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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 ~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 sect ion ( C r o t o n e - S p a r t i v e n t o  basin 

of  no r the rn  Calabria ,  Italy) consists of  open-  

mar ine  marls  dat ing f rom ca 2.1 Ma  to 1.55 Ma. 

The  sect ion has been  formally des igna ted  as the 

P l i o c e n e - P l e i s t o c e n e  boundary  s t ra totype [1] and 

has consequent ly  been  intensively s tudied [e.g. 

2-7] .  Most  recent  pa l eomagne t i c  results f rom the 

Vrica sect ion con t r ibu ted  to a de ta i led  magne-  

tos t ra t igraphy for the late P l iocene  to early Pleis- 

tocene  and the absolute  age for the P / P  bound-  

ary [8]. The  groups of  sapropel i t ic  layers that  are 
found th roughou t  the sect ion in the o therwise  

h o m o g e n e o u s  marls  are in t e rp re t ed  as in terfer-  

ence pa t te rns  re la ted  to the Ea r th ' s  orbi tal  cycles 

[9,10] and provide  an as t ronomical ly  ca l ibra ted  

polari ty t ime scale for the t ime interval  repre-  

sented  by the section. 

Dur ing  the recent  magne tos t ra t ig raph ic  study 

[8] much  a t ten t ion  was paid to the in te rpre ta t ion  

of  the thermal  demagne t i za t ion  diagrams. For  the 

present  study rock magne t ic  measu remen t s  were  

pe r fo rmed  and magne t i c  concen t ra tes  were  made  

in o rde r  to improve  our  unders tand ing  of  the 

demagne t i za t ion  process. This pape r  repor ts  the 

results of  mic roprobe  analyses of  magnet ic  con- 

centrates .  

2. Sampling sites 

Concen t ra tes  were  m a d e  of  two samples  ( V B A  

1 and V B A  6) taken f rom subsect ion Vrica B, 2.5 

m below sapropel  c and 0.5 m below sapropel  h 
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respectively (sapropel labelling by Selli et al. [3], 
see Fig. 1). The average accumulation rate of 
subsection Vrica B is 30 cm/ky  [8]. Between 
sapropels b and c and between f and h the 
sedimentation rate was 14 and 23 cm/ky respec- 
tively on the basis of the astronomical age of the 
individual sapropels [10]. The sedimentation 
depth was about 500 m. Conditions were oxygen- 
poor or anoxic during deposition of the sapro- 
pelitic layers, but at other times they were oxy- 
genated. 

The carbonate content of the marls ranges 
from 13% (in the sapropels) to 25% [11,12]. In 
the non-sapropel sediment the organic carbon 
content is between 0.4 and 0.8% [12]. The clay 
minerals in the Vrica section are mainly smectite 
(ca. 55%), illite (20%), chlorite (15%) and kaolin- 
ite (10%) [12,13]. 

3. Natural remanent magnetization 

The intensities of the natural remanent mag- 
netization (NRM) in the Vrica section vary con- 
siderably [8]. In the lower part of subsection 
Vrica B up to sapropel c relatively high intensi- 
ties are found (0.5-3 mA/m) .  Progressive ther- 
mal demagnetization removes a characteristic 
component with a normal polarity between 200 
and 300°C, after demagnetizing a viscous labora- 
tory component at 100°C and a small secondary 
component with a slightly different direction at 
about 200°C (Fig. 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 for- 
mation of new magnetic minerals in this tempera- 
ture range (Fig. 2C). 

Above sapropel c NRM intensities drop to 
0.1-0.2 m A / m .  Due to the low intensities and 
consequently relatively large secondary rema- 
nences it is often more difficult to determine 

