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ABSTRACT

Langereis, C.G. and Dekkers, MJ., 1992. Palaeomagnetism and rock magnetism of the Tortonian—Messinian boundary
stratotype at Falconara, Sicily. Phys. Earth Planet. Inter., 71: 100—111.

The Tortonian—Messinian boundary stratotype at Stazione Falconara (Sicily) yields normal polarity remanent magnetizations of post-tilting age, implying that the entire section is (sub)recently remagnetized. The absence of direct time control on
the biostratigraphic datum levels in the section makes it therefore less suited as a boundary stratotype section. Existing age
estimates for the Tortonian—Messinian boundary are discussed; it is concluded that an age of 5.6 Ma is at present the best
estimate. Assessment of the magnetic mineralogy in the Falconara section shows that rock magnetic parameters are for a
large part lithologically controlled. A second important controlling factor is the numerous joints, which could have acted as
channels for circulating groundwater and from which predominantly (sub)recent finely crystalline haematite was precipitated, possibly mediated by weathering processes. This haematite has completely replaced an earlier and presumably
magnetite-dominated magnetic mineralogy.

1. Introduction
The Tortonian—Messinian boundary is marked
by the first occurrence (FO) datum of the
Globorotalia conomiozea group (d’Onofrio et a!.,
1975; Colalongo et a!., 1979a). It constitutes an
important datum level in the Mediterranean Neogene, not least because it preludes the Messinian
‘salinity crisis’: the desiccation of the Mediterranean which in turn is followed by the Pliocene
flooding event. For a detailed magnetostratigraphic study of the Mediterranean upper
Miocene, a number of marine clay sections were
sampled on Crete and on Sicily. The sections
from Crete gave excellent results and showed that
the FO of the G. conomiozea group occurs in a
reversed polarity zone—interpreted to represent
the reversed subchron of Chron 5—and conse0031-9201/92/$05.00 © 1992
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quently has an age of 5.6 Ma (Langereis, 1984;
Langereis et al., 1984).
The Tortonian—Messinian boundary stratotype
itself has been defined in the Falconara section
near Stazione Falconara in southern Sicily (Colalongo et al., 1975b); the FO of the G. conomiozea
group (Zachariasse and Spaak, 1983) coincides
with the level taken as the physical reference
point for the Tortonian—Messinian boundary. Evidence for the time equivalence of the FO of the
G. conomiozea group in the Mediterranean was
strongly suggested by calcareous nannoplankton
stratigraphy (Theodorides, 1984). On the basis of
this time equivalence, Langereis et al. (1984) concluded that the boundary has an age of 5.6 Ma, a
conclusion which has led to some controversy
(Berggren et al., 1985). Direct magnetostratigraphic control of the boundary stratotype itself
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NRM intensities

has been lacking. This study presents the palaeomagnetic and rock magnetic results of the Falconara section. In addition, current data on the
age of the Tortonian—Messinian boundary are
discussed.
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2. The Falconara section
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The Falconara section is located close to the

~

eastern border of the Caltanisetta basin in central—southern Sicily (Fig. 1). The section consists
of Tortonian pelagic marls overlain by an early
Messinian diatomite series known as ‘Tripoli’
(Colalongo et al., 1979; Van der Zwaan, 1979,

;

TripoliAzzarro
1982;
reflect
sedimentation
open marine
et al., 1988).
occurred
conditions,
The inTortonian
small
whereas
evaporamarls
the
tive basins periodically cut off from the open sea
(Colalongo et a!., 1979a; Bellanca et al., 1986).
The blue—grey Tortonian marls are interbedded
with brown, occasionally laminated clays. The
Tripoli diatomites are typically white and finely
laminated; they alternate regularly with light
brown mans. This cyclic bedding is probably related to the precessional cycle of the Earth’s
rotation axis. Four main lithological units can be
discerned in the Falconara section (see Fig. 2).
The Tortonian marls can be divided into three
groups: in the lowest group (I in Fig. 2) brown
intercalated laminated beds occur; in the middle
group (II) these are absent; and in the upper
group (III) they occur most abundantly. Fracturing is most pronounced in the Tortonian marls
and is evident from gypsum needles along numerous joints. The Messinian Tripoli forms the up-
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Fig. 1. Location of the Falconara section.
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Fig. 2. Lithology, biostratigraphy and initial NRM intensities
of the Falconara section. The lower part consists of Tortonian
marls, the topmost part consists of an alternation of light
brown marls and diatomites (‘Tripoli’). sa, Shift in coiling of
N. acostaensis; gc, FO of G. conomiozea; 5, FO of G. menardii
form 5; 4, LO of G. menardii form 4; F, LO of G. falconarae.
I—IV denote intervals with different rock magnetic properties
(see text).

