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The Vrica section in Calabria, southern Italy, was the global stratotype for the Pliocene–Pleistocene boundary
until this boundary was redefined in 2009. Several paleomagnetic investigations have been carried out at
Vrica to determine the age of the formerly defined Pliocene–Pleistocene boundary, which was a key
calibration point for the astronomical polarity timescale (APTS). Each study has documented a complex
polarity pattern at and above the top of the Olduvai subchron and in relation to the existence of the so-called
Vrica subchron. When constructing the APTS, two alternative interpretations for the Vrica section were
proposed, neither of which could be conclusively supported. Authigenic growth of magnetic iron sulphide
minerals was proposed to explain the complex magnetic polarity record. Availability of a fresh 50-m
sediment core enabled us to test this possibility. Our magnetostratigraphic record is similar to that of
previous studies, but it is also complex above the Olduvai subchron. We confirm abundant occurrences of
authigenic greigite and pyrrhotite, along with detrital titanomagnetite. Authigenic monoclinic pyrrhotite
indicates growth significantly later than deposition, and greigite can grow at any time during diagenesis,
depending on the availability of dissolved iron and sulphide. The spatially variable magnetic polarity pattern
at Vrica is therefore interpreted to have resulted from post-depositional magnetic iron sulphide formation at
variable times. Tectonism along the Calabrian arc provides a plausible mechanism for forcing reducing fluids
through the sediments, thereby supplying the dissolved ions needed to produce late diagenetic sulphide
growth and remagnetization. The complex magnetostratigraphic record at Vrica was taken into account
when the APTS was developed, and alternative interpretations result in a maximum age difference of 50 kyr
for the upper Olduvai reversal. Our results therefore do not undermine the APTS. Rather, they explain the
complex magnetic polarity pattern at this globally important location and highlight the importance of
remagnetization processes in such sediments.
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1. Introduction

The Vrica section (Calabria, southern Italy; Fig. 1) was the global
stratotype and point (GSSP) for the Pliocene–Pleistocene boundary
(Aguire and Pasini, 1985) until this boundary was redefined in 2009 by
the International Union of Geological Sciences upon the recommenda-
tion of the International Commission on Stratigraphy. The Pliocene–
Pleistocene boundary is now defined at the base of the Gelasian stage,
but the GSSP for the base of the Calabrian stage remains at the Vrica
section. TheVrica section comprises climatically controlled sedimentary
cycles, including 21 organic-rich sapropel layers that were deposited
during orbital precession minima and eccentricity maxima (Hilgen,
1991). Correlation of sedimentary cycles to astronomical target curves
provides a precise means of determining the ages of geomagnetic
reversals recorded within such sequences (e.g., Hilgen, 1991; Langereis
and Hilgen, 1991; Berggren et al., 1995; Lourens et al., 1996a; Ogg et al.,
2008). The conventional geomagnetic polarity timescale (GPTS), which
is based on marine magnetic anomaly records, has adopted astronom-
ically calibrated ages back to the early Pliocene (Cande and Kent, 1995),
so that the astronomical polarity timescale (APTS) provides a basis for
global high-precision dating (Lourens et al., 2004).

The Vrica section has been an important cornerstone for dating the
Plio–Pleistocene boundary (until its redefinition in 2009) and the
Olduvai subchron in the APTS. Despite its importance, the magnetos-
tratigraphy of the Vrica section is not straightforward. Tauxe et al.
(1983) interpreted the section to contain the Olduvai subchron. Normal
polarities documented by Tauxe et al. (1983) at the top of the section
(polarity zone N3 in Fig. 2) were later interpreted to be a weathering-
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Fig. 1. Digital elevation map of Italy (left), with inset of part of the Crotone basin, Calabria, Southern Italy (right). Locations are indicated where Plio–Pleistocene boundary sections
(following the pre-2009 definition) were studied by Tauxe et al. (1983) and Zijderveld et al. (1991), along with the studied Vrica core.
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related secondary overprint (Zijderveld et al., 1991). The position of the
upper Olduvai transition has also remained ambiguous. An interval of
reversed polarity and an overlying thin normal polarity interval (Fig. 2)
have been documented above the main part of the Olduvai subchron
(Zijderveld et al., 1991). This resulted in two options for the upper
Olduvai polarity transition (Hilgen, 1991; Zijderveld et al., 1991;
Lourens et al., 1996b). In option 1, the short normal polarity interval is
Fig. 2. Summary lithological log for the Vrica section (after Lourens et al. (1996b)), insolati
summary of magnetostratigraphic results for the Vrica section (Tauxe et al., 1983) and for t
interval recovered in the Vrica drill core (studied here) is indicated on the right. The positio
1985) is shown.
treated as a separate “Vrica” subchron, with the upper boundary of the
main normal polarity interval interpreted as the Upper Olduvai
transition. In option 2, the Upper Olduvai transition is placed at the
top of the short normal polarity interval, and the interval of reversed
polarity is treated as a short intra-Olduvai polarity zone. The twooptions
represent an age difference of 50 kyr for the Upper Olduvai transition
(Hilgen, 1991). Both options are problematical because high-resolution
on cycle (i-cycle) identifications for the sapropels (after Lourens et al. (1996a,b)), and
he Vrica, Crotone, and San Leonardo sections (Zijderveld et al., 1991). The stratigraphic
n of the pre-2009 definition of the Pliocene–Pleistocene boundary (Aguire and Pasini,
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analyses of rapidly deposited sediments fail to record either a short
reversed polarity interval in the upper Olduvai subchron or a short
normal polarity interval above the upper Olduvai transition (e.g.,
Guyodo et al., 2001; Channell et al., 2002).

Zijderveld et al. (1991) and Van Velzen et al. (1993) argued that
magnetic iron sulphide minerals, including monoclinic pyrrhotite
(Fe7S8) and greigite (Fe3S4), are potentially important carriers of the
magnetic signal in the Vrica section. Lourens et al. (1996b) suggested
that delayed remanence acquisition associated with iron sulphide
minerals could account for the complex magnetic polarity signal in
the vicinity of the Upper Olduvai transition. Greater appreciation of
the complexity of magnetizations carried by magnetic iron sulphide
minerals in similar sediments has been developed in recent years
(e.g., Florindo and Sagnotti, 1995; Horng et al., 1998; Dinarès-Turell
and Dekkers, 1999; Jiang et al., 2001; Weaver et al., 2002; Roberts and
Weaver, 2005; Roberts et al., 2005; Sagnotti et al., 2005; Rowan and
Roberts, 2006; Larrasoaña et al., 2007; Vasiliev et al., 2007; Rowan et
al., 2009). We therefore test whether such complexities have affected
the Vrica magnetostratigraphy by studying fresh, unweathered
sediment from a core through this portion of the Vrica section
(Negri et al., 2003).

