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Rock magnetism and palaeomagnetism of the Montalbano Jonico
section (Italy): evidence for late diagenetic growth of greigite
and implications for magnetostratigraphy
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SUMMARY

The Montalbano Jonico (MJ) section, cropping out in Southern Italy, represents a potential
candidate to define the Lower/Middle Pleistocene boundary and it has been proposed as a
suitable Global Stratotype Section and Point (GSSP) of the Ionian Stage (Middle Pleistocene).
The MJ section is the only continuous benthic and planktonic §'80 on-land reference in the
Mediterranean area for the Mid-Pleistocene transition, spanning an interval between about
1240 and 645 ka. Combined biostratigraphy and sapropel chronology, tephra stratigraphy
and complete high-resolution benthic and planktonic foraminiferal stable oxygen isotope
records already provide a firm chronostratigraphic framework for the MJ section. However,
magnetostratigraphy was still required to precisely locate the Brunhes-Matuyama transition
and to mark the GSSP for the Ionian stage. We carried out a palacomagnetic study of a
subsection (Ideale section) of the MJ composite section, sampling 61 oriented cores from
56 stratigraphic levels spread over a ca. 80-m-thick stratigraphic interval that correlates to
the oxygen isotopic stage 19 and should therefore include the Brunhes-Matuyama reversal.
The palacomagnetic data indicate a stable and almost single-component natural remanent
magnetization (NRM). A characteristic remanent magnetization (ChRM) was clearly identified
by stepwise demagnetization of the NRM. The ChRM declination values vary around 0° and
the ChRM inclination around the expected value (59°) for a geocentric axial dipole field at
the sampling locality. This result indicates that the section has been remagnetized during the
Brunhes Chron. A preliminary study of 27 additional not azimuthally oriented hand samples,
collected at various levels from other parts of the MJ composite section, indicates that all the
samples are of normal polarity and demonstrates that the remagnetization is widespread across
the whole exposed stratigraphic sequence.

A series of specific rock magnetic techniques were then applied to investigate the nature
of the main magnetic carrier in the study sediments, and they suggest that the main magnetic
mineral in the MJ section is the iron sulphide greigite (Fe;S4). Scanning electron microscope
observations and elemental microanalysis reveal that greigite occurs both as individual euhe-
dral crystals and in iron sulphides aggregates filling voids in the clay matrix. Therefore, we
infer that the remagnetization of the section is due to the late-diagenetic growth of greigite un-
der reducing conditions, most likely resulting in the almost complete dissolution of the original
magnetic minerals. Iron sulphide formation in the MJ section can be linked to migration of
mineralized fluids. Our inferred timing of the remagnetization associated with greigite growth
represents the longest remanence acquisition delay documented in greigite-bearing clays of
the Italian peninsula so far.
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INTRODUCTION

The Montalbano Jonico (hereinafter MJ) section is relevant for
Pleistocene stratigraphy due to its excellent land exposure and
stratigraphic continuity from Marine Isotope Stage (MIS) 36 to
the beginning of MIS 16 (Ciaranfi et al. 2009). It has been re-
cently proposed as the reference section for the upper portion of
the Calabrian Stage and for the Global Stratotype Section and Point
(GSSP) of the Middle Pleistocene and the base of the Ionian Stage
(Ciaranfi et al. 1997; Ciaranfi & D’Alessandro 2005; Cita et al.
2006, 2008; Cita 2008). Cita et al. (2006) explicitly stated that the
MJ section ‘represents the most suitable boundary stratotype of
the Tonian, once provided with a reliable magnetostratigraphy’. The
guiding primary criterion of the GSSP of the Middle Pleistocene
is the base of the Brunhes Chron (Richmond 1996). The avail-
able accurate stratigraphic data set and the astronomical tuning of
the MJ section revealed that it spans the time interval between about
1240 and 645 ka (Ciaranfi ef al. 2009). Therefore, the MJ section
includes the Matuyama-Brunhes (M-B) reversal boundary, which
is correlated to the MIS 19 (Tauxe et al. 1996) and dated to an
astronomically calibrated age of ca. 781 ka (Lourens ez al. 2004).

In this study, we aim to precisely locate the position of the M-B
reversal boundary and hence the base of the Ionian stage in the MJ
section by means of magnetostratigraphy, supported by additional
rock magnetic analysis. The palacomagnetic sampling focused on
an 80-m-thick portion (Ideale section) of the MJ composite section
that lies just below the volcaniclastic layer V5, 3 Ar/*’Ar dated at
719.5 £+ 12.6 ka (Ciaranfi et al. 2009). The Ideale section also
comprises MIS 19, and largely overlaps with the temporary dis-
appearance (td2, sensu Maiorano & Marino 2004) of calcareous
nannofossil Gephyrocapsa omega, a biostratigraphic event in turn
correlated to MIS 19 (Maiorano et al. 2004). On the basis of the
available stratigraphic constraints and according to the age model
of Ciaranfi ef al. (2009), the Ideale section has an estimated age
range of 750-810 ka and thus encompasses the Matuyama-Brunhes
(M-B) reversal, whose midpoint was recently dated at ca. 789 ka
by Quidelleur ef al. (2003), ca. 774 ka by Channell et al. (2004),
ca. 776 ka by Coe et al. (2004) and Singer et al. (2008). Our re-
sults indicate that the natural remanent magnetization (NRM) of
the exposed sediments of the MJ section is carried by a late diage-
netic population of greigite (Fe;S,) grains, which prevents the use
of magnetostratigraphy to resolve the position of the M-B rever-
sal boundary. The modes and timing of greigite formation in the
Italian fine-grained sediments will finally be briefly reviewed with
reference to their implications for magnetostratigraphy.