permost group (IV); this group show no visible
jointing.
Biostratigraphically, the Falconara section here
considered ranges from the last occurrence (LO)
of Globorotalia falconarae to the coiling shift in
Neogloboquadrina acostaensis (Fig. 2). Details on
the biostratigraphy of the section have been discussed earlier (Colalongo et a!., 1979a,b; Van der
Zwaan, 1979, 1982; Zachariasse, 1979b; Zachariasse and Spaak, 1983; Theodorides, 1984) and
will not be reiterated here. It should be noted,
however, that there is a considerable discrepancy
in the relative distances between the LO of
Globorotalia menardii 4, the FO of Globorotalia
menardii 5 and the FO of G. conomiozea, if one
compares the datum levels from Crete
(Zachariasse, 1979a; Langereis et al., 1984), the
Tyrrhenian Sea (Glaçon et al., 1990) and Falconara: in the Falconara section the FO of G.
conomiozea follows the FO of G. menardii 5
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immediately almost, indicating an abrupt decrease in sedimentation rate or the presence of a
fault. Indeed, F.J. Hilgen (personal communication, 1990) pointed to the extreme variability of
biostratigraphic results, even between adjacent
sampling tracks, which probably indicates ubiquitous (small-scale) faulting.
Samples were obtained by drilling cores in the
field, using a water-cooled electric drill and a
portable generator. Much effort was made to
remove the weathered surface and to drill in
fresh sediment. Because of the fracturing and the
numerous joints, this often proved difficult, and
cores could be drilled only in the centre of usu-

A

SF 4.2

B

ally small blocks. The bedding plane has a strike
of 229°and a dip of 24°W.

~ Palaeomagnetic and rock magnetic results

3.1. Demagnetization
The natural remanent magnetization (NRM)
was measured using an ScT cryogenic magnetometer. The initial NRM directions scatter
around the present geomagnetic field direction.
Intensities for the blue—grey marls are low (0.10—

up/W

SF 24.3A

___________________N

C

up/W

N

SF 40.5 D

SF 50.SA

/N
205-400

_

20 ,~1

05

~

20 ~C

Fig. 3. Representative thermal (A—D) and a.f. (E—H) demagnetization vector diagrams of some selected Falconara section samples
before tilt correction. Solid (open) circles denote projection on the horizontal (vertical) plane; numbers indicate temperatures (°C)
or alternating fields (mT).
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Fig. 3 (continued).

0.50 mA m i) and those for the marls from the
overlying diatomite—marl sequence are even lower
(0.04—0.20 mA m 1)~These lower intensities seem
to be inherent to differing lithologies with presumably varying magnetic mineral contents. At
least one specimen per sampling level was stepwise thermally demagnetized, and one more was
demagnetized by means of alternating fields (a.f.).
Stepwise thermal demagnetization shows that
very often a large component is removed at low
heating temperatures of 100°C(Figs. 3A—D), indicating either a large viscous remanent magnetization (VRM) which is laboratory induced, or a
secondary chemical remanent magnetization
(CRM) which is of (sub)recent origin. The rather
random character of the directions of this compo-

nent is in favour of a laboratory-induced rema-

nence.
From the lower part of the section (groups I
and II), general 20—40% of the initial NRM sunvives heating to 100°C (Figs. 3A and B). In the
middle part (group III), 50—70% of the NRM
survives heating to this temperature (Fig. 3c). The
Tripoli marls in the top of the section (group IV)
show NRM intensities after heating to 100°Cthat
are one order of magnitude lower than those in
the Tortonian clays and marls; only 20% of the
initial NRM remains after heating to 100°C(Fig.
3D). After removal of this 100°Ccomponent, the
intensities decrease quickly to 0.020 mA rn’ or
lower at some 250—300°C,which is close to the
accuracy level of the magnetometer. Demagneti-
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sionally higher than 30 mT, and always including
The removal of the soft NRM component
points to a laboratory-induced VRM. Such a viscous magnetization is also not stable to thermal
demagnetization (e.g. Pullaiah et al., 1975). The
observed large remanence decay after the 100°C
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3H). However, in group III a large part of the
NRM persists after the maximum peak a.f. demagnetization step of 300 mT (Fig. 3G), pointing
to stable goethite or haematite as remanence
carrier. Directions have usually been obtained
from steps at fields higher than 50 mT, or occa-
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Fig.

4. Characteristic remanent magnetization directions before and after bedding tilt correction. The mean direction
(shaded area includes
the 95% level cone of . confidence
of
•
.
.
2.5 ) is not distinguishable from the geocentric axial dipole
field direction (inclination 56.4°)for the present latitude (cross
in lower figure). The sum of unit vectors R is 105.52, and the
precision parameter k is 31.0 (Fisher, 1953).

zation at higher temperatures yields inconsistent
results: normal polarity or directional scatter is
obtained. Directions have been obtained by
least-squares fitting (Kirschvink, 1980), from steps
at temperatures higher than 160°C and always
including the origin (Fig. 4).
Alternating field demagnetization (Figs. 3E—H)
reveals a soft NRM behaviour: a relatively large
and approximately northerly directed component
with a low inclination is removed at 20—30 mT.
At higher alternating fields (50—100 mT, occasionally up to 300 mT: Fig. 3G) the demagnetizalion results show a cluster with directions of
normal polarity (Figs. 3E, F and H). In groups I
and lithe NRM can be considered as removed at
100—200 mT (Figs. 3E and F), whereas in group
IV it is already removed at some 50—100 mT (Fig.

concurs with t:rr~f
demagnetization
sibility that the remanence component represents
a stable CRM residing in goethite is less likely,
given the low a.f. stability of the component.
There are, however, goethite remanences carried
by extremely finely crystalline goethite, which
show an appreciable decay during a.f. demagnetization (Dekkers, 1989). Such goethite, however, is
also prone to the acquisition of unstable viscous
remanence, as it shows the largest viscous decay.
Therefore, on the basis of NRM behaviour alone,
we cannot decide between VRM and CRM. In
the case of Falconara, the existence of a meaningful NRM component residing in goethite is
unlikely, because, during thermal demagnetization of a 2 T isothermal remanent magnetization
(IRM), a large part of the remanence persists
after the 360°Cstep (Fig. 5). A goethite IRM
would have been completely removed after heating to approximately 100°C.
The remanence directions in the Falconara
section—after removal of viscous components and
without correction for the bedding tilt—scatter
around the geocentric axial dipole field direction
for the present latitude of the section (Fig. 4).
Correction for bedding tilt results in a significant
deviation from this field direction; this suggests
that the remanence is of secondary nature and
that it postdates the tilting of the section (Fig. 4).
This secondary nature also follows from a comparison with the combined magnetostratigraphic
and biostratigraphic results from Crete: the LO
of G. menardii 4, the FO of G. menardii 5 and
the FO of G. conomiozea were found in three
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Fig. 6. Lithoiogical variation of some rock magnetic parameters. (a) Hcr shows consistently low values in the diatomite—marl
sequence (group IV), whereas highest values are found in intervals with regularly interbedded brown laminated mans (groups I and
III). (b) M,r is taken as equivalent to IRM at 2 T and shows lowest values in group IV and highest values in group III. (c) Initial low
field susceptibility Xjn’ showing generally low and constant values, presumably indicating an important paramagnetic contribution
to ~

successive reversed polarity zones (Langereis,
1984; Langereis et a!., 1984), whereas the same
datum levels in Fa!conara occur in only one norma! polarity zone.

Fig. 5. IRM acquisition curves of unheated samples (circles),
and renewed IRM acquisition curves after a.f. demagnetization at 300 mT plus thermal demagnetization at 360°C(triangles). Both normalized and unnormalized IRM acquisition

rated in low d.c. fields (0.2—0.3 T), and a highcoercivity mineral (haematite or goethite) which
is not entirely saturated in the maximum available d.c. field (2 T). Both goethite and haematite
may be inferred from the shape of the curves for
the high-coercivity minerals: there is hardly any
IRM acquisition in fields up to 0.5 T. IRM acquisition curves start to rise rather steeply at higher
field strength values. A typical example is that of
sample SF22.5 (Fig. 5). Lowrie and Heller (1982)
showed similar curves for goethite, but noted that
these curves are often indistinguishable from
haematite IRM acquisition curves. To distinguish
between goethite and haematite, first the IRM of
all samples was a.f. demagnetized at 300 mT to
remove any magnetite contribution to the IRM,
and then the samples were heated to 360°C.The
IRM acquisition curves were then determined
once more in the same samples (Fig. 5) to study
possible changes in magnetic mineral content and
coercivity behaviour.
After heating to 360°C, goethite IRM would
have been demagnetized and goethite itself—if
present—would have been converted to haematite. However, after the 360°Cdemagnetization

curves are shown. SF 1.5A and 11.4A belong to group I, SF
22.5 to group II, SF 31.4 and 40.3 to group III, and SF 50.1A
to group IV.

step a large part of the remanence remained in
the Falconara samples, indicating that haematite

3.2.

Rock magnetism

The undoubtedly secondary nature of the
NRM in Falconara raises problems concerning in
which magnetic minerals the remanence is residing and how it was acquired. To this end, IRM
acquisition curves and a set of rock magnetic
parameters were determined: the low-field or mitial susceptibility (x1~),the saturation remanent
magnetization (Msr), and the remanent coercive
force (Hcr) (Fig. 6).
IRM acquisition curves of unheated samples
(Fig. 5) indicate the presence of a low-coercivity
mineral (magnetite/maghemite) which is satu_____________________________________________

.
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with fairly low unbiocking temperatures is the
magnetically dominant mineral.
The IRM behaviour of the magnetitedominated sample SF 31.4 (Fig. 5) before and
after the heating procedure is very similar, mdicating that its magnetic mineralogy has not
changed upon heating at 360°C.However, in other
magnetite-dominated samples (SF 1.5A, SF 11.4A
and SF 50.1 in Fig. 5), a substantial remanence
increase for the low-coercivity component is usually observed during the renewed IRM acquisilion. The increased low-coercivity remanence values must be due to the creation of trace amounts
of magnetite-like minerals, presumably through
reduction of very fine-grained haematite under
the influence of decaying organic matter. The
normalized IRM acquisition curves before and
after demagnetization at 360°C(Fig. 5) are very
similar for SF 1.5A and SF 50.1 and to a lesser
extent also for SF 11.4A, because magnetite IRM
can be completely demagnetized with alternating
fields of 300 mT. If the samples contain an appreciable haematite IRM (samples SF 22.5 and SF
40.3) this is not the case: the remanence remaining after 300 mT a.f. demagnetization and after
thermal demagnetization at 360°C is considerable, causing the starting point for the renewed
IRM acquisition curve to deviate markedly from
zero. This hinders an exact comparison of possible changes in coercivity for the high-coercivity
component, although for both samples the coercivity seems to be similar before and after thenmal treatment, as can be deduced from the nonnormalized IRM acquisition plots. An increase of
the magnetite component in samples SF 22.5 and
SF 40.3 can be noted: the low-coercivity contnibution is slightly enlarged.
The observed IRM behaviour after the 360°C
step does not support the presence of goethite in
the original samples, because haematite derived
from goethite is extremely hard and has a very
small remanence, smaller than that of the original
goethite (Dunlop, 1971; Dekkers, 1990). Neither
increasing hardness nor decreasing IRM is observed.
The variation in xU~~
Msr and Her as a function

