly used to induce an ARM, the ARM reaches 80 to 90% 

of the intensity obtained with 300 mT AC fields. Irregularities in the acquisition 

curves are due to the spurious magnetizations that also disturb the AF demag

netization of the NRM in fields >40 mT. For the same reason it was not always 
possible to demagnetized a sample completely before ARM acquisition (figure 11). 
AF demagnetization of the ARM, using stationary demagnetization along one axis, 
is complementary to the acquisition, showing that the process of ARM intro

duction is reversible (figure 11 b). This indicates that there is no magnetic 
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interaction between magnetic grains (Oankers, 1981). 

The different nature of the ARM and the IRM can help to distinguish the two 
groups of magnetic minerals in the marls. For low IRM intensities the ARM is 
relatively large (figure 12), as if in all samples a basic level of ARM can be 

induced. For higher IRM intensities the ARM increases starting from this level. This 
confirms the presence of a relatively constant amount of low-coercivity « 100 
mT) mineral that easily acquires an ARM and a varying amount of higher-coercivity 

minerals that have a relatively less effective ARM acquisition. Figure 12 confirms 
indirectly that the variation in IRM intensity is mainly due to the mineral phase 
with higher remanent coercivities. 

5.6. Thermal demagnetization of ARM 

Thermal demagnetization of the ARM shows the same two-phase behaviour as 
that of the IRM (figure 13), but the relative contribution of low-blocking
temperature (sulphide) ARM is smaller. At 340°C in LO samples still 25 to 40% of 
the initial ARM remains, both for the samples with a low intensity and with a high 
intensity, Both the part of the ARM acquired in low AC fields and the high
unblocking-temperature are relatively large. It supports the suggestion that, 
compared to the IRM, relatively a large part of the ARM is carried by magnetite. 

6. Discussion 

The magnetic minerals in the Vrica marls consist of two groups. The rock 
magnetic properties of the first group (relatively high remanent coercivities and 
maximum blocking temperatures below 375°C) point to a magnetic iron sulphide, 
possibly monoclinic pyrrhotite in combination with other magnetic sulphides. The 
second group has lower remanent coercivities and maximum blocking tempera
tures between 550 and 600°C, both characteristic of magnetite. 

The large range of blocking temperatures indicate that the magnetite grains are 
SO, varying in size from larger SO to smaller grains close to SP size. The amount 
of magnetite present can be approximated by backward extrapolation of the IRM 
decay above 375°C to room temperature, assuming that the grain-size spectrum 

produces an approximately linear thermal decay of the magnetite remanence not 
only above 375°C but also between room temperature and 375°C. In that case, 
the total magnetite remanence is about twice the IRM(375°C). The maximum 
contribution of magnetite to the total IRM is then about 40% in samples with the 
lowest IRM. The IRM(375°C) varies between 15 and 60 mAim (figure 10). 
Therefore the amount of magnetite in the marls is only very small: in the order of 
1 ppm. Even in the samples with a low IRM intensity, the remanent coercivities 
are mainly determined by the sulphides (figure 8a,b). 
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6. 1. Magnetic sulphides 

The magnetic sulphide is the major remanence carrier. It determines the 

intensity variations in the section and governs the ferromagnetic properties. It is 
not clear, however, whether there is just one magnetic sulphide phase or a 
combination of sulphide phases with slightly different magnetic properties. The 

thermal decay curves of the IRM show that a large part is demagnetized below the 
Curie temperature of pyrrhotite (305-325 ° C). This seems to confirm the role of 

monoclinic pyrrhotite as principal remanence carrier. A smaller part of the low
temperature remanence, however, has higher maximum blocking temperatures (or 

alteration temperatures), varying between 330 and 375°C. Other magnetic 
sulphides seem to be present as well. The bulk coercivities are in the range 
determined for small grain-size fractions of pyrrhotite (Clark, 1984; Dekkers. 1988; 

Menyeh and O'Reilly, 1991). For greigite the grain-size dependence of Hcr and Hcr ' 
is not yet known. Supposing one sulphide phase is predominant in the entire Vrica 
section, the Hcr and Hcr ' of this mineral can be estimated from the high-intensity 
samples (IRM > 0.5 AIm). Hcr is between 70 and 85 mT and Hcr ' is between 70 
and 95 mT, except for the UO samples. According to the three references 
mentioned above, for monoclinic pyrrhotite this would indicate grain sizes of 3-15 
~m, 5-1 0 ~m and 1-5 ~m, respectively. This larger than the SD size range for 
pyrrhotite « 3 ~m; Soffel, 1981) and the size of the sulphides observed with a 
microprobe in magnetic concentrates of the marls « 2 ~m; van Velzen et aI., 

1993). The Hcr ' values for the UO samples point to a somewhat different 
magnetomineralogy for that interval. With three exceptions these Hcr ' values are 
lower over the whole range of IRM intensities (52-65 mT). The relatively high 

IRM(375 DC) of a number of UO samples (figure 10) points to a slightly higher 
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Figure 12. ARM versus IRM. IRM was Figure 13. Thermal demagnetization of 
acquired in a 1.5 T DC field, ARM in 300 ARM. The increase at 300°C in one 
mT AC fields with a 38 IJ.T DC field. ARM sample (dashed line) is accompanied by a 
is comparatively high in samples with a considerable increase of XO' Symbols as in 
low IRM intensity. Symbols as in figure 1c. figure 1c. 
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magnetite content, but this amount of magnetite remanence is not enough to 

explain the lower Her' values. The sulphide phase also seems to have lower Her' 
values than in other parts of the section. Such a difference can be produced by a 
different sulphide composition or by a larger grain size. 

There are several possibilities to account for the anomalously high blocking 
temperatures of part of the sulphide remanence. One possibility is that partial 

oxidation may change the magnetic properties of pyrrhotite. Rochette et al. (1990) 
suggested oxidation could be the reason for the high maximum blocking 

temperatures (up to 350 ° C) observed in some monoclinic pyrrhotites. The 
magnetic ordering in pyrrhotite is dependent on its vacancy ordering and partial 

oxidation may hamper the redistribution of vacancies (Graham et aI., 1987). On 
the other hand, the presence of other metal ions in the iron-sulphides may 

influence the Curie point. The Curie temperature of monoclinic pyrrhotite is slightly 
reduced by the presence of 1% Ni (Vaughan et aI., 1971). A much larger amount 
of Ni-substitution was observed in the magnetic concentrates of the Vrica marls 
(van Velzen et aI., 1993). The effects of such a large substitution on the magnetic 
properties and the Curie temperature of pyrrhotite are not known, nor the possible 
implications of the presence of Ni in other iron sulphides, like greigite. 

The high blocking temperatures also suggest greigite (Fe3S4) is a possible 
contributor to the remanence. Greigites extracted from sediments of similar age 
and sedimentary environment as the Vrica marls seem to be thermally stable close 
to 400°C, at least in a nitrogen atmosphere (Snowball, 1991; Tric et aI., 1991; 
Horng et aI., 1992a; Roberts and Turner, 1993). Therefore, a similar greigite could 
also be the source of the maximum blocking temperatures between 330 and 

375°C. Some of the sedimentary greigites in rapidly deposited Pliocene and 
Pleistocene marine sediments moreover have coercivities similar to those of the 
Vrica marls (Tric et aI., 1991; Horng et aI., 1992a; Roberts and Turner, 1993). 
Horng et al. (1992a) found that remanent coercivities in greigite-bearing layers 
(63-98mT) were on the average even higher than in pyrrhotite-bearing layers (51
88 mT), unlike the low coercivities for synthetic greigites. A review of the 
properties of greigite is given by Hoffmann (1992). 

The fact that greigites with such different coercivities are found can be partly 
due to differences in grain size. The different thermal stabilities point to a more 
fundamental cause. The marine sedimentary greigites as well as other magnetic 
monosulphides may be very sensitive to the conditions of their formation. 
Depending on their formation history in their low-temperature environment they 
may be inhomogeneous or non-stoichiometric. In addition, they may have been 
subject to oxidation after uplift, when the reducing conditions were interrupted by 
meteoric water. All these circumstances will influence the vacancy distribution and 
oxygen content of the sulphides and consequently the magnetic properties and the 
thermal stability. Phase transitions and ordering temperatures during heating will 
also be influenced. For further discussion about this subject the reader is referred 
to chapter 7. Altogether it is likely that monoclinic pyrrhotite is~ne of the principle 
magnetic sulphide phases in these marls. Possibly non-stoichiometry, oxidation or 
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the presence of the relatively large amount of Ni in some sulphide grains are 
responsible for an increase of the Curie temperature. The sulphide remanence with 
blocking temperatures above 330°C, however, can also be carried by greigite. The 
possibility of inhomogeneous or mixed phases should also be considered. 

6.2. Magnetite 

The Hcr of the IRM carried by magnetite may be estimated by extrapolation of 
the Hcr in figure 8 to lower IRM values. This yields a value of about 30-40 mT, 
somewhat below the lowest bulk remanent coercivities measured. This estimate is 
similar to Hcr values reported for SD magnetite (e.g. Dunlop, 1986). 

The magnetite in the marls may be of detrital origin or formed authigenically 
during an early stage of diagenesis. The redox conditions are favourable for the 
formation of magnetite, before the anoxic conditions for sulphate reduction are 
established (Karlin, 1990). In such conditions bacterially mediated, biogenic mag
netite formation can occur as well (Lovley et aI., 1987; Bazylinski et aI., 1988). 
Although even in the sulphate reduction zone magnetite forming bacteria have 
been found (Sakaguchi et aI., 1993), the detrital or authigenic magnetite starts to 
dissolve during prolonged sulphate reduction. The grain-size spectrum of the mag
netite will first shift to larger grains, because the smaller grains are preferentially 
dissolved and then to smaller grains, when dissolution of the larger grains slowly 
reduces their size. Some magnetite apparently can survive the phase of sulphide 
formation, because the coexistence of magnetite and magnetic sulphides in 
sediments is common (e.g. Channel and Hawthorne, 1990; Hauger and L0vlie, 
1992; Horng et aI., 1992a,b; Torii et al., 1992; Mary et aI., 1993). In the present 
study, a reliable NRM component after demagnetization up to 400°C could only 
be established in a few samples. Both normal and reversed directions were found 
for this magnetite component, excluding a recent origin of the magnetite. 

6.3. The small scale variations 

The main magnetic carriers are sulphides which were formed authigenically. In 
this respect biogenic formation of magnetic sulphides by magnetotactic bacteria 
may be an important factor (Mann et aI., 1990; Farina et aI., 1990; Heywood et 
aI., 1990). Magnetic sulphides have compositions in the range of monosulphides, 
which are intermediate products in a chain of reactions resulting in the formation 
of non-magnetic pyrite (Berner, 1984; Goldhaber and Kaplan, 1974). Whether 
intermediate phases are preserved depends on the presence of elemental sulphur 
or polysulphides, which are necessary for the reaction to pyrite (Middelburg, 1990; 
Mossmann et aI., 1991). The limiting factor for the formation of elemental sulphur 
is the supply of oxidants. When reducing conditions are rapidly established, the 
supply of oxidants is limited, no elemental sulphur will be formed and mono
sulphides will not react to pyrite. Therefore, the amount of monosulphides can be 
determined by very local conditions like the availability of sulphate, iron and the 
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presence of organic material. The more easily metabolizable organic material 

disseminated throughout the sediment will have been exhausted after a relatively 
short time, whereas close to larger and less accessible organic particles reducing 

conditions may have favoured local sulphide formation and the preservation of a 
larger amount of monosulphides. An example of this replacement of organic 
material by sulphides was found in magnetic concentrates from the marls and 
analyzed with a microprobe (van Velzen et al., 1993). These processes can have 

been responsible for the local, small scale variations in NRM and rock magnetic 

properties occurring within a stratigraphic layer and even between specimens of 
one core. 

6.4. Large-scale variations 

In contrast to the small-scale variations, the large-scale variations in the NRM 
intensities are likely influenced by long-term processes. Sedimentation rate and 
sedimentary input are important factors in the authigenic formation of sulphides. 
The availability of metabolizable organic matter and the porosity of the sediment 
influence the development of redox conditions shortly after deposition. The 
organic matter determines the reducing capacity and the porosity influences the 
transport of reactive agents. 