GEOLOGICAL SETTING AND
STRATIGRAPHY OF THE MJ SECTION

The MJ composite section is located in the southern Italian Fore-
deep (Bradano Trough), between the Apennines Chain to the west
and the Apulia Foreland to the east (Fig. 1). It belongs to the ‘argille
subappennine’ unit (Azzaroli 1968) and consists of a coarsening
upward sequence from muddy clays to muddy sands which in-
cludes nine volcaniclastic layers (Fig. 1). In total, the MJ composite
section is about 450 m thick and it has been reconstructed in the
field based on eight subhorizontal overlapping partial sections (FG,
5a, VBJ, DF-DF]J, IDEALE, JS, VCT and M) (Fig. 1). The lower
part of the composite section (Interval A) is separated from the
upper part (Interval B) by a short stratigraphic gap (Ciaranfi et al.
2001; Ciaranfi & D’Alessandro 2005) which spans a time interval

of ~19.52 ka (Ciaranfi et al. 2009). Nannofossil analysis indicates
that the composite section is referable to the small Gephyrocapsa-
Pseudoemiliana lacunosa zones. The lowermost part is younger
than the Last Occurrence (LO) of large Gephyrocapsa and the top-
most part of the section is older than the LO of Gephyrocapsa
omega (Ciaranfi et al. 1997, 2001; Maiorano et al. 2004). Ad-
ditional biostratigraphic events are the Globorotalia crassaformis
influx, the First Common Occurrence (FCO) and Last Common
Occurrence (LCO) of Reticulofenestra asanoi, and the second tem-
porary disappearance (td2, sensu Maiorano & Marino 2004) of
G. omega (Maiorano et al. 2004; Joannin 2007; Joannin et al. 2008;
Ciaranfi ez al. 2009) (Fig. 2). Sapropel layers have been recognized
in the Interval A, based on benthic foraminiferal assemblages and
on planktonic §'80 data (Stefanelli 2003, 2004; Stefanelli et al.
2005), and they have been correlated to insolation maxima, re-
ferred to as i-cycles, labelled i-86, i-90, i-102, i-104, i-112 ac-
cording to sapropel stratigraphy available in Mediterranean area
(Fig. 2) (de Kaenel et al. 1999; Raffi 2002; Maiorano & Marino
2004; Lourens 2004). Benthic and planktonic §'®O records are avail-
able for the whole composite section (Brilli ez al. 2000; Ciaranfi et al.
2001; Stefanelli 2003; Maiorano et al. 2004; Stefanelli et al. 2005;
Ciaranfi ef al. 2008; Joannin et al. 2008) based on analyses of ben-
thic Cassidulina carinata and planktonic Globigerina bulloides.
The trachitic volcaniclastic layer V5 has been dated with 3 Ar/*°Ar
at 719.5 £ 12.6 ka (Ciaranfi ef al. 2009), thus providing an addi-
tional stratigraphic constraint. The correlation between the accurate
calcareous plankton biostratigraphy, sapropel and oxygen isotope
stratigraphy allowed to astronomically calibrate Interval A (Fig. 2);
the 8'80¢. punioides record of Montalbano Jonico Interval B has been
tuned to the same record from Mediterranean ODP-Site 975 (oxy-
gen isotope chronology of Pierre er al. 1999 modified by Lourens
2004) by visual correlation, supported by radiometric age of V5
layer and stratigraphic position of td2 (Fig. 2). This correlation
is also sustained by the glacial-interglacial oscillations observed
in 8'80¢. carinara T€cOrd of Montalbano Jonico compared with open
ocean benthic stacks (Fig. 2).

The sampled Ideale subsection includes the volcaniclastic layers
V3 and V4 (Figs 1 and 2). The V4 layer falls in the middle of MIS
19, with an estimated orbitally tuned age of 792.6 ka (Cita et al.
2008; Ciaranfi ef al. 2009) and it should be stratigraphically very
close to the M-B reversal transition.

SAMPLING AND METHODS

Palacomagnetic sampling was performed by in situ drilling using
a water-cooled, diamond-head corer. The cores were oriented us-
ing a magnetic compass. We collected 61 oriented cores from 56
stratigraphic levels spread over 80 m of the Ideale subsection,
with a mean stratigraphic spacing between cores of 1.4 m. Each
palacomagnetic core was cut into standard cylindrical specimens of
25 mm diameter and 22 mm height.

All palacomagnetic and rock magnetic measurements were car-
ried out at the palaecomagnetic laboratory of the Istituto Nazionale
di Geofisica e Vulcanologia in Rome. The NRM of a standard speci-
men from each core was measured on a 2G Enterprises DC SQUIDs
cryogenic magnetometer, installed within a magnetically shielded
room. Stepwise demagnetization of the NRM was carried out either
by heating the samples in a palacomagnetic oven or by translating
them through a set of three orthogonal alternating field (AF) coils
mounted in-line on the 2G Enterprises system.
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Montalbano Jonico composite section
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Figure 1. Location map and lithostratigraphy of the Montalbano Jonico composite section.