2. Geological setting

The Vrica section exposes part of the Crotone basin, which is the
largest Plio–Pleistocene basin in Calabria, southern Italy (Massari et al.,
2002). Calabria is part of an accretionary wedge associated with
subduction of oceanic crust of the Ionian Sea (e.g., Malinverno and
Ryan, 1986). Syntectonic sedimentation filled the Crotone and other
forearc basins in Calabria. The stratigraphic sequence of interest in this
study is exposed in three partially overlapping subsections in the
outskirts of the town of Crotone that are named the Vrica A, B, and C
subsections (Selli et al., 1977) (Fig. 1). The composite sequence is about
240-m thick and consists of grey-blue marly to silty marine clays. The
clays commonly alternate with brownish organic-rich sapropels; sandy
turbidite and volcanic ash beds are occasionally intercalated. Sedimen-
tation occurred in a moderately deep and restricted nearshore
environment with inferred paleo-water depths of between 500 and
800 m (Pasini and Colalongo, 1994). The sapropels and other marker
beds have been informally labelled from a at the base of the sequence to
t at the top (Selli et al., 1977), with the Plio–Pleistocene boundary being
placed at the top of sapropel e (Aguire andPasini, 1985) (Fig. 2). Lourens
et al. (1996b) identified additional sapropels that are labelled with
asterisks in Fig. 2. The core taken for this study was drilled in order to
recover a 50-m stratigraphic interval containing the cluster of sapropels
b, c, d and e that contains the Plio–Pleistocene boundary (as defined
prior to 2009) and the upper Olduvai subchron (Fig. 2), as described by
Zijderveld et al. (1991). We analysed a stratigraphic interval that has
been the subject of much scrutiny and questioning (Hilgen, 1991;
Zijderveld et al., 1991; Lourens et al., 1996b).

3. Previous paleomagnetic studies of the Vrica section

Paleomagnetic investigations at Vrica by Nakagawa and Niitsuma
(1981) revealed a series of normal polarity zones thatTauxeet al. (1983)
argued resulted from incompletely removed secondary overprints.
Tauxe et al. (1983) stated that alternating field (AF) demagnetization
was inadequate because it did not remove strong present-day field
overprints; variable overprinting also precluded blanket demagnetiza-
tion treatment. They therefore used at least 2 thermal demagnetization
steps to estimate the characteristic remanent magnetization (ChRM)
direction and to interpret the magnetic polarity stratigraphy (Fig. 2).
Tauxe et al. (1983) reported a positive reversals test with a clockwise
tectonic rotation of 15°. They established that the Vrica section contains
the Olduvai subchron, which, combined with biostratigraphic data,
provided an age estimate for the Plio–Pleistocene boundary. Much has
been learned about magnetic iron sulphide minerals since the study of
Tauxe et al. (1983), and many of their assumptions concerning the
magnetic mineralogy at Vrica, which have important implications for
the mechanism of remanence acquisition, would now be taken to
suggest the presence of magnetic iron sulphides.

Zijderveld et al. (1991) sampled at considerably higher resolution
than Tauxe et al. (1983) to locate and tune astronomically the ages of
reversal boundaries within individual orbital precession cycles. Major
differences exist in the magnetic polarity zonations from the two
studies. While the magnetic polarity zonation appears to be similar
around the Olduvai subchron, there is a consistent 20–25 m offset
between the two records relative to the sapropel stratigraphy (Fig. 2).
Zijderveld et al. (1991) and Lourens et al. (1996b) discuss these
differences at length. Lourens et al. (1996b) discounted the possibility of
sapropelmisidentificationbecause they consider the sapropelpattern to
be unmistakable and because sapropels have identical labels in
photographs taken from the same viewpoint by members of the two
research teams. They concluded that the paleomagnetic signal is the
most likely cause of the discrepancies. While this provides cause for
concern in relation to a cornerstone of the APTS, it can be tested in the
present study.

4. The Vrica core

The studied Vrica core (latitude=39°03.210′N; longitude=17°08.027′
E; altitude=+75m above sea level; Fig. 1) was drilled in March 1999. It
was drilled to obtain unweathered sediment with better geochemical
integrity and paleomagnetic potential than outcrop sediment. No
sediment was recovered down to 7.8 m below the ground surface.
Continuous core was recovered from this depth down to 50.1 m below
the surface. The cored interval contains sapropels b, c, d and e (Selli et al.,
1977), which spans insolation cycle (i-cycle) 182 (1.872 Ma) to 176
(1.808 Ma) (Lourens et al., 1996a,b). The background sediments are
grey, massive (mainly bioturbated) marls. The sapropels are dark,
laminated, and thick (several metres in thickness). Recovered core
sections varied in length from 1.00 to 1.90 m. After drilling, the cores
were divided into subsections of variable length that were immediately
wrapped in plastic film to minimize dehydration and oxidation and
were stored at 4 °C at the Università degli Studi di Ancona. The
lithostratigraphy of the drilled sequence was linked to the exposed
sequences by visual placement of the drill rig in relation to the known
outcrop stratigraphy and through detailed description of the recovered
core. Absorption of water from the drilling fluid resulted in swelling of
the clay component and expansion of the recovered sediments by about
20–30%. All reported depths have therefore been corrected (by linear
interpolation)using theoriginal down-hole depthof the top andbottom
of each recovered core.