The lithological variations in the Vrica marls are small. Between the sapropelitic 
layers the marls are quite homogeneous. Occasionally siltier layers occur. The 
average sedimentation rate between the midpoints of two consecutive sapropels 
can be calculated with the astronomically calibrated polarity time scale (Hilgen, 
1991). The sedimentation rate at the bottom of the Vrica section appears to be 
higher than at the top (figure 1e, Hilgen et aI., 1993; Lourens and Hilgen, in 
prep.). The changes in sedimentation rate have a similar pattern as the changes in 
paleoclimate indicated by temperature and humidity (Combourieu-Nebout, 1987; 
van der Weijden, 1993). The decrease of temperature and humidity coincides with 
the decrease in sedimentation rate below the Plio-Pleistocene boundary at sapropel 
e. The high sedimentation rate between sapropels hand n corresponds to a 
temporary increase of temperature and humidity. In this interval frequent thin 
sandy layers occur, that could explain the high sedimentation rate. Also the clay 
mineralogy shows a change below sapropel e (Combourieu-Nebout, 1987; van der 
Weijden, 1993). The smectite content, with 40-70% the most important clay 
mineral, varies in the same way as the NRM intensity: after a distinct drop close to 
the Plio-Pleistocene boundary it starts to recover higher in the section. Chlorite 
(20-30%), illite (30-40%) and kaolinite (10-20%) show a slightly increasing 

tendency above the boundary. 
The drop in the NRM intensities occurs at sapropel c, just below the level 

where the first changes in sedimentation and climate occur. Goldhaber and Kaplan 
(1974; 1975) report that sedimentation rate in itself is an important factor in the 
preservation of intermediate (magnetic) monosulphides. More monosulphides are 
preserved when the sedimentation rate is high, because less elemental sulphur is 
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formed in the oxidizing conditions before burial or the availability of sulphate and 
sulphide is limited (Berner et aI., 1979; Middelburg, 1990). Therefore the decrease 
in sedimentation rate above sapropel c may have been sufficient to cause the de
crease in the amount of magnetic sulphides. The change in depositional conditions 
seems to have affected the magnetic minerals as deep as the top of sapropel c. 
The thick sapropel may have acted as a buffer, so that the changes did not affect 
deeper layers. Geochemical profiles show no major change in total Fe content in 
the marls above sapropel c (van der Weijden, 1993). Manganese does show a 
different profile above sapropel c. The Mn content increases in the homogeneous 
marls higher in the sediment column, while in the sapropels it stays the same as 
below sapropel c. One can only speculate how this may be related to the decrease 
in the amount of magnetic sulphides. It is likely, however, that the same change in 
climate that was the motive to locate the Pliocene-Pleistocene boundary at sapro
pel e is responsible for the decrease in NRM intensity at the top of sapropel c. 

Another important factor are the sapropels themselves. During the deposition 
of sapropels conditions were anoxic, while generally the conditions were oxygen
ated (Howell et aI., 1990; van der Weijden, 1993). It may therefore be more than 
a coincidence, that the NRM intensity reduction occurs in the middle of an interval 
with a number of very well developed, thick sapropels (b, c, d and e). The slightly 
different magnetomineralogy (lower coercivities) in the UO interval could be due to 
the fact that the marls are more silty in this particular interval. It causes a higher 
porosity which may induce a small change in grain sizes of the authigenic 
sulphides. Lower coercivities correspond with larger grain sizes. 

Apart from processes during formation of the sulphides, also dissolution 
processes after uplift should be considered. Silty levels are more porous and 
accessible to meteoric water. Dissolution of magnetic sulphides would not only 
reduce the total IRM intensity, but would also produce a grain-size spectrum in 
which the smallest grains are underrepresented. This is an alternative explanation 
for the lower coercivities measured in the UO samples. 

7. Conclusions 

Rock magnetic properties indicate that magnetic iron sulphides are the main 

remanence carriers in the Vrica marls. Remanent coercivities (Her and Her') are 
similar to the values for monoclinic pyrrhotite (Clark, 1984; Dekkers, 1988; 
Menyeh and 0' Reilly, 1991) and for greigite found in sediments of similar age as 
the Vrica section (Snowball, 1991; Horng et al. 1992a). Most of the remanence is 
thermally demagnetized in the temperature range where greigite becomes 
thermally unstable and below the Curie temperature of monoclinic pyrrhotite. The 
maximum blocking temperatures of this dominant remanence component (330
375 0 C) are remarkably high, however. Possibly the presence of oxygen in the 
sulphide crystal sustains the magnetic ordering of monoclinic pyrrhotite up to 
higher temperatures (Graham et aI., 1987; Rochette et aI., 1990). Alternatively, 
this remanence may be carried by greigite. Greigite was thought to be thermally 
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unstable below 300°C (Skinner, 1964; Uda, 1968; Coey et aI., 1970; Spender et 

aI., 1972), but some sedimentary greigites are reported to be thermally stable well 

above 300°C (Snowball, 1991; Tric et aI., 1991; Horng et aI., 1992a; Roberts 
and Turner, 1993). Differences in thermal demagnetization curves indicate a 

variation in magnetic sulphide content. Possibly both monoclinic pyrrhotite and 
greigite are present in varying proportion. 

In the marls also some magnetite is present. The estimated contribution of 
magnetite to the total IRM is from 4% in samples with higher IRM intensities up to 
40% in samples with lower IRM intensities. The absolute amount of magnetite is 

relatively constant. In the NRM the magnetite, when detected, carries a com
ponent with higher blocking temperatures than the sulphide remanence. This 
component is usually not observed, however, due to the low intensity and the 

spurious magnetizations occurring after heating above 350°C. The magnetite 
component likely predates the sulphide component. 

Variations in remanence intensities are almost completely due to variations in 
magnetic sulphide content. Sulphides are formed authigenically and availability of 
metabolizable organic material and elemental sulphide governs the preservation of 
magnetic and non-magnetic monosulphides (Middelburg, 1990; Mossmann et aI., 
1991). Local variations in the conditions are likely responsible for the inhomoge

neity of magnetic properties over short distances. 
An abrupt decrease in NRM intensities occurs at sapropel c. The decrease 

seems to be related to the occurrence of a major change in climate, which was the 
reason to position the Pliocene-Pleistocene boundary at the top of sapropel e. A 
decrease in temperature and humidity already starting below sapropel e is related 

to a reduction in sedimentation rate. A lower sedimentation rate is accompanied 
by less preservation of monosulphides (Goldhaber and Kaplan 1974; 1975; Berner 
et aI., 1979; Middelburg, 1990). The amount of magnetic monosulphides seems 
to be affected down to sapropel c. This thick sapropel apparently acted as a buffer 
against influence of the changing conditions to levels deeper in the sediment 

column. A change in the amount of magnetic sulphides rather than a change in 
sulphide mineralogy appears to be responsible for the decrease in NRM intensity. 
With the available data it was not possible to demonstrate a correlation between 
differences in magnetic properties and the subtle changes in lithology. 
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7 Thermal alteration of magnetic sulphides 
in marine marls from the Vrica section and 
the influence on the demagnetization of 
the natural remanent magnetization 

Abstract 

The magnetic sulphides in the marine marls from the Vrica section (Calabria, 
Italy) are subject to several alterations during heating. The influence of these 
alterations on the thermal demagnetization of the natural remanent magnetization 
(NRM) prompted a detailed investigation. The alterations are studied with the so
called IRM monitoring method (see van Velzen and Zijderveld, 1992) and by 
thermomagnetic analysis of sediment samples and magnetic concentrates. 
Thermomagnetic analysis was performed in air and in argon. 

An alteration observed with the IRM monitoring method in standard paleo
magnetic samples between 150 and 250°C is suggested to be related to the y
transition typical of hexagonal pyrrhotite. In this temperature interval NRM demag
netization diagrams often show aberrant behaviour. During thermomagnetic 
analysis in an argon atmosphere the alteration is observed at about 190°C and in 
air at about 230°C. The presence of oxygen in the sulphide (e.g. a slightly 
oxidized surface layer) may enhance the y-transition temperature. The observed 
high maximum blocking temperatures (higher than the 325°C typical of monoclinic 
pyrrhotite) could be explained in a similar fashion. Similar high blocking tempera
tures are also reported for greigite. The observed magnetic behaviour is more in 
agreement, however, with a mixture of hexagonal and monoclinic pyrrhotite than 
indicative of greigite. Both minerals may be present in the Vrica marls. 

A chain of alteration reactions starting at about 350°C and causing spurious 
magnetizations during thermal demagnetization of the NRM was attributed to the 
oxidation of iron sulphides to grains with magnetite-like properties, eventually 
leading to the formation of hematite. The IRM monitoring method shows that mag
netite formation mainly yields grains with alternating field (AF) coercivities < 50 
mT. Hematite formation is characterized by AF coercivity fractions> 100 mT. 

1. Introduction 

In paleomagnetism, stepwise thermal demagnetization is a routine technique to 
separate the various components of the natural remanent magnetization (NRMl. 
Especially in sediments, thermal demagnetization is often more effective than alter
nating field (AF) demagnetization. The disadvantage of thermal demagnetization, 
however, is the occurrence of thermal alterations. During the consecutive heating 
steps to increasingly higher temperatures the magnetic minerals- in which the NRM 
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resides, may be destroyed or new magnetic minerals may be formed from non

magnetic or magnetic precursors. 
The magnetomineralogy of the marine marls in the Vrica section is dominated 

by sulphides as was shown in a rock magnetic study (chapter 6) and a microprobe 
study of magnetic concentrates (van Velzen et aL, 1993). In sulphide-bearing 
sediments thermal alterations are expected when the sediment is heated above 

300°C. Monoclinic pyrrhotite (Fe7S8) will start to oxidize at that temperature 

(Dekkers, 1990) in a first step to the formation of magnetite and, finally, hematite 
at higher temperatures. Greigite (Fe3S4L another magnetic sulphide, is reported to 
be thermally unstable well below 300°C (Skinner, 1964; Uda, 1968; Coey et aL, 
1970; Spender et aL, 1972). Greigite identified in various sediments, however, 
was shown to be stable above 300°C (Snowball, 1991; Tric et aI., 1991; Horng 

et aL,1992; Roberts and Turner, 1993). A reliable Curie point of this sedimentary 

greigite could not be established. 
Magnetic transitions in sulphides should also be considered when studying the 

impact of heating on the NRM. The y-transition in hexagonal pyrrhotite is reported 

between 170 and 220°C (Schwarz, 1975; Vaughan and Craig, 1978). A reorder
ing of vacancies in the sulphide yields a more magnetic pyrrhotite phase. Finally, 
non-magnetic pyrite, which is the most common iron sulphide in sediments, 
oxidizes to a magnetic phase with magnetite-like properties above 350°C (van 
Velzen and Zijderveld, 1992; Mullender et aL, 1993). The formation of these 
alteration products of pyrite may cause spurious magnetizations and viscous 

behaviour in magnetic fields. 
It is commonly thought that up to 300°C chemical alterations do not interfere 

with thermal demagnetization results. It was recently shown, however, that heat

ing to temperatures as low as 150°C may already produce irreversible changes in 
slightly weathered magnetite grains (van Velzen and Zijderveld, 1992). The 
present study of the Pliocene-Pleistocene Vrica marls also documents alterations 
starting below 200°C. Here, magnetic sulphides are involved. The alterations 
influence the !'JRM behaviour during routine stepwise thermal demagnetization. 
The method described in van Velzen and Zijderveld (1992) is used to study the 
thermal alterations of the magnetic sulphides. These results are compared with 
thermomagnetic analysis of the sediment and of magnetic concentrates from the 

sediment. 

