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a b s t r a c t
The astronomical tuning of the upper Cenomanian rhythmic succession of marine limestones and black
shales that prelude to the Bonarelli Level (=Oceanic Anoxic Event 2) in the classic Furlo section of central
Italy was achieved using cyclostratigraphic analyses on environmentally controlled rock-magnetic properties
and the CaCO3 content of the limestones. The astronomical tuning was based on the stable 405 kyr-long
eccentricity cycle observed in the rock-magnetic record and correlated to the orbital solution of Laskar et al.
(2004), and the phase relationship was established by the eccentricity-modulated precession signal
observed in the CaCO3 record. According to our tuning, pre-Bonarelli black shales formed during eccentricity
minima and reduced seasonality when reduced deep-water circulation (sea bottom ventilation) in a
paleogeographically constricted Alpine Tethys–Central Atlantic Ocean promoted organic matter preservation
and possibly a reduced carbonate dissolution resulting in a higher sedimentation rate. In compliance, the
onset of the OAE2 at Furlo corresponds to the eccentricity minimum nominally placed at 93.92 Ma, with the
full development of OAE2 persisting much longer than any black shale precursor across at least one long
eccentricity maximum.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
In the Furlo Gorge of central Italy (Fig. 1a), the Bonarelli Level is
exposed at the top of a 20 m-thick section of upper Cenomanian
limestones and black shales pertaining to the Scaglia Bianca
Formation. It represents the local sedimentary expression of Oceanic
Anoxic Event (OAE) 2 (e.g., Arthur and Premoli Silva, 1982), and the
associated δ13Corg positive excursion (e.g., Tsikos et al., 2004; Kuroda
et al., 2007; Mort et al., 2007) (Fig. 2). Black shale deposition across
the OAE2 appears global in nature as it was recognized in all main
oceanic basins (Arthur et al., 1990). Furthermore, the record from the
nearby Abruzzi platform shows that the Bonarelli Level corresponds
to a phase of fast sea-level rise (drawn platform) that was correlated
worldwide and related to climate changes (Galeotti et al., 2009).
Rhythmic episodes of organic matter accumulation resulting in the
deposition of thin black shale layers occur below the Bonarelli Level
(Coccioni and Galeotti, 2003). Pre-Bonarelli black shales of Cenomanian
age seem to be a regional feature of the Alpine Tethys Ocean and the
adjacent Central Atlantic Ocean (Italian Apennines as well as Deep Sea
Drilling Project and Ocean Drilling Program sites in the Iberia abyssal
plain, Galicia margin, Newfoundland basin, Blake Nose, Demerara rise,
and Cape Verde basin).
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Two main models have been proposed to explain the preservation of
organic matter within pre-Bonarelli black shales, namely the antimonsoonal model, originally developed for the Aptian–Albian black
shales of the Marne a Fucoidi Fm., which lies immediately below the
Scaglia Bianca Fm. (Herbert and Fischer, 1986), and the monsoonal
model, developed for Pliocene–Pleistocene Mediterranean sapropels
(Rossignol-Strick, 1985; Hilgen, 1991a; Hilgen et al., 1995) and, recently
applied to Cenomanian black shales by Mitchell et al. (2008). According
to the anti-monsoonal model, black shales were deposited during
periods of low orbital forcing leading to reduced seasonal contrast and
deep-water formation, and resulting in decreased sea bottom ventilation, deep-intermediate water mass hypoxia and enhanced preservation of organic matter (Herbert and Fischer, 1986).
According to the monsoonal model, Pliocene–Pleistocene sapropels
were deposited in the eastern Mediterranean Sea at times of intense
(northern) summer monsoons (Rossignol-Strick, 1985) during eccentricity maxima when the seasonal contrast in the Northern Hemisphere —
and hence monsoonality — was signiﬁcantly increased, enhancing ﬂood
discharge in the Mediterranean Sea that prevented deep-water formation
and promoted anoxia and organic matter preservation (Rohling and
Hilgen, 1991; Hilgen, 1991b; Emeis and Weissert, 2009). Though applied
to different time intervals and paleogeographic settings, both models
deem orbital forcing as a triggering mechanism for deposition of Corg-rich
sediments, but in opposite phase relationships.
Choosing among the possible orbital scenarios (and triggering
mechanisms) of Cenomanian black shales formation (i.e., anti-monsoonal
versus monsoonal) requires establishing the correct phase relationship
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Fig. 1. Palaeo-location of the Furlo area and present day location of the studied sections. (a) Geologic sketch map of the central Apennines with location of the Furlo section; the
shaded area represents the Mesozoic formation. (b) Paleogeographic map (www.odsn.de) of the Tethys–Central Atlantic region at ∼ 94 Ma (Cenomanian–Turonian boundary) with
approximate location of the Furlo section.