We first carried out a pilot study on eight pairs of sister speci-
mens collected from distributed stratigraphic levels and subjected
these to stepwise thermal (up to 420 °C) and AF (up to 100 mT)
demagnetization, until they were fully demagnetized. After each
thermal demagnetization step, the magnetic susceptibility (k) was
monitored as a check for thermal alteration. The results indicated
that both treatments provide consistent results and allow the clear
identification of a characteristic remanent magnetization (ChRM)
(Fig. 3). A significant increase in the magnetic susceptibility, in-
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dicating production of new magnetic minerals induced by thermal
alteration, was observed for all the thermal pilot samples at temper-
atures higher than 340 °C (Fig. 3). For the AF pilot samples, instead,
the acquisition of a spurious gyromagnetic remanent magnetization
(GRM) was observed in fields higher than 50-60 mT (Fig. 3). Given
that both demagnetization methods allow the unambiguous identifi-
cation of the same ChRM, we subjected all the remaining samples to
AF demagnetization in 12 steps up to a maximum field of 100 mT.
This decision relied upon the fact that the AF demagnetization
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Figure 3. Representative demagnetization plots for three pairs of pilot specimens (from cores IDEJO1, IDEJ27 and IDEJ41). Orthogonal vector diagrams:
open and closed symbols represent projections onto vertical and horizontal planes, respectively. The demagnetization data have been visualized and analyzed
using the Remasoft program (Chadima & Hrouda 2006). The thermal demagnetization data indicate that the specimens are fully demagnetized at 420 °C. The
AF treatment indicates that the samples have a median destructive field of 2040 mT and acquire a spurious GRM in fields higher than 50-60 mT. The two
demagnetization treatments allow the unambiguous identification of the same ChRM, which is defined by linear paths towards the origin in orthogonal vector
diagrams.
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has the advantages that it can be run in automatic mode and that the
demagnetized samples can subsequently be used for further rock
magnetic analyses, such as those described below, in contrast to
thermal demagnetization where the magnetic mineralogy may be
thermally altered upon heating.

In order to identify the nature of the main magnetic carriers, we
also carried out a series of rock magnetic experiments on a subset
of selected specimens. The rock magnetic measurements included:
(1) the stepwise acquisition of an isothermal remanent magnetiza-
tion (IRM) in 11 distributed standard palacomagnetic specimens, by
applying increasing pulse magnetic fields up to a maximum value
of 0.9 T, (2) the stepwise thermal demagnetization of a composite
IRM produced by the sequential application of 1.2 T, 0.4 T and 0.12
T pulse fields along the three orthogonal axes of the same 11 cylin-
drical specimens (according to the method developed by Lowrie
1990) and (3) the measurement of hysteresis properties on small
fragments scraped from seven distributed palacomagnetic speci-
mens. The hysteresis properties were measured on a MicroMag
alternating gradient magnetometer (AGM model 2900, Princeton
Measurements Corporation) with a maximum applied field of 1 T.
From hysteresis cycles, after subtraction of the paramagnetic high-
field susceptibility after saturation, we determined the coercive force
(Bc), the saturation remanent magnetization (Mgs) and the satu-
ration magnetization (Ms). Stepwise acquisition of an isothermal
remanent magnetization (IRM) and subsequent DC back-field re-
magnetization (both in a succession of fields up to 1 T) were also
measured on the same fragments with the MicroMag AGM, and the
remanent coercive force (Bcr) was computed from the back-field
remagnetization curves. For a couple of specimens with high mag-
netic intensity we also analyzed first order reversal curves (FORC).
FORGC:s are a series of partial hysteresis loops made after the sample
magnetization is saturated in a large positive applied field, measured
by cycling between the positive saturation field and a reversal field
Ba. The FORC is defined by the measurement of the magnetization
of the sample as a function of an increased field Bg, until positive
saturation is reached again (Pike et al. 1999; Roberts et al. 2000).
In this study, 121 FORCs have been measured for each specimen,
in steps of 2.8 mT and an averaging time of 500 ms, using a 0.5 T
saturating field. The FORC data were then transformed into con-
tour plots, usually referred to as FORC diagrams, by calculating
the second derivative of the measured magnetization plotted as a
function of B, and Bg in field space (Pike et al. 1999; Roberts
et al. 2000). The FORC distribution is then rotated counterclock-
wise by 45°, by defining a new set of coordinates where B¢ =
(Ba — Bgp)/2 and By = (Ba + Bg)/2. The final FORC diagram is a
contour plot of p(Ba, Bg), drawn using B¢ and By as the horizontal
and vertical axes, respectively. To produce FORC diagrams we used
the FORCinel software developed by Harrison & Feinberg (2008).
FORCs provide a more complete sampling of the magnetic response
of the sample than a single hysteresis loop and the analysis of FORC
diagrams allow to define the detailed coercivity distribution of the
magnetic particles and their interaction field strengths.

With the aim to reconstruct the magnetic fabric of the studied sed-
iments we also measured the anisotropy of magnetic susceptibility
(AMS) of 12 standard cylindrical specimens distributed throughout
the Ideal section. The computation of the AMS tensor was carried
out following the statistics developed by Jelinek (1978) and us-
ing the software Anisoft developed by Chadima & Jelinek (freely
distributed by AGICO at http://www.agico.com/software/anisoft/).