5. Methods

The Vrica core was recovered using a CMV MK 600 rotary coring
device. During drilling, the sediment rotates, twists and breaks into
“biscuits” (which are also common in cores recovered by the Ocean
Drilling Program using the extended core barrel (XCB) drill bit). It is
impossible to recover paleomagnetic declinations from such cores
because azimuthal orientation has been lost. However, reliable polarity
stratigraphies canbeobtained frompaleomagnetic inclinationsmeasured
from samples taken from the centre of intact biscuits. In the centre of the
Vrica core, intact biscuits are volumetrically dominant, which makes it
possible to undertake continuous paleomagnetic measurements with u-
channel samples (2×2 cm square cross-section). The irregular lengths of
the core sections meant that individual u-channel samples sometimes
constituted parts of two successive core sections. A suite of 120 discrete
samples (8 cm3)was also collected for thermal demagnetization analysis.
All paleomagnetic analyses were made in 2000 and 2001, while the
samples were fresh, in the shielded laboratory at the National
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Oceanography Centre, Southampton (NOCS) using a 2-G Enterprises
narrow-access pass-through cryogenic magnetometer (Roberts, 2006)
with DC SQUIDs and a noise level of 1–2×10−12 A m2. While previous
studies of the Vrica sediments indicate that AF demagnetization is
ineffective in removing present-day field overprints (Tauxe et al., 1983;
Zijderveld et al., 1991), we used both AF and thermal demagnetization to
compare their relative efficiency because the recovered sediment is
fresher than outcrop sediment. The u-channel samples were demagne-
tized using 3 mutually orthogonal AF demagnetization coils that are
arranged in-line with the NOCS cryogenic magnetometer. Successive
peak AFs of 5, 10, 15, 20, 25, 30, 35, 40, 50, 60, 80, and 100 mT were
applied. For thermal demagnetization, heating was successively per-
formed at 20°, 80°, 120°, 160°, 200°, 240°, 280°, 320°, 350°, 400°, 450°,
500 °C, and sometimes 550 °C. The stability of the natural remanent
magnetization (NRM) was assessed using vector component diagrams.
ChRM directions were determined using principal component analysis
(PCA) with linear best fits calculated from 4 or more demagnetization
steps (Kirschvink, 1980).

AFdemagnetizationofu-channel sampleshas anadditional advantage
of enabling acquisition of a detailed suite of mineral magnetic measure-
ments, including an anhysteretic remanent magnetization (ARM), an
isothermal remanent magnetization (IRM) and a range of inter-
parametric ratios. AnARMwas impartedusing a solenoid that ismounted
in-line with the demagnetization coils on the NOCS magnetometer
system (aDCbiasfield of 0.05 mTwasused in conjunctionwith a peakAF
of 100 mT). An IRM was imparted using a stand-alone 2-G Enterprises
pulse magnetizer (with a pulsed induction of 900 mT). Conventional
hysteresismeasurements (to peakfields of±1 T) andfirst-order reversal
curve (FORC)measurements (Pike et al., 1999; Roberts et al., 2000) were
alsomade for twenty 1-cm3 samples (140 FORCsweremeasuredwith an
averaging time of 200 ms) using a Princeton Measurements Corporation
Micromag vibrating sample magnetometer. FORC diagrams were
calculated with a smoothing factor (SF) (Roberts et al., 2000) of 5 using
the software of Winklhofer and Zimanyi (2006).

We also examined sedimentary microtextures for 20 resin-impreg-
nated polished sections taken from bulk sediment samples throughout
theVrica core, using a LEO1450VP scanning electronmicroscope (SEM),
operated at 20 keV at NOCS. The polished sections were oriented
perpendicular to the bedding plane to check whether authigenic
minerals have been affected by sediment compaction. Elemental
analyses were obtained using an X-ray energy-dispersive spectrometer
(EDS). Spot analyses of individualmineral grains, or of clusters of grains,
were carried out using a Princeton Gamma Tech (IMIX-PTS) system (2–
3 μm beam diameter). A pyrite standard was used to calibrate the
analyses. EDS spectra have a high ratio of iron to sulphur for greigite
(43% (at.%) Fe; 57% S) compared to pyrite (33% Fe; 67% S), whichmakes
it straightforward to clearly identify the two phases. The iron to sulphur
ratio formonoclinic pyrrhotite (Fe7S8) (47% Fe; 53% S) is closer to that of
greigite; however, these minerals can be distinguished from each other
using calibrated EDS results (e.g., Weaver et al., 2002; Larrasoaña et al.,
2007). Mineralogical identification is also aided by morphology
(pyrrhotite is platy, while greigite occurs as octahedra). SEM observa-
tion, coupled with EDS analysis, is therefore a powerful tool for
identifying sedimentary iron sulphide minerals and for establishing
their relative order of authigenic growth, which can have important
implications for interpreting remanentmagnetizations (e.g., Jiang et al.,
2001; Weaver et al., 2002; Sagnotti et al., 2005; Roberts and Weaver,
2005; Roberts et al., 2005; Larrasoaña et al., 2007).

6. Results

6.1. Paleomagnetism

U-channel data after AF demagnetization of the NRM at 30 mT
(Fig. 3, middle panel) provide an initial impression of the magnetic
polarity stratigraphy for the Vrica core. The lower part of the core has
normal polarity, with a transition to reversed polarity above sapropel d,
as expected fromTauxe et al. (1983) and Zijderveld et al. (1991) (Fig. 2).
The upper part of the core hasmixed polarity (Fig. 3), andmore rigorous
analysis is required to assess the 30-mT blanket demagnetization data.
Much of the core is weakly magnetized but the magnetizations are well
above the noise level of themagnetometer (Fig. 3, left-hand panel). The
highly variablemagnetic properties of the Vrica core (see below)means
that it is not appropriate to carry out PCA (Kirschvink, 1980) on a pre-
defined set of demagnetization steps. We therefore performed manual
PCA analysis formeasurementsmade at every centimetre along the core
to determine the ChRM direction for each stably magnetized core
position (red dots in Fig. 3, right-hand panel). Many horizons did not
have a stable magnetization (Fig. 4d, h). This reduced the total number
of data points from 5010 discrete positions in the u-channel measure-
ments to 3192 data points from which a ChRM was determined (64%).
Variable demagnetization characteristics are evident. Stable ChRM
directions can be determined from both AF and thermal demagnetiza-
tion data (Fig. 4). Unblocking temperature spectra from thermal
demagnetization results indicate the presence of (titano-)magnetite,
which unblocks up to 580 °C (Fig. 4h), a magnetic iron sulphide, which
undergoes thermal decay between 270 and 350 °C (Fig. 4o), andmixtures
of the two (Fig. 4e, k, n). Mineralogical variability is also reflected by
coercivities fromAFdemagnetizationdata.Noevidence for acquisitionofa
gyroremanentmagnetization (GRM)wasobserved.AGRMhasoftenbeen
reported in greigite (e.g., Snowball, 1997; Sagnotti and Winkler, 1999),
although Rowan and Roberts (2006) reported that GRMacquisition is not
universal in greigite. In some cases, unusual demagnetization behaviour
(e.g., a reversed polarity “overprint” on a normal polarity “ChRM”; Fig. 4b)
suggests complex magnetizations, as discussed below.