between the forcing mechanism (eccentricity) and the periodic signal
extracted from the geologic record and related to black shales. Here we
present the results of a cyclostratigraphic study performed on a ∼2.1 Myr
continuous record of rock-magnetic properties and calcium carbonate
(CaCO3) content of the Scaglia Bianca Fm. at Furlo. Spectral analysis is also
used to determine the orbital conditions at the time of onset of the
Bonarelli Level.
2. Lithology and age
The Scaglia Bianca Fm. at Furlo (Fig. 1a) was deposited at a latitude of
∼20°N in the tropical belt of the Tethys seaway (Fig. 1b). The Furlo
section has already been studied by Mitchell et al. (2008) for
cyclostratigraphy and by Mort et al. (2007) for organic carbon
(δ13Corg) stratigraphy across the Bonarelli Level. From base to top, we
distinguish the following main stratigraphic intervals relative to the base
of the Bonarelli Level placed at meter level 0 (Fig. 2).
(I) The interval from − 20 to − 18.50 m consists of white to light
grey micritic limestones with pinkish chert lenses and nodules.
(II) The interval from −18.50 to −13.30 m consists of couplets of
light grey micritic limestones with pinkish to light grey chert

(III)

(IV)

(V)

(VI)

layers and lenses, and black shales. Black chert occurs from
−16.57 m upwards.
The interval from − 13.30 to −3.20 m consists of couplets of
light grey micritic limestones with black chert layers, and black
shales.
The interval from −3.20 to 0 m consists of light grey micritic
limestones with black chert layers. A single, thin black shale
occurs at − 0.7 m.
The Bonarelli Level is 1 m-thick (from 0 to +1 m) and consists
of couplets of black laminated organic-rich shales, radiolarianrich layers, and occasional black chert layers.
The interval from meter level + 1 to +4 m consists of light grey
micritic limestones with light grey to reddish chert layers.

Calcareous nannofossils are common and moderately well preserved
in limestones whereas their abundance and preservation is extremely
variable in black shales where they can range from very abundant to
scarce and from moderately to poorly preserved. The last occurrence of
Axopodorhadbus albianus (at −0.63 m) and the ﬁrst occurrence of
Quadrum gartneri (at +0.74 m) are used to identify the NC 12** zone
(Bralower et al., 1995) of latest Cenomanian age (Fig. 2). The FO of Q.
gartneri approximates the Cenomanian–Turonian boundary, as calibrated
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Fig. 2. Schematic lithology, nannofossil zonation, rock-magnetic properties and CaCO3 contents of the Furlo section. Grey bands show the black shale levels. The black levels,
numbered 1 to 27, are reported accordingly to Mitchell et al. (2008) and references therein, and include black shales and black chert levels.

in other reference sections, including the Pueblo Cenomanian–Turonian
boundary stratotype (Tsikos et al., 2004; Voigt et al., 2007). According to
planktonic foraminifera biostratigraphy, the Furlo section spans the
upper part of the Rotalipora cushmani Zone through the lower part of the
Helvetoglobotruncana helvetica Zone, with the Cenomanian–Turonian
boundary approximated by the ﬁrst occurrence of H. helvetica placed
6.50 m above the top of the Bonarelli Level (Mitchell et al., 2008).
3. Rock magnetism and cyclostratigraphy
We performed cyclostratigraphic analyses on a rock-magnetic
record retrieved from the stratigraphic interval below the Bonarelli
Level. The calcareous portion of the Furlo section was sampled with a
portable rock drill; a total of 247 specimens were taken in the 20 m
below the Bonarelli Level at an average sampling resolution of 1 sample
every 8 cm, whereas additional 12 specimens were taken in the 2.8 m
above the Bonarelli Level (Fig. 2). The sampling was restrained to the
largely dominant limestone beds in order to keep the rock-magnetic
record independent from lithological variations.
The magnetic mineralogy of the Scaglia Bianca Fm. consists
essentially of detrital magnetite carrying a primary paleomagnetic
signal (e.g., Lowrie et al., 1980; Lowrie and Alvarez, 1984). The rockmagnetic properties were studied by measuring the Anhysteretic
Remanent Magnetization (ARM), and the Isothermal Remanent
Magnetization (IRM) of each sample. The ARM was acquired by
applying a peak alternating ﬁeld of 0.1 T and a bias ﬁeld of 50 µT,

whereas the IRM was acquired in 0.1 and 1 T ﬁelds with a pulse
magnetizer. All measurements were made on a DC-SQUID 2G cryogenic
magnetometer located in a magnetically shielded room at the Alpine
Laboratory of Paleomagnetism. The ARM to IRM ratio was computed
dