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[11 The magnetic stratigraphy of the Maiolica and Calcari ad Aptici pelagic limestones is
documented from four Umbro-Marchean land sections (Italy). The overall biostratigraphic
age of the sampled strata encompasses the whole Kimmeridgian—Lower Aptian. The data
were gathered from two new sections (Arcevia, Contessa) and by resampling more
densely than in the past two additional classical sections (Bosso, Gorgo a Cerbara). A
detailed record of the polarity chrons M21n-M14 and M9-MO was derived, and no
difference was observed with respect to the sequence of M polarity chrons inferred from
oceanic magnetic anomalies. Barely measurable remanent magnetization from chron
M14 to M10n at Contessa concurred with previous evidence from Bosso, indicating that
the Maiolica from Umbria-Marche is characterized by a “recording gap” during chrons
M14n to M11, possibly due to diagenetic magnetite dissolution related to the Late
Valanginian carbon isotope event. At Arcevia and Bosso, the boundary between Maiolica
and Calcari ad Aptici occurs at the top of chron M19n and in the upper part of chron M20n,
respectively, showing that the onset of Maiolica sedimentation may be diachronous by
1.5—-2 Myr along the Umbria-Marche domain. Arcevia is the most expanded Mid-Upper
Tithonian land section documented so far. Here, the subchrons M20n-1 and M19n-1 are
found to represent 3.2% and 10.1% in time of chrons M20n and M19n, respectively.
Evidence is also provided for a reversal excursion occurring within the M20n-1 subchron.

At Bosso, an excursion and a reversal excursion were found within chrons M16n and

M16, respectively.

Citation: Speranza, F., S. Satolli, E. Mattioli, and F. Calamita (2005), Magnetic stratigraphy of Kimmeridgian-Aptian sections from
Umbria-Marche (Italy): New details on the M polarity sequence, J. Geophys. Res., 110, B12109, doi:10.1029/2005JB003884.

1. Introduction

[2] The pelagic sequences exposed in the Umbria-Marche
Apennines (Italy, Figure 1) have proven for over 30 years to
be faithful recorders of the polarity of the geomagnetic field
from Early Jurassic to late Tertiary times. Pelagic (mainly
calcareous) sedimentation developed over Hettangian-
Sinemurian peritidal shelf carbonates, and continued for the
whole Mesozoic and early Tertiary. Though the sedimenta-
tion rates are not extremely high (5—10 m/Myr on average)
they are normally greater than those observed in coeval strata
(yielding magnetostratigraphy) from France, Spain, and
northern Europe, which revealed the correlation between
polarity magnetozones and ammonite biozonation for the
Mesozoic. Moreover, the pelagic strata from Umbria-Marche
host a very stable remanent magnetization, and no regional
phenomenon of magnetic overprint has ever been docu-
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mented. Combined biostratigraphic and magnetostrati-
graphic analyses of the Meso-Cenozoic sequences from
Umbria-Marche provided during the 1970s and 1980s a
spectacular and independent validation of the sequence of
polarity chrons as inferred from oceanic magnetic anomaly
profiles [Alvarez et al., 1977; Lowrie et al., 1980, 1982;
Lowrie and Channell, 1984; Lowrie and Alvarez, 1984,
Cirilli et al., 1984]. Moreover, biostratigraphic analyses have
allowed the correlation of several biostratigraphic events, and
hence geologic stage boundaries, to magnetic polarity chrons.

[3] The correlation of ammonite, nannofossil, calpio-
nellid, planktonic foraminifera and radiolarian events to
the M sequence polarity chrons has been satisfactorily
obtained in Umbria-Marche by studying the Maiolica For-
mation, an Upper Tithonian to Lower Aptian thin-bedded
calcareous succession. Good magnetostratigraphic records
of chrons M20n to M14n [Lowrie and Channell, 1984;
Cirilli et al., 1984; Housa et al., 2004] and M11 to MO
[Lowrie et al., 1980; Lowrie and Alvarez, 1984; Cirilli et
al., 1984; Channell et al., 1995a, 2000] were reported for
the Umbria-Marche Maiolica limestones. Conversely, no
Maiolica section from Umbria-Marche has magnetostrati-
graphically documented so far the sequence of Ml4n to
M11 chrons.
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Figure 1.
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12.5°N

Digital elevation model of the Umbria and Marche regions (northern Apennines, Italy), and

location of the studied sections. Digital elevation model data were downloaded from the U.S. Geological
Survey’s EROS Data Center, NASA Jet Propulsion Laboratory, California Institute of Technology.

[4] Here we provide a new detailed magnetic stratigraphy
(sampling spacing of ~50 cm, or less) of four Umbria-
Marche sections, which (taken together) encompass the
whole Kimmeridgian-Lower Aptian time span: Arcevia,
Bosso, Contessa, Gorgo a Cerbara. Besides the Maiolica
limestones, also the underlying Kimmeridgian-Tithonian
Calcari ad Aptici limestones were sampled. Our aim was
to document in greater detail than in the past the character-
istics of the geomagnetic field during the upper part of the
M polarity sequence, as recorded in the Umbria-Marche
limestone strata. The newly sampled sections were selected
(1) to try to extend back in time (for chrons older than
M20n) the correlation of the M polarity sequence to
magnetozones from Umbria-Marche (Arcevia) and (2) to
document a Maiolica section displaying a clear record of
chrons M14n to M11 (Contessa). Moreover the classical
Bosso and Gorgo a Cerbara sections, were resampled more
densely than in the past, in order to gather a complete,
detailed magnetic polarity record for the whole Kimmer-
idgian—Lower Aptian time span.

2. Sedimentary Characteristics of the Maiolica
and Calcari ad Aptici Limestones

[s] The studied limestones belong to the well-known
Umbria-Marche pelagic sequence, developing after mid-
Sinemurian along the African-Adriatic passive margin due
to a regional-scale extensional episode drowning a preexist-
ing peritidal carbonatic shelf [Morettini et al., 2002]. The
pelagic succession is mainly calcareous, though at some
intervals clays and cherts predominate. The Sinemurian
extensional tectonics left some fragments of Hettangian-
Sinemurian shelf carbonates (“Calcare Massiccio’) as

uplifted horsts within the Umbria-Marche basin (“‘pelagic
carbonate platforms™ according to Santantonio [1993]).
Here the Sinemurian-Tithonian succession is condensed or
lacking, and is capped by the Upper Tithonian-Lower
Aptian “Maiolica” limestones, which were deposited ubiq-
uitously all over the basins and the uplifted horsts. In the
present paper, the magnetostratigraphic investigations are
focused on the Maiolica Formation and on the underlying
“Calcari a Saccocoma ed Aptici” Formation (hereinafter
referred to as Calcari ad Aptici).

[6] The Maiolica is uniformly made up by thin-bedded
fine-grained white to gray limestone strata containing gray
and black chert nodules and layers. Its thickness may vary
from ~100 m (where it overlies the preexisting horsts), to
400-500 m in the deeper basinal areas. Biostratigraphic
data from Maiolica were provided by documenting nanno-
fossil [Lowrie et al., 1980; Bralower et al., 1989; Coccioni
et al., 1992; Cecca et al., 1994a; Channell et al., 1995a,
2000], calpionellid [Micarelli et al., 1977; Cirilli et al.,
1984; Channell and Grandesso, 1987; Housa et
al., 2004], planktonic foraminifera [Coccioni et al., 1992;
Cecca et al., 1994a], radiolarian [Baumgartner, 1987], but
also rare ammonite finds [Cecca et al., 1994a, 1994b;
Channell et al., 1995a; Baudin et al., 1997].

[7] During the last 30 years, several magnetostratigraphic
investigations in the Maiolica from Umbria-Marche have
shown that the magnetic remanence is very weak, but,
where measurable, yields a very stable magnetic signal.
The magnetic mineralogy is dominated by magnetite
[Channell and McCabe, 1994], and magnetization is
thought to have been acquired during early diagenesis,
within ~10-20 cm below the sediment-water interface
[Channell et al., 1995a]. The pattern of retrieved magneto-
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zones has proven to nicely mirror the sequence of M polarity
chrons as inferred by oceanic magnetic anomaly analysis, and
it has been shown that Maiolica limestones were deposited in
the studied sections from chrons M20n to MO [Lowrie et al.,
1980; Lowrie and Channell, 1984; Lowrie and Alvarez,
1984; Cirilli et al., 1984; Channell and Grandesso, 1987,
Channell et al., 1995a, 2000; Housa et al., 2004].

[8] The Calcari ad Aptici Formation shows variable
facies and thickness. Generally, it is formed by thin-bedded
greenish limestones with black-gray cherts containing am-
monite aptychi as macrofossils. Both fine-grained lime-
stones and calcarenites are observed, and the color (of
both limestones and cherts) may become red or reddish.
The thickness normally varies from O (in correspondence
with the horsts) to ~20 m, in the most expanded sections
observed so far. Biostratigraphic data (predominantly from
ammonites, but also from radiolarians) indicate an age
comprised between Early Kimmeridgian to Late Tithonian
[Cecca et al., 1987; Baumgartner, 1987; Morettini et al.,
2002]. Magnetostratigraphic data were gathered from two
sections (Bosso and Sentino [Lowrie and Channell, 1984,
Channell et al., 1984; Housa et al., 2004]), but a convincing
correlation with the M sequence polarity chrons of the
Upper Jurassic has not been observed so far.