Despite the 36% reduction in data after ChRM analysis, the resultant
polarity pattern does not change significantly (Fig. 3, right-hand panel).
Abundant short-period directional fluctuations are observed, which
could be artefacts associated with major NRM intensity changes in u-
channel measurements, and should not be over-interpreted (Roberts,
2006). While it has been suggested that AF demagnetization does not
allow adequate removal of overprints (Tauxe et al., 1983; Zijderveld
et al., 1991), only 37 ChRM determinations could be made from 120
thermally demagnetized samples (red dots in Fig. 3, middle panel).
These data are consistentwith the overall polarity pattern.We therefore
consider our ChRM results to be representative of the paleomagnetic
record of the Vrica core, as summarized on the polarity log on Fig. 3.

6.2. Rock magnetism

The magnetic properties of the Vrica sapropels are different from
those of more slowly deposited deep-sea eastern Mediterranean
sapropels (e.g., Larrasoaña et al., 2003), but they are also different to
those of the backgroundVrica sediments (Fig. 5). LowARMvalues occur
immediately below and above the sapropels and ARM values gradually
increase above each sapropel and reach peak values ∼1–2 m below the
next sapropel (Fig. 5).Magneticproperties arehighly variablewithin the
sapropels, and sapropel interruptions coincide with low ARM values
(e.g., sapropels d and e). However, interpretation of the environmental
conditions associated with these thick sapropels is not straightforward,
so we avoid using the magnetic-property-based sapropel classification
scheme of Larrasoaña et al. (2006). The complexly varying magnetic
properties are illustrated by plotting hysteresis loops for different ARM
peaks (Fig. 5). ARM peaks coincide with bulk sediment paramagnetic
responses (30.33 m), pot-belliedhysteresis loops (14.42 m,22.02 m), or
open loops with variable properties (17.05 m, 28.86 m, 39.28 m).
Paramagnetic material cannot produce an ARM peak, so the peak at
30.33 m must result from localized concentrations of ferrimagnetic
grains, such as iron sulphide nodules, that were not present in the
measured 1-cm3 sample.

FORC diagrams provide further information about the variable
magnetic properties of the Vrica sediments. Strongly interacting



Fig. 3. Paleomagnetic data from the Vrica core. Left: High-resolution u-channel NRM intensity record after AF demagnetization at 30 mT. Middle: High-resolution u-channel
paleomagnetic inclination record after “blanket” demagnetization at 30 mT (black line), with ChRM data (MAD<10°) superimposed from 37 thermally demagnetized samples (red
dots). Right: High-resolution u-channel paleomagnetic inclination record after “blanket” demagnetization at 30 mT (black line), with ChRM data superimposed from the stepwise
AF-demagnetized u-channel samples (red dots). Far right: Polarity log for the Vrica core (black (white) = normal (reversed) polarity; grey = uncertain polarity). Sapropel intervals
are indicated by shading. Dashed vertical lines indicate the expected inclination for a geocentric axial dipole field at the latitude of the Vrica core.
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single domain (SD) magnetic particle assemblages with a coercivity
peak at 50–65 mT (Fig. 6a, f) are evident for samples from 14.42 m
and 39.28 m, which is characteristic of greigite (Roberts et al., 2000,
2006; Rowan and Roberts, 2006; Florindo et al., 2007; Vasiliev et al.,
2007). The hysteresis loop for the sample from 14.42 m is pot-bellied
and less open than that from 39.28 m (Fig. 5), and more of the FORC
distribution lies near the origin of the plot (Fig. 6a). This indicates a
contribution from grains near the superparamagnetic (SP) threshold
grain size (Pike et al., 2001), which is consistent with the pot-bellied
hysteresis loop (Tauxe et al., 1996). The sample from 17.05 m has a
peak coercivity of ∼12 mT and more open outer FORC contours
(Fig. 6b) that are characteristic of fine pseudosingle domain (PSD)
magnetite (Roberts et al., 2000; Muxworthy and Dunlop, 2002). The
FORC distribution for the sample from 22.02 m lies dominantly in
negative Bi-space, with high peak coercivities of 55–60 mT, a
negative region immediately below the main peak, and moderate
Fig. 4. Vector component diagrams (with normalized intensity decay plots) for demagnetiz
meaningless and polarity is interpreted from inclination data.White (black) squares indicate
(b) a sample with a reversed polarity “overprint” on a normal polarity “ChRM” (8.36 m), (c)
direction could be determined (9.56 m), (e) thermal demagnetization data for a reversed pol
coercivity reversed polarity sample (15.92 m), (g) a low-coercivity normal polarity sample
determined (19.02 m), (i) a low-coercivity sample thatwas demagnetized before a stable ChR
polarity (27.92 m), (k) thermal demagnetization data for a reversed polarity sample contain
stable reversed polarity sample (36.61 m), (n) thermal demagnetization data for a samplewit
(39.05 m), and (o) thermal demagnetization data for a stable normal polarity sample with e
magnetostatic interactions (Fig. 6c). This FORC diagram is different to
those for greigite. Similar FORC distributions have been observed for
samples containing diagenetic monoclinic pyrrhotite (Weaver et al.,
2002; Larrasoaña et al., 2007). The kidney-shaped distribution remains
unexplained, but similar distributions have been observed for hematite
(Muxworthy et al., 2005), which, like pyrrhotite, has anisotropy
confined to the crystallographic basal plane. The FORC distribution for
the sample from 28.86 m (Fig. 6d) appears to be a composite between
those in Fig. 6b and c, with a mixture of low-coercivity (∼18mT) SD
magnetite, and the kidney-shaped pyrrhotite distribution. Stable SD
magnetite is unusual in sedimentary detrital magnetite assemblages,
which could indicate that the magnetite has an authigenic or biogenic
origin. Passier et al. (2001) suggested that magnetite can form
authigenically near sapropels in eastern Mediterranean sediments,
which could explain this observation. The FORC distribution for the
dominantly paramagnetic sample at 30.33 m (Fig. 6e) has a low
ation data from the Vrica core. The core is not azimuthally oriented, so declinations are
projections onto the vertical (horizontal) plane. (a) A reversed polarity sample (7.99 m),
a normal polarity sample (8.85 m), (d) AF demagnetization data from which no ChRM