Finally, the morphology, texture, and chemical composition of
magnetic grains were investigated through observations and analy-
ses carried out with a JEOL JSM 6500F Field Emission (Schottky-

type) Scanning Electron Microscope (FE-SEM, resolution 1.5 nm
at 15 kV operating voltage), equipped with backscattered electron
detector and Energy Dispersion System (EDS, JEOL HYPER-
NINE, 133 eV resolution) microanalysis. Polished thin sections
of the three samples showing the highest x and NRM intensities
(samples IDEJ25, 30 and 50) were carbon-coated and observed at
high magnification using both secondary (SE) and backscattered
(BSE) electrons. The chemical composition of the particles was
characterized by acquiring EDS X-ray spectra (acceleration voltage
10 kV, probe current 0.85 nA), that were converted into standard-
less chemical analyses with errors less than =10 per cent relative
to the analytical value, as deduced by a comparison with known
rock standards. Monte Carlo simulations of the interaction between
the electron beam and particle—clay matrix, performed using the
CASINO software (Drouin et al. 2007), reveal an interaction vol-
ume of about 800 nm for our analytical conditions.

RESULTS

Palacomagnetism

The demagnetization diagrams (Fig. 3) indicate stable palacomag-
netic behaviour throughout the Ideale section, with the demagne-
tization vectors aligned along linear paths towards the origin, af-
ter removal of a viscous low coercivity remanence component at
5-10 mT. A ChRM was clearly determined by principal compo-
nent analysis (Kirschvink 1980) for 58 specimens from 49 distinct
stratigraphic levels. The ChRM direction was computed by fitting
a linear component between 5-10 and 50-60 mT, for the speci-
mens demagnetized by AF, and between 120-180 and 380-420 °C,
for the specimens thermally demagnetized. The maximum angular
deviation (MAD) for each determined ChRM direction was 2° on
average, with a full range of variation between 0.5° and 5.5°. As
for the AF pilot samples, all the specimens acquired a spurious
GRM in AF peaks higher than 40-60 mT. The GRM effects are
variably pronounced in the various specimens and may result in
a dramatic increase of the remanent magnetization intensity with
progression of the AF treatment (e.g. Fig. 4c). We verified that the
GRM acquisition is perpendicular to the axis of the magnetometer
(i.e. perpendicular to the Z-axis of the specimens and to the di-
rection of the last AF demagnetization) and is mostly acquired by
the transverse ¥ component. Following the method developed by
Fu et al. (2008), we computed the AGRM/ANRM ratio on the ¥
remanence intensity data for all the specimens of the Ideale section.
AGRM represents the difference of the final intensity measured at
the last AF step and the intensity minimum value (MV) during the
whole AF treatment and ANRM represents the difference of initial
intensity value and MV. The AGRM/ANRM values for the speci-
mens of the Ideale section are mostly comprised between 0.2 and 5,
with a full range of variation between 0 and 46.

The ChRM declination and inclination for the samples of the
Ideale section indicate that this section is consistently characterized
by normal magnetic polarity. The ChRM declination varies around
0° and the ChRM inclination around the expected value (59°) for
a geocentric axial dipole field at the sampling locality (Table 1 and
Fig. 5). The average palacomagnetic direction for the Ideale section,
as computed by Fisher’s statistics (Fisher 1953) was Decl = 355.5°,
Incl = 61.3°, with ags = 2.0° (Fig. 6). This direction is more close
to the direction expected for a geocentric axial dipole field at the
sampling site (Decl = 0°; Incl = 59.4°) than to the local direction
of the earth magnetic field at the date of sampling (Decl = 2.6°;
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Figure 4. Representative demagnetization plots for selected specimens subjected to AF demagnetization. Orthogonal vector diagrams: open and closed symbols
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Table 1. Palacomagnetic data of the Ideale section.

Stratigraphic ChRM ChRM MAD

Specimen code height (m) Decl (°) Incl (°) ©)
IDEJO1C 1.3 2.5 65.2 1.3
IDEJ02B 3.3 0.1 61.5 1.6
IDEJO3B 4.5 350.8 59.9 1.6
IDEJ04C 6.1 335 60 2.5
IDEJO5B 7.4 23.5 67.4 4.7
IDEJO6B 9.6 349.4 63.7 4.2
IDEJO7B 11.0 4 63.7 5

IDEJOSB 12.4 335.5 53.4 5.4
IDEJ09B 13.6 10 62 2.8
IDEJ10C 15.3 16.5 57.4 2.9
IDEJ11B 16.6 346.8 59.2 2.3
IDEJ12B 18.2 6.2 68.3 2.3
IDEJI3A 19.7 352.6 65.5 1.9
IDEJ14B 20.8 3.2 70.4 1.7
IDEJ15B 22.2 14.2 71.2 53
IDEJ16B 23.4 45.9 70.3 3.6
IDEJ17B 24.9 14.8 75.9 4.2
IDEJ18B 26.4 14.9 61.8 0.8
IDEJ19B 27.8 358.3 58.4 1.6
IDEJ20B 29.2 344.2 65.3 3.7
IDEJ21 30.6 9.8 57.8 0.8
IDEJ22B 31.9 3449 57.9 22
IDEJ23B 33.1 355.1 57.6 0.7
IDEJ24B 34.4 356.3 57 1.5
IDEJ25B 35.7 339.2 64.9 3.5
IDEJ27B 39.3 340.9 57.7 1.7
IDEJ28bB 40.5 346.7 59.3 33
IDEJ29B 41.8 0.2 52.9 2