[9] The four studied sections are exposed within the cores
of NW trending anticlines in the Umbria (Contessa) and
Marche (Arcevia, Bosso, Gorgo a Cerbara) regions
(Figure 1). These structures are a part of the external northern
Apennine belt [Consiglio Nazionale delle Ricerche, 1991]
and formed after late Messinian—early Pliocene shortening
episodes.

3. Methods

[10] In the four sections, an average sampling spacing of
50 cm was adopted, reduced to 30 cm at the bottom of the
Bosso section, where condensed sedimentation was
expected in the Calcari ad Aptici strata. Further “ad hoc”
paleomagnetic sampling was addressed to layers showing
large virtual geomagnetic pole (VGP) departures (>45°)
within the same magnetozone and/or documenting the
details of short duration (~100 kyr or less) subchrons, in
beds characterized by expanded sedimentation. A total
number of 861 samples were collected from the four
sections, by drilling 2.5-cm-diameter cores using a petrol-
powered portable drill cooled by water. The cores were
oriented in situ before extraction by a magnetic compass,
corrected to account for the mean magnetic declination of
the geomagnetic field in Umbria-Marche during the year
2004 (~+2° according to Istituto Nazionale di Geofisica e
Vulcanologia [2001]). Subsequently, the cores were cut into
standard cylindrical specimens and their remanent magne-
tization was measured in the shielded room of the paleo-
magnetic laboratory of the Istituto Nazionale di Geofisica e
Vulcanologia (Rome) by a 2G DC-Squid cryogenic mag-
netometer. For the Maiolica limestones, alternating field
(AF) cleaning effected by three coils in-line with the
magnetometer was systematically adopted, using 15 demag-
netization steps per sample, up to a 70-mT maximum AF
field. Twin samples from some of the Maiolica cores were
also thermally demagnetized in 9—12 steps, in order to
check the coherence of the paleomagnetic behavior during
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cleaning. As a rule, the Calcari ad Aptici samples
were always thermally demagnetized in 9—12 steps, but
twin samples from Arcevia cores were also AF cleaned in
15 steps.

[11] Demagnetization data were plotted on both orthogo-
nal demagnetization diagrams [Zijderveld, 1967] and on
equal-area projections, and the magnetization components
were isolated by principal component analysis [Kirschvink,
1980]. The VGP latitudes of the characteristic magnetiza-
tion components (ChRMs) from each sample with respect to
the Earth’s rotation axis were evaluated by calculating the
angles between the individual VGPs and the mean paleo-
magnetic pole of the section [e.g., Lowrie et al., 1980]. The
reversal test (according to McFadden and McElhinny
[1990]) was performed on the ChRMs from each studied
section.

[12] In order to frame the magnetostratigraphic data into
the geomagnetic polarity timescale (GPTS), the succession
of our magnetozones was systematically compared to the
timescale and polarity chron nomenclature from Gradstein
et al. [1994] (hereinafter GRAD94). The duration of chrons
from GRADY4 is similar to that from the updated scale from
Gradstein et al. [2005], except for chron MO (0.6 versus
0.39 Myr, respectively). Therefore, at Gorgo a Cerbara the
sedimentation rate during chron M0 was inferred by using
both scales. At Arcevia, the duration of the subchrons
M20n-1 and M19n-1 (as derived by polarity subzone
thickness) was also compared to the GPTS from Channell
et al. [1995b], which was computed using a different
oceanic magnetic anomaly block model to GRADY4.

[13] For the Bosso section, we considered the biostrati-
graphic data from Micarelli et al. [1977], Baumgartner
[1987], Channell and Grandesso [1987], Bralower et al.
[1989], Channell et al. [1995a], and Housa et al. [2004]. At
Gorgo a Cerbara, the biostratigraphic evidence from Lowrie
et al. [1980], Coccioni et al. [1992], Cecca et al. [1994a;
1994b], and Channell et al. [1995a, 2000] was used. In the
Contessa and Gorgo a Cerbara sections we also sampled the
uppermost Hauterivian ammonite “Faraoni” guide level
[Cecca et al., 1994b], which was correlated to the mid-
lower part of chron M5n (at Bosso and Gorgo a Cerbara) by
Channell et al. [1995a].

[14] The nannofossil content was determined for core
cuttings from the whole expanded Calcari ad Aptici section
(43 m of thickness) at Arcevia, and for the lowermost 13 m
of Maiolica exposed at Contessa. Smear slides for nanno-
fossil analysis were prepared by spreading a small amount
of rock powder onto a cover slide, which was permanently
mounted on a slide by Rhodopass. Slides were studied in a
polarizing optical microscope, with a magnification of
1000X. On average, 200 specimens were counted for each
sample in a variable surface of the slide for Arcevia (0.008
to 0.08 cm?) and only a mean of 70 specimens/sample for
Contessa (0.06 to 0.12 cm? of the slide) according to the
richness of the different samples. For Arcevia, with a mean
of 200 counted specimens/sample, a species rare in the
assemblage (e.g., representing a proportion of 1%) has a
probability of about 15% of not being detected [Hay, 1972].
This means that there are good chances of finding even rare
species (i.e., marker species). The low number of nanno-
fossils counted in Contessa samples, that are much poorer
than those from Arcevia, did not allow us to be sure about
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the detection of rare marker species. However, the relatively
important surface analyzed for each slide increased the
probability of the recovery of rare taxa, and compensated
the low number of nannofossils that could be counted.
Preservation has been visually evaluated on the basis of
etching and/or overgrowth effects observed on nannofossils
[Roth, 1984]. Three preservation classes were established:
(1) poorly preserved assemblages, with strong evidence of
etching and/or overgrowth; (2) moderately preserved, and
(3) well-preserved assemblages, where etching/overgrowth
is limited or absent.

4. Paleomagnetic Sampling and Results
4.1. Arcevia

[15] The Arcevia section is located just north of the
village of Arcevia (43°30°N, 12°56°E), where Maiolica
and Calcari ad Aptici beds in stratigraphic continuity are
exposed within an active quarry cut by several quarrying
terraces (Figure 2a). Strata dip by ~40° to the SW,
on average. The Calcari ad Aptici Formation shows
an apparent thickness of ~55 m, which is about three
times that observed in other deep basin sections (Bosso,
Sentino), though some faults possibly producing tectonic
duplication are observed. It consists of fine-grained greenish
limestones with beds 10—80 cm thick containing frequent
ammonite aptychi, intercalated with gray-black chert layers
and nodules.

[16] Oriented cores with an average spacing of ~50 cm
were drilled along two superimposed subsections
(Figure 2a). In the upper stratigraphic subsection we
sampled 46 m of Maiolica and the underlying 26 m of
Calcari ad Aptici. The upper part of the Maiolica (at 15 m
from the top) is cut by a fault with unknown displacement.
Conversely, at the Maiolica-Calcari ad Aptici boundary, the
1-m offset of a fault displacing this stratigraphic boundary
could be easily constrained. All this Maiolica-Calcari ad
Aptici subsection was sampled during quarry excavation,
but it was afterward covered by soil, so that unfortunately it
is now no longer exposed.

[17] The lower stratigraphic subsection was sampled
along a higher quarrying terrace (Figure 2a), which it is
still exposed and will not be modified in the future,
according to the quarry workers. Here we sampled 34 m
of Calcari ad Aptici. A stratigraphic overlap of a few meters
was apparent for the two subsections, but it was not possible
to perfectly follow a laterally equivalent Calcari ad Aptici
bed. The lower stratigraphic subsection is cut by two faults
with unconstrained displacements at 28 and 12 m above the
subsection bottom.

[18] In the Maiolica samples, the remanence was very
weak (10—-120 pA/m), and below the noise level of
the magnetometer (~5 pA/m) for many samples from the
uppermost 20 m of section. However, in most of the
samples, a ChRM could be isolated in the 20—70 mT field
interval, after the elimination of a viscous component
(Figure 2b). The Calcari ad Aptici samples revealed a
greater intensity of magnetic remanence with respect to
the Maiolica specimens (30—270 pA/m), and systematically
yielded a well measurable remanent magnetization. In the
AF cleaned samples, a ChRM could be isolated in the 25—
60 mT field interval (Figure 2c), while in the thermally
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cleaned samples a ChRM was isolated in the 380°—580°C
temperature interval (Figure 2d). Considering the ChRMs
from the whole section, the reversal test proved positive (for
class B) if the thermally cleaned Calcari ad Aptici samples
are taken into account, and negative when all the ChRMs
from AF cleaning are used. These results suggest that the
ChRMs gathered from the Calcari ad Aptici by using the AF
cleaning were biased by an unresolved secondary compo-
nent. Therefore only the thermally cleaned directions from
the Calcari ad Aptici were considered (Figures 2e and 3 and
Table 1).

[19] The VGP latitudes define a succession of normal-
and reverse-polarity magnetozones (Figure 3), progressively
numbered starting from the section bottom. It was assumed
that the two subsections share a common, overlapping
normal-polarity magnetozone (arc2n). Within the Calcari
ad Aptici, four subzones showing a stratigraphic thickness
of some tens of cm to about 2 m (Figure 3) were subjected
to additional detailed sampling (by drilling 35 new cores) to
make their existence sure, so that each of them is now
defined by at least four cores from different stratigraphic
positions. A total of 202 cores was drilled at Arcevia, and
324 specimens were demagnetized.