arity sample with evidence for both an iron sulphide andmagnetite (15.28 m), (f) a low-
(17.02 m), (h) thermal demagnetization data from which no ChRM direction could be
Mdirection could be identified (20.10 m), (j) a low-coercivity samplewith stable normal
ing magnetite (33.08 m), (l) a normal polarity sample (36.47 m), (m) a low-coercivity,
h an intermediate ChRMdirectionwith evidence for both an iron sulphide andmagnetite
vidence for an iron sulphide (42.63 m).
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Fig. 5. Anhysteretic remanent magnetization (ARM) profile for the Vrica core. The depth intervals that span sapropels b, c, d, and e are shaded. Hysteresis loops are shown
(uncorrected for paramagnetic slope) for selected ARM peaks to illustrate the wide range of magnetic properties associated with these peaks. See text for discussion.
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coercivity with mainly thermally relaxed grains near the SP/SD
threshold size (Pike et al., 2001). Such FORC diagrams are commonly
observed for sediments where a large volume of nanoparticulate
greigite has grown from solution (Rowan and Roberts, 2006; Rowan
et al., 2009).

Greigite (Snowball, 1991; Roberts and Turner, 1993) and pyrrho-
tite (Peters and Dekkers, 2003) are both characterized by high IRM/χ
ratios. We plot χ versus IRM/χ in Fig. 7a and IRM/χ versus depth in
Fig. 7b to test whether it is possible to identify the stratigraphic ranges
of these minerals. The data distribution in Fig. 7a is nearly identical to
that of complex mixtures of magnetite, greigite and pyrrhotite from
Hydrate Ridge, Cascadia convergent margin (Larrasoaña et al., 2007).
Sampleswith highχ and low IRM/χ are interpreted to represent coarse-
grained terrigenous layers, while the high IRM/χ values represent
magnetic iron sulphides. The large cluster of points with low IRM/χ
values are dominated by background paramagnetic clays. While iron
sulphides have clearly given rise to a number of ARM (Fig. 5) and IRM/χ
peaks (Fig. 7b), these peaks have complex and variable magnetic
mineralogy (Figs. 5–7). Also, the range of IRM/χ values for titanomag-
netite, magnetite, greigite and pyrrhotite overlap to varying extents
(Peters and Dekkers, 2003). This precludes screening of the Vrica core
for a “primary” detrital magnetic signature using magnetic parameters
such as IRM/χ.

6.3. Sediment microtextures from SEM observations

Sediment microtextures provide evidence concerning diagenetic
conditions and their effect on the magnetic signal. The Vrica sediments
contain minerals typical of siliciclastic sediments, including quartz,
feldspars, phyllosilicates, etc. Magnetic minerals with high electron
backscatter are not abundant, which is consistent with the generally
weak magnetizations (Fig. 3, left-hand panel). Detrital titanomagnetite
grains occur in various sizes, but larger grains (>10 μm) are the more
obvious survivors of reductive diagenetic dissolution (Fig. 8a). Authi-
genic iron sulphides, including pyrite (Fig. 8a–c, f) and pyrrhotite
(Fig. 8d, e, g, h), are often observed between the sheets of phyllosilicate
grains. Iron sulphides are also present as nodules (Fig. 8b, c), framboids
(Fig. 8f) or polyframboidal aggregates (Fig. 8i) within the sediment



Fig. 6. First-order reversal curve (FORC) diagrams for the hysteresis loops shown in Fig. 5. Samples from depths of: (a) 14.42 m (interacting SD greigite), (b) 17.05 m (weakly
interacting fine PSDmagnetite), (c) 22.02 m (interacting pyrrhotite), (d) 28.86 m (mixture of interacting pyrrhotite and SD magnetite), (e) 30.33 m (thermally unstable grains near
the SP/SD threshold size), and (f) 39.28 m (interacting SD greigite). A smoothing factor (SF) of 5 was used for all samples (see Roberts et al., 2000). Interpretations of magnetic
mineralogy are based on coercivities (with literature comparisons; see text for discussion) and constraints from SEM observations from the same samples (see Fig. 8).
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matrix. The iron sulphides are dominated by pyrite, but framboidal
greigite is also abundant (Fig. 8f, i). The abundant nodules and
polyframboidal aggregates probably represent remineralized organic
matter; linear bands within the nodular pyrite appear to be replace-
ments of pre-existing plant matter (Fig. 8b, c).

Framboidal pyrite within the sediment matrix (Fig. 8f, i) often has
euhedral overgrowths (higher electron backscatter with individual
grains (indicated as P1) less clearly evident). Raiswell (1982) suggested
that framboidal and euhedral pyrite form in a paragenetic sequence
with evolving pore waters during early diagenesis. Framboidal pyrite is
expected to grow early in the presence of abundant reactive iron, but as
reactive iron is exhausted and sulphate reduction rates decrease,
euhedral pyrite is likely to form. This suggests that the studied
sediments have been subjected to prolonged early diagenetic sulphidi-
zation resulting from evolving pore water compositions. The framboids
with and without overgrowths represent two pyrite generations. The
framboids with euhedral overgrowths are indicated in Fig. 8f as first-
generation pyrite (P1) and those without overgrowths are indicated as
second-generation pyrite (P2). Small greigite framboids (G) are present
on the surfaces of both pyrite generations, which suggest that they
formed at different times after both of the pyrite generations. Greigite
would be expected to have a higher electron backscatter than pyrite
because of its higher molecular weight. However, the observed greigite
isfine-grained, therefore it has a darker contrast, probablybecause it has
less regular surfaces that scatter electrons compared to the smoother
surfaces of coarser pyrite grains.