IDEJ30B 43.1 346.2 64.4 3.7
IDEJ34 48.0 353.5 57.6 1.7
IDEJ35B 49.5 350.7 59.3 1.2
IDEJ36B 50.8 353.2 58 1.1
IDEJ37 51.9 3.5 63.2 0.8
IDEJ38C 53.5 350.6 56.4 1.3
IDEJ39C 54.8 350 57.3 1.3
IDEJ40B 56.1 341.9 59 0.4
IDEJ41B 57.4 357.6 58.6 0.7
IDEJ42B 58.7 358.2 61.7 1.8
IDEJ44B 61.3 350.3 57.7 1.3
IDEJ45B 62.6 339.4 60.5 0.9
IDEJ46C 63.9 353.5 53.8 1.6
IDEJ48A 66.5 1.7 53.5 0.5
IDEJ49B 67.8 341.9 62.3 0.7
IDEJ50A 68.9 344 59.1 2.6
IDEJS1B 69.4 351.1 56.1 0.9
IDEJ52 71.7 22 48.9 1.9
IDEJS3C 73.0 17.4 59.2 1.7
IDEJ54 74.3 346.4 57.4 24
IDEJS5B 75.1 354.3 65.1 1

Characteristic Remanence Magnetization (ChRM) isolated in the
specimens subject to AF demagnetization. Decl: declination; Incl:
inclination; MAD: maximum angular deviation.

Incl = 56.2° in 2008 February). The palacomagnetic data distri-
bution does not show inclination flattening and is characterized
by a scatter S = 10.6°, as measured by the dispersion of the vir-
tual geomagnetic poles and calculated according to the method of
Vandamme (1994), with lower and upper error bounds of SI = 9.1°
and Su = 12.3°, respectively. This range of values is significantly
lower than the S value expected at the site latitude (40°17'N), due
to the palaeosecular variation of the earth magnetic field, according
to both the TKO03 geomagnetic field model of Tauxe & Kent (2004)
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Figure 6. Equal area projection diagram of the ChRM directions isolated
for the AF demagnetized specimens of the Ideale section (from 49 distinct
stratigraphic levels). The circles around the ChRM directions are the maxi-
mum angular deviation and provide a quantitative measure of the precision
with which each direction is determined. The data are clustered around the
present-day direction of the earth magnetic field and consistently indicate a
normal magnetic polarity. This result indicates that the section has been re-
magnetized during the Brunhes Chron. The black dot represents the section
palacomagnetic mean direction.

(which indicate a trimmed estimate of S = 16.2°, with error bounds
of SI = 16.1° and Su = 16.4°) and the recent global compilation
of palacomagnetic data from lava flows of Johnson et al. (2008)
(which indicate a S mean value of 16°, almost independent from
latitude for the whole Brunhes Chron).

As a further check for the obtained palacomagnetic results, and
with the aim to identify the presence of reverse magnetic polarity
intervals in the MJ composite section we then collected 27 additional
hand samples distributed at various lower stratigraphic intervals
down to the bottom of the exposed MJ section (subsections DF-
DFJ, VBJ, Sa and FG, as shown in Fig. 1), spanning an estimated
age from 810 to 1240 kyrs, according to the age model of Ciaranfi
et al. (2008, 2009). These samples are obviously expected to have a
reverse polarity (Figs 1 and 2). They were not azimuthally oriented
(i.e. only the vertical up and down was marked on them) and were
subjected to the same demagnetization treatment as the specimens
collected by in situ drilling during the first campaign. The obtained
palacomagnetic data showed that all the samples are characterized
by a normal polarity (i.e. by a downward inclination of the ChRM)
and often show a significant GRM acquisition in fields higher than
50-60 mT (Fig. 7).

Rock magnetism

The average mean magnetic susceptibility « is of ca 200 x 107¢
SI, which is typical for clays with a low content of ferromagnetic
(sensu lato) minerals, whose susceptibility and magnetic fabric are
controlled by the paramagnetic phyllosilicates of the clay matrix
(Rochette 1987; Sagnotti e al. 1998). The AMS data indicate that
the Ideale section is characterized by a normal magnetic fabric, with
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Figure 7. Representative AF demagnetization plots for selected not-azimuthally oriented hand samples collected from various intervals (see Fig. 1) lower
than the Ideale section throughout the MJ composite section. Codes of the partial sections as in Fig. 1. Orthogonal vector diagrams: open and closed symbols
represent projections onto vertical and horizontal planes, respectively. The demagnetization data have been visualized and analyzed using the Remasoft program
(Chadima & Hrouda 2006). The data indicate that all the samples are of normal polarity.