4.2. Bosso

[20] The well-known Bosso section is located along the
road from Secchiano to Pianello (43°31'N, 12°34'E,
Figure 1). The road follows the valley of the Bosso river,
which cuts a NW oriented anticline containing in its core
Sinemurian-Pliensbachian “Corniola” pelagic limestones.
The Corniola limestones and the overlying Jurassic-
Cretaceous sediments form a relatively continuous succes-
sion along the road, in the southwestern anticline limb. The
Maiolica and the underlying Calcari ad Aptici (dipping
toward the SSW by 19° to 62°) are well exposed along the
road cut. The Calcari ad Aptici are 19 m thick, and formed by
7 m of white bioclastic limestones with 5- to 20-cm-thick
strata, passing upward to 12 m of pink-reddish thin-bedded
cherty limestones containing aptychi and Saccocoma
[Cecca et al, 1987]. The boundary with the overlying
Maiolica is conventionally considered along the uppermost
level of red cherts. The Calcari ad Aptici are separated
from the underlying “Diaspri”’ (predominantly made up
by layered cherts) by an exposure interruption of some
meters. No fault is apparent in the whole succession
encompassing the Calcari ad Aptici and the lowermost
110 m of Maiolica.

[21] The magnetostratigraphy of the latter and a few
meters of Calcari ad Aptici was reported by Lowrie and
Channell [1984], who adopted an 80-cm average sampling
spacing and correlated the retrieved magnetozones to the
M20n to M14 polarity chrons. More recently, Housa et al.
[2004] hand-sampled the lowermost 28.5 m of Maiolica and
the uppermost 10.5 m of Calcari ad Aptici (adopting an
average sampling spacing of 20 cm), and detailed the
magnetostratigraphy across the Jurassic/Cretaceous bound-
ary, between the chrons M20n to M17.

[22] At Bosso, we sampled oriented cores along the
lowermost 84 m of Maiolica, and all the 19-m-thick Calcari
ad Aptici succession. Of this overall 103-m-thick sequence,
only the lowermost 8.5 m of Calcari ad Aptici had never
been paleomagnetically investigated before. Our average
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ARC36 (Maiolica) ARC132 (Calcari ad Aptici) ARC132 (Calcari ad Aptici)
NRM = 0.12 mA/m NRM = 0.25 mA/m NRM = 0.26 mA/m
Alternating field treatment Thermal treatment

W/UP

E/DOWN

E/DOWN

° Tilt corrected

Figure 2. Paleomagnetic results from Arcevia. (a) Photo of the sampled upper stratigraphic subsection
(now buried and inaccessible to sampling). The arrows indicate the stratigraphic boundary between the
white Maiolica (M) and the greenish Calcari ad Aptici (CA) limestones. (b—d) Vector diagrams of
demagnetization data from Maiolica (Figure 2b) and Calcari ad Aptici (Figures 2c—2d) limestones in situ
coordinates. Open and solid symbols represent projection onto the vertical and horizontal planes,
respectively. Data were obtained by alternating field (Figures 2b and 2c) and thermal (Figure 2d)
demagnetization (see text for details). Demagnetization step values are expressed in mT (Figures 2b and 2¢)
and °C (Figure 2d). (e) Equal-area projections of the ChRMs from the individual samples. Solid and
open circles represent projection onto the lower and upper hemisphere, respectively. For the Calcari ad
Aptici, only the ChRMs gathered by thermal cleaning are shown. The star represents the normal polarity
geocentric axial dipole (GAD) field direction for the study area.
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Figure 3. Arcevia section. Stratigraphic variations of inclination, declination, computed VGP latitude,
magnetic polarity zones, and positions of nannofossil events. The displacement of the three indicated
faults is not constrained, and the section is not restored by their throw. Conversely, the 1-m offset of a
fault (not indicated) displacing the Maiolica—Calcari ad Aptici boundary is restored. Single-sample
polarity zones are shown by half bars. Magnetic polarity zones and subzones are progressively numbered
from the section bottom (the correlative polarity chrons are in parentheses after the polarity zone labels).
Uncertain polarity intervals are grey and cross hatched. The crosses indicate failed samples.

sampling spacing was 50 cm in the Maiolica and 30 cm in
the lowermost meters of Maiolica and in the whole Calcari
ad Aptici Formation.

[23] Inthe Maiolica, the magnetic remanence was found to
be moderately weak (20—400 pA/m), and generally well
measurable. A ChRM was observed in the 20—-70 mT AF
field interval (Figure 4a), and in the 340°—580°C temperature
interval for some twin specimens from some cores which
were also thermally demagnetized (Figure 4b). In the Calcari
ad Aptici, the natural remanent magnetization (NRM) values
were significantly greater (200—22,000 1A/m), and a ChRM

could be isolated in the 350°-580°C temperature interval
(Figure 4c). The ChRMs from all the samples (Figure 4d)
yield a negative reversal test, pointing to a bias of a partially
uncleaned overprint component.

[24] The VGP latitude data from Bosso define a succes-
sion of several magnetozones, that we have numbered from
the section bottom (Figure 5). Some Maiolica strata doc-
umenting anomalous field behavior (individual VGPs
departing by more than 45° from the mean normal- or
reverse-polarity paleomagnetic pole) within the zones bos7r,
bos8n, and bos9n were resampled in greater detail. A total

Table 1. Mean Paleomagnetic Directions for the Four Studied Sections®

In Situ Tilt-Corrected Pole Position
Location n/N D, deg I, deg D, deg 1, deg k s, deg Latitude, °N/Longitude, °E dp/dm, deg
Arcevia 181/202 300.5 51.7 272.9 34.7 10.0 3.5 15.1/295.1 2.3/4.0
Bosso 214/234 314.9 36.2 288.6 38.4 9.7 33 27.9/286.7 2.3/3.9
Contessa 180/233 274.3 36.5 287.2 44.8 5.8 4.8 29.9/291.9 3.8/6.1
Gorgo 136/192 257.5 40.6 265.9 39.6 7.2 4.8 12.5/301.9 3.5/5.8

“Abbreviations are n/N, number of cores yielding reliable results/total number of cores drilled in the section; D, declination; I, inclination. Section
coordinates (Latitude, °N; Longitude, °E) are Arcevia 43°30’, 12°56'; Bosso 43° 31’, 12° 34’; Contessa 43° 22/, 12° 33; Gorgo a Cerbara 43° 35', 12° 33'.
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Figure 4. Paleomagnetic results from Bosso. (a—c) Vector diagrams of demagnetization data from
Maiolica (Figures 4a and 4b) and Calcari ad Aptici (Figure 4c) limestones, in situ coordinates. Open and
solid symbols represent projection onto the vertical and horizontal planes, respectively. Data were
obtained by alternating field (Figure 4a) and thermal (Figures 4b and 4c) demagnetization (see text for
details). Demagnetization step values are expressed in mT (Figure 4a) and °C (Figures 4b and 4c).
(d) Equal-area projections of the ChRMs from the individual samples. Solid and open circles represent
projection onto the lower and upper hemisphere, respectively. The star represents the normal polarity
geocentric axial dipole (GAD) field direction for the study area.

number of 234 cores were drilled at Bosso, and 255 speci-
mens were demagnetized.

4.3. Contessa

[25] The Contessa valley, NW of Gubbio, hosts a spec-
tacular part of the Umbria-Marche pelagic succession, com-
prised between the Maiolica limestones and the Oligocene
Scaglia marls. All strata are perfectly exposed along several
quarry and road cuts. This section is celebrated by paleo-
magnetists, as magnetostratigraphic studies carried out in the
Tertiary Scaglia limestones [Lowrie et al., 1982] provided
both an independent validation of the succession of polarity
chrons inferred from oceanic magnetic anomaly profiles, and
an age calibration of several biostratigraphic events. More
recently, also the Albian part of the “Fucoidi” marls (strati-
graphically interposed between the Maiolica and Scaglia
limestones) was investigated [Zarduno et al., 1992]. Here,
several intervals of reverse magnetization in the lower part of
the long normal Cretaceous superchron were reported.

[26] We document now the magnetic stratigraphy of the
Maiolica Formation, which had never been studied to date,

thus completing the magnetostratigraphic analysis of the
whole pelagic succession laid bare in the Contessa valley.
The studied section is located in the “Fratelli Vispi” quarry
(43°22'N, 12°33’E, Figure 6a), where a ~150 m high
subvertical wall was excavated within the Maiolica lime-
stones. Strata dip gently toward the NE, and are separated
from the overlying Fucoidi marls by a decametric-scale
chaotic level formed by slumps of Maiolica beds (Figure 6a).
The ~110-m-thick exposed section of Maiolica is cut
by several (predominantly strike slip) faults, generally
producing offsets of some meters, which were all resolved
and restored in the stratigraphic column.

[27] We sampled the whole exposed Maiolica sequence
with an average sampling spacing of 50 cm, starting from a
few meters below the chaotic level. At 8.4 m of stratigraphic
depth within our sampling profile, the Faraoni guide level
[Cecca et al., 1994b] is well exposed, and can be followed
for several tens of meters along the quarry wall (Figure 6a).
It is formed by a ~20-cm-thick ammonite-rich limestone
bed (“guide bed”’) bounded by two thin black shale
intervals with high organic matter content. We sampled
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Figure 5. Bosso section. Stratigraphic variations of inclination, declination, computed VGP latitude and
magnetic polarity zones. Single-sample polarity zones within zones bos8n and bos7r (resampled in detail)
are shown by half bars. Magnetic polarity zones and subzones are progressively numbered from the
section bottom (the correlative polarity chrons are in parentheses after the polarity zone labels). The

crosses indicate failed samples.

both the Faraoni guide bed, and the limestones just above
and below the black shales.