flected in most rock magnetic parameters. Pronounced differences are observed for Hcr (Fig.
6a): the diatomite-bearing group IV shows values
which are low and very constant (32—45 kA m~),
whereas it ranges from some 40 to 100 kA m_i in
group II, and from some 40 to more than 300 or
even 500 kA m
in stratigraphic intervals with
brown laminated beds (group I and notably group
III). Msr shows a similar variation: a ‘base’ level
of 0.02—0.04 A m
with increasing values in
group I and especially in group III (Fig. 6b). In
contrast, x~shows only a marginal variation, with
a tendency to decrease slightly in the diatomitebearing group IV of the section (Fig. 6c). This
indicates that a considerable fraction of x~is the
result of the paramagnetic minerals, implying that
interparametnic ratios including x~ have to be
interpreted with care.
An important observation is the following: it is
apparent that samples with low Her values are
also characterized by low Msr values (Fig. 6). The
haematite-nich samples—broadly characterized
by high Hcr values—are thus not formed by
oxidation of previously existing magnetite, as, in
that case, one would expect Msr to be lowered
with increasing Her. The observation of an equal
or increasing Msr with increasing Her must therefore point to the addition of haematite. A conceivable mechanism for this haematite addition is
transport of ferrous iron in solution which is
precipitating as haematite in oxidizing conditions
(for example, created by weathering). During this
precipitation process, the existing magnetite may
also be oxidized. Precipitation of haematite need
not exclude a viscous origin for the NRM, but
makes a CRM more likely. High Her and Msr are
expressed most prominently in group III, pointing
towards weathering. Indeed, in group I and especially in group III, brown laminated beds occur
most abundantly. The dominance of high-coercivity minerals is therefore probably governed by the
frequency of these brown laminated beds, yielding a variable magnetic mineralogy. This is also
inferred from the occasionally large differences
between specimens from the same level.
The initial NRM intensity correlates with x~1~

of stratigraphic level is plotted in Fig. 6. The
lithological differences (groups I—IV) are re-

in group IV, whereas no correlation is observed
in groups I—Ill (Fig. 7a). Variations in x~’though
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in group IV (solid inverted triangles), whereas no correlation is observed in groups I—Ill (open squares, circles and triangles,
respectively). This probably implies that variations in ~ in group IV are due to (small) variations in the magnetite content.

they are small as a result of the paramagnetic
contribution, are due to (small) variations in the
magnetite content (Her is virtually constant
throughout group IV), because unreasonably large
variations in paramagnetic mineral content would
be required to explain even the observed small
~ variations. This is supported by the fact the
x~correlates with Msr in group IV, whereas no
evident correlation is observed in groups I—Ill
(Fig. 7b). Hence, the NRM in group IV probably
resides in very fine-grained magnetite, and is of
viscous origin.

4. Discussion
From the palaeomagnetic and rock magnetic
results it has become clear that the entire Falconara section shows only recent, normal polarity
magnetizations: the remanence directions scatter
around the geocentric axial dipole field direction
before bedding tilt correction. Furthermore, rock
magnetic properties are for a large part !ithologically controlled and suggest that haematite, possibly precipitated from circulating groundwater, has
replaced an earlier magnetic mineralogy. There-