an oblate susceptibility ellipsoid showing the minimum susceptibil-
ity axis subvertical and perpendicular to the bedding plane and a
ESE-WSW oriented magnetic lineation defined by the clustering of
the maximum susceptibility axes in the bedding plane (Fig. 8). The
IRM acquisition curves are similar for all the samples and indicate
that the IRM saturation is reached in fields of ca. 0.5 T (Fig. 9).
The thermal demagnetization of a composite IRM shows that most
of the remanence is carried by low- and intermediate-coercivity
minerals (Fig. 10). For all samples the maximum unblocking tem-
perature of the dominant IRM carrier is in the range of 300-400 °C.
Only a small fraction of the IRM is left on the low-coercivity axis
at temperature higher than 400 °C and it completely disappears
between 500 and 600°C (Fig. 10). As a whole, the IRM data in-
dicate that in the Ideale section the main magnetic minerals con-

sist of an intermediate-coercivity phase with maximum unblocking
temperature of 300—400 °C. The observed IRM unblocking in the
temperature range between 300 and 400 °C suggests that the main
magnetic mineral may be greigite (Fe;S,), a ferrimagnetic iron sul-
phide common in clays of the Italian peninsula (Sagnotti & Winkler
1999), which forms as a precursor to pyrite (FeS,) in anoxic envi-
ronment (e.g. Berner 1984; Benning et al. 2000; Hunger & Benning
2007) and undergoes chemical decomposition in this range of tem-
perature (e.g. Roberts 1995; Torii ef al. 1996; Chang et al. 2008).
This interpretation however is not unique, since a such a decrease
between 300 and 400 °C of the intermediate-coercivity IRM com-
ponent could also be due to the presence of monoclinic pyrrhotite
(Fe;Sg), with a Curie temperature of ca. 320 °C, or to the thermo-
chemical inversion of maghemite (y-Fe,O3) to hematite («-Fe,0;)
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Figure 9. Stepwise acquisition of an isothermal remanent magnetization (IRM) in fields up to 1 T. The data indicate that samples saturate in a field of 0.5 T.

during heating (e.g. Dunlop & Ozdemir 1997). The IRM left at T
> 400 °C is mostly held by the low-coercivity component and is
completely demagnetized at thermal heating steps of 550—-660 °C.
This unambiguously indicates that magnetite (Fe;O4) is also present
in the Ideale samples. Moreover, the acquisition of a GRM during
AF demagnetization of the NRM is also a characteristic feature of
greigite-bearing sediments (Snowball 1997a,b; Sagnotti & Winkler
1999; Stephenson & Snowball 2001) and the observed magnetic
mineralogy alteration during thermal magnetization with produc-
tion of new highly magnetic minerals at 7 > 300-350 °C is com-

© 2009 The Authors, GJI
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patible with the thermal breakdown of paramagnetic pyrite, which
oxidises to magnetite during heating in air (Krs e al. 1992; Passier
et al. 2001).

Hysteresis data show that the magnetic behaviour is dominated by
the clay matrix, with a prevailing paramagnetic slope (Fig. 11). Hys-
teresis loops are visible only after subtraction of the paramagnetic
contribution and significant magnification close to the origin of the
diagrams. Hysteresis loops are typical of small (single domain, SD
and pseudo single domain, PSD) ferrimagnets with Mgrs/M ratios
between 0.14 and 0.57. Coercivities are definitely higher than those
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Figure 11. Two representative hysteresis cycles for the samples of the Ideal section. B: magnetic induction; M: magnetic moment. The data indicate the
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Figure 12. A representative FORC diagram, obtained for the sample with
the highest magnetization (IDEJ51, at 69.4 m in the Ideale section). The
diagram shows closed concentric contours lines about a central peak, which
is typical for SD grains. The value of Be at the peak of the distribution is ca.
65 mT, which is typical for greigite. The vertical spread in the Bu direction
of this FORC distribution is a manifestation of magnetic interaction, as well
as the offset of the FORC distribution below the Bu = 0 axis.

typical for magnetite; Bcg varies in the range 60-70 mT and B¢
between 25 and 54 mT, which fit the ranges of values reported for
greigite (Roberts 1995; Sagnotti & Winkler 1999; Roberts et al.
20006).

FORC diagrams are characterized by closed concentric contours
about a central peak and have a negative region in the lower left-hand
part of the diagram (Fig. 12). The coercivity distribution, the value
of B¢ at the peak of the distribution (60—70 mT) and the negative
region in the lower left-hand part of the diagram are typical for
SD greigite grains (Roberts et al. 2006). A significant degree of
magnetic interaction between the magnetic grains is also suggested
by the vertical spread in the By direction and by the offset of the
FORC distribution below the By = 0 axis (Roberts er al. 2000,
2006).

As a whole, the rock magnetism data suggest that greigite is the
main magnetic mineral in the studied samples.

FE-SEM observations and analyses

Iron sulphide minerals can be easily identified under FE-SEM due
to their high electron backscatter and obvious microtextures. Iron
sulphides occur mostly as euhedral crystals either isolated and dis-
persed within the clay matrix or in closely packed aggregates filling
sediment voids (Fig. 13). The composition of iron sulphide grains
has been determined by acquiring EDS X-ray spectra (Fig. 14).
Beam interaction volume and analysed grains being of similar size,
some matrix contamination appears in the spectra as peaks from
oxygen, silica, and other elements from clay minerals. However, the
ratio between Fe and S allows to clearly distinguish pyrite [33 per
cent (at. per cent)Fe; 67 per cent S] from greigite (43 per cent Fe;
57 per cent S). Most of the analyzed iron sulphide grains consist of