[28] The NRM was found to be very weak, and 53
samples (i.e., 23%, mostly from the central part of the
succession), were too weak to be measured (i.e., <5 pA/m).
In the remaining samples, a ChRM was isolated in the 20—
70 mT field interval (Figure 6b). Twin specimens
from some cores were also thermally cleaned, and yielded
a ChRM in the 340°-560°C temperature interval
(Figure 6¢). The normal- and reverse-polarity ChRMs are
visibly not antipodales (Figure 6d), as confirmed by the
negative result of the reversal test. The reverse-polarity
ChRMs appear more scattered, and are often close (both
in situ and tilt-corrected coordinates) to the reverse-polarity

geocentric axial dipole field direction expected for the
Contessa section (D = 180°, I = —62°). This evidence
may suggest a partial or complete overprint of some
samples during a recent reverse-polarity chron, possibly
during the (unconstrained in time) activity of the strike-slip
faults crosscutting the section.

[20] The VGP latitudes evaluated from the individual
ChRMs define a clear succession of magnetozones only
for the uppermost 40 and the lowermost 25 m of the section,
while within the central 45 m of the section the few samples
with measurable magnetization intensity do not allow us to
safely constrain the magnetostratigraphy (Figure 7). The
samples from the Faraoni guide bed, and from the lime-
stones 50 cm above and below the black shales were found

Figure 6. Paleomagnetic results from Maiolica at Contessa. (a) Photo of the section, showing the sampled Maiolica
limestones (Ma) passing upward to the Fucoidi marls (Fu) and to the Scaglia limestones (Sc). Sl is a chaotic level formed
by slumped Maiolica beds, Fa is the uppermost Hauterivian “Faraoni”’ ammonite guide level (indicated by small arrows).
(b—c) Vector diagrams of alternating field (Figure 6b) and thermal (Figure 6¢) demagnetization data, in situ coordinates.
Open and solid symbols represent projection onto the vertical and horizontal planes, respectively. Demagnetization step
values are expressed in mT (Figure 6b) and °C (Figure 6¢). (d) Equal-area projections of the ChRMs from the individual
samples. Solid and open circles represent projection onto the lower and upper hemisphere, respectively. The star represents
the normal polarity geocentric axial dipole (GAD) field direction for the study area.
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Figure 7. Contessa section. Stratigraphic variations of inclination, declination, computed VGP latitude,
magnetic polarity zones, and positions of nannofossil events (only for the lowermost 13 m of section).
The displacements along the faults could be measured and are always restored in the stratigraphic
column. Single-sample polarity zones are shown by half bars. Magnetic polarity zones and subzones are
progressively numbered from the section bottom (the correlative polarity chrons are in parentheses after
the polarity zone labels). Uncertain polarity intervals are grey and cross hatched. The crosses indicate

failed samples.

to be not magnetized. The layers around a single sample
showing a VGP departing by 124° from the mean paleo-
magnetic pole of the section within the zone conln (sample
CON209 at 101.2 m, Figure 7) were resampled in detail. A
total of 233 cores were drilled, and 240 specimens were
demagnetized at Contessa.

4.4. Gorgo a Cerbara

[30] The Gorgo a Cerbara Maiolica limestones and
Fucoidi marls succession (43°35°N, 12°33’E, Figure 8a)
has been extensively investigated in the last 25 years and
yielded excellent magnetostratigraphy and biostratigraphic
results. It is located along the Candigliano river, between

Piobbico and Acqualagna, in the northeastern limb of an
anticline showing in its core the Calcare Massiccio shelf
limestones. The magnetostratigraphy of the uppermost 60 m
of Maiolica was reported by Lowrie et al. [1980], who also
paleomagnetically studied the overlying Fucoid marls. Nor-
mal sampling spacing in the Maiolica was ~1 m, reduced to
~20 cm for the uppermost 10 m. Lowrie and Alvarez [1984]
sampled downsection an additional 120 m of Maiolica,
adopting a sampling interval of 0.75—1 m. Channell et al.
[2000] further analyzed in great detail the uppermost 6 m of
Maiolica.

[31] The magnetostratigraphic studies demonstrated that
the Maiolica limestones sampled at Gorgo a Cerbara were

Figure 8. Paleomagnetic results from Maiolica at Gorgo a Cerbara. (a) Photo of the section, showing the Maiolica
limestones (Ma) and the overlying Fucoidi marls (Fu). (b—c) Vector diagrams of alternating field (Figure 8b) and thermal
(Figure 8c) demagnetization data, in situ coordinates. Open and solid symbols represent projection onto the vertical
and horizontal planes, respectively. Demagnetization step values are expressed in mT (Figure 8b) and °C (Figure 8c).
(d) Equal-area projections of the ChRMs from the individual samples. Solid and open circles represent projection onto the
lower and upper hemisphere, respectively. The star represents the normal polarity geocentric axial dipole (GAD) field

direction for the study area.
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Figure 9. Gorgo a Cerbara section. Stratigraphic variations of inclination, declination, computed VGP
latitude and magnetic polarity zones. In the stratigraphic column, the measured displacement of a normal
fault at 57 m is restored. Magnetic polarity zones and subzones are progressively numbered from the
section bottom (the correlative polarity chrons are in parentheses after the polarity zone labels). Uncertain
polarity intervals are grey and cross hatched. The crosses indicate failed samples.

deposited from the M11n chron to the bottom of the long
normal Cretaceous superchron. The MO chron is con-
strained within the uppermost 3 m of Maiolica, according
to Channell et al. [2000]. Channell et al. [1995a] correlated
new ammonite finds (and those published by Cecca et al.
[1994a]) at Gorgo a Cerbara with the magnetostratigraphy
from Lowrie and Alvarez [1984], correlating stage bound-
aries to polarity chrons. They also showed that the Faraoni
guide level (exposed in the Maiolica at about 70 m below
the boundary with the Fucoid marls) is located within the
M5n chron.

[32] At Gorgo a Cerbara, we resampled the uppermost
82 m of Maiolica, adopting a normal sampling spacing of
50 and 20 cm for the uppermost 8 m. At 36 m below the
contact with the Fucoidi marls, the Maiolica limestones are
cut by a normal fault, whose ~10 m offset could be restored
thanks to a distinctive 1-m-thick slump bed (as also indi-
cated by Lowrie et al. [1980]).

[33] The NRM was found to be very weak, and in the
case of 56 samples (i.e., 29%) below the noise level of the
magnetometer. The measurable samples yielded a ChRM
in the 20—50 mT field interval (Figure 8b), while twin
specimens from some cores thermally demagnetized gave
coherent ChRMs in the 380°-560°C temperature interval

(Figure 8c). The ChRMs from the whole section are not
perfectly antipodal (Figure 8d) and the reversal test is
negative, suggesting again that the ChRMs are partly biased
by an overprint component.

[34] The VGP latitudes clearly define a succession of
eight magnetozones (Figure 9), though in few sectors could
the polarity not be satisfactorily defined due to the high
number of failed (too weak) samples. As at Contessa, the
samples from the Faraoni guide bed, and from the lime-
stones 50 cm above and below the black shales were found
to be not magnetized. After the first sampling campaign, the
magnetozone gordr was poorly defined, so that we collected
ten additional cores within these reversely magnetized
layers. A total of 192 cores was drilled and 202 samples
were demagnetized at Gorgo a Cerbara.

5. Biostratigraphic Data and Correlation
With the GPTS
5.1. Arcevia

[35] The interval studied for nannofossils is comprised
between the samples ARC66 (meter 23.3 of the upper
subsection, ~3 m below the Maiolica-Calcari ad Aptici
boundary) and ARC144 (bottom of the lower subsection,
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Figure 10. Percentages of the most common nannofossil species along the Arcevia subsections.
Stratigraphic positions and meters are as in Figure 3. Conusphaera mexicana displays abundance peaks
(~50—-60%) only in two intervals (shaded) separated by a fault. These two intervals also display a very
similar assemblage composition, suggesting a tectonic duplication of this part of the Arcevia lower

subsection.

Figures 3, 10, and 11). All the samples analyzed yielded
nannofossils in moderate to relatively high quantities.
Overall preservation is moderate, overgrowth dominating
over etching. Diagenetic overprint is thought to be limited
and the recorded nannofossil assemblage can be regarded
as quite close to that of the pristine assemblage. A
total number of 39 taxa was recorded in the samples
analyzed, comprising different-sized morphotypes of
Watznaueria britannica [Pittet and Mattioli, 2002; Olivier
et al., 2004; Giraud et al., 2003] and of Watznaueria
manivitae [Pittet and Mattioli, 2002; Bornemann et al.,
2003; Olivier et al., 2004], that likely correspond to a
continuum in ecophenotypic morphological variability.
Species richness is relatively low, varying between 11 and
26 (mean 19) species/sample. It is well known that the
Upper Jurassic nannofossil assemblages are very often
low-diversified and oligospecific, and are dominated in
turn by various species of the genus Watznaueria (i.e.,
W. britannica and W. barnesae [see, e.g., Lees et al.,
2004]). In the studied samples, the different species of the
genus Watznaueria account for ~80% on average of the total
assemblage. The dominating taxa are W. barnesae (mean
relative abundance 30%; Figure 10) and W. manivitae (on
average 28.57%). Watznaueria britannica, which is domi-
nant in the Kimmeridge Clay Formation of southern England
[Lees et al., 2004], only accounts in Arcevia for 6.33% of the
assemblage. Conusphaera mexicana (both ssp. mexicana
and minor) although showing some peaks of high relative
abundance (up to ~60%), displays a mean abundance value
of 17.45%. The general composition of the assemblage, that
is undoubtedly controlled by the palacoenvironment, dis-

plays some similarities with events reported by different
authors that may have a biostratigraphical significance.
Namely, Bown and Cooper [1998] reported a decline in
W. britannica occurring in the Mid-Tithonian, after a long-
lasting period of dominance of this taxon. According to their
Figure 4.2, this decline may correspond to the lower part of
the M20n. The assemblages recorded at Arcevia seem
to coincide or postdate the W. britannica decline. Also,
Bornemann et al. [2003] reported assemblages dominated
by Conusphaera, Polycostella beckmannii and large-sized
Watznaueria manivitae (the “Nannofossil Calcification
Event”) from the Middle to Late Tithonian of the central
Atlantic. As a similar assemblage composition is observed in
this work, the portion of the Arcevia section analyzed for
nannofossil biostratigraphy seems to correspond in age to the
Mid to Late Tithonian.