2. Magnetic characteristics of the Vrica section 

The Vrica section is situated in the Crotone-Spartivento basin of northern 

Calabria, Italy. It was formally designated as the Neogene-Quarternary boundary 
stratotype (Aguirre and Pasini, 1985). The section, divided in subsections Vrica A, 
Sand C, consists of homogeneous open-marine marls intercalated with laminated 
sapropelitic layers. Numerous studies have been devoted to the Vrica section_ 
Magnetostratigraphic studies demonstrated the presence of the complete Olduvai 
subzone in the composite section (Tauxe et aI., 1983; Zijderveld et aI., 1991). The 
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complex demagnetization behaviour of the NRM in many samples showed the 
necessity of a rock magnetic study (chapter 6) and in particular a study of the 
thermal alterations in the marls. In most samples above 350°C spurious magneti
zations and viscous behaviour disturb the thermal demagnetization of the NRM 
(figure 1). This is caused by the formation of new magnetic grains. Up to 350°C 
many samples have a straightforward demagnetization behaviour (figure 1a). but a 
large number of samples shows complex behaviour in the temperature range 
between 150 and 330°C (figure 1b). Thermal alterations could be the cause for 
this. Heating and cooling the samples in vacuum did not improve the results (figure 
1d). On the contrary, the spurious behaviour, usually occurring above 350°C, 
seemed to start at lower temperatures. 

Rock magnetic properties (chapter 6) and a microprobe study of magnetic 
concentrates (van Velzen et al., 1993) indicate that the majority of the remanence 
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Figure 1. Stepwise thermal demagnetization of samples from the Vrica section. Examples 
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is carried by magnetic sulphides, but it could not be established by which kind of 

sulphide. The coercive forces are similar to those of monoclinic pyrrhotite, but the 

maximum blocking temperatures are higher than the Curie temperature of 
stoichiometric monoclinic pyrrhotite (305-325°C; Schwarz and Vaughan, 1972; 
Schwarz, 1975; Vaughan and Craig, 1978; Dekkers, 1989). There are indications 

that the Curie temperature of pyrrhotite can be higher (Rochette et aI., 1990), 
possibly due to impurities, like oxygen. 

Greigite could also carry (part of) the remanence in the present marls. The low 

coercive forces and the thermal instability that are generally reported for synthetic 

greigite argue against this sulphide as important remanence carrier. Greigites 
recently identified in various sediments, however, have higher coercive forces than 

synthetic greigites. These sedimentary greigites also are thermally more stable 
(Snowball, 1991; Tric et aI., 1991; Krs et aI., 1992; Hornget al., 1992; Roberts 
and Turner 1993). Therefore, observed rock magnetic properties would allow both 

monoclinic pyrrhotite and these sedimentary greigites as remanence carriers in the 
Vrica marls. 

The microprobe study of magnetic concentrates from the Vrica marls (van 
Velzen et aI., 1993) revealed a large number of sulphide grains with a large com
positional range. Their sulphur content varies between that of pyrite (FeS2) to that 
of pentlandite ((Fe,Ni)gS8). Moreover a high nickel content was observed in many 
grains, ranging from a few % to 35%. 

3. Sampling and methods 

For the present study, samples were chosen from different parts of the section. 
Samples from site VBA 1 have a relatively high NRM intensity. They are taken from 
the Olduvai subzone. Sites VBA6 and 7 are situated above the Olduvai subzone in 
an interval with distinctly lower NRM intensitie~ (cf. chapter 6). Care was taken to 
obtain samples as fresh as possible. The weathered surface was removed to reach 

blue-grey marls. Samples from VBA 1 and VBA7 were used for the thermal altera
tion study. Magnetic concentrates were made of sediment from VBA 1 and VBA6. 
Two magnetic concentrates were obtained from each sediment sample with a 
Frantz isodynamic separator (see van Velzen et aI., 1993). First the minerals with 
the strongest magnetization were extracted with low magnetic fields. Then, with 
higher magnetic fields, the remaining magnetic fraction was extracted. In both 
concentrates clay minerals still are abundant. 

Samples for the thermal alteration study were heated and cooled in a 
laboratory-built thermal demagnetizer with triple mu-metal shielding. Heating times 

were chosen to let the samples spend 5 to 10 minutes at the intended tempera

ture, allowing for their thermal inertia. Temperatures are accurate up to ± 2°C. 
Isothermal remanent magnetizations (IRM) were induced in DC coils. Stationary AF 
demagnetization was performed in AC coils in three orthogonal directions. Rema
nences were measured with a digitized Jelinek spinner magnetometer, based on 
the JR3 drive unit. A 2G cryogenic magnetometer (type 740 R) was used for NRM 
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measurements. Low-field susceptibilities were measured on a KLY-2 susceptibility 
bridge. Thermomagnetic analyses were performed with the improved horizontal 
translation Curie balance described in Mullender et al. (1993). 

4. Magnetic monitoring of thermal alterations 

The low-field or initial susceptibility Xo is commonly used to monitor alterations 
of magnetic minerals during stepwise thermal demagnetization. This parameter, 
however, may not always be sensitive enough, in particular when only a minor 
part of Xo is due to ferromagnetic minerals. An IRM, induced in the samples after 
every heating step, represents the remanence carrying minerals much better. In 
samples from site VBA 1 and VBA7 both Xo and the IRM show a large increase, 
which starts above 350°C and is most pronounced between 420 and 480°C 
(figures 2 and 3). The alterations causing the increase of the IRM at 150 and 
200°C and the subsequent decrease above 300°C go unnoticed, however, when 
only Xo is measured. 

Van Velzen and Zijderveld (1992) suggested a method to monitor alterations of 
magnetic minerals during stepwise thermal demagnetization in more detail. The 
IRM that is induced after every heating step (and that will be referred to as the 
'total IRM') is divided in six coercivity fractions using stepwise alternating field 
(AF) demagnetization. The selected demagnetization steps are 10, 25, 50, 100 
and 300 mT. In this way changes in different coercivity fractions can be 
monitored separately, in the course of the stepwise thermal demagnetization. In 
addition, the IRM remaining after each heat treatment (referred to as the 
'remaining IRM') and its coercivity fractions are measured. This remaining IRM 
represents the part of the total IRM with blocking temperatures higher than the 
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Figure 4. Schematic measuring cycle for 
the study of thermal alterations with the 
IRM monitoring method (Van Velzen and 
Zijderveld, 1992). The method is based on 
a stepwise thermal demagnetization of an 2' 

2 

IRM. After every heating, first the 
c 
:::J 

remaining IRM and its AF coercivity ~ 

spectrum are determined (1). An new IRM 
is induced in the sample in the same 

~ 
:c 
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direction as the original one. This total 
~ 

IRM and its AF coercivity spectrum are 
measured (2). Finally, the part of this IRM 
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at the beginning of the measuring cycle at 
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a higher temperature. The dashed line Temperature (DC) 

indicates the apparent decay curve, which 
will deviate from a normal decay curve 
because of the repeated IRM acquisition. 

last heating step. In figure 4 a schematic representation of the complete cycle of 

measurements after each heating step is shown. This cycle also includes, after the 
acquisition of the total IRM, a control heating to the temperature of the previous 

heating step, followed by measurement of the remanence. For a complete descrip

tion of the method the reader is referred to van Velzen and Zijderveld (1992). In 

this chapter it is referred to as the' IRM monitoring method'. The results of all IRM 

measurements in the course of the procedure for the two sites of this study are 

given in figure 5. The initial part of the thermal decay curves of two samples only 
subjected to routine stepwise thermal demagnetization are included in the figure, 

for comparison. 

5. Alterations at temperatures higher than 350°C 

The Xo increase above 350°C is well known in sulphide-bearing sediments. It is 

caused by magnetite-like grains formed from iron sulphides, like pyrite. A modest 
increase in Xo is observed in the carbonate-rich sediments of the early Pliocene 

Trubi formation (van Velzen and Zijderveld, 1992). Sulphides are much more abun

dant in the present sediment. The formation of the new magnetic phases above 
350°C is accordingly more prominent. 

The alteration process of samples from site VBA 1 and site VBA7 is essentially 

the same. The maximum in total IRM for VBA7, the site with the lower remanence 

intensities (and apparently lower sulphide content), is reached at a slightly higher 

temperature and it is less extreme (see figure 3). 
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5. 1. Changes in coercivity fractions of the total and remaining IRM 

Figure 6 shows the development of the separate coercivity fractions of the 
total IRM and of the remaining IRM. For the total IRM (figure 6a,bl. initially only 
the low-coercivity fractions « 50 mT) increase above 350°C, reaching a maxi
mum at 480°C. This maximum is a multiple of the original intensity. The 50-100 

mT fraction shows a similar behaviour, but much less pronounced. 

The blocking temperatures of the newly formed magnetic grains can be 
deduced from the coercivity fractions of the remaining IRM after each heating 

(figure 6c,d) and from the control heatings (figure 5). The small increase of the 

remaining IRM compared to the total IRM indicates that the blocking temperatures 
of the magnetite-like mineral formed between 350 and 500°C, are to a large 

extent (> 95%) below the formation temperature. For instance after the heating at 
480°C, the total IRM that can be induced in the sample shows its largest 
increase. The subsequent control heating at 450°C, however, removes most of 
the remanence of the newly formed magnetic grains. They apparently have 
blocking temperatures lower than 450°C. The part of this IRM surviving after the 
next heating step at 510 ° C, is even smaller. Figures 6c and 6d show that the 
coercivities of this remaining IRM are typically not below 10 mT, but mainly 
between 10 and 100 mT. It should be noted, however, that the thermal removal 
of remanence after heating at 510°C is not only due to unblocking. The 
magnetite-like mineral starts to alter to hematite, as can be deduced from the 
distinct increase of the >300 mT fraction that occurs at 510°C. The hematite 
formation starts at lower temperatures, but at 510 ° C the conversion of magnetite 
to hematite becomes more important than the formation of new magnetite, 
causing a decrease of total IRM. The low-coercivity fractions « 50 mT) of the 
total IRM consistently decrease until the last heating step, while the 50-100 mT 
fraction shows the combined effects of the decreasing low-coercivity fractions and 
increasing hematite fractions. After the 650°C heating step most of the low
coercivity IRM has vanished. 

5.2. Formation of a magnetite-like mineral 

The increase of the fractions with the lowest coercivities agree with the 
growth of submicron magnetite-like grains by oxidation of pyrite during prolonged 
heating (Nguyen and Pechersky, 1987). New magnetite grains are nucleated in 
different spots and develop simultaneously until the sulphide is completely 
oxidized. The lowest coercivities correspond to the smallest grains just above the 
superparamagnetic (SP) threshold size and the 50-100 mT fraction represents 

larger grains, which are magnetically more stable. The relatively low blocking 
temperatures of most of the grains agree with magnetite in the single (SO) size 

range just larger than SP grain size. 
It is not likely that the new magnetic phase is stoichiometric magnetite. It 

starts to convert to hematite below 450°C, as indicated by the increase of the 
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Figure 5. The measurement cycle of figure 4 repeated at every step of a thermal demag
netization procedure. Samples are from site V8A 1 (a) and from site V8A7 (b). Closed 
circles are remaining IRM and (newly induced) total IRM. Open circles are control measure
ments. For each site the normal decay curve of another sample, obtained without the 
repeated IRM induction, is given for comparison in the low-temperature part of the curves 
(diamonds). 

> 300mT and the 100-300 mT fraction. The thermal instability of the magnetic 
grains points to a partly oxidized magnetite. There is no evidence for the formation 
of Tj-Fe203 (Levy and Quemeneur, 1968) as found by Krs et al. (1992) after 
thermal treatment of greigite at similar temperatures. This iron oxide is highly 
magnetic and it is reported to be thermally stable up to 700°C. 

5.3. Aspects of the hematite formation 

The formation of the cation-deficient magnetite is relatively straightforward, its 
further oxidation to hematite, however, has several complex aspects. The increase 
of the two > 100 mT fractions starts soon after the first magnetite is formed 
(above 450°C, figure 6a,b). The > 300 mT fraction of the total IRM keeps 

increasing until the last heating at 650°C. The decrease of the >300 mT coer
civity fraction of the remaining IRM in this temperature range is due to the 
approach of the hematite Curie temperature. The 100-300 mT fraction of the total 
IRM, which shows a similar behaviour as the> 300 mT fraction, remains relatively 
small in the remaining IRM. Apparently, it has lower blocking temperatures than 
the > 300 mT fraction. This likely is a 'grain size' effect: the fraction presumably 
consists of small hematite grains with relatively low coercivities and relatively low 
blocking temperatures (e.g. Neel, 1949; Stokking and Tauxe, 1987). 