© 2009 The Authors, GJI
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pyrite, which is paramagnetic. The framboidal aggregation (a fram-
boid is a spherical aggregate of equigranular microcrystals, e.g.
Schallreuter 1984), which represents the typical morphology for
pyrite occurrence in sediments, was not observed for pyrite crys-
tals in the analyzed samples. The lack of framboids may indicate no
early diagenetic growth of iron sulphides in these sediments. In fact,
framboids are usually the earliest phase in samples with multiple
generations of sulphide growth (Raiswell 1982). In our samples,
greigite usually occurs as grains of smaller size (submicron) with
respect to pyrite, which could explain the higher contamination of
clay elements observed in the EDS X-ray spectra of the former
(Fig. 14). Greigite grains also show a darker contrast with respect
to pyrite (Figs 13a and c), probably due to their less regular surfaces
(Roberts & Weaver 2005). A grain size in the micron to submicron
range is compatible with the SD—PSD magnetic state suggested by
the hysteresis properties. As for pyrite, greigite mostly occurs both
as individual euhedral crystals (Fig. 13f) dispersed within the clay
matrix and as closely packed aggregates of cubo-octahedra crystals
with uniform equi-granular submicron size within iron-sulphide
fillings that are surrounded by the clay matrix (Figs 13a—f). Occa-
sionally, greigite was also found in spherical to subspherical fram-
boidal aggregates (Fig. 13d). No magnetite grains were found at the
FE-SEM observations and analyses.

DISCUSSION AND CONCLUSIONS

Given the consistency of all the stratigraphic constraints, the Ideale
section was expected to span across the Brunhes-Matutayama rever-
sal boundary. Instead, the obtained palacomagnetic results showed a
constant normal polarity throughout the Ideale section and indicate
that the whole exposed composite MJ section has been remagnetized
by a pervasive greigite growth during the Brunhes Chron (i.e. in the
last 780 ka). The absence of an inclination flattening is consistent
with the hypothesis of a diagenetically formed greigite (see Vasiliev
et al. 2008). The relatively low scatter of the palacomagnetic data,
with respect to the dispersion expected for the geomagnetic secular
variation at the site latitude, suggests that the data do not represent a
long time interval and that the remagnetization occurred in a single
short period.

Greigite generally forms authigenetically in anoxic sedimentary
environments as an intermediate product in the chemical pathway
to pyrite formation (Berner 1970, 1984). It has been earlier reported
in the Pleistocene clays of the Montemesola basin in the Apulian
Foreland (Ciaranfi ef al. 1971; Garavelli & Nuovo 1971), also be-
longing to the ‘argille subappennine’ unit of southern peninsular
Italy, and interpreted as an early diagenetic product formed by re-
ductive processes associated with the bacterial decomposition of
organic matter. Since then greigite has been recognized in several
other clays of the Italian peninsula (Sagnotti & Winkler 1999) and
its widespread occurrence in rapidly deposited fine-grained marine
sediments is now well established world wide (Rowan et al. 2009). In
standard diagenetic zonation models, the nucleation and growth of
greigite grains occurs in the earliest stages of diagenesis, just below
the water-sediment interface, in association with bacterially medi-
ated chemical reactions driven by the degradation of organic matter
and involving the reduction of sulphate and the dissolution of ferric
iron-bearing minerals (Berner 1970, 1984; Wilkin & Barnes 1997;
Benning et al. 2000). In the chemical reaction pathway to pyrite,
the intermediate products (precursor phases) iron monosulphide,
mackinawite and greigite are thermodynamically unstable relative
to pyrite (Berner 1967) and rates of pyritization may be very fast
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Figure 13. Representative FE-SEM images of sample IDEJ30 (taken at 43.1 m in the Ideale section). Low-magnification images show iron sulphides (bright
tones) both dispersed throughout the matrix and filling elongate (a) or irregular (b) areas. Stars mark the location of some of the EDS analyses reported in
Fig. 14. (c) Enlargement of the central area of (a) (marked by arrow), showing a cluster of submicron sized greigite (G) crystals surrounded by larger euhedral
pyrite (P) ones. (d) Enlargement of part of (b) (marked by arrow) showing greigite crystals in subspherical framboidal aggregates. (e) Irregular greigite
aggregate. (f) Detail of octahedral greigite crystals.
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Figure 14. Eight EDS X-ray spectra showing the main emission lines and
the correspondent atomic abundances, as derived from standardless chemical
analyses, of Fe and S in greigite (a) and pyrite (b) crystals.