Fig. 1. Vrica composite section. Samples VBA 1 and VI3A 6 
were taken from subsection Vrica B at the stratigraphic levels 
114 m and 162 m, respectively. Magnetostratigraphic results in 
[8]. Normal polarities are indicated in black, reversed polari- 

ties in white. 
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characteristic directions in this interval (Fig. 2B). 
Half way between sapropels e and f NRM inten- 
sities start to increase again to values between 0.1 
and 0.5 m A / m .  Thermal demagnetization dia- 
grams are similar to those in the lower part of the 
subsection, only here the characteristic compo- 
nent removed between 200 and 300 or 340°C has 
a reversed polarity. Above 340°C again the for- 
mation of new magnetic minerals prevents fur- 
ther interpretation of the demagnetization re- 
sults. Alternating field demagnetization would 
avoid thermal alterations, but alternating fields 
higher than 40 mT create new remanences that 
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 intensi- 
ties 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 A / m .  Coercivities are 
generally lower than 0.3 T, and this is confirmed 
by the alternating field demagnetization of the 

IRM (Fig. 3A and B). Remanent  coercivities (Hcr) 
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 1). Their  coercivities are sub- 
stantially higher than typical magnetite coercivi- 
ties [e.g. [14]) and compare well with coercivities 
of pyrrhotite grains in the pseudo-single domain 
size range [15,16]. Thermal demagnetization of 
IRM (Fig. 3C) shows that a large part of the 
remanence has maximum demagnetization tem- 
peratures 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 rema- 
nence points to very fine magnetite grains in the 
size range between superparamagnetic and stable 
single domain grain sizes [cf. 17]. 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 inten- 
sities and the NRM demagnetizations are dis- 
turbed by the thermal alterations above 340°C. 

The coercivities and the maximum demagneti- 
zation temperatures are close to those of mono- 
clinic pyrrhotite, except that the maximum de- 
magnetization temperatures are some 20-40°C 
higher than the Curie temperature of monoclinic 
pyrrhotite, which is generally reported as being 
between 305 and 325°C [e.g. 18-21]. However, 
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Fig. 2. (A) Stepwise thermal demagnetizat ion of a sample with a relatively high N R M  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 N R M  intensity at 200°C. Decl and Incl are calculated as the best fit for the vector removed between ca. 200 and 300°C. (B) 
The same for a sample from the part of the section characterized by lower N R M  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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higher maximum blocking temperatures (up to 
350°C) were found in fine-grained pyrrhotites by 
Rochette et al. [22]. The spurious magnetizations 
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TABLE 1 

Rock magnetic properties at the sampling sites 

VBA 1 VBA 6 

Stratigraphic level 114 m 162 m 
Polarity normal reversed 
NRM intensities 0.15-2.5 mA/m 0.05-0.37 mA/m 
Average 0.5 mA/m 0.2 n ~ / m  
IRM (2T) 380-680 mA/m 460-760 mA/m 
Hcr 80-81 mT 73-78 mT 
MD Fo f IRM(2 T )*  62mT 

* Median destructive fields of stationary alternating field 
demagnetization in three orthogonal directions. 

that occur during AF demagnetization of the 
NRM are also similar to the behaviour found in 
pyrrhotites [23,24]. 

Greigite (Fe3S 4) is also known to be a strongly 
magnetic mineral occurring in reducing sedimen- 
tary environments [e.g. 25-27, 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 [28]. 

Pyrrhotite and greigite cannot explain the 
combination of high blocking temperatures and 
high coercivities. However, the observed rock 
magnetic properties do not exclude these two 
pure iron sulphides as contributors to the rema- 
nence. 

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 1 of 
demineralized water was slowly passed through a 

Fig. 3. (A) IRM acquisition of samples with high-intensity 
NRM (closed symbols) and low-intensity NRM (open sym- 
bols). Normalized at 2 T. The IRM of the high-intensity 
samples is about four times the IRM of the weak samples. (B). 
Alternating field demagnetization 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 1. (C). Stepwise thermal demag- 

netization of IRM (2T). 



MAGNETIC IRON-NICKEL SULPHIDES OF THE PLIOCENE-PLEISTOCENE MARLS OF THE VRICA SECTION, ITALY 47 

glass tube between the poles of a Frantz isody- 
namic separator operating at a high current (1.5 
A). Some ascorbic acid was added to the suspen- 
sion in order to create slightly reducing condi- 
tions 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 demineral- 
ized water with some ascorbic acid. This first 
magnetic concentrate still consisted mainly of clay 

minerals, and it was subjected to a second con- 
centration step to separate the strongly magnetic 
fraction from the less magnetic part. The suspen- 
sion 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 miner- 
als (yield ca. 3 g). The two concentrate fractions 
still contained a considerable amount of clay min- 
erals. 