fore, the Tortonian—Messinian boundary cannot
be dated, or compared with other sections, by
means of magnetostratigraphic control in the
boundary stratotype section itself. This implies
that dating of the Tortonian—Messinian boundary
must rely on the age of this FO of G. conomiozea
as determined in other sections within the
Mediterranean. However, reported ages have
raised a controversy.
An age of 5.6 Ma for the FO of G. conomiozea
in the Mediterranean has been established in
Crete (Langereis et al., 1984). However, Berggren
et al. (1985) rejected this age estimate and suggested that the Cretan results were incorrectly
interpreted. Their arguments were essentially
based on the age for the Miocene—Pliocene
boundary—which recently was shown to be considerably younger (Zijderveld et a!., 1986; Channell et at., 1988; Hilgen and Langereis, 1988)—
and an assumed global synchronism of biostratigraphic datum levels—which is no longer tenable
(see, for example, Hodell and Kennett (1986)). In
addition, the relation between Pacific and
Mediterranean taxa is uncertain (Scott, 1980).
The most important argument concerns the presence of the late Miocene carbon isotope shift
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with respect to several biostratigraphic datum
levels. However, this shift appears to be a gradual
event and is therefore less suited as a reliable
time marker. For instance, at ODP Site 588, the
shift has been interpreted to begin at 6.9 Ma and
reach a minimum near 5.9 Ma (Hodell and Kennett, 1986). In the Mediterranean, stable isotope
records for the late Miocene and the Pliocene
display a similar gradual carbon shift, reaching a
minimum which virtually coincides with the FO
of the G. conomiozea group (Van der Zwaan and
Gudjonsson, 1986).
In the Atlantic margin of western Morocco,
the FO of G. conomiozea has been found to
occur in a normal polarity zone, interpreted as
the normal subchron of Chron 6 (Moreau et a!.,
1985). Although the authors cautioned against
circular reasoning, they found it not ‘necessary to
postulate a noticeable shift’ between their FO
and the one from Blind River, New Zealand (i.e.
6.1 Ma; Loutit and Kennett, 1979). They thus
arrived at an age of 6.44 Ma. Correlation of
Moreau et al.’s polarity sequence with Chron 5,
on the other hand, would result in an age of 5.8
Ma, implying an even less ‘noticeable shift’ between their FO and the age of 5.6 Ma on Crete.
Also, Channel et a!. (1990a) derived an age of
6.44 Ma for the FO of G. conomiozea in the
Mediterranean, based on the results of ODP Site
654. However, the quality of the magnetostratigraphy is admittedly very poor and several long
gaps exist in the record. Two possible interpretations for the age of the Tortonian—Messinian
boundary yield an older age of 6.4 Ma and a
younger age of 5.4 Ma. Consistency of sedimentation rates (Channell et al., 1990b) and nannofossil
biostratigraphy (Kastens and Mascle, 1990) have
been used to support the older date. In addition,
it has been argued that this result is supported by
data from the Blind River (Edwards, 1987) which
gave an age of 6.44 Ma both for the FO of G.
conomiozea and the carbon shift. However, the
FO nannofossil datum levels are suspect because
of possible reworking of the fauna (Kastens and
Mascle, 1990). A reinterpretation of the carbon
isotope data of Site 654 (Glacon et al., 1990) by
Kastens and Mascle (1989) strongly support the
younger age of 5.4 Ma for the FO of G.
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conomiozea at Site 654. Furthermore, if we assume that the normal polarity interval containing
the FO of G. conomiozea represents the entire
Chron 5, not only would we arrive at an age of 5.6
Ma for this datum level, but also we would find
that the FO of G. menardii form 5 (Channell et
al., 1990a) would coincide exactly with the FO of
this species on Crete (Langereis et al., 1984), just
below Chron 5. There would, in this case, remain
only a slight discrepancy with respect to the LO
of G. menardii form 4.
The results from the Blind River section are
not unambiguous. The original data of Kennett
and Watkins (1974) were reinterpreted by Loutit
and Kennett (1979) to give an age of 6.1 Ma for
the FO of G. conomiozea. More recently, an age
of 6.44 Ma was given to the same datum level in
the same section (Edwards, 1987). To establish
detailed polarity reversal records in the southern
hemisphere (C. Laj, personal communication,
1990), extensive resampling has been carried out
in the Blind River section and has led to a revised
magnetostratigraphy which now interprets the FO
of G. conomiozea to occur at 5.65 Ma (Turner et
a!., 1989). In addition, Hodell and Kennett (1986)
have found an age of 5.61 Ma for this FO at Site
588, which they used as their reference site for
the SW Pacific and for which a magnetostratigraphy has been established (Barton and Bloemendal, 1985). Correlation with other sites in the SW
Pacific yields slightly different ages of 5.32 Ma
(Site 590) and 5.75 Ma (Site 284) which are
interpreted as a diachrony of the FO G.
conomiozea in the SW Pacific.
We conclude that the age of 5.6 Ma for the FO
of G. conomiozea (Langereis, 1984; Langereis et
a!., 1984) is increasingly supported by recent data.
However, we note that the suggested diachronous
character of this FO (Hodell and Kennett, 1986)
and possible taxonomic problems (Zachaniasse,
1979b; Scott, 1980) make it less suited as a marker
for a chronological boundary, i.e. the Tortonian—
Messinian boundary. However, even if we accept
the FO of G. conomiozea to denote the Tortonian—Messinian boundary, the absence of any
magnetostnatigraphic control in the Falconara
section makes this section a most unfortunate
boundary stratotype section.
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