The Xo increase above 620°C (figure 2) seems to be at odds with the relatively 
constant total IRM (figure 5a,b) and the conversion of the cation-deficient 
magnetite to hematite. It can be made plausible, however, if the conversion 
reaction of the magnetite-like grains to hematite is not completed (cf. van Velzen 

116 



1500 

1250 

1000 

750 

500 

250 

500 600 

Chapter 7 

and Zijderveld, 1992). The conversion of magnetite to hematite proceeds from the 

outside of a grain to the inside, possibly subdividing grains. If it stops before the 

conversion is completed (cf. Heider and Dunlop, 1987). it leaves tiny grains with a 

cation-deficient core and a hematite shell. If the core is sufficiently small, it will be 

superparamagnetic, i.e. unable to carry a stable remanence, but strongly contribut

ing to the susceptibility. The still substantial soft remanence left after the 650°C 

step (figure 6a,b) may reside in somewhat larger remaining cation-deficient cores. 
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Figure 6. AF coercivity fractions of IRM(1.5 T). 
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6. Alterations at temperatures between 150 and 350°C 

The alterations below 350°C are of a different nature than the oxidative grain 
growth process above 350°C. The alteration is more subtle and not apparent from 
changes in Xo (figure 2). Also the changes in total IRM are small compared to the 

changes above 350°C (figure 3). After heating at 200°C the total IRM doubles in 

VBA 1 whereas the increase in total IRM is only 25% for VBA 7. These changes are 
still significant, however, and the influence of this alteration on the NRM is just as 

important (see section 9). The alterations are essentially the same for both sites. 

In the following the changes in VBA 1 will be discussed, because they are more 
evident those than in VBA 7. 

6. 1. Changes in coercivity fractions of the total and remaining IRM 

In contrast to the alteration above 350°C, not the lowest coercivity fractions, 
but the > 50 mT fractions are responsible for the rise in total IRM after heating at 
150 and 200°C (figure 6a). The 100-300 mT fraction shows the largest increase, 
followed by a decrease at the subsequent heating steps at 250, 300 and 330°C. 
The 50-100 mT fraction increases in a more gradual manner up to 300°C, before 
collapsing at 330°C. The largest increase of the >300 mT fraction occurs at 
250°C and its largest decrease at 330°C. 

As mentioned before, the blocking temperatures of the original as well as the 
new remanence can be deduced from the control heatings and from the coercivity 

spectrum of the part of the newly induced total IRM at the next heating step. 
Comparison of the coercivity fractions of the total and remaining IRM for each 
temperature step shows that the blocking temperatures of the < 50 mT fractions 
partly lie in the 100-250 o C range (figure 6a,c). The higher-coercivity fractions also 
have blocking temperatures in this range, but a significant part of that remanence 

has blocking temperatures higher than 300°C. The> 300 mT remanence, which 
is almost completely formed by alteration, hardly unblocks below 300°C. 

When the control heatings are considered, the phenomenon can be further 
substantiated. The control heating at 100°C after the 150°C step shows that a 
large part of the new remanence has blocking temperatures higher than 100°C 
(figure 5a). The next heating is at 200°C and one would expect the remanence to 
decrease, because the remanence of grains with blocking temperatures between 
100 and 200°C must be randomized. In contrast, the remanence seems to remain 
unchanged (figure 5a). In fact even a small remanence increase occurs. This likely 

is an effect of the alteration which causes the increase of total IRM. Comparison 

of the coercivity fractions of the total IRM induced after the 150°C heating step 
and the remaining IRM after the 200°C step (figures 6a,c) shows that this is not a 
marginal effect. The two > 100 mT fractions of the total IRM induced after the 
150°C heating increase during the heating at 200°C. The 100-300 mT fraction 
increases no less than 75%. Figures 6a and 6c also show that this coercivity 
fraction had already increased in a similar way in during the heating at 150°C. 
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After heating to 330°C, a distinct decrease of total IRM show that magnetic 

minerals are altered to non- or less magnetic phases. All three coercivity fractions 
between 25 and 300 mT decrease to values lower than their values before any 
thermal treatment. This indicates that not only the newly formed magnetic phase 

is affected by this alteration, but also the original remanence carriers. This 
conclusion has important implications: above 300°C the thermal decay of an IRM 

induced in an unheated sample and treated with normal stepwise thermal 
demagnetization is partially due to alteration of remanence carriers. 

After heating at 360°C the alteration continues, as evidenced by the 
continuing decrease of the > 50 mT coercivity fractions. The behaviour of the 

< 50 mT fractions is difficult to evaluate, because they are already influenced by 
the formation of the magnetite-like mineral that becomes apparent at this 

temperature. 

6.2. IRM behaviour during routine thermal demagnetization 

In a routine stepwise thermal demagnetization of an IRM the remanence is only 
induced once, before the first heating step. The procedure used in the previous 
paragraphs required the acquisition of a new IRM after every heating step. To 
study the effect of the alteration at 150 and 200°C during normal thermal 
demagnetization a number of specimens from site VBA 1 was given an IRM and 
subjected to routine thermal stepwise demagnetization (figure 7). In one specimen 
an IRM(1.5 T) was induced along one of the orthogonal specimen axes (the b-axis) 
and subsequently partly AF demagnetized with 50 mT along all three axes, leaving 
only the coercivity fractions that showed a distinct increase at 150°C and 200°C. 
The thermal decay curve of this remanence (figure 7a) indeed shows an increase 
at 150°C. The remanence increase is only in the same direction as the existing 
remanence. In another specimen an IRM(1.5 T) was induced along the a-axis and 
subsequently an IRM(60 mT) along the perpendicular b-axis (figure 7b), similar to 
the method introduced by Lowrie (1990). The remaining high-coercivity remanence 
along the a-axis behaves in the same way as the IRM of the first specimen (figure 
7a). OThe low-coercivity IRM(60 mT) decreases almost linearly up to 300°C. Both 
the high- and the low-coercivity IRM is carried by magnetic sulphides and 
magnetite, as indicated by the two-phase thermal decay. 

In two other samples the coercivity fractions of the IRM were measured before 
and after thermal demagnetization up to 200°C. Figure 7c shows the AF 
demagnetization of an IRM(1.5 T) with 50 mT AC fields and the subsequent 
thermal demagnetization at 100, 150 and 200°C. After these treatments the 

remaining IRM is harder than the original total IRM (et. the remanences after 100 
mT AF in figure 7c). Finally, the AF coercivity spectrum of an IRM(60 mT) after 
heating at 200°C (figure 7d) indicates that some higher-coercivity remanence has 
developed parallel to this low-coercivitv IRM, but to a much lesser degree. After 
applying alternating fields of 100 mT, still part of the remanence remains. 
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In all cases the IRM remanence increase upon heating occurred at 150°C. The 

increase was only in the direction of the existing IRM, mainly coupled to the high

coercivity fractions (> 50 mTl of the IRM. Apparently, it really is an increase of 

remanence of these IRM fractions, rather than the formation of a new high

coercivity mineral phase. With the IRM monitoring method the maximums of the 

500 300 

a b 
u.400 "" l-
EE 200 

~ 300 
~ 

E 

~ 
f/l 200c 
QJ 100
C 

100 

0 0 
0 100 200 300 400 500 600 0 100 200 300 400 500 600 

Temperature(°C) Temperatu re(°C) 

; 

300 
400 d 

250 

F 300 
200<t: 

E ~. 
C 

> 1501;5 200 
c 
QJ 

100C 
100 

50 ~ 
a :::=1 : , , , ,0 I I i i 0" a 100 200 a 100 200 300 a 100 200 a 100 200 

Temperature(°C) Alternating field (mT) Temperature(°C) Alternating field (mT) 

Figure 7. Thermal decay curves of partial IRMs. The complete remanence vectors were 
measured: the three remanence components along the orthogonal a-, b- and c-axis of the 
specimen are represented by circles, squares and triangles, respectively. The experiments 
show that the new remanence is formed in the direction of the existing remanence. AF 
demagnetization was performed in three orthogonal directions. 
(a) IRM(1.5 T) after 50 mT AF demagnetization. 
(b) IRM(1.5 T) along the a-axis combined with IRM{60 mT) along the b-axis. 
(c) Thermal demagnetization of IRM(1.5 T) after 50 mT AF, up to 200 o C. The subsequent 
AF demagnetization of the remaining remanence shows more > 50 mT remanence than 
the AF demagnetization of the original IRM(1.5 T) before heating (crosses). 
(d) Thermal demagnetization of IRM(60 mT) up to 200 o C. AF demagnetization of the 
remaining remanence shows some high-coercivity remanence. Crosses show AF demag
netization of original IRM{1.5 T) before heating. 

300 

120 



Chapter 7 

total IRM and of the remaining IRM were observed after the 200°C step. This 

higher temperature is due to the repeated IRM acquisition used in that method. 

With the IRM monitoring method the alteration of the magnetomineralogy is 
observed. In the routine thermal demagnetization experiments the combined 
change due to this alteration and the thermal decay of the remanence during 
heating is observed. 

7. Thermomagnetic analysis 

Thermomagnetic measurements are carried out with the improved horizontal 
translation Curie balance described in Mullender et al. (1993). A novel measuring 

procedure involving the sinusoidal cycling of the applied field strength between 
two values results in a continuous drift correction and a very low noise level. In 
addition to the output of a conventional Curie balance, the ferromagnetic and the 
para- and diamagnetic contributions can be calculated separately, provided that 
saturation of the ferromagnetic part is achieved. When saturation is not complete 
in the maximum field used, the calculated paramagnetic magnetization will be 
higher than the actual paramagnetic contribution. The signal to noise ratios of the 
calculated curves depend strongly on the relative intensity of both contributions. 

To distinguish between Curie temperatures and alterations, samples were 
heated and cooled in a number of runs, each time to a higher temperature. Routine 
heating and cooling rates were moderate, 6 and 10°C/min., respectively. The 
magnetic field is cycled between 200 and 400 mT or between 150 and 300 mT. 
Unless stated otherwise, analyses were performed in air. Measurements in an 

argon flow were performed after air was removed from the samples by evacuating 
and flushing with argon. Thermomagnetic analyses were performed on untreated 
sediment and on magnetic concentrates from sites VBA1 and VBA6 (cf. van 
Velzen et aI., 1993). 

7.1. The untreated sediment 

The thermomagnetic curves of the untreated sediment are dominated by clay 
minerals (figure 8, 9). The 1/T temperature dependence of the conventional signal, 
typical of paramagnetism, is evident. The amount of magnetic minerals in the 
marls is very small; even this very sensitive balance hardly detects a ferromagnetic 
contribution. The behaviour of the VBA 1 sample is more pronounced (figure 8) 

than that of VBA6 (figure 9). The heating curve is reversible up to 200°C. After 

heating to 360°C the cooling curve is slightly below the heating curve. The next 
run to 500°C shows the expected increase of ferromagnetic magnetization at 

400°C. After cooling to room temperature (RT) the ferromagnetic magnetization is 
much higher than the original value. Above 500°C, in the next heating run, a large 
part of the newly formed minerals is destroyed again. These observations are not 
in agreement with the results of the IRM monitoring method, because the 
alteration in the range 150 to 250°C is not detected. This can be related to the 
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low concentration of ferromagnetic minerals, however, which could make 

detection impossible. The sediment of VBA6 shows the same behaviour, but the 

changes are smaller (figure 9). 

7.2. Magnetic concentrates in air 

The ferromagnetic magnetization of the magnetic concentrates is sufficient to 
distinguish it from the paramagnetic contribution (figures 10-13). The low-field 

concentrates and the remaining high-field concentrates of VBA 1 have a ferro

magnetic saturation magnetization of 1.2 and 0.02-0.03 Am 2/kg, respectively. 
The ferromagnetic contribution of the concentrates of VBA6 also differ about a 
factor 100 in intensity: 1.3 Am 2/kg and 0.005-0.01, respectively. The relatively 

high paramagnetic contribution (figures 10-13) illustrates that in the concentrates 
paramagnetic clay minerals are still abundant. This is in agreement with 
microprobe observations (van Velzen et aI., 1993) and X-ray diffraction. For 
comparison, the typical saturation magnetization for the untreated marl, calculated 
from the saturation remanence of standard paleomagnetic samples, assuming that 
approximately Jrs/Js = 0.5, is about 0.5*10-3 Am2/kg. It can be concluded that 
the ferromagnetic magnetization of the low-field magnetic concentrates is about 
2500 times larger than that of the original sediment. 

The magnetic concentrates of sites VBA 1 and VBA6 show distinct differences. 

The concentrates of VBA6 are reversible up to 200°C, but heating of the low-field 
concentrate above 300°C shows an irreversible decrease of magnetization (figure 
11), which occurs in the ferromagnetic magnetization. This decrease is compatible 

with the results of the IRM monitoring method. A magnetization increase corre
sponding to the increase of IRM observed with that method between 150 and 
250°C is only marginally visible in the total magnetization of the high-field 
concentrate, at about 250°C (figure 10). The noise in the ferromagnetic signal is 
unfortunately too large to establish that the increase is related to the ferro
magnetic contribution. 

Like the thermomagnetic curves of VBA6, the curves of the concentrates of 

VBA 1 are reversible up to 200°C, but not far above 200°C an alteration of mag
netic minerals causes an increase of ferromagnetic magnetization (figure 12,13). 
Both the ferromagnetic and paramagnetic contribution increase. The observed 
increase of paramagnetic magnetization is an artefact due to an increase in 
ferromagnetic magnetization with coercivities higher than the magnetic fields 
used. The unsaturated part of this magnetization contributes to the calculated 
paramagnetic magnetization (Mullender et aI., 1993). 

The newly created magnetization is thermally stable up to at least 360°C 
(figure 12). There is no visible Curie point below 360°C. A Curie point for this 

magnetization cannot be assessed in the next heating run to 500°C, because also 
in the magnetic concentrates another increase in magnetization occurs from 
400°C upwards (figure 12,13). This agrees with the formation of magnetite-like 
grains. To avoid alterations as much as possible, fast heating and cooling runs 
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(30°C/min.) to stepwise higher temperatures were performed (not shown). These 

curves proved to be reversible at least up to 390°C. No Curie point was observed 
below that temperature. 

The increase of paramagnetic magnetization that sometimes occurs above 
360°C (see e.g., figures 8 and 13) can be explained by the formation of very 
small grains. Part of the magnetite-like grains that are formed will be 

superparamagnetic and they will approximately have the same 1/T dependent 

magnetization in a magnetic field as paramagnetic magnetization. The magnetic 
fields in the Curie balance are far below the fields needed to saturate 
(super)paramagnetic grains. They will therefore partly contribute to the 
paramagnetic component. 

The alteration below 300°C shows up slightly differently when various heating 
rates are used. The magnitude of the magnetization increase varies and the 
increase of the 'paramagnetic' contribution at 250°C is not always observed (e.g. 

figure 14). There is no simple relation between heating rate and the observed 
changes. The increase of ferromagnetic magnetization is considerably smaller 
when a low heating rate of 2°C/min. is used (figure 14). During the subsequent 
cooling at an even lower rate (0.2°C/min.) a similar curve as during cooling at the 
routinely used rate of 10°C/min. was found. Apparently, the alteration is not 
reversible, not even at this very low cooling rate. 

To determine the actual temperature of the alteration, during the 
thermomagnetic analysis of another sample of the high-field concentrate of VBA 1 
the temperature was increased stepwise (figure 15). At 220°C and 225°C no 
change was seen after 30 minutes. At 228°C, however, the alteration slowly 
began to evolve. After 12 hours the temperature was increased again, but then 
the reaction was apparently completed. The temperature needed for the reaction 
to evolve seems to be close to 228°C. The apparent higher starting point in the 
routine thermomagnetic runs is likely due to the low reaction rate as compared to 
the heating rate. 

Because the alteration during stepwise thermal demagnetization in standard 
paleomagnetic samples sets in at a much lower temperature, the influence of the 
different experimental conditions in the Curie balance was subject of another test. 
A magnetic concentrate was heated and cooled in the field-free space of a thermal 
demagnetizer (furnace), in the same manner as the standard paleomagnetic 
samples. After heating at 150°C and 200°C in the thermal demagnetizer, no 
increase of RT ferromagnetic magnetization was measured in the Curie balance 
(figure 16). After 5-10 minutes at 250°C in the thermal demagnetizer, the 
magnetization had increased, but the subsequent thermomagnetic run shows that 

the alteration was only in an initial stage. Apparently, the heating time in the 

thermal demagnetizer was not sufficient to let the alteration go to completion. It 

can be concluded that the thermal demagnetizer in itself is not the cause of the 
lower alteration temperatures observed with the IRM monitoring method. A sample 
heated in the thermal demagnetizer at 265 ° C for 15 hours shows a different 
behaviour (figure 17). An increase in RT ferromagnetic magnetization is observed 
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after this treatment and no further increase is observed during the first thermo

magnetic run to 300°C. On the contrary, a small decrease in magnetization occurs 

during the runs to 300°C and to 360°C. 

7.3. Magnetic concentrates in argon 

The thermomagnetic runs in an argon atmosphere (figures 18, 19) are more in 

agreement with the results of the IRM monitoring method than the 

thermomagnetic runs in air. In absence of oxygen, the magnetization increase in 

the VBA 1 concentrates occurs at a considerably lower temperature. With the 

standard heating rates, the alteration causes a maximum of the magnetization in 

the concentrates of VBA 1 at 250°C. In air it occurs at 300°C. Heating with 

routine rates up to 190°C and further with a low heating rate (0.5°C/min.) 

between 190 and 240°C, shows that the alteration is already in progress at 

190°C (figure 20). Also in argon slow cooling (0.5°C/min.) shows that the 

alteration is not reversible. The concentrates of VBA6 reveal only a very small 

increase at the same temperature as the concentrates of VBA 1 (figures 21). The 

decrease of magnetization after heating to 360°C is the same as in air. 

Figures 8-21.Thermomagnetic analyses. 
Thermomagnetic analyses were performed with an improved horizontal translation 
Curie balance (Mullender et ai., 1993). Heating (cooling) curves are indicated with 
solid lines (lines with open circles). Routine heating (cooling) rates are 6 (10) °C/min. 
Heating was performed in air or in an argon atmosphere. 
The signal of the balance is filtered before the three output signals shown are calcu
lated (Mullender et ai., 1993). The Total magnetization (top panel in the figures) is 
the signal a conventional Curie balance would yield, but with a much higher 
sensitivity. This signal can be separated in a ferro-/ferrimagnetic component 
(Ferromagnetic) and a paramagnetic/diamagnetic component (Paramagnetic), which 
is equal to the high-field susceptibility when the ferromagnetic minerals are 
saturated. When saturation is not achieved, the calculated paramagnetic contribution 
is too high. The maximum fields used in the measurements are 300 or 400 mT, in 
which fields the samples are close to saturation (see chapter 6). 
The noise in the Ferromagnetic and Paramagnetic panels is due to vibrations in the 
soil and the foundation of the laboratory. The frequency spectrum of these minute 
movements extends to the operating frequency of the secondary signal which is 
used to calculate these contributions separately (see Mullender et ai., 1993). 
Differences in noise level also appear as a result of variations in absolute 
magnetizations and due to the necessity to switch to a lower sensitivity for samples 
that go beyond the dynamic range of the most sensitive position. 
'Low-field' and 'high-field' concentrates are separated with lower and higher 
magnetic fields corresponding to currents of 0.25 and 1.5 A in the Frantz 
isodynamic separator. Magnetization and High Field Susceptibility (Susc.) are given 
partly in units per mass, partly in absolute units when the mass of the sample was 
not exactly known. Typical sample weights are 5-50 mg for the concentrates and 
150 mg for the sediment. 
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Figure 12. High-field concentrate of VBA 1. Figure 13. Low-field concentrate of VBA1.
 
Three runs (200, 360 and 500°C). Due to Three runs (200, 360 and 500°C).
 
a large increase of magnetization parts of
 
the curves were beyond the dynamic range
 
of the balance.
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Figure 16. Measurements before heating in 
a field-free furnace (circles), after heating 
at 150°C (squares) and 200°C (triangles) 
and the thermomagnetic run after heating 
to 250°C in the furnace. During coolrng 
after the 300°C run the magnetization 
went out of range. For the next run to 
340°C the sensitivity was reduced. 

Figure 17. High-field concentrate of VBA 1. 
Circles denote magnetizations before heat
ing. Thermomagnetic run after heating at 
265°C in a furnace for 15 hours. A small 
decrease of total magnetization occurs 
after the runs to 300°C and to 360°C. 
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Figure 18. High-field concentrate of VBA1
 
in argon. Three runs to increasing tempera

tures of 300, 360 and 500°C. Only the
 
heating part of the last run is shown.
 

Figure 19. Low-field concentrate of VBA1
 
in argon. Four runs (250, 300, 360 and
 
400°C). The first run was stopped when
 
the magnetization went out of range. The
 
second run was measured with a lower
 
sensitivity. The cooling and heating curves
 
show a remarkable hysteresis.
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Figure 20. High-field concentrate of VBA 1 Figure 21. Low-field concentrate of VBA6 
in argon. Routine heating and cooling rate in argon. Three runs to increasing tempera
below 190°C. Slow heating and cooling tures of 250, 300 and 360°C. 
(0.5°C/min.l above 190°C. 

131 



The thermal stability of the newly formed magnetization in the magnetic 
concentrates of VBA 1 is different from that in air (figures 18,19). The ferro
magnetic magnetization shows a decrease after heating to 300°C and higher 
temperatures. The curves also show a hysteresis in time or temperature: the 
heating curves are always above the cooling curves of the preceding run. This is a 
mysterious observation. A cooling curve is beneath the preceding heating curve 
when an alteration to a less magnetic phase has occurred and above the heating 
curve when a more magnetic phase is formed. The heating curve of the next 
thermomagnetic run, however, should be the same as the preceding cooling curve, 
because no alteration is expected during cooling and truly magnetic behaviour is 
reversible. We have no explanation for the hysteresis effect in the present curves, 
which moreover seems to be repeatable (figure 19). One could think of metastable 
behaviour and low reaction rates. Graham et al. (1987) observed such hysteresis 
at much higher temperatures (between 400 and 550°C), when investigating 
oxygen solubility in pyrrhotite. 

8. Discussion: Alterations below 350°C 

In the following several aspects of the magnetic behaviour below 350°C will 
be addressed. These include (1) an evaluation of the influence of different 
conditions during thermal demagnetization as employed in the IRM monitoring 
method and the thermomagnetic experiments, (2) a short overview of the thermal 
properties of possible magnetic sulphides in sediments, (3) a comparison of the 
observed magnetic behaviour with the y-transition in hexagonal pyrrhotite and a 
discussion about the possible influence of oxygen on that transition, (4) a 
discussion about the thermal stability of the newly formed sulphide magnetization 
and (5) a summary of the arguments in favour of mixed phase pyrrhotite and in 
favour of greigite. 

8. 1. Differences between IRM monitoring method and thermomagnetic analysis 

. The results of the IRM monitoring method and the thermomagnetic analysis of 
magnetic concentrates do not concur for the temperature interval between 150 
and 350°C. With the IRM monitoring method an increase of the total IRM was 
observed after the 150 and 200°C steps. The increase occurred mainly in the 
high-coercivity fractions, some of which continued to increase at 250 and 300°C. 
The new high-coercivity remanence decreased again due to alteration at 300 and 
330°C. The alterations occur both in samples of VBA 1 and of VBA7, although 
much less pronounced in the latter. The thermomagnetic curves of the magnetic 
concentrates from VBA 1 measured in air are reversible up to over 200°C. An 
increase of saturation magnetization starts at 228°C. The resulting magnetic 
phase is stable at least up to 390°C. In an argon atmosphere the increase of 

saturation magnetization in VBA 1 occurs about 40°C lower than in air. The 
subsequent decrease of magnetization occurs some 50°C lower than in air. In the 
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concentrates of VBA6 in argon only a very small increase of magnetization occurs 

at the same temperature as in the concentrates of VBA 1. Above 250°C the 
magnetization decreases due to alteration. 

The most obvious difference in experimental conditions between the IRM 
monitoring method and the thermomagnetic analyses is the availability of oxygen. 
Before the influence of oxygen on the alteration process will be discussed, other 
differences will be evaluated (Table A). 

Table A. Differences between IRM monitoring method and thermomagnetic analyses 

IRM in 10 cm3 marl samples thermomagnetic analysis of magnetic concentrates 

1. RT measurement of remanence magnetization measured at elevated temperature 

2. heating/cooling in zero field heating/cooling in > 150 mT magnetic field 

3. all magnetic minerals in the marls possibly biased selection of magnetic minerals 

4. no previous treatment after concentration procedure 

5. in air? in air or argon atmosphere 

(1) The remanence for the IRM monitoring method is measured at RT and the 

magnetization during thermomagnetic analyses is measured at elevated tempera
tures. The values observed at RT between the successive thermomagnetic heating 
runs to 200°C and 300 or 350°C demonstrate that the changes measured at 
elevated temperatures are comparable to the changes measured at RT. So the 
different measuring temperature is not a serious effect. (2) In case the alteration is 

an order-disorder effect, the presence of an external magnetic field could be 
important. In pyrrhotite, for example, a magnetic field causes magnetostrictive 
deformation which may facilitate the diffusion of cations (Schwarz, 1967). The 
values observed after heatings of concentrates in a field-free thermal demagnetizer 
before thermal analysis in a magnetic field (figures 16,17) do not indicate such an 

effect. 
The concentration procedure may create another difference. (3) The magnetic 

mineral content of the concentrates is likely biased to the more magnetic grains, 
but this could only explain differences in the magnitude of the changes, not the 
observed differences in alteration temperature. (4) Furthermore, the surface of the 
sulphide grains may be slightly oxidized during the concentration procedure, in 
spite of precautionary measures. An oxidized surface layer may have a decisive 
influence on alterations during heating. It may hinder further oxidation (Freke and 
Tate, 1961), but possibly also impede reordering of vacancies and iron in the 
lattice (Graham et aI., 1987). 

(5) The presence or absence of oxygen, however, is the crucial difference 
between the experiments. It is not known to what extent the standard marl 
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samples are open to air, but the NRM of samples that where heated and cooled in 

vacuum showed the same alteration effects as the samples that were heated in air 
(figure 1d). Also the results of the IRM monitoring method indicate that during 

heating oxygen has no access to the magnetic sulphides in the marls. During 
thermomagnetic analyses in air, the alteration in VBA1 starts at 228°C. In argon, 
after oxygen has been removed as much as possible from the concentrates, it 

starts below 190°C. Apparently the presence of oxygen delays the alteration. In 
the standard marl samples the reaction temperature is even lower, about 150°C. 
Possibly surface oxidation of the sulphides in the concentrates forms an additional 

obstruction for the alteration. The absence of such oxidation of the sulphides in 
the standard marl samples could then explain the difference. 

The different results of the three experiments indicate that the presence of 
oxygen influences the alteration. This may help to identify the sulphide phase 

responsible for the alteration, although the observed behaviour of the magnetiza

tion during heating is not a known characteristic of one specific magnetic sulphide. 

8.2. Thermal properties of magnetic sulphides in sediments 

Ferrimagnetic properties of iron sulphides are restricted to the range of the 
monosulphides in the range from FeS to Fe3S4' Monoclinic pyrrhotite (Fe7SS) and 
greigite (Fe3S4) are both ferrimagnetic, but the (thermo-)magnetic properties of 
monoclinic pyrrhotite are much better known than those of greigite. The magnetic 

properties and phase transitions of monosulphides in the range FeS to Fe7SS are 
complex and strongly composition dependent. Monoclinic pyrrhotite (Fe7SS) is 
ferrimagnetic at RT due to vacancy ordering and has a Curie temperature between 

305 and 325 ° C. Hexagonal pyrrhotite (Fe9SlO-Fe11 S12) is antiferromagnetic at 
RT. It becomes ferrimagnetic between 170 and 220°C due to a change in the 
distribution of vacant iron positions over layers with antiparallel spin-coupling (y- or 
A-transition). Ferrimagnetic hexagonal pyrrhotite has a lower Curie temperature 

between 270 and 290°C. The ferrimagnetism is preserved upon quenching. The 
variation in y-transition temperature and Curie temperature is related to the 
composition of the hexagonal pyrrhotite (for phase diagrams, see e.g. Schwarz, 
1975; Vaughan and Craig, 1978; Kissin and Scott, 1982). 

The formation of pyrrhotite in a sedimentary environment is not well
documented. Only Sweeny and Kaplan (1973) mention hexagonal pyrrhotite as a 

product of sulphate reduction reaction chain. Nevertheless pyrrhotite (also 
monoclinic pyrrhotite) is often found in sediments. Greigite (Fe3S4) is an 
intermediate phase in the sulphate reduction chain and is therefore more likely to 

occur in sediments. Until recently, however, greigite was considered a rare 
mineral. Usually greigite is reported to become thermally unstable starting at 

temperatures below 300°C and with coercivities considerably lower than 
pyrrhotite (Skinner, 1964; Hoffmann, 1992; Snowball, 1991; Krs et aI., 1992). 
Recently, greigites were discovered in sediments of similar age and sedimentary 
environment as the Vrica marls (Tric et aI., 1991; Horng et aI., 1992) and in 
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Miocene/Pliocene sediments (Roberts and Turner, 1993). The amount of magnetic 

minerals in these sediments was much larger than in the Vrica marls, allowing 

identification of the greigite in magnetic concentrates with X-ray diffraction. The 
coercivities of these greigites are higher than reported hitherto for greigite (Horng 

et al., 1992) and they seem to be thermally stable up to 300°C. 

Sulphide assemblages can be very complex. In sulphides of high-temperature 
origin intergrowths of hexagonal and monoclinic pyrrhotite, pyrrhotite and 

pentlandite ((Fe,Ni)gSS) and pyrrhotite and pyrite are very common. The ratios 
between the phases and the degree of exsolution depend on the original material, 

thermal history and in some cases the degree of oxidation. Although low
temperature equilibrium between phases differs from the high-temperature 
equilibrium, it can take a long time to be established. The processes involved, like 
structural changes and reordering of vacancies and metal ions, are much slower at 

low temperatures. 

Authigenic sulphides, formed in a low-temperature sedimentary environment, 
are relatively unknown as far as the occurrence of different phases and inter
growths are concerned. It is conceivable that grains are inhomogeneous when 
changes in physico-chemical conditions occur during their growth, like changes in 
redox potential or availability of metal and sulphur. When in a grain the 
composition varies, different vacancy distributions may exist and grains may only 
be partly ferrimagnetic. Examples are hexagonal and monoclinic pyrrhotite phases 
or possibly Ni-rich and Ni-poor areas in a grain. In the microprobe study (van 

Velzen et aI., 1993) such variations could not be established due to the small size 
of the sulphide grains. Furthermore low-temperature pyrrhotites are known to have 
complex superstructures due to partial vacancy ordering (Vaughan and Craig, 
1978). An additional factor in sediments may be low-temperature oxidation (e.g. 
weathering), which will create a relatively sulphur-poor grain surface. For example, 
a so-called "anomalous" pyrrhotite on the surface of hexagonal pyrrhotite may 
occur (Clark, 1970). These deviations from stoichiometric phases in natural 
sulphides can cause complex (magnetic) behaviour. At RT, homogenization, 
redistribution of vacancies and metal ions and diffusion of oxygen will be very 
slow so that the sulphides may not reach a state of true thermodynamic 
equilibrium. During heating these processes will be accelerated and alterations 

influencing the magnetic properties may occur. 
The changes in magnetic properties observed with the IRM monitoring method 

indicate that such processes occur during heating of the Vrica marls. The increase 
of total IRM after the 150 and 200°C temperature step is attributed to the 
increase of magnetization in sulphides. It is likely that it resides in sulphides, 
because the maximum demagnetization temperatures of the new remanence are 
similar to those of the existing remanence and because the new remanence is in 
the same direction as the existing remanence with similar coercivities (> 50 mT). 
This corresponding direction of the new remanence can be due to: (1) a 
remanence increase of grains carrying the existing remanence; (2) interaction 
between grains carrying the existing remanence and grains carrying the new 
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remanence; (3) the subdivision of larger grains into smaller grains. Examples of 
alterations that can occur in sulphides are: (1) a magnetic phase transition; (2) 
oxidation or reduction; (3) decomposition of the original sulphide phases. Oxidation 
of the sulphide is not likely to occur at a lower temperature in an argon 
atmosphere than in air and reduction is not likely to occur in air. Decomposition of 
a sulphide with lower magnetization into more phases with a higher total rema
nence is possible (the unmixing of greigite into pyrrhotite and pyrite for exampleL 
but the preservation of the remanence would then require continuous exchange 
interaction during the change from one magnetic phase to another. It is not known 
whether such interaction is possible in ferrimagnetic sulphides. Taking all 
experimental results into account, a magnetic phase transition resulting in an 
increase of remanence is considered the most likely mechanism. This transition is 
discussed in the following paragraphs. 

8.3. Mechanism of the y-transition 

The present alteration shows similarities with the y-transition in hexagonal 
pyrrhotite. The different temperatures at which the magnetization increase occurs 
under different experimental conditions, however, requires an additional 
explanation. Several mechanisms have been proposed for the increase of 
magnetization at the y-transition. One possibility is the reordering of vacancies in 
pyrrhotite over the two sublattices with opposite magnetization direction, giving a 
ferrimagnetic instead of an antiferromagnetic structure (Lotgering, 1956). A more 
likely mechanism is the transition of one superstructure (5C) to another super
structure (imperfect monoclinic 4C) with a larger number of vacancies in one of 
the two sublattices (Marusak and Mulay, 1979). Nakazawa and Morimoto (1971) 
demonstrated with single crystal X-ray methods at elevated temperatures that the 
y-transition is a change from a superstructure repeating along the c-axis (NC) to a 
superstructure along the a-axis (NA). In this transition only short-range reordering 
of vacancies is involved, which requires a low activation energy and may start at 
lower temperatures than the commonly reported Ty (Bennet and Graham, 1981). 
Because of the slowness of the reordering process, the y-transition is not 
reversible upon cooling, unless cooling is slow (in the order of 0.5°C/min.; 
Schwarz, 1968; Bennet and Graham, 1980). 

It is also important to note that the 'Curie point' of hexagonal pyrrhotite is a 
phase transition rather than a magnetic transition. The reduction of magnetization 
is a order-disorder effect due to the diffusion of vacancies, distributing the vacan
cies more evenly over the two sublattices (Bennet and Graham, 1980L which can 
be described as a transition from an NA superstructure to a MC structure (Kissin 
and Scott, 1982). This reordering also starts at lower temperatures than the 
reported 'Curie temperature' of 270-290 o C (Brodskaya and Gendler, 1979) and 
competes with the increase of ordering brought about by the y-transition. 

Oxygen plays a role in how these transitions show up. When oxygen is present 
in the sulphide crystal, the mobility of vacancies might be reduced and the 
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diffusion of vacancies is slowed down until oxygen can also move (Graham, 
1987). The activation energy for the movement of oxygen is slightly higher than 
that of vacancies (106 kJ/mol and 86.8 kJ/mol, respectively; Graham et aI., 
1987), so that the transition may occur at a higher temperature when oxygen is 
present. During heating in air, the alteration in the Vrica magnetic concentrates 
occurs at 228°C. In argon the alteration starts at a much lower temperature, 
within the range generally cited for the y-transition (170-220 o C; Schwarz, 1975; 

Vaughan and Craig, 1978). The elevated transition temperature in air might be 
attributed to the influence of oxygen from the air. This oxygen can only have the 
alleged effect if it penetrates into the sulphide crystal. In the standard paleo
magnetic samples the alteration starts as low as 150°C, indicating that vacancies 
can move more freely than in the sulphides in the magnetic concentrates. Along 
the same lines of reasoning, it may be supposed that the sulphides in the 
concentrates have a higher oxygen content than the sulphides in the sediment, 
due to surface oxidation during the concentration procedure. 

Although the alteration in the standard paleomagnetic samples starts below the 
reported y-transition temperature range, it can be related to the y-transition. 
Changes in magnetic properties of pyrrhotites at temperatures close to 150 ° C 
have been reported by several authors. Thomson (1 990) reported changes in 
magnetic properties in pyrrhotite-bearing rocks starting after heating to 156°C. 
One of the effects was an increase of the rotational remanent magnetization that 
could be induced in the rocks. It was proposed that hexagonal pyrrhotite was 
responsible for this phenomenon. In other reports reordering processes in 
hexagonal pyrrhotite are mentioned at temperatures more than 60°C below Ty 
(Bennet and Graham, 1980). Like in the present samples, both changes in 
coercivities and in magnetization can occur. They can even start below 100°C 
(Brodskaya and Gendler, 1979; Brodskaya, 1980). 