Fig. 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-ti tanium oxides (large white pieces) and iron-nickel sulphides (the small white 
grains on and between the flakes) with ca. 15 a tm% Ni. (b) Many small sulphide grains on an iron-bearing clay flake: mainly pyrite 

grains, sometimes with a trace of Ni (0.2 a tm%) and some monosulphide grains with ca. 45 a tm% S and 4 -6  arm% Ni. 
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Fig. 4. (c) Iron-bearing clay flake with sulphide grains: pyrite (without Ni) and monosulphide grains (42 atm% < S < 47 atm%) with 
between 4.5 and 17 arm% Ni. (d) Carbonate shell with sulphides that approximate monosulphides, containing Fe, Ni and Zn. The 
Zn content of the sulphide increases towards the middle of the cavity (see Table 3). The width of the shell is ca 140 ~m 

(magnification 350 x ). 

Polished thin sections of  the concentrates  were 
prepared  for microprobe analysis ( E D A )  and 
electron microscope observation to determine the 
composit ion and appearance  of  the magnet ic  par- 
ticles. 

6. Microprobe observations 

Back scatter images of  the polished thin sec- 
tions confirm that all concentra tes  still contain a 

large number  of  clay flakes. In low-field concen-  
trates of  V B A  6 many of  the clay flakes have 
small grains a t tached to them; these are the bright 
areas in the images (Fig. 4). These bright grains 
are sulphides of  various compositions. As ex- 
pected, sulphur  and iron form the main con- 
stituents of  these grains, a l though 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 
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TABLE 2 

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 

Si A1 Mg Fe K Ca Other elements 

Clay flakes with 1 1.07 0.49 0.99 0.02 0.00 VBA 1 low field 
sulphides 1 0.75 0.81 0.51 0.02 0.01 Na, Ti, S VBA 1 high field 

1 0.63 0.34 0.49 0.21 0.01 Na, Ti, S VBA 6 low field 
1 0.60 0.21 0.35 0.13 0.06 Na, Ti, S VBA 6 high field 

Fe-Cr oxides 

Fe-Ti oxides 

Fe Cr Ni Mn Mg 

1 0.25 0.12 0.02 Si, AI 
1 0.16 0.02 Ni, Mg, Ti, Si, AI 
1 0.21 0.01 0.03 Ti, Zn, Si, A1 

Fe Ti Mn Mg 

1 1.02 0.02 0.07 Si 
1 1.13 0.08 0.01 si 
1 0.5 0.01 0.05 AI 

clay flakes contain iron (Table 2). Apart from the 
clay minerals and sulphides, a few grains contain- 
ing iron and titanium were found occurring in 
sizes ranging from 1 to 50/zm. 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. 29]. 
Fe -T i  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 
2). These grains are supposedly paramagnetic too. 

The abundance of the sulphides and the ab- 
sence 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 focussed 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 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 micro- 
probe). The measurement of the exact composi- 
tion of the sulphide grains with the microprobe 
was complicated by the small size of most of the 

grains (<  1.5/xm, a size that is comparable to the 
spot size of the electron beam (ca 1 /zm)). 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 composi- 
tions for the suphides, especially whith 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 A1 meas- 
ured is actually derived from the background. 
After correction the atom percentages are con- 
sidered to be fairly accurate. Depending on the 
magnitude and the estimated accuracy of the 
correction the results are divided into well-de- 
termined (with estimated errors less than 2 atm% 
S and 2% Ni) and somewhat less well determined 
(errors < 4%) compositions. 

Most microprobe analyses were performed on 
sulphide grains in the low- and high-field concen- 
trates 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 (Fig. 5), from 
compositions close to pyrite, via pyrrhotite, to 
sulphur contents close to that of pentlandite. The 
percentage of nickel replacing the iron in the 
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sulphides is not  restricted to a few percent  only, 
and Ni concentra t ions  of  up to 35% are mea-  
sured. 

The  sulphide composit ions can be roughly di- 
vided into four groups: (1) a pyrite group with 
6 0 - 7 0 %  S and occasionally a few percent  Ni, (2) 
a gre igi te-pyrrhot i te  group with 5 2 - 6 0 %  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 percentages  from 
zero to 32, and (4) a highly sulphur deficient 
group with less than 43% S and Ni between 5 and 
15% of the total metal  content.  

The composit ions of  sulphide grains on a sin- 
gle clay flake are not always the same. I ron 
sulphides with and without Ni occur on the same 
flake. Also, pyrite-like composit ions and mono-  
sulphide composit ions may occur together  on the 
same flake. 

In one case, on the inside of  a carbonate  shell 
(Fig. 4d), zinc was found to be a major  con- 
stituent of  the i ron-nickel  sulphides. The  sulphur 
content  of  separate grains varies only between 
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Fig. 5. Microprobe analyses (EDA) of sulphide grains from 
VBA 6 (low- 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. 

TABLE 3 

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 

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

In carbonate 44.7 55.0 0.2 1.0 
Edge of carbonate 49.6 49.4 0.9 0.6 
Edge of carbonate 50.7 43.7 4.8 0.6 
In middle 48.1 11.3 0.1 40.4 
In middle 46.2 17.2 0.1 36.4 

46.2 and 50.7 a tm%, placing them in the third 
group of  sulphide compositions. The metal con- 
tent, however, varies considerably. On  the inside 
edge of  the shell the sulphides contain a variable 
amount  of  Ni (0.2-4.8%, see Table 3) and Zn. 
Zinc becomes more  important  nearer  the middle 
of  the cavity, where it is a major  consti tuent (up 
to 40 a tm% of the sulphide). This increase in Zn 
content  towards the middle of  the cavity may 
reflect t ime-dependent  availability of  the metal 
ions [30]. This is a typical example of  authigenic 
sulphide formation related with the presence of  
organic material  [cf. 31,32]. Black spots found 
throughout  the sediment  probably represent  simi- 
lar concentra t ions  of  sulphides, some of  which 
may be magnetic.  This would explain why the 
sediment  is very inhomogeneous  with respect  to 
the remanent  intensities (cf. Table 1). 

7. Comparison with known sulphides 

The wide range of  sulphide composit ions 
makes it difficult to determine which sulphide or  
sulphides are the remanence  carriers. Most  of  the 
sulphide composit ions 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 sui- 
phides of  the first group (60 -70% S) have compo-  
sitions close to pyrite (FeS2), with occasionally 
some Ni (up to 2%). The  grains containing Ni 
could be a member  of  the bravoite (Fe,Ni)S 2 
solid solution series. Bravoite has a highly vari- 
able Ni content  and has been synthesized at low 
tempera tures  [33]. Unlike the sulphides in the 
sediment,  bravoite is metastable.  It is difficult to 
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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 arm% S). 
This mineral is often observed in combination 
with pyrrhotite [34] and greigite mineralizations 
[31]. Smythite is magnetic [20,34], but it has a very 
limited thermal stability ( <  75°C [35]), and it 
would not therefore survive our thermal demag- 
netization at higher temperatures. Also, the 
smythites reported have only a very low Ni con- 
tent. 

The third group is sulphur deficient, with Ni 
ranging from 0 to 32%. The sulphur content is 
close to that of pentlandite ((Fe,Ni)gS8, 47.4 
atm% S), but the Ni content is lower than in 
naturally occurring pentlandites (35-66% [20]). 
The measured chemical composition is not con- 
sistent with any known mineral. However, a syn- 
thetic iron sulphide (FegS 8) with the cubic pent- 
landite structure has been prepared by the flash- 
evaporation technique of vacuum deposition [36]. 
No properties of this FegS 8 are known. One 
could speculate on having found the natural ana- 
logue of this synthetic mineral, an extension of 
the pentlandite compositonal range to more Ni- 
poor, and even Ni-free, compositions. Since both 
FegS 8 and pentlandite have the same cubic pent- 
landite structure, it is not unlikely that all compo- 
sitions 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. Pent- 
landite itself is paramagnetic and is associated 
with magmatic ore deposits, in which it often 
occurs intergrown with pyrrhotite. Pent landi te /  
pyrrhotite intergrowths are formed through exso- 
lution from the (Fe,Ni)S solid solution series, the 
series being complete at high temperatures. This 
mode of occurrence does not imply that the pre- 
sent 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 ori- 
gin. 