Growth of iron sulphides on the surfaces of iron-rich sheet silicates
(Fig. 8a, d, e, g, h) is common in reducing sedimentary environments



Fig. 7. (a) Plot of χ versus IRM/χ for the Vrica core. There is a marked similarity in the
data distribution between the Vrica core and sediments from Hydrate Ridge, Cascadia
margin (Larrasoaña et al., 2007). (b) Down-core plot of IRM/χ for the Vrica core. The
variable magnetic properties of ARM peaks (Fig. 5) and IRM/χ for the Vrica core
preclude use of IRM/χ for rock magnetic screening to identify a “primary”
paleomagnetic signal.
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(e.g., Jiang et al., 2001; Roberts and Weaver, 2005), where silicates
provide iron that is sulphidized to form iron sulphide. Silicates, however,
do not react rapidly with dissolved sulphide (Canfield et al., 1992), so
the presence of authigenic iron sulphides on the surfaces of sheet
silicates is interpreted to have occurred tens of kyr after deposition
(Jiang et al., 2001; Roberts and Weaver, 2005). The polished sections
were taken perpendicular to bedding. There is no indication of
compaction of authigenic phases, particularly for the starburst pyrrho-
tite textures, which indicate that the pyrrhotite has spread the silicate
sheets apart during their growth (Fig. 8d, e, g, h). These textures
therefore indicate that the pyrrhotite grew after sediment compaction.
Individual pyrrhotite grains have long dimensions of tens of μm(Fig. 8d,
e, g, h), yet FORC diagrams for such samples indicate SD-like properties
(Fig. 6c, d). This is consistent with FORC diagrams for sized pyrrhotite
fractions up to 30–40 μm (Wehland et al., 2005), so there is no
contradiction between SEM observations and the FORC diagrams.

Nodules with mixed authigenic mineralogy (Fig. 8j–l) consist mainly
of authigenic sulphides (high electron backscatter), carbonates (low
backscatter), including siderite, occasional authigenic barite, and litho-
genic mineral grains. Siderite forms in methanic sediments (Berner,
1981), and reacts readily with dissolved sulphide to form iron sulphide
(Rickard, 1968; Furukawa and Barnes, 1996). If sulphide is re-introduced
into sedimentary porewaters through disruption of the diagenetic steady
state (e.g., through tectonically forced fluidmigration), iron sulphides can
growon the surfaceof siderite (e.g., Roberts andWeaver, 2005; Sagnotti et
al., 2005). Pyrrhotite plates are evident as protrusions on siderite surfaces
in some nodules with mixed authigenic mineralogy (Fig. 8k). This
occurrence suggests late pyrrhotite formation under methanic diagenetic
conditions associatedwith disruption of the diagenetic steady statewhen
dissolved sulphide was re-introduced into the sedimentary pore waters.

7. Discussion

7.1. What is the real magnetic polarity pattern at Vrica?

Three independent studies have produced 3 different magnetic
polarity zonations for the Vrica section (Tauxe et al., 1983; Zijderveld
et al., 1991; this study),with15polarity boundaries reported indifferent
stratigraphic positions (Fig. 9a) rather than 2 (i.e., the lower and upper
Olduvai transitions). Much discussion (e.g., Zijderveld et al., 1991;
Lourens et al., 1996a,b) has sought to reconcile differences between the
polarity zonations of Tauxe et al. (1983) and Zijderveld et al. (1991). The
polarity pattern documented in both studies is similar, but is offset
stratigraphically by ∼20–25m. We agree with Lourens et al. (1996b)
that “the sapropel pattern is unmistakable” and that delays associated
with authigenic formation ofmagnetic iron sulphides (VanVelzen et al.,
1993) provide the most likely explanation for the documented
discrepancies. We also identify a complex magnetic polarity pattern at
Vrica, which contains significant variations above sapropel d. Normal
polarities at the top of the record of Tauxe et al. (1983) were dismissed
as weathering-induced by Zijderveld et al. (1991) who dug several
metres into the outcrop to avoid weathering effects. Weathering can
cause oxidation of pyrite that produces strong normal polarity over-
prints in such sediments (Turner, 2001; Rowan and Roberts, 2006).
There is no evidence from our SEM observations that this is the cause of
the variable polarity record (Fig. 9a). We sampled a fresh core to avoid
surface weathering and we still obtained a highly variable paleomag-
netic record. The different sampling resolution of the different studies
could bepartially responsible for someof thedifferences in thepositions
of polarity boundaries. The number of boundaries indicated in Fig. 9a is
probably therefore not as high as the 15 indicated. Regardless, magnetic
iron sulphides are abundant in the studied sediments, and some have
microtextures that indicate growth after burial to the methanic
diagenetic zone and after sediment compaction. The simplest explana-
tion for the discrepancies among the different paleomagnetic studies is
that the polarity patterns documented in each study represent the real