Regarding possible low-temperature oxidation of the sulphides, the behaviour of 
so called "abnormal" or "anomalous" pyrrhotite should be mentioned (Clark, 1970; 
Taylor, 1971; Graham et aI., 1987). Anomalous pyrrhotite can occur in low
temperature sedimentary environments as rims around monoclinic pyrrhotite after 
low-temperature oxidation (Clark, 1970). It has a low magnetization and very low 
Curie temperature (approximately 250°C), but heating to 240-250 o C produces a 
material with a Curie temperature pver 300°C and a magnetization close to that of 
monoclinic pyrrhotite, presumably through some kind of rearrangement in the 
crystal (Graham et aI., 1987). This alteration has similarities with the alteration 
occurring in the present samples. 

8.4. Thermal stability and Curie points 

The demagnetization temperature (or thermal stability) of the magnetization 
after alteration is also different in the present experiments. The influence of 

oxygen seems to be an important factor in this case as well. Remarkable is the 
absence of a distinct Curie temperature in the temperature range between 270 and 
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400°C. For magnetic sulphides this needs further explanation. It has been 

suggested that the Curie temperature of monoclinic pyrrhotite, like the Curie point 
of hexagonal pyrrhotite, is a structural order-disorder temperature as well, and not 
merely a collapse of magnetic exchange interaction (Graham et aI., 1987). The ~

transition which occurs slightly above or at the same temperature (320°C; cf. 
Schwarz and Vaughan, 1972) also involves the diffusion of vacancies and it 
constitutes the transition from MC superstructures to disordered pyrrhotite (1 C 
superstructure). This change in superstructure occurs for a large range of 

compositions (Ward, 1970; Kissin and Scott, 1982) from monoclinic to troilite 

(FeS). Here as well foreign ions like oxygen may prevent the diffusion and the 
ferrimagnetic structure may be sustained up to higher temperatures (Graham et aI., 
1987). If the Curie temperature of monoclinic pyrrhotite is related to this ~

transition, the temperature at which it occurs may be influenced. Rochette et al. 
(1990) suggested that this process could be responsible for the anomalously high 

maximum blocking temperatures (up to 350°C) of some pyrrhotites. In our case 
the presence of Ni could also have some influence, but oxygen seems to be a 
major factor in the alterations. The 'Curie temperature' of hexagonal pyrrhotite, 
which is known to be a structural transition, may be suppressed by the presence 
of oxygen in the same way, so that it would not show up in the thermomagnetic 

curves. 
The thermomagnetic curves of the magnetic concentrates of VBA6 in air and in 

argon are not reversible above 250°C. In argon the magnetic minerals lose a part 
of their magnetization between 300 and 360°C, after a small increase between 
200 and 250°C (figure 21). The concentrates of VBA1 seem to lose part of their 

magnetization after heating to 300°C in argon (figure 19), but as mentioned 
before, in the next heating run the magnetization has recovered. No plausible 
explanation was found for this hysteresis effect. 

In the marl samples the IRM starts to decrease after heating to 250°C and is 
reduced to values below the original IRM after heating to 330°C. It is not unlikely 

that alterations of magnetic sulphides occur in this temperature range. Greigite is 
unstable in air and monoclinic pyrrhotite converts to hexagonal pyrrhotite and 
pyrite (Schwarz, 1975) or to magnetite and pyrite (Dekkers, 1990). It is therefore 
remarkable that the magnetic phase formed in the concentrates of VBA 1 during 

heating in air is stable even above 360°C. The modifications of the magnetic 
sulphide, possibly the incorporation of oxygen, seem to make the phase thermally 
more stable. 

Magnetic transitions are in principle reversible, but high cooling rates (in the 
case of the stepwise thermal procedure) or changes in the structure other than 

diffusion of vacancies may cause irreversible behaviour. A dependence of the 

magnetization increase on heating rate, as observed in the magnetic concentrates, 
was reported for the y-transition by Schwarz (1967) and Zapletal (1993). It is 
caused by two competing ordering processes that have different activation 

energies and therefore different reaction rates. Their equilibrium depends on the 
temperature. This is illustrated by the thermomagnetic curve after annealing at 
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265 ° C for 15 hours (figure 17) and by the relatively small increase of 

magnetization when a low heating rate is used (figure 14). If oxygen has the 

suggested influence on the structural transitions near the 'Curie points' of 
hexagonal and monoclinic pyrrhotite, it could explain why the magnetization is 
best preserved during thermomagnetic analysis in air and why the IRM almost 

completely disappears in the paleomagnetic marl samples after heating to 330°C. 

8.5. Arguments for pyrrhotite 

The thermal alterations indicate that hexagonal pyrrhotite or a similar sulphide 
may be present in the Vrica marls. Hexagonal pyrrhotite is antiferromagnetic in 

stoichiometric form and therefore not able to carry a remanence. Nevertheless the 

IRM increases during heating (e.g. figure 7), indicating a strong interaction 

between the original magnetic phase and the altered magnetic phase. Possibly the 

vacancy distribution in the pyrrhotite is not completely that of an ideal 
antiferromagnet, so that the hexagonal pyrrhotite is slightly ferrimagnetic at RT. At 
the y-transition the magnetization of this pyrrhotite may increase. 

Another possibility is the presence of more and less magnetic intergrowths in 
one sulphide grain. The remanence direction of the more magnetic part (the 
original remanence carriers e.g. monoclinic pyrrhotite) could then be transferred to 
the new remanence originating from the y-transition in the part of the grain with 

the less magnetic vacancy distribution. The initial magnetization of the mixed
phase grains is low, but due to the y-transition the magnetization increases (Ward, 
1970; Brodskaya and Gendler, 1979). The remanence residing in this pyrrhotite 

may preserve the original direction during the increase. There are no reports to 
confirm this suggestion. More complex processes may occur, since natural iron 
sulphides in sediments may be inhomogeneous. 

The high maximum blocking temperatures of the IRM in the marl samples (see 
chapter 6) might be explained by the proposed influence of oxygen on the vacancy 
reordering. It is possible that only the newly formed remanence, which is coupled 
to the existing remanence, has these high blocking temperatures. It was observed 
that an IRM induced after heating to 200°C tended to be thermally more stable 
than the original IRM, but even in samples where the alterations are not so 
pronounced, like VBA6 and VBA7, the high blocking temperatures occur. A high 

Ni content is not required for the alteration to occur. In the concentrates of VBA6 
the highest Ni contents were found, but only a small increase of magnetization 

was found. 
There is no obvious explanation for the observation that the new remanence 

has mainly coercivities > 50 mT and is mainly coupled to remanence with the 
same coercivities. The coercivities might be related to the special structure of the 
sulphide grains, that is responsible for the observed behaviour. 
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8.6. Arguments for greigite 

There are also arguments in favour of the presence of greigite in the marls, in 
particular a greigite similar to the sedimentary greigite with higher coercivhies 
found by Horng et al. (1 992). From the thermomagnetic behaviour the presence of 
greigite could not be confirmed, however, although the phase resulting after the 

alteration at 228°C in the V8A 1 magnetic concentrates has a thermal stability 

that can only be compared to concentrates of greigites found in some sediments 
(Snowball, 1991; Tric et aI., 1992; Horng et aI., 1992). 

A remarkable detail in the thermal analyses of those concentrates is a small 

increase of magnetization between 250 and 300°C, when performed in a nitrogen 
atmosphere (Tric et al.,1992, Horng et aI., 1992). Although the remanence 

increase in the samples of the present study is much more pronounced, it indicates 

that the two magnetomineralogies may have something in common. In the latter 
two references only thermomagnetic runs up to 600°C are reported, so that the 
thermal stability of the greigites could not be assessed. 

Therefore partial thermomagnetic runs in air of the greigite extracted by Horng 
et al. (1992) were performed with the very sensitive Curie balance at Fort 
Hoofddijk, with the routine heating rates. These curves show a small increase of 
magnetization starting at about 160°C and the thermal instability of the greigite 
starts at 250°C (Dekkers, pers. com.). Although there are similarities, this 
behaviour differs from thermomagnetic behaviour of the magnetic concentrates of 
the Vrica marls. The presence of greigite can therefore not be confirmed. The 
monoclinic pyrrhotites found by Horng et al. (1992) in the same section as the 
greigites are thermally much more stable and show a clear Curie point at about 
320°C (Dekkers, personal communication). This behaviour has no similarities with 
the magnetization of the Vrica marls. 

The thermal behaviour of sulphide magnetization appears to be complex and 
relatively unknown. Identification of magnetic sulphide phases using thermal 
stability and Curie temperatures is therefore difficult. Apparently, the properties of 
natural sulphides are influenced by their environment. Differences in formation 
conditions will obviously influence the final sulphide phases, but a change in redox 
conditions in a later stage in the geologic history may also affect the sulphides. 

The thermomagnetic properties of the magnetic minerals from sites V8A 1, 
V8A6 and V8A7 show distinct differences. The rock magnetic properties (chapter 
6) also show that the magnetic sulphide content varies throughout the Vrica 
section. The variation in thermal decay curves of IRM, for example, confirms this 
view. The increase of IRM and Her after heating to 200°C, however, seems to be 

a common phenomenon. In the stratigraphic interval between 50 and 90 m, for 

example, every sample that was heated to 200°C showed the alteration. Only the 
magnitude of the changes varies. Outside this interval no dedicated experiments 

were performed, but the occurrence of the alteration could be inferred from the 
demagnetization behaviour of the NRM in many samples from every part of the 
section. 
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9. The effect of the alterations on NRM behaviour 

The enigmatic demagnetization behaviour of the NRM in many samples can be 
explained with the results of this alteration study. It is clear that thermal altera

tions influence the demagnetization behaviour above 350 ° C. The occurrence of 
these disturbances is not surprising. The thermal experiments of the present study 
show that the total IRM, which is already about 1000 times stronger than the 

NRM, increases by another factor of 10 during thermal treatment above 350°C. 
Viscous grains are also produced. 

The more subtle alterations between 150 and 250°C have a notable influence 
on the thermal decay curves of different IRMs (figure 7). During heating a new 

remanence is formed with the same direction as the existing remanence causing 
an increase of remanence instead of the expected decrease. The same alteration 
reaction occurs in the magnetic minerals carrying the NRM. There are samples in 
with no signs of such an alteration (figure 1a). In these samples interpretation of 
the primary direction is straightforward. In a large number of samples distributed 
over the entire section, however, the influence of the alterations between 150°C 
and 250°C prevents the accurate determination of the separate NRM components 
(figure 1b,c,d). In some samples the remanence seems to increase in the same 
way as the IRM (figure 1cl, but in general the direction of the changes appears to 
be random. No general relation between existing remanence components and the 
direction of the new remanence was found. This may be because the apparent 
'demagnetized' directions are the combined effects of the demagnetization of 
existing remanence and the formation of new remanence. Alternatively, the 
explanation may be related to the occurrence of the alteration specifically in 

remanence carriers with higher AF coercivities. The high coercivities may point to 
a complicated sulphide structure and an accordingly complicated magnetization. 

Interpretation of the NRM demagnetization results will strongly depend on the 
presence or absence of erroneous new remanence components after the heating 
steps between 150 and 250°C. When the alteration occurs, the demagnetization 
steps between 150 and 300°C have to be considered with caution. Because the 
much better known formation of spurious magnetizations already starts around 

350°C and will usually give erroneous results well below 400°C, the temperature 
steps between 300°C and 350°C may be the most reliable in these samples. 

The formation of similar deviating components at low temperatures during 
thermal demagnetization of I'JRM residing in magnetic sulphides was encountered 
by Krs et al. (1990) and Dinares and Pares (1993). The NRM in the middle 
Miocene clay stones studied by Krs et al. is carried by greigite. In some samples a 

deviating demagnetization trajectory is observed in the same temperature range 
(150-300 0 C) as in the Vrica marls. This deviation has characteristics similar to the 

one observed in the present samples, but it is accompanied by a large increase in 
susceptibility. In the Vrica samples such an increase is not evident, although this 
may be due to the very low concentration of magnetic minerals compared to the 
paramagnetic clay minerals. Dinares and Pares reported the occurrence of a 
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spurious component with a direction antiparallel to the characteristic direction in 

Jurassic to Eocene marly limestones. This component was only found during 
thermal demagnetization. The spurious component increased between 150°C and 
300°C. In these marly limestones this was not accompanied by an increase of 

susceptibility. The phenomenon was attributed to an alteration in magnetic 
sulphides and thermal demagnetization of an IRM indicated maximum blocking 

temperatures close to 400°C. 