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

(Fel+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 [37] found up to 18.7 wt% Ni in macki- 
nawite in basic rocks and Clark [38] up to 8% Ni. 
M6ssbauer studies have yielded conflicting results 
on whether mackinawite possesses a magnetic 
structure [39,40]. Troilite (FeS) is antiferromag- 
netic, but terrestrial troilite is extremely rare, 
occurring only in meteorites. Possible Ni substitu- 
tion is not known. 

The fourth group of grains is even more sul- 
phur 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 
paramagnetic [20]. 

Although the microprobe analyses are accu- 
rate, 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 1 Izm, intergrowths 
would not be visible under the microprobe. The 
analyses would then yield average values for sul- 
phur, iron and nickel, between the true composi- 
tions of the two distinct phases. No 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 micro- 
probe. The concentration procedure was per- 
formed under reducing conditions, so oxidation 
should be inhibited, but the sulphides neverthe- 
less remain vulnerable to this process. 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 that the N i / F e  
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 anal- 
yses with a very low S content are due to more 
severe oxidation. In general, however, consider- 
ing the consistency of the analyses between con- 
centrates, discrepancies are not expected to be 
very large. 



52 A.J.  V A N  V E L Z E N  E T  AL.  

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. Subse- 
quent to this FeS phase, mackinawite, greigite 
and finally pyrite are formed. Amorphous FeS, 
mackinawite and greigite are usually referred to 
as Fe-monosulphides. These intermediate mono- 
sulphides are in principle metastable [e.g. 41-43], 
but they may be preserved in the sediment when 
sulphate from the porewater is depleted and re- 
ducing conditions continue to exist. Mossmann et 
al. [43] conclude that polysulphides are necessary 
for the reaction of monosulphides to pyrite. 
Hence, monosulphides may be preserved if for- 
mation of polysulphides is inhibited. The observa- 
tion of pyrrhotite in sediments is, however, rather 
enigmatic from the sulphate reduction point of 
view, and only Sweeny and Kaplan [44] mention 
hexagonal pyrrhotite as part of the sulphate re- 
duction reaction chain. 

In contrast to the omnipresence of iron sul- 
phides, the presence of nickel-bearing sulphides 
in marine sediments is rarely reported. Luther et 
al. [45] found up to 4 wt% Ni in pyrite framboids 
in recent estuarine sediments in Newark Bay, 
New Jersey. They also found Zn and Mn sul- 
phides in the sediment. Authigenic greigite- 
smythite mineralizations with on average 0.2 wt% 
Ni have been reported from Middle Miocene 
claystones in Bohemia [26,28,31]. Whenever 
iron-nickel sulphides in a sedimentary environ- 
ment are reported, the contribution of Ni is re- 
stricted to a few percent. It is therefore remark- 
able 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 mag- 
netic concentrates demonstrates 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 sul- 
phides are very unlikely to occur in a marine 
environment. Sulphides such as pyrite, and espe- 

cially pyrrhotite and greigite, are readily oxidized 
under the oxic conditions to which they are sub- 
jected during transport [e.g. 46]. An iron-nickel 
sulphide such as pentlandite also weathers under 
atmospheric conditions. 

The relatively high sedimentation rate and in- 
put of organic material created a reducing envi- 
ronment once the sediment was sealed from the 
oxygenated bottom waters [e.g. 42], setting the 
stage for sulphate reduction. Nickel can appar- 
ently participate in the subsequent reactions. If 
Ni is available, it may partly substitute for iron 
during authigenic sulphide formation [45]. In 
high-temperature assemblages Ni substitution is 
very common. A small percentage of Ni in 
pyrrhotite, for example, is not unusual in sul- 
phide deposits [47,48]. In the latter case the Ni 
substitutes for Fe and the pyrrhotite vacancy dis- 
tribution remains unchanged [49]. 