[36] Some biomarkers that can be of biostratigraphic use
were also recorded in the Arcevia section. From the base,
Conusphaera mexicana (ssp. mexicana and minor) are
found together with Polycostella beckmannii. This indicates
that the base of the section is in the nannofossil zone NJ-20,
NJ-20B subzone, of Bralower et al. [1989]. According to
the correlations between magnetostratigraphy and biostra-
tigraphy proposed by Bralower et al. [1989], these nanno-
fossil zones correspond to the topmost M21n and M20.
Unfortunately, only sparse specimens of Helenea chiastia
are recorded in Arcevia. We are therefore unable to define
the base of the following NJ-K nannofossil zone. Starting
from the sample ARC 96A (4.8 m of the upper subsection,
Figures 3, 10, and 11[Appendix A]), a succession of first
occurrences (FO) is recorded, namely, the FOs of Rhago-
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discus asper (ARC96A), Cruciellipsis cuvillieri (ARC86A,
meter 10.9), Nannoconus infans (ARC76A, meter 17.3),
and Umbria granulosa (ARC66A, meter 23.3). All these

events,

are reported by Bralower et al. [1989] within the M19n.
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Preservation

nannofossils in the Arcaiva section. Meter levels in the

lower subsection are not corrected for fault displacements. The difference morphotyps of Watznaueria
britannica and the different-sized Watznaueria manivitae are also reported. Presentation is discussed in

the text.

although in a partially different stratigraphical order,
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[37]1 Conusphaera mexicana displays abundance peaks
(~50—-60%) only in two intervals between the samples
ARCI130A—134A (7.9-11.4 m of the lower subsection,
just below the fault) and ARCI17A—118A (19.1-19.9 m).
These two intervals further display a very similar assem-
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blage composition (Figure 10). These biostratigraphical data
suggest a tectonic duplication of this part of the Arcevia
section.

[38] Considering the biostratigraphic data, the pattern of
magnetozones as observed in Figure 3 can be satisfactorily
framed into the GPTS by GRAD94. The thick (~18 m)
reverse-polarity magnetozone arc4r is correlated to the
polarity chron M17, while the normal zone arc3n (contain-
ing a reverse subzone in its upper part) is inferred to
represent the record of chron M19n (Figure 12). As a
consequence, the zone arc2n, containing two short re-
verse-polarity subzones, is correlated to the M20n chron.
By considering the magnetozone succession below arc2n,
the normal zone arc1n at the section bottom would represent
the M22n chron, but this correlation gives a very irregular
sedimentation rate path, and biostratigraphic data indicate
that the zone arcln corresponds in fact to the M21n chron.
Subsequently, we suggest that the fault observed within the
subzone arclr.1n (Figure 3) has completely duplicated the
reverse zone arclr, implying that both the zone arcln and
the top of arclr.In correspond to the same polarity chron,
M21n. This interpretation is corroborated by biostratigraphic
data (Figure 10), showing an almost identical peak of
abundance of Conusphaera mexicana at both the bottom
of arc2n and arclr.1n, suggesting that these layers can both
be correlated with the bottom of chron M20n.

[39] According to GRAD94, the M20n chron contains
only one reverse-polarity subchron (M20n-1), while in
our zone arc2n, that we have correlated to M20n, two close
34- and 44-cm-thick reverse subzones are observed
(Figure 3). A fault was observed between these subzones,
so that again we infer that the two subzones represent the
tectonic duplication a single subzone corresponding to the
M20n-1 subchron (Figure 12a/11a).

[40] By restoring both fault duplications, and assuming
that the zones arc2n from the two subsections are
in complete overlap, we derive a sedimentation rate
which is very high in the upper part of the Calcari ad Aptici
(16.5 m/Myr during chron M19n), but decreases to 10.8
(average from top of chron M17 to bottom of M18) and
7.3 m/Myr (during chron M20) in the Maiolica and
in the lower part of the Calcari ad Aptici, respectively
(Figure 12a/11a). After correcting the tectonic duplications,
the Calcari ad Aptici shows a total thickness of 43 m
(Table 2), which is more than twice the maximum thickness
reported so far for this formation (~20 m at both Bosso and
Sentino [Cecca et al., 1987]).

[41] We have shown that at Arcevia, the sedimentation
rate decreases passing upward from the Calcari ad Aptici to
Maiolica, while an opposite trend had been previously
suggested for the Umbria-Marche basin [Cecca et al.,
1987]. We also note that the Maiolica-Calcari ad Aptici
boundary occurs at the top of the M19n chron (Figure 3),

SPERANZA ET AL.: MAGNETOSTRATIGRAPHY OF ITALIAN SECTIONS

B12109

thus falling in the Lower Berriasian according to GRAD94,
while at Bosso it has been constrained in the upper part of
chron M20n [Housa et al., 2004], and the facies of the
Calcari ad Aptici was completely different to that at
Arcevia. We conclude that the Maiolica-Calcari ad Aptici
boundary is diachronous, and may vary by 1.5-2 Myr
(following the timescale from GRAD94) in the different
Umbria-Marche sections. However, we note that the excellent
strata exposure at Arcevia (due to quarrying a few days before
our sampling) allowed us to easily note the difference
between white and greenish calcareous strata (that
we associated to the Maiolica and Calcari ad Aptici, respec-
tively, Figure 2a), whereas the same lithostratigraphic crite-
rion may be more difficult to appreciate in less fresh outcrops.

[42] Ogg et al. [1991] noted that the passage from
Maiolica to the underlying Rosso Ammonitico in sections
from the central Atlantic, Spain, and northern Italy may
vary from polarity chrons M22n to M19n, implying that this
lithologic change is likely the result of shifting local
patterns of fertility overprinted on the main regional trends.
Here we document for the first time that the transition from
Maiolica to the underlying Calcari ad Aptici varies from the
top of chron M19n to the upper part of chron M20n within
the same Umbria-Marche basin. Our biostratigraphic evi-
dence from Arcevia confirms the Mid-Late Tithonian “Nan-
nofossil Calcification Event” documented by Bornemann et
al. [2003], who suggested that the Tithonian-Berriasian
transition is characterized by an increase of the primary
productivity but also by the presence of smaller coccoliths,
resulting in a smaller production of pelagic carbonate mud.

[43] Arcevia is the third section reported so far document-
ing both the M19n-1 and M20n-1 subchrons, besides
Brodno (western Slovakia [Housa et al., 1999]) and Bosso
[Housa et al., 2004] (Figure 13), which however
display both lower sedimentation rates during the
interval encompassing the M19n and M20n chrons (2.5
and 11.3 m/Myr, respectively). The sedimentation rates at
Arcevia (16.5 m/Myr during M19n decreasing to 7.3 m/Myr
during M20) are also greater than other Mid-Upper Titho-
nian land sections, such as Carcabuey, Spain [Ogg ef al.,
1984], Xausa, Frisoni Valle del Mis and Quero, northern
Italy [Channell and Grandesso, 1987], and Foza, northern
Italy [Ogg, 1981].

5.2. Bosso

[44] The Bosso section represents one of the first local-
ities where the magnetostratigraphy of the Jurassic-
Cretaceous boundary has been documented. Lowrie and
Channell [1984] compared the magnetostratigraphy of the
lowermost 110 m of Maiolica at Bosso with biostratigraphic
zonation made by Micarelli et al. [1977] using calpionell-
ids. The calpionellid biozonation at Bosso was subsequently
revised by Channell and Grandesso [1987]. Later, Bralower