Fig. 8. Back-scattered electron micrographs for selected samples from the Vrica core. (a) Sample from a depth of 14.42 m, with pyrite (P) growing within the cleavages of an iron-
bearing aluminous phyllosilicate grain and a large titanomagnetite (Ti) grain. (b) Wide-field view of a small pyrite nodule from a depth of 17.05 m, with indication of the area
highlighted in c, which is a close-up view of remineralized organic matter, with pyrite occurring in both framboidal (circular in cross-section) and euhedral (massive with higher
electron backscatter) forms. The tubular structures are interpreted to be remineralized plant cells. (d, e) Authigenic pyrrhotite that has grown on the surfaces of sheets within
phyllosilicate grains and that have forced apart the sheets from a depth of 22.02 m. (f) Framboidal iron sulphides that formed at different times within the terrigenous sediment
matrix at a depth of 22.89 m. First generation pyrite (P1) has been overgrown by euhedral pyrite (higher electron backscatter), while second-generation pyrite (P2) is not
overgrown. Aggregates of greigite (G) are present on the outer surfaces of both pyrite generations. (g, h) Authigenic pyrrhotite with starburst textures at a depth of 28.86 m.
Pyrrhotite has grown on the surfaces of phyllosilicate sheets and has forced apart the sheets. (i) Polyframboidal iron sulphides that formed at different times within the terrigenous
sediment matrix at a depth of 28.86 m. Selected spots are indicated as greigite (G). Coarser grained sulphides with high electron backscatter, including framboids, are pyrite. (j) Low-
magnification view of amixed nodule consisting of iron sulphides (bright with higher electron backscatter) and authigenic carbonates, including siderite (darker with lower electron
backscatter) and evidence of fluid-mineral reaction rinds at a depth of 39.28 m. The areas highlighted as k and l indicate the respective locations of close-up views of the mixed
nodule. In k, siderite (S) is indicated and the needles that penetrate into the dark void in the middle of the nodule are pyrrhotite (Pt) plates.
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magnetic polarity pattern at Vrica (Fig. 9a). Spatially variable remagne-
tizations resulting from differential iron sulphide growth at different
times has been observed before (Horng et al., 1998; Rowan and Roberts,
2006), and can explain the variable polarity pattern. We therefore only
agree with the first part of a concluding statement by Lourens et al.
(1996b): “In conclusion, the Vrica section is not suitable for establishing
a straightforward magnetostratigraphy, but this magnetostratigraphy
can be unraveled once the sample resolution is sufficiently high.” Our
sampling resolution was effectively continuous, yet our results from
freshmaterial remain complex. Variably timed remagnetizations linked
to authigenicmagnetic iron sulphide formation aremore likely to be the
real problem.

7.2. Remagnetizations at Vrica

Authigenic magnetic iron sulphide minerals are often important, if
not the sole, carriers of remanent magnetizations in Italian Neogene
sediments (e.g., Tric et al., 1991; Van Velzen et al., 1993; Florindo and



Fig. 9. Illustration of (a) the diachronous magnetic polarity zonation in relation to the unambiguous sapropel stratigraphy (cf. Fig. 2) from coeval Crotone basin records, including the
studied Vrica core. The different records contain 15 polarity boundaries (numbered lines) in an interval where there should only be 2 (i.e., the lower and upper Olduvai boundaries).
(b) Schematic illustration of different iron sulphide growth scenarios. From left to right: Purely syn-depositional growth (but greigite growth can still persist over periods of 10s to
100s of kyr (Rowan et al., 2009)); dominantly syn-depositional growth with minor later sulphide growth during an interval with opposite polarity; minor syn-depositional growth
with dominantly later diagenetic growth during a period of opposite polarity. Spatial variation of iron sulphide growth in this scenario could produce the contradictory polarities (i.e.,
both normal and reversed polarity samples from the same horizon) reported in greigite-bearing sediments (e.g., Jiang et al., 2001) and for the demagnetization behaviour observed
in Fig. 4b. This scenario is hypothesized to account for the diachronous polarity records from multiple studies of the Vrica section.

108 A.P. Roberts et al. / Earth and Planetary Science Letters 292 (2010) 98–111
Sagnotti, 1995; Sagnotti and Winkler, 1999; Roberts et al., 2005;
Florindo et al., 2007; Hüsing et al., 2009; Porreca et al., 2009). Italian
sequences contain a range of examples where iron sulphides grew at
different times during diagenesis. These range from early diagenetic
syn-depositional paleomagnetic signals (Hüsing et al., 2009), to slightly
delayed magnetizations (Roberts et al., 2005; Florindo et al., 2007) to
late remagnetizations (FlorindoandSagnotti, 1995; Porreca et al., 2009).
The likelihood that magnetic iron sulphides have complicated the
paleomagnetic record at Vrica has long been recognised (Zijderveld
et al., 1991; Van Velzen et al., 1993; Lourens et al., 1996b). Greigite can
form at any time during diagenesis if dissolved iron and sulphide are
present, which can remagnetize a sediment through a number of
mechanisms (Roberts and Weaver, 2005). Paleomagnetic field tests,
particularly fold tests or other convincing evidence (reversals tests can
be less diagnostic), are therefore needed to confirm a syn-depositional
formation of iron sulphides (Rowan and Roberts, 2006, 2008).

Magnetic iron sulphides are abundant in the Vrica sediments, as
indicated by thermal demagnetization data (Fig. 4), FORC diagrams
(Fig. 6) and SEM observations (Fig. 8). Sedimentary microtextures
provide a range of constraints on the relative timing of iron sulphide
growth. Inmost caseswhere greigite is identified, it occurs on the edges
of pyrite framboids associated with two earlier generations of pyrite
(Fig. 8f). This might be taken to indicate relatively late greigite
formation, but similar microtextures are observed for sediments
where greigite formed within tens of kyr of deposition (Roberts et al.,
2005; Rowan et al., 2009), as well as for sediments with late
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remagnetizations (e.g., Roberts andWeaver, 2005; Rowan and Roberts,
2006). It is therefore difficult to definitely associate the greigite with a
late remagnetization. Nevertheless, such greigite will still cause non-
ideal paleomagnetic recordingwithdelayed remanence acquisition. The
presence of iron sulphideswithin phyllosilicate sheets (Fig. 8a, d, e, g, h)
indicates that the sediments have been exposed to dissolved sulphide
for prolonged periods because the solubility of silicates to sulphide is
low (Canfield et al., 1992). There is therefore plentiful evidence that
greigite could have grown at a range of times in the Vrica sediments.