9. Sources of  iron and nickel 

The iron for the sulphides in the sulphate 
reduction reactions is usually derived from poorly 
crystalline Fe oxides such as goethite and ferrihy- 
drite [50], which occur as coatings on silicate 
grains. The fact that almost all 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 [51,52]. 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 con- 
nected with the enrichment of Ni encountered in 
sapropels [12,32,53]. The Ni might be derived 
from F e - C r  oxides, which were found to contain 
varying amounts of Ni (Table 2). It is possible 
that very local factors determine the Ni availabil- 
ity. 

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 percent Ni in pyrrhotite 
does not change the vacancy distribution [49], 
although the Curie temperature of pyrrhotite with 



MAGNETIC I R O N - N I C K E L  SULPHIDES OF T H E  PLIOCENE-PLEISTOCENE MARLS OF T H E  VRICA SECTION, ITALY 53 

just 1% Ni is slightly lower than that of normal 
pyrrhotite [54]. If the monoclinic pyrrhotite struc- 
ture 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 m B, respectively) will 
undoubtedly have major implications for the mag- 
netic properties. 

Greigite also is a strongly ferrimagnetic min- 
eral, but its magnetic properties are poorly un- 
derstood 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 na- 
ture 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 authigene- 
sis of the sulphides possibly resulted in non-in- 
stantaneous 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 sul- 
phate reduction and formation of sulphides is 
restricted to a small interval in the sediment 
column. The reactions virtually cease as soon as 
sulphate from the porewater is depleted or the 
readily metabolizable organic matter is com- 
pletely oxidized [50]. Sulphate reduction contin- 
ues at a much lower rate dictated by sulphate 
diffusion in the sediment or the slower oxidation 
of the remaining organic compounds. The magne- 
tostratigraphic results show that the polarity in- 
tervals observed in the Vrica sediment compare 
well with the geomagnetic polarity time scale for 
the time interval in question [8]. The results thus 
suggest that the majority of the magnetic sul- 
phides must have formed in a relatively short 
period not long after sedimentation. Small-scale 
variations in magnetic properties and consequent 
differences in demagnetization 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 Fig. 4d). 

12. Conclusions 

The rock magnetic parameters of the Plio- 
Pleistocene open-marine marls of the Vrica sec- 
tion point to magnetic iron sulphide as a rema- 
nence carrier, although the blocking tempera- 
tures of NRM and IRM are too high for stoichio- 
metric rnonoclinic pyrrhotite (340-360°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 concen- 
trates. Attached to the clay flakes are numerous 
small spherical sulphide grains, most of which are 
smaller than 1.5 txm. 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 monosul- 
phide compositions are present, and these nor- 
mally comprise an intermediate stage in authi- 
genic pyrite formation. This and other observa- 
tions indicate that the sulphides are of authigenic 
origin. 

Four major compositional groups can be dis- 
tinguished: (1) pyrite with a few percent Ni, (2) 
greigite-pyrrhotite compositions with usually be- 
tween between 20 and 35% Ni, (3) sulphur-defi- 
cient pentlandite-like compositions with between 
0 and 32% Ni, and (4) even more sulphur defi- 
cient 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 those of 
any natural sulphides hitherto reported. (A more 
detailed mineralogical characterization of the 
mineral phases by X-ray diffraction was not suc- 
cessful due to the high clay content of the mag- 
netic concentrates, which resulted in the sul- 
phides 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 pent- 
landite-like sulphides form the largest group of 
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s u l p h i d e  c o m p o s i t i o n s  in  t h e  m a g n e t i c  c o n c e n -  

t r a t e s  s u g g e s t s  t h a t  t h e y  a r e  f e r r i m a g n e t i c  too .  

F u r t h e r  s t u d i e s  to  c h a r a c t e r i z e  t h e  m i n e r a l  p h a s e s  

a n d  t h e i r  p o s s i b l e  f e r r i m a g n e t i c  s t r u c t u r e  a r e  in  

p r o g r e s s .  
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