10. Conclusions 

The magnetic sulphides in the Vrica marls are subject to thermal alterations. 

With the IRM monitoring method (van Velzen and Zijderveld, 1992) the alterations 
can be studied in detail. Alterations starting at about 350° C are due to the 
oxidation of pyrite and other iron sulphides. The alterations start with the 

formation of magnetite-like grains. Subsequently these grains are converted to 
hematite. 

The first alteration is observed at much lower temperatures. After heating at 
150°C and 200°C, an increase is observed of the total IRM that can be induced in 
the samples. It is demonstrated that it is likely an increase in remanence of a part 
of the magnetic minerals. During heating to 250° C, the total IRM starts to 
decrease and the new remanence formed at 150°C and 200°C has completely 
disappeared after heating to 330°C. In part of the samples the alterations affect 
the thermal demagnetization of the NRM. Occasionally the NRM increase that 
occurs at 150°C and 200°C can be related to the characteristic NRM component. 
In other cases no relation between the direction of the remanence increase and 
existing NRM components is apparent. 

Thermomagnetic analysis of magnetic concentrates yields different results. 
During heating in argon the magnetization starts to increase below 190°C, while 
in air the increase starts at about 230°C. It is suggested that the alteration is 
related to the y-transition in hexagonal pyrrhotite. In agreement with other workers 
it is suggested that the diffusion of vacancies, responsible for the change in 
magnetization at the y-transition, already starts below the transition temperature 

and that it affects the magnetization of the pyrrhotite at temperatures as low as 
150°C (Brodskaya and Gendler, 1979; Brodskaya, 1980; Bennet and Graham, 
1980). 

The different alteration temperatures may be related to the presence of oxygen 
in the sulphides. Oxygen in the pyrrhotite crystal may hinder the diffusion of 
vacancies (Graham et aI., 1987). The increasing alteration temperatures may then 
be explained by an increasing oxygen content of the sulphides. The least oxygen is 

assumed to be present in the magnetic sulphides in the standard paleomagnetic 
samples. Some oxygen can be introduced in the magnetic sulphides during the 
concentration procedure due to superficial oxidation. During heating in air 
oxidation may proceed. 
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In the same way the presence of oxygen can stabilize the increased mag

netization. Because the 'Curie point' of hexagonal pyrrhotite is in fact a reordering 

of vacancies, the influence of oxygen could be the same as before. Following the 
suggestion of Rochette et al. (1990), also the Curie temperature of monoclinic 
pyrrhotite could be influenced by the reordering of vacancies which results in the 
p-transition at temperatures only slightly higher than the observed Curie 

temperature of monoclinic pyrrhotite. This could be an explanation for the high 
maximum blocking temperatures (330-375 DC) of part of the remanence. 

It is suggested that the magnetic sulphides are inhomogeneous, having partly 

the ferrimagnetic structure of monoclinic pyrrhotite, partly the more or less ideal 
antiferromagnetic structure of hexagonal pyrrhotite. Heating results in the y
transition in the hexagonal pyrrhotites and the new remanence may adopt the 
remanence direction of the closely associated monoclinic pyrrhotite. 

Possibly greigite carries part of the remanence. The thermomagnetic properties 
neither confirm nor exclude this. Since the described alteration does not occur in 
all samples with the same intensity, a varying amount of different magnetic 
sulphides may be present in different parts of the section. 
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Samenvatting 

De gesteentemagnetische eigenschappen van twee verschillende Pliocene en 
Pleistocene mariene mergels uit Zuid-Italie zijn onderzocht. Verschillen in sedimen

tatiemilieu hebben ertoe geleid dat de magnetische mineralen in deze mergels 
geheel verschillend zijn. De hoofdstukken 2, 3 en 4 zijn gewijd aan de gesteente
magnetische eigenschappen van de vroeg Pliocene mariene mergels van de Trubi 
formatie. Deze pelagische mergels, die gemonsterd werden bij Eraclea Minoa in het 

Caltanissetta bekken op Zuid-Sicilie, hebben een hoog kalkgehalte (60-80%), een 

sedimentatiesnelheid van 4-5 cm/1000 jaar en een cyclische lithology die verband 
houdt met de variaties van de baan van de aarde (foto 1, biz. 11). De primaire 
remanentie in de Trubi mergels wordt gedragen door magnetiet. In de hoofd

stukken 5, 6 en 7 worden de magnetische resultaten van de laat Pliocene tot 
vroeg Pleistocene marine mergels van de Vrica sectie behandeld (foto 2, biz. 11). 
De Vrica sectie is de type sectie voor de grens tussen het Plioceen en het 
Pleistoceen en is gelegen in het Crotone-Spartivento bekken in Noord-Calabrie. De 
mergels zijn in ondieper water afgezet met een sedimentatiesnelheid tussen 25 en 
50 cm/1000 jaar en hebben een kalkgehalte van slechts 15 tot 25%. Klimato

logische fluctuaties tengevolge van variaties in de baan van de aarde hebben in 
deze mergels gezorgd voor veelvuldig voorkomende sapropelitische lagen. De 
belangrijkste magnetische mineralen in de Vrica mergels zijn magnetische sulfides. 

In hoofdstuk 2 worden de gesteentemagnetische eigenschappen van de Trubi 
mergels onderzocht. Gebruikte meettechnieken zijn onder meer acquisitie van 
isotherme remanente magnetisatie (IRMl, wisselveld demagnetisatie en thermische 
demagnetisatie van IRM, hysterese metingen en lage temperatuur metingen van 
IRM tot vloeibaar stikstof temperatuur. Zeer kleine magnetiet korrels met slechts 
een magnetisch domein (SD magnetiet) blijken de belangrijkste dragers van 
remanente magnetisatie te zijn in de Trubi mergels. 

In hoofdstuk 3 wordt een methode gepresenteerd om omzettingen van magne
tische mineralen tijdens stapsgewijze thermische demagnetisatie te bestuderen. De 
methode kijkt naar veranderingen in totale IRM en veranderingen in het coer
civiteitsspectrum van deze IRM om te bepalen in welke magnetische fracties 
omzettingen optreden. De resultaten bevestigen dat magnetiet de belangrijkste 
remanentiedrager is. Tijdens verhitten tot temperaturen boven 390°C worden in 
de mergels nieuwe magnetische mineralen gevormd met eigenschappen vergelijk
baar met die van magnetiet. Omzetting van pyriet is hiervoor de meest waarschijn

lijke bron. De vorming van de nieuwe magnetische mineralen blijkt uit een toename 

van de magnetische susceptibiliteit en de totale IRM en uit het optreden van 
viscueuze magnetisaties. Tevens wordt aangetoond dat de demagnetisatie boven 

500°C gedeeltelijk het gevolg is van de omzetting van magnetiet naar hematiet. 
Dit heeft geen invloed op de analyse van de richtingen van de natuurlijke 
remanente magnetisatie (NRM). 
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Rond 150°C treedt een omzetting op die wei van invloed is op de juiste 
analyse van de NRM. Bij verhitten tot 150°C verdwijnt bijna aile IRM met wissel
veld coerciviteiten hoger dan 100 mT, terwijl de IRM met wisselveld coerciviteiten 
lager dan 100 mT toeneemt. Deze omzetting wordt verklaart door aan te nemen 
dat de coerciviteit van SO magnetiet korrels afneemt tengevolge van de afname 
van mechanische spanning. In hoofdstuk 4 wordt uitgebreid aandacht besteed aan 
dit proces. Het blijkt dat de in de secties waargenomen variatie van remanente 
coerciviteiten vooral veroorzaakt wordt door verwering. Na verhitten tot 150°C 
zijn de hoge coerciviteiten gereduceerd tot waardes die normaal zijn voor 
magnetiet en daarmee zijn de oorspronkelijke verschillen in coerciviteit bijna 
verdwenen. Thermische demagnetisatie experimenten tonen dat magnetiet met 
abnormaal hoge coerciviteit verantwoordelijk is voor de waargenomen variatie. Ais 
verklaring wordt voorgesteld dat tijdens verwering het oppervlak van de magnetiet 
korrels een lage temperatuur oxidatie heeft ondergaan. De resulterende mecha
nische spanning in de korrels veroorzaakt een toename van de coerciviteiten. Ais 
de mergels verhit worden tot 150°C, neemt de spanning af, mogelijk door de 
diffusie van Fe-ionen en lege roosterplaatsen. Aangetoond wordt dat de toename 
van de coerciviteiten tengevolge van verwering een stabiliserend effect heeft op 
zowel de primaire component als ook op de secundaire component van de NRM. 
Na verhitten tot 150°C blijkt wisselveld demagnetisatie een veel effectievere 
methode om de NRM te analyseren dan zonder deze thermische behandeling. 

Hoofdstuk 5 laat enige gesteentemagnetische parameters zien voor de Vrica 
mergels and presenteert de resultaten van microprobe analyses van magnetische 
concentraten van de mergels. In de magnetische concentraten bevinden zich kleine 
ijzersulfide korrels met een groot aantal verschillende samenstellingen. De compo
sities varieren van pyriet tot monosulfides en zelfs sulfides met minder dan de helft 
zwavel. Opmerkelijk is de aanwezigheid van een aanzienlijke hoeveelheid Ni in veel 
van de sulfide korrels. Ni concentraties tot 35% van de totale gehalte aan metalen 
komen voor. Er wordt een overzicht gegeven van processen die zich afspelen 
tijdens vroeg diagenetische sulfaatreductie, om de aanwezigheid van magnetische 
monosulfides en de hoge Ni inhoud te verklaren. De gesteentemagnetische eigen
schappen bevestigen dat magnetische sulfides de belangrijkste remanentiedragers 
zijn. De eigenschappen komen overeen met die van monocliene pyrrhotien, met 
uitzondering van de waargenomen hoge maximum blocking temperaturen. 

In hoofdstuk 6 wordt de variatie in gesteentemagnetische eigenschappen in de 
Vrica sectie onderzocht. Met de waarnemingen worden de magnetische eigen
schappen van de remanentie dragers verder geanalyseerd. De resultaten duiden op 
een magnetische mineralogie bestaande uit wisselende hoeveelheden monocliene 
pyrrhotien en greigiet en een kleinere hoeveelheid magnetiet. Een opvallende 
afname van NRM en IRM intensiteiten, die 15 m onder de Plioceen-Pleistoceen 
grens optreedt, wordt toegeschreven aan een afname van de sedimentatiesnelheid 
door veranderende klimaatomstandigheden. 

De methode van hoofdstuk 3 wordt in hoofdstuk 7 gebruikt om_ het thermische 
gedrag te bestuderen van de magnetische sulfides in de Vrica mergels. Na 
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verhitten tot 150 en 200°C neemt de aanwezige remanentie in de monsters toe. 
In een aantal monsters veroorzaakt deze toename storende magnetisaties tijdens 
thermische demagnetisatie van de NRM. Tijdens thermomagnetische analyses van 
magnetische concentraten worden hogere omzettingstemperaturen gevonden. De 
omzetting begint in lucht bij ongeveer 190°C en in een argon atmosfeer bij 
230°C. De kenmerken van de omzetting worden vergeleken met de y-transition in 
hexagonale pyrrhotien. De variabele transitietemperaturen worden verklaard met de 
invloed van zuurstof op de diffusie van lege roosterplaatsen in het sulfide kristal. 
Inhomogene sulfide korrels of korrels met samenstellingen tussen hexagonale en 
monocliene pyrrhotien vormen mogelijk de belangrijkste magnetische sulfide fase. 
Greigiet is een andere mogelijke remanentiedrager. De coerciviteiten van sedimen
taire greigiet komen overeen met die in de Vrica sectie, maar het waargenomen 
thermische gedrag komt niet overeen worden met bekende eigenschappen van 
greigiet. 
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