The most convincing evidence for late diagenetic iron sulphide
growth is associated with pyrrhotite. Monoclinic pyrrhotite has only
been reported in modern sediments as a detrital mineral because it
forms too slowly to be a product of diagenetic reactions at shallow
depths (Horng and Roberts, 2006). Abundant pyrrhotite in the Vrica
sediments, with clear authigenic textures (Fig. 8d, e, g, h, k), even in
intervals where the magnetostratigraphy of Zijderveld et al. (1991)
remains unchallenged (i.e., within the Olduvai subchron), can be
associated unambiguously with burial at sufficient depths that
magnetization acquisition must have been delayed significantly. The
starburst textures of pyrrhotite within phyllosilicate sheets (Fig. 8g, h)
indicate that the pyrrhotite grew after sediment compaction. Likewise,
growth of pyrrhotite on the edges of siderite nodules (Fig. 8k) indicates
that it grew after the sediment had been re-exposed to pore water
sulphide after burial within the methanic diagenetic zone (cf. Berner,
1981). In other settings, authigenic growth of pyrrhotite has caused
NRM acquisition delays of 100s of kyr with respect to the surrounding
sediment (Larrasoaña et al., 2007) and synfolding remagnetizations
(Weaver et al., 2002). Disruption of steady state diagenesis can result
from severalmechanisms (Roberts andWeaver, 2005). Tectonism along
the Calabrian arc provides the most likely cause. Major tectonic events
have been recorded in the Crotone basin at 1.2 Ma (a time of reversed
polarity) and from 0.65 to 0.45 Ma (during the Brunhes normal polarity
Chron) (Massari et al., 2002). Deformation will force fluids to migrate
through sediment and disrupt steady state diagenesis. Pyrrhotite and
greigite with late-forming magnetizations have grown within zones of
methane venting associated with gas hydrate deposits in tectonically
active settings (Larrasoaña et al., 2007). The former presence of
methane hydrates has also been documented in remagnetized Italian
Neogene marine sediments that contain both late diagenetic greigite
and hexagonal pyrrhotite (Van Dongen et al., 2007). Remagnetizations
due to greigite in Taiwan (Horng et al., 1998; Jiang et al., 2001) are also
likely to be associated with methane venting from hydrates. Gas
hydrates havewidespreaddistributionoffshore of southwesternTaiwan
and are associated with deep greigite formation (Horng and Chen,
2006). Likewise, Rowan and Roberts (2008) attributed widespread
remagnetizations in New Zealand to tectonically forced fluidmigrations
and the former presence of gas hydrates. While direct evidence for the
presence ofmethane hydrates is currently lacking for the Crotone basin,
the magnetic properties of the Vrica sediments (Figs. 6, 7) are
indistinguishable from those at Hydrate Ridge, Cascadia margin
(Larrasoaña et al., 2007), and the Vrica sediments are inferred to have
been deposited in a paleo-water depth range (Pasini and Colalongo,
1994) that brackets the gas hydrate stability field at Cascadia
(Larrasoaña et al., 2007) and offshore Taiwan (Horng and Chen,
2006). Regardless of the possible former presence of hydrates at Vrica,
evidence for late diagenetic pyrrhotite formation at Vrica is strong.
Rather than assuming that most of the Vrica paleomagnetic record is
reliable, we treat it as carrying at best a mixed polarity record that is at
least partially remagnetized.

7.3. What are the implications of remagnetization for the APTS?

Paleomagnetic recording complexities in the Vrica sediments were
known at the time of construction of the APTS (Hilgen, 1991; Lourens
et al., 1996a,b). Neither of two options for placement of the upper
Olduvai boundary at Vrica (Zijderveld et al., 1991) could be conclusively
supported. Based on the reversal stratigraphy of Zijderveld et al. (1991),
Hilgen (1991) reported an age of 1.790 Ma for the upper Olduvai
reversal in option 2, which he preferred, and 1.840 Ma for option 1.
Complexities in the magnetic polarity pattern at Vrica were therefore
known to only create a discrepancy of 50 kyr between the two options
(assuming that the rest of the polarity record is reliable). In re-
evaluating the Plio–PleistoceneAPTS, Lourens et al. (1996a) assigned an
age of 1.785 Ma for the upper Olduvai reversal. The independent
calibrations of Horng et al. (2002) and Channell et al. (2002), who both
assigned an age of 1.778 Ma for the upper Olduvai reversal, suggest that
our results from the Vrica core do not have significant implications for
the age of this reversal.

Alternative interpretations of the Vrica magnetostratigraphy are
acceptably close to other age estimates. There are probably two reasons
for this. On the one hand, it seems fortuitous that such complexly
magnetized sediments have a polarity signature in a key part of the
section that was probably acquired early enough to record a normal to
reversed polarity transition at about the right place. Some Italian
Neogene sequenceshaveapaleomagnetic signal due togreigite thatwas
recorded close (Hüsing et al., 2009) or reasonably close to the time of
deposition (Roberts et al., 2005). In the latter case, Roberts et al. (2005)
argued that the sum of the magnetizations acquired at different times
determines the netmagnetization direction. If the paleomagnetic signal
was dominantly acquired during early burial, it will overwhelm any
later diagenetic signal (Fig. 9b). This appears to be the case around the
upper Olduvai reversal. Nevertheless, significantly delayed remanence
acquisition is indicated by samples from depths of 22.02 m (Fig. 8d, e)
and 28.86 m (Fig. 8g–i), which lie above and below sapropel d in the
interval where a normal to reversed polarity transition is recorded. We
therefore consider it to be a happy accident that the upper Olduvai
reversal was identified at about the right place. On the other hand,
construction of the APTS requires meticulous identification and
counting of sedimentary cycles, including sapropel bundles, to correlate
to astronomical target curves. The fact that a reasonable age was
obtained for the upper Olduvai reversal in the APTS (Hilgen, 1991)
despite complex paleomagnetic recording at the Vrica section indicates
that the APTS is based upon an excellent physical stratigraphic
framework. Further refinement of the age of the upper Olduvai reversal
in the APTS should depend on other sections. The Vrica age
determination should not be relied upon.

8. Conclusions

Three independent magnetostratigraphic studies of the interval
containing the upper Olduvai reversal at Vrica provide contrasting
results that indicate complex recording of the paleomagnetic signal in
these sediments. We demonstrate that magnetic iron sulphides, which
formed at variable times, are responsible for the spatially variable
magnetic polarity pattern in the vicinity of the Oluvai subchron at Vrica.
Tectonism along the Calabrian arc is inferred to have tectonically forced
sulphidic fluids through the sediments, which produced the spatially
varying remagnetizations. The complex and non-ideal nature of the
magnetostratigraphic record at Vrica was known when the APTS was
developed, and alternative interpretations for the upper Olduvai
transition result in an age difference of only 50 kyr. Our results provide
anexplanation for the complexmagnetic polarity patternat this globally
important location and they highlight the importance of remagnetiza-
tion processes in such sediments. Nevertheless, given the complexity of
the paleomagnetic record at Vrica, other records should be used to
obtain refined independent astronomically calibrated estimates of the
age of the upper Olduvai transition.
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