Figure 12. Stratigraphic distance versus age correlation plot. The magnetic polarity zones from (a) Arcevia and (b) Bosso
are correlated to polarity chrons from the GPTS. Polarity chron designations and age of polarity chrons are from Gradstein
et al. [1994]. Sloping lines are average sediment accumulation rates. The Arcevia stratigraphic column is made by merging
the upper and lower stratigraphic subsection and assuming a complete overlap of the arc2n subzones. The displacements of
the two faults from the lower stratigraphic subsection (Figure 3) are restored by considering both magnetostratigraphic and
biostratigraphic evidence (see text). For the lowermost strata at Bosso, characterized by condensed sedimentation and/or

hiatuses, no correlation with the GPTS is apparent (see text).
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Table 2. Meter Levels of Polarity Zone Boundaries, Lithologic Boundaries, and Nannofossil Events in Each Section®
Reversed
Lithologic Nannofossil Polarity Zones Arcevia Bosso, Contessa, Gorgo a
Boundaries Events (Chrons) Composite, m m m Cerbara, m
Fucoidi marls/Maiolica 82.70
top gordr (MO) 81.64
base gordr (MO) 79.96
top gor3r (M1) 60.83
base gor3r (M1) 54.65
top gor2r (M3) 45.15
base gor2r, conllr (M3) 0.59 19.73
Top Faraoni guide bed 8.32 11.02
Base Faraoni guide bed 8.52 10.82
top gorlr, conlOr (MS5) 12.70 5.60
base conlOr (MS5) 15.74
top con9r (M6) 17.46
base con9r (M6) 18.96
top con8r (M7) 21.54
base con8r (M7) 27.01
top con7r (M8) 30.58
base con7r (M8) 32.94
top con6r (M9) 36.70
base con2r, bos9r (M14) 2.59 89.20
top conlr, bos8r (M15) 9.39 93.78
base conlr, bos8r (M15) 14.02 98.57
FAD Rucinolithus wisei 102.51
top bos7r (M16) 26.04
base bos7r (M16) 30.22
top bos8r, arcdr (M17) 72.40 35.16
base bos8r, arcdr (M17) 54.90 57.00
top bos5r, arc3r (M18) 46.27 60.42
base bos5r, arc3r (M18) 42.85 63.50
Maiolica/Calcari ad Aptici 42.85 82.90
FAD Umbria granulosa 40.71
top bos5n.1r, arc3n.1r 40.43 65.42
(M19n-1)
base bos5n.1r, arc3n.1r 38.59 65.94
(M19n-1)
FAD Nannoconus infans 34.66
FAD Cruciellipsis cuvillieri 28.26
top bosdr, arc2r (M19) 25.07 76.21
FAD Rhagodiscus asper 22.24
base bosdr, arc2r (M19) 21.74 77.45
top bos4n.2r, arc2n.lr, 16.48 83.62
arc2n.2r (M20n-1)
base bos4n.2r, arc2n.1r, 16.09 83.98
arc2n.2r (M20n-1)
top arclr (M20) 9.31
base arclr (M20) 3.92

Correlative polarity chron boundaries are shown in parentheses. Polarity chron nomenclature is after Gradstein et al. [1994]. All meter levels are
calculated after restoring fault displacements. The Arcevia composite section is made by merging the upper and lower stratigraphic subsection and
assuming a complete overlap of the arc2n subzones.

et al. [1989] framed the calcareous nannofossil stratigraphy
within the magnetozones documented by Lowrie
and Channell [1984). Baumgartner [1987] studied the
radiolarian of the cherty layers from both the lower part
of the Maiolica and the Calcari ad Aptici. Finally, Housa
et al. [2004] provided new magnetostratigraphic and
calpionellid zonation data for the lowermost 28.5 m of
Maiolica and uppermost 10.5 m of Calcari ad Aptici.

[45] The correlation of the magnetozones from Maiolica
and upper Calcari ad Aptici at Bosso to polarity chrons was
solidly established by Lowrie and Channell [1984] and
Housa et al. [2004], so that our magnetozones bos4n to
bos9r (Figure 5) can be correlated to chrons M20n to M14
(Figure 12b and Table 2). The subchrons M19n-1 and
M20n-1, studied with great detail by Housa et al. [2004]
are both represented by solely one reverse-polarity sample

Figure 13. Summary of the more important magnetostratigraphic studies of lower Cretaceous—upper Jurassic sections
[e.g., Opdyke and Channell, 1996], correlation to the geomagnetic polarity timescale from Gradstein et al. [1994] and to
magnetostratigraphic results from this study. All sections are in Italy, apart from Berrias (France) and Carcabuey (Spain).
References are Gorgo a Cerbara-1, Contessa, Bosso-1, and Arcevia, this study; Monte Acuto, Channell et al. [1995a];
Gorgo a Cerbara-2, Frontale, Presale, Lowrie and Alvarez [1984]; Pié Dosso, Polaveno, Channell and Erba [1992];
Cismon, Channell et al. [1979]; Capriolo, Channell et al. [1987]; Bosso-2, Lowrie and Channell [1984]; Bosso-3, Housa et
al. [2004]; Fonte del Giordano, Cirilli et al. [1984]; Berrias, Galbrun [1985]; Carcabuey, Ogg et al. [1984]; Xausa,
Channell et al. [1987], Foza, Ogg [1981]; Quero and Frisoni, Channell and Grandesso [1987].
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in our data set. The sedimentation rate in the Maiolica lime-
stones reaches the maximum value (13.2 m/Myr) during
chron M17, and decreases upsection to 6.7 m/Myr (during
chron M16n), and downsection to 11.3 m/Myr (average from
bottom of M18 to bottom of M20n-1, Figure 12b).

[46] The lowermost 8.5 m of Calcari ad Aptici (never
magnetostratigraphically investigated before) reveal a con-
tinuous normal polarity zone (which according to Housa et
al. [2004] can be correlated to the M20n chron), and a
succession of thin (0.30 to 2.30 m thick) magnetozones in
the lowermost 7 m of section (Figure 5). No correlation with
the GPTS is apparent here, when the sedimentation rates
observed in the Maiolica and uppermost part of Calcari ad
Aptici are extrapolated (Figure 12b/11b). Baumgartner
[1987] stated that the lowermost Calcari ad Aptici strata
at Bosso belonged to the upper part of radiolarian zone B,
which now corresponds to the “Unitary Association Zone”
9-10 (mid-Oxfordian—early Kimmeridgian according to
Baumgartner et al. [1995]). We note that, according to the
GPTS from GRADY94, the M20n chron (correlated to the
bos4n zone at Bosso) falls within the Late Tithonian,
implying an extreme condensation and/or hiatuses occurring
in the lowermost 8 m of Calcari ad Aptici. We conclude that
no correlation with the GPTS for chrons older than M20n
can be established at Bosso (Figure 12b/11b).

5.3. Contessa

[47] No biostratigraphic data have been reported so far for
the Maiolica exposed at Contessa. However, at 8.4 m we
sampled the ammonite Faraoni guide level (Figures 6a and 7
and Table 2), constrained to the uppermost Hauterivian by
Cecca et al. [1994b], and correlated to the polarity chron
M5n by Channell et al. [1995a] at Bosso and Gorgo a
Cerbara. At Contessa, we constrained the Faraoni ammo-
nitic guide bed to 65% of chron M5n (calculated from the
top of the chron).

[48] In order to have an age tie point for the lower part
of the section, the calcareous nannofossil content of
samples from the lowermost 13 m of section was deter-
mined. The interval comprised between the samples
CON200 (meter 96.8) and CON226 (meter 109.5, bottom
of the section) was analyzed. The samples from Contessa
are all productive for nannofossils (except sample 202 that
is barren), although overall abundances are quite low, and
a relatively large surface of the slide (0.06 to 0.120 cm?)
should be studied, in order to achieve 100 specimens on
average. A total of 39 species was recorded, with a species
richness varying between 17 and 24 species/sample. Pres-
ervation was variable from one sample to another but the
majority of samples displayed moderate preservation.
Watznaueria barnesae is the dominant taxon (on average
39% of the total assemblage). This pattern is well known
and discussed in the literature for different Cretaceous
settings [see, e.g., Williams and Bralower, 1995]. The
large-sized coccoliths of W. manivitae, which was the
second dominant species in the Tithonian assemblages of
Arcevia, display low relative abundances (1.7% on aver-
age) at Contessa, A taxon that is quite abundant at
Contessa is Cyclagelosphaera margerelii with average
relative abundance of 19.64%. The genus Nannoconus
accounts for 11% of the total assemblages. Two other
species are worth noticing: Watznaueria fossacincta and
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Diazomatolitus lehmanii, that represent, respectively, 4.1%
and 4.15% of the assemblages.

[49] The First Occurrence of Rucinolithus wisei was
recorded in sample CON212 (meter 102.5, Figures 7 and
14 and Table 2) and this taxon was systematically found in
younger samples. This FO was reported by Bralower et al.
[1989] in the middle part of M16n. Another species
recorded in the Contessa samples, although rare, is
Micrantholithus hoschulzii. Its FO was indicated by
Bralower et al. [1989] in the MIl6n in two sections
from central Italy (Bosso and Fonte del Giordano). These
biostratigraphic data indicate a Berriasian age for the base of
the Contessa section sampled in this work.

[s0] The relatively high proportion of C. margerelii in the
samples studied could be ecologically controlled. This
taxon formed a significant component of nannofossil
assemblages only at certain peculiar stratigraphical levels
throughout the Jurassic and Cretaceous. High abundance,
oligospecific assemblages formed by Cyclagelosphaera
margerelii and Watznaueria britannica(=Ellipsagelos-
phaera communis of Busson et al. [1992]) were reported
by Busson et al. [1992, 1993] in a Late Jurassic restricted
lagoon environment, probably receiving freshwater influ-
xes. High accumulation of Cyclagelosphaera margerelii
also forms the light colored laminae of Kimmeridgian
bituminous laminites (French Jura), interpreted as being
deposited in a lagoonal environment with important salinity
variations [ Tribovillard et al., 1992]. Watznaueria britannica
and Cyclagelosphaera margerelii also dominate in certain
laminae of the English Kimmeridge Clay Formation (KCF)
coccolith stone bands, probably indicating peculiar trophic
conditions [Lees et al., 2004]. Such observations could
provide new insight into the paleoenvironment in which
sediments were formed in the Contessa area.