(geologically instantaneous), with characteristic timescales of the
order of hours to days (Wilkin & Barnes 1997). However greig-
ite can be, at least partially, preserved in sediments if the supply
of organic carbon is limited in presence of abundant reactive iron
(Kao et al. 2004). Syn-sedimentary greigite may also be produced
biogenically, in forms of magnetosomes, by magnetotactic bacte-
ria (Farina et al. 1990; Mann et al. 1990; Bazylinski et al. 1993;
Vasiliev et al. 2008). In the cases of a biogenic or early diagenetic
formation greigite may preserve a primary ChRM which is almost
coeval with the host sediments. However, it has been well estab-
lished that greigite can commonly form at a late diagenetic stage
in fine-grained sedimentary sequences, thus acquiring. a chemical
remanent magnetization (CRM) which is significantly younger than
the hosting sediments (e.g. Florindo & Sagnotti 1995; Thompson
& Cameron 1995; Horng et al. 1998; Richter et al. 1998; Jiang
et al. 2001; Sagnotti et al. 2005; Rowan & Roberts 2008; Porreca
etal. 2009). A variety of different mechanisms for such a late diage-
netic growth has been recognized. They are associated to changes in
the pore water chemistry which disrupt the steady-state diagenetic
progression. Such mechanisms are linked to the migration of miner-
alized fluids which may result from a variety of forcing events, such
as anaerobic oxidation of methane in cold seeps, (e.g. from underly-
ing organic-rich sapropels), gas hydrate migration, tectonic events,
convection of seawater in the vicinity of mud volcanoes, migration
of sulphate from deep geological reservoirs such as evaporitic de-
posits, large amplitude sea level change in continental shelves and
cyclic variation of bottom water oxygenation and submarine land-
slides (e.g. Roberts & Weaver 2005 and references therein). In all
these cases, the late diagenetic growth of greigite grains leads to
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a widespread remagnetization of the host sediments that compro-
mises magnetostratigraphic studies in greigite-bearing sedimentary
sequences. A variety of syndepositional, early diagenetic and late
diagenetic growth of greigite has been reported for fine-grained
sediments of different ages in the Italian peninsula on the basis of
various palacomagnetic and stratigraphic constraints (Table 2). In
the MJ section the normal magnetic polarity acquired during the
Brunhes Chron (i.e. less than 780 ka ago) extends down to the low-
ermost exposed interval, which has an astronomically calibrated
age of 1240 ka. This observation provides evidences for a delay in
greigite formation of at least the order of half million years, which
is the longest documented so far in Italy.

The AMS ellipsoid reconstructed for the Ideale section indicates
a magnetic fabric typical of clayey sediments at the earliest stages
of deformation, where the magnetic foliation corresponds to the
bedding-compaction plane and the magnetic lineation may indicate
the local direction of the maximum elongation strain (Mattei et al.
1997). In apparently ‘undeformed’ clays such magnetic lineation
may arise as an intersection lineation of differently oriented basal
planes of the clay minerals (e.g. chlorite), reflecting the orientation
of their common axes (Cifelli et al. 2004, 2005). Given the relatively
low value of the magnetic susceptibility and the low concentration
of ferromagnetic minerals in the MJ sequence it is not possible to
reconstruct the preferred orientation of the magnetic carriers (e.g.
greigite grains) by means of AMS analyses.

In this study, the modes of occurrence of the main magnetic
minerals, has been reconstructed by direct observation with the FE-
SEM. The recognition of euhedral greigite crystals, either as isolated
grains dispersed in the clay matrix or as closely packed aggregates
filling sediment voids, suggests that the studied sediments have
been subjected either to a prolonged early diagenetic sulphidization
event resulting from evolving pore water compositions or to more
than one sulphidization events, the latter being caused by migration
of fluids during the Brunhes Chron. The fact that all microcrys-
tals within any one aggregate have the same size and morphology
suggests that the microcrystals nucleate simultaneously and grow
at the same rate for the same time prior to aggregation (Wilkin &
Barnes 1997). The simple texture of the sulphide aggregates and the
limited occurrence of the framboids suggests that that late sulphide
growth is volumetrically much more significant than early growth.
The remagnetization of the entire exposed MJ composite section
and the estimated delay in CRM acquisition (at least 450 ka) im-
plies a widespread late diagenetic sulphidization event associated
with the greigite growth. We speculate that the sulphidization events
also induced the dissolution of the primary detrital magnetic oxides
originally present in the sedimentary sequence.

The present results indicate that the MJ section does not fulfil
the guiding primary criterion of the GSSP of lonian Stage due to
its unreliable magnetostratigraphic record. However, the excellent
land exposure of the section, its stratigraphic continuity, the nu-
merous chronological constraints and the astronomical calibration
indicate that the section is an essential reference record for the
Lower—-Middle Pleistocene.
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Table 2. Timing of greigite formation in Italian clays.

Estimated delay

Constraints

Timing

Age

Locality

>150 kyr
> ~300 kyr

Wrong polarity

Fold test

Late diagenetic

Upper Pliocene

Valle Ricca®

Late diagenetic

Middle Pleistocene

Pian del Gaudo basin®

Montalbano Jonico®

Unknown (>450 kyr ?)

Wrong polarity, SEM observations

Fold test, polarity

Late diagenetic

Middle Pleistocene

- (delays of a few kry not resolvable)
- (delays of a few kry not resolvable)
- (delays of a few kry not resolvable)

Unknown (variable)

Early diagenetic

Upper Pliocene- Lower Pleistocene

Tortonian-Messinian

Sant’ Arcangelo basin?

Amantea basin®

Fold test, polarity

Early diagenetic

Fold test, polarity

Early diagenetic

Tortonian-Messinian
Plio-Pleistocene

External northern Apennines”
External central Apennines®

Crostolo River”

Mixed evidences

Both late and early diagenetic
Both late and early diagenetic

Early diagenetic

Unknown (variable)

Mixed evidences

Polarity

Plio-Pleistocene (Upper Olduvai)

Middle-Upper Miocene
Notes: “Florindo & Sagnotti (1995), PPorreca et al. (2009), “this study, Sagnotti (1992), ¢Speranza et al. (2000),/ Speranza et al. (1997); £Sagnotti et al. (2000), *Roberts et al. (2005), 'Hiising et al. (2009).

Monte dei Corvi Beach section’

<5-10 kry
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