[s1] At Contessa, well-resolved magnetozones could be
retrieved only from the uppermost (above 40 m) and
lowermost (below 85 m) parts of the section (Figure 7).
Conversely, between 40 and 85 m, most of the samples were
found to be very weakly magnetized (below the noise level
of the magnetometer), and the succession of magnetozones
could not be satisfactorily resolved. Considering the mag-
netostratigraphic and biostratigraphic calibration point rep-
resented by the Faraoni guide level, the magnetozones from
0 to 40 m can be easily correlated to chrons M3 to M9
(Figure 15a). In fact, the distinctive pattern of our magneto-
zones con10n to con7n shows good correspondence with that
observed for chrons M6n to M9n, respectively. Furthermore,
considering the magnetozone sequence and the nannofossil
assemblages observed in the lowermost 25 m of section, we
correlate the magnetozones con2r to conln to chrons M14 to
M16n, respectively (Figure 15a/13a). Conversely, we are not
able to find a convincing correlation for magnetozones from
40 to 85 m, in the central part of the section. The sedimen-
tation rate decreases from 11.8 m/Myr in the upper 40 m of
section (average from top of M5n to bottom of M9n) to 7.7 m/
Myr in the lowermost 25 m (average from bottom of M 14 to
bottom of M15). This reduced sedimentation rate in these
lower Maiolica strata is in agreement with the biostrati-
graphic information gathered from the lowermost 13 m of
section.

[52] The finding of extremely weak remanence in the
central part of the section may have two sources: (1) there
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Figure 14.

Distribution chart of calcareous nannofossils in the lower part of the Contessa section. The

different morphotypes of Watznaueria britannica and the different sized Watznaueria manivitae are also

reported. Preservation is discussed in the text.

are many faults cutting the section, which may have enabled
fluid circulation and oxidation of magnetite and (2) the
magnetostratigraphically failed Maiolica strata at Contessa
are comprised between chrons M10n to M 14, corresponding
to the Lower Hauterivian— Lower Valanginian interval
according to GRADY4. Yet a positive carbon isotope event
has been constrained to the upper Valanginian (peaking in
chrons M10N and M11) by several magnetostratigraphic
investigations in the Maiolica exposed in northern Italy and
Switzerland [Channell et al., 1993]. In those sections, a
reduction in magnetization intensity coincident with the
carbon isotope event is related to diagenetic magnetite
dissolution enhanced by increased organic carbon burial.
Likely, a similar diagenetic mechanism may have occurred
in the Faraoni level (rich in organic matter), which we found
to be not magnetized either at Contessa or Gorgo a Cerbara.

[53] Magnetostratigraphic data from Contessa concur
with previous evidence from Bosso [Lowrie and Channell,
1984; Channell et al., 1995a], and indicate a ““magneto-
stratigraphic recording gap” for the Umbria-Marche Maiol-
ica from chron M10n to M14. However, at Fonte del
Giordano and Monte Acuto, Cirilli et al. [1984] and
Channell et al. [1995a] correlated their magnetozones
to chrons M8 to Ml1ln and M7 to MIlI, respectively
(Figure 13). Cirilli et al. [1984] also documented a magne-

tozone corresponding to chron M14n. Consequently, the
Maiolica recording gap may be reduced to chrons M11 to
M14n, that is from the upper Upper Valanginian to the
upper Lower Valanginian, following GRAD94. We note that
in the southern Alps the Maiolica strata sampled both at
Capriolo [Channell et al., 1987] and Polaveno [Channell et
al., 1995a] successfully record the M11 to M14n polarity
chron interval, whilst the Pusiano section [Channell et al.,
1993] show very low magnetization intensities and poor
definition of polarity zones in such interval. We conclude
that the M11-M14n magnetostratigraphic recording gap
seems to represent a ubiquitous feature of the Maiolica
deposited in the Umbria-Marche basin, while it is sporad-
ically observed in the sections from the southern Alps.

5.4. Gorgo a Cerbara

[54] In the Maiolica at Gorgo a Cerbara, the nannofossil
content was documented by Lowrie et al. [1980], Coccioni
et al. [1992], Cecca et al. [1994a], and Channell et al.
[1995a, 2000], the planktonic foraminifera distribution by
Coccioni et al. [1992] and Cecca et al. [1994a], while
ammonite finds were reported by Cecca et al. [1994a,
1994b] and Channell et al. [1995a].

[s55s] The magnetozones observed by us in the 82 m of
sampled Maiolica at Gorgo a Cerbara (Figure 9) can be

Figure 15. Stratigraphic distance versus age correlation plot. The magnetic polarity zones from (a) Contessa and (b) Gorgo
a Cerbara are correlated to polarity chrons from the GPTS. Polarity chron designations and age of polarity chrons are from
Gradstein et al. [1994]. Sloping lines are average sediment accumulation rates. No correlation with the GPTS was
attempted in the central part of the Contessa section, due to the great number of failed (very weakly magnetized) samples

and poor magnetozone definition.
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safely correlated to chrons C34n to M5 (Figure 15b/13b and
Table 2), as the same strata were magnetostratigraphically
studied by Lowrie et al. [1980], Lowrie and Alvarez [1984],
and Channell et al. [2000]. The Faraoni level falls within
chron M5n, as previously documented by Channell et al.
[1995a]. We constrained the Faraoni ammonitic guide bed
to 62% of chron M5n (from the top of the chron), which is
virtually identical to the stratigraphic position documented
at Contessa by us and at Bosso by Channell et al. [1995a].
The sedimentation rate decreases moving upsection, from
13.8 m/Myr (average from bottom of MIn to bottom of
M5n), to 7.2 m/Myr during chron M1n, and finally to 2.8
(or 4.3) m/Myr during chron MO (using the GPTS from
GRAD94 or Gradstein et al. [2005], respectively,
Figure 15b). Thus the sedimentation rate strongly decreases
(by almost one order of magnitude, if the GRAD94 scale is
considered) in the upper part of the Maiolica limestones,
when approaching the boundary with the Fucoidi marls.
The decrease seems to be progressive and to start within
chron Mln.

6. Details of the Polarity Subchrons and
Geomagnetic Excursions

[s6] The overall data set of 861 cores from the Arcevia,
Bosso, Contessa, and Gorgo a Cerbara sections encom-
passes the whole Maiolica and Calcari ad Aptici succes-
sions, and yields a continuous record of polarity chrons,
from M21n to M14 and from M9 to MO (Figure 13). The
succession of magnetozones identified by us fully confirms
the sequence of M polarity chrons as inferred from oceanic
magnetic anomaly analysis [GRAD94, Channell et al.,
1995b; Gradstein et al., 2005]. Arcevia represents the land
section with the highest sedimentation rates reported so far
for chrons M20 to M19n, and yields an unprecedented,
expanded record of the short polarity subchrons M20n-1
and M19n-1. After additional detailed sampling, we found
at Bosso two intervals (within two different magnetozones)
showing VGPs departing by more than 45° from the mean
(normal or reverse polarity) paleomagnetic pole of the
section. These data may suggest that an excursion and a
reversal excursion of the geomagnetic field occurred during
chrons M16n and M16, respectively.

6.1. M20n-1 and M19n-1 Subchrons at Arcevia

[s7] At Arcevia, the polarity subzones arc2n.lr and
arc2n.2r (Figure 3) are both inferred to represent the polarity
subchron M20n-1 (Figure 12a), duplicated by a normal fault
(Figures 16a and 16b). This is the third land section apart
from Brodno [Housa et al., 1999] and Bosso [Housa et al.,
2004] documenting such short-duration feature of the
GPTS. Arc2n.Ir and arc2n.2n are 44 and 34 cm thick,
respectively (Figures 16b and 16a), while the subzones
corresponding to M20n-1 from Brodno and Bosso are 15
and 17 cm thick, respectively. Therefore Arcevia is charac-
terized by a sedimentation rate during the subchron M20n-1
roughly double those of Brodno and Bosso. The zone arc2n
(correlated to chron M20n) exposed in the lower strati-
graphic subsection is 15.5 m thick (Figure 3), which has to
be reduced to 12.0 m (translating to a sedimentation rate of
13.2 m/Myr) when the 3.5 m duplication by the fault located
between arc2n.lr and arc2n.2r is taken into account
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(Figure 12a). By assuming a uniform sedimentation rate
during chron M20n, our data indicate that the subchron
M20n-1 (considering an average thickness of 39 cm)
represents 3.2% the time of duration of M20n. We note
that both the GPTS from GRAD94 and Channell et al.
[1995b] (obtained by different oceanic magnetic anomaly
block models) suggest an almost double duration for M20n-
1, which is constrained to represent 6.6% and 5.2% of chron
M20n in time, respectively. Moreover, the duration of
subchron M20n-1 evaluated by us at Arcevia must be
retained as a maximum value, because we assumed that
the arc2n zones from the upper and lower subsection
(Figure 3) are in complete overlap.

[s8] Both layers recording the subchron M20n-1 reveal
that it is characterized by a reversal excursion (following the
terminology adopted by Abdul Aziz and Langereis [2004]),
with individual VGP values deviating by 94° and 157° from
the mean (reverse polarity) paleomagnetic pole of the
section (Figures 16a and 16b). This feature has never been
documented so far either by oceanic magnetic anomaly or
land magnetostratigraphic data.

[59] The M19n-1 subchron (corresponding to the polarity
subzone arc3n.1r in Figure 3) is also documented at Arcevia
for the third time in a land section (Figures 3 and 12a), after
Brodno and Bosso. However, the thickness of M19n-1
documented at Arcevia (1.8 m) is far greater with respect
to those at Brodno (24 cm [Housa et al., 1999]) and Bosso
(77 cm [Housa et al., 2004]. The arc3n zone (corresponding
to chron M19n) is 17.8 m thick (Figure 3). Thus, assuming a
constant sedimentation rate during chron M19n, our data
indicate that the duration of the subchron M19n-1 is 10.1%
that of M19n. This value proves to be significantly greater,
this time, than the two corresponding values proposed by
GRADY4 and Channell et al. [1995b] (6.5% and 6.9%,
respectively). The exceptionally expanded record of sub-
chron M19n-1 shows that it is not characterized by any
geomagnetic excursion, and that its lower polarity transition
is significantly longer and may last twice as long as the
upper polarity recovery to M19n (Figure 3).

6.2. Geomagnetic Excursions Within Chrons
M16n and M16 at Bosso

[60] At Bosso, within the upper part of the bos8n zone,
correlated with chron Ml6n (Figure 12b), two VGPs
deviating by more than 45° from the mean paleomagnetic
pole of the section are observed after additional detailed
sampling (Figure 16¢). These data may suggest a geomag-
netic excursion occurring at 31% of chron M16n (calculated
from its top), confined within ~50 cm of Maiolica lime-
stones. By considering the sedimentation rate at Bosso
within chron M16n using the GRAD94 GPTS
(6.7 m/Myr), the excursion is inferred to last ~70 kyr.

[61] Within the underlying bos7r zone (correlated to chron
M16), a VGP deviating by 160° from the mean (reverse
polarity) paleomagnetic pole of the section, and three addi-
tional VGPs deviating between 45° and 85° are observed
(Figure 16d/14d). The two samples deviating by 85° and
160° are separated by two samples deviating by 13° and 14°,
suggesting a twofold excursion event. The transitional direc-
tions span about one third of the duration of the M16 chron,
and the fact that one sample deviates by more than 90°
implies that this event should be termed a reversal excursion.
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Figure 16. Detail of VGP latitudes (a—b) for Arcevia with polarity chron interpretation between level
29.6 and 25.2 m of the lower stratigraphic subsection, and (c—d) for Bosso with polarity chron
interpretation between levels 17.35 and 31.5 m. Meter levels are as in Figures 3 and 5, respectively. At
Arcevia the two reverse-polarity subzones arc2n.2r (Figure 16) and arc2n.1r (Figure 16) are correlated to
the same subchron M20n-1, duplicated by a normal fault. The arrows indicate the position of the samples
pointing to a reversal excursion within subchron M20n-1.

[62] It may be argued that the geomagnetic excursions we
document at Bosso and Arcevia are in fact due to partial or
complete magnetic overprint phenomena. Yet, no evidence
has been provided (by our and previous studies) for remag-
netization occurring at Bosso and Arcevia, and the samples
displaying departures by more than 45° from the mean
paleomagnetic pole do not display anomalous demagneti-
zation data.

[63] At Contessa we observed a sample (CON209) within
the conln zone (correlated with chron M16n) deviating by
124° from the mean pole of the section. We suspected that
this datum might represent the same excursion observed at
Bosso within chron M16n, and we drilled seven additional
cores in the layers in proximity to CON209. Yet, all these
new samples evidenced only a normal polarity and VGPs

almost coincident with the mean pole of the section
(Figure 7), suggesting that CON209 may in fact be an
outlier. However, when we extrapolated the position of
the excursion observed at Bosso within chron M16n to
Contessa (taking account of the respective sedimentation
rates), we found a position (102.85 m) which is very close
to the actual position of sample CON209 (101.2 m). Though
the level is not identical, it must be considered that the
bottom of chron M16n was not reached at Contessa, and
that the excursion from Bosso was extrapolated by consid-
ering the sedimentation rate evaluated from chrons M 15 and
M15n at Contessa. To sum up, we regard the data from
Contessa as not conclusive to confirm (or not) the existence
of the geomagnetic excursion within chron M16n found
at Bosso: there is only one datum from Contessa pointing
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to a reversal excursion, yet its relative position within chron
M16n is very similar to the anomalous samples from Bosso.

[64] The excursions observed by us within chrons M16n
and M16 at Bosso were not reported by Lowrie and
Channell [1984], likely due to the wider sampling spacing
they adopted. Moreover their study aimed at defining the
magnetic stratigraphy at Bosso, instead of the second-order
features of the geomagnetic field. Magnetostratigraphic
data from chrons M16n and M16 were also gathered
from Fonte del Giordano (close to Bosso [Cirilli et al.,
1984] (Figure 13)), Berrias (France, Galbrun, 1985), Xausa,
Frisoni, Valle del Mis (northern Italy [Channell and Grand-
esso, 1987]), Capriolo (northern Italy [Channell et al.,
1987]), Cehegin (Spain [Ogg et al., 1988]), and Polaveno
(northern Italy [Channell et al., 1995a]).

[65] It should be noted that at Xausa two reverse-polarity
samples are reported within the upper part of chron M16n,
and at Berrias a VGP latitude of ~45° is observed in the
upper part of chron M16n. Similarly, at Frisoni, where
chron M16 is considerably expanded (~23 m), many VGPs
deviate between 45° and 90° from the mean reverse-polarity
pole of the section, and at Fonte del Giordano a VGP
deviating by ~40° from the mean reverse-polarity pole of
the section can be observed within chron M16. Therefore
the data from Fonte del Giordano [Cirilli et al., 1984],
Berrias [Galbrun, 1985], Frisoni and Xausa [Channell and
Grandesso, 1987] seem to concur with our data from Bosso
and support the occurrence of geomagnetic excursions
within chrons M16n and M16. Similar evidence may have
been lacking in other sections due to smaller sedimentation
rates and/or wider sampling spacing.

7. Conclusions

[66] The magnetostratigraphic investigation of the Maiol-
ica and Calcari ad Aptici limestones from the Arcevia,
Bosso, Contessa, and Gorgo a Cerbara land sections
(Umbria-Marche, Italy) has provided a detailed record of
polarity chrons M21n to M14 and M9 to MO. Though we
sampled the Maiolica from Umbria-Marche more densely
than in the past, we observed no difference (i.e., no new
subchrons or microchrons) with respect to the sequence of
M polarity chrons inferred from oceanic magnetic anomaly
profiles [GRADOY4; Channell et al., 1995b].

[67] At Contessa, the Maiolica deposited from chrons
M14 to M10n was found to be very weakly magnetized
(often below the noise level of the magnetometer, i.c.,
<5 pA/m), confirming similar evidence gathered in the past
at Bosso [Lowrie and Channell, 1984]. Considering also
data from other sections [Cirilli et al., 1984; Channell et al.,
1995a] we find that the Maiolica from Umbria-Marche is
characterized by a magnetostratigraphic “recording gap”
between chrons M14n to M11, possibly due to diagenetic
magnetite dissolution related to the Late Valanginian carbon
isotope event [Channell et al., 1993]. In the southern Alps,
the Pusiano section [Channell et al., 1993] shows the same
recording gap as in Umbria-Marche, while the Maiolica
exposed at Capriolo [Channell et al., 1987] and Polaveno
[Channell et al., 1995a] displays normal records of the
M14n-M11 polarity chrons.

[68] Arcevia proves to be the most expanded land section
documented so far for the interval between the top of chron
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M19n and the bottom of M20, recorded within abnormally
thick (43 m) Calcari ad Aptici strata. Here the boundary
between the Maiolica and Calcari ad Aptici limestones occurs
at the top of chron M19n, while at Bosso it has been con-
strained in the upper part of chron M20n by both Housa et al.
[2004] and our data. We conclude that the onset of Maiolica
sedimentation may be diachronous by 1.5—2 Myr within the
Umbria-Marche domain, and influenced by local patterns of
carbonate production superimposed on regional trends.
Moreover, at Arcevia we observed the highest sedimentation
rate (of the whole of our data set) within the upper part of the
Calcari ad Aptici (16.5 m/Myr during chron M19n), and
smaller values in the overlying Maiolica (10.8 m/Myr).
Conversely, at Bosso, the sedimentation is extremely low in
the markedly condensed lower Calcari ad Aptici strata, and
progressively increases moving upsection to the Maiolica.

[69] After Brodno (western Slovakia [Housa et al., 1999])
and Bosso, Arcevia is the third land section documenting
both the M20n-1 and M19n-1 subchrons. The corresponding
polarity subzones are 0.39 and 1.8 m thick (respectively),
i.e., twice (or more) thicker than corresponding subzones
from Brodno and Bosso. Assuming constant sedimentation
rates at Arcevia during chrons M20n and M19n, the duration
of the M20n-1 and M19n-1 subchrons is found to be
3.2% and 10.1% of chrons M20n and M19n, respectively.
These values are smaller and greater (respectively) than
corresponding values reported for M20n-1 and M19n-1 by
both GRAD94 and Channell et al. [1995b] GPTSs. Evi-
dence can also be found for a reversal excursion occurring
within the M20n-1subchron, while no transitional field was
observed within the exceptionally expanded subzone (1.8 m)
correlated to the M19n-1 subchron.

[70] At Bosso, evidence can be found for a geomagnetic
excursion and a reversal excursion occurring within chrons
M16n and M16, respectively. The ~20-cm-thick calcareous
guide bed of the uppermost Hauterivian ““Faraoni” guide
level is constrained to 65% and 62% of chron M5n
(calculated from the top of the chron) at Contessa and
Gorgo a Cerbara, respectively, in agreement with previous
evidence from Bosso [Channell et al., 1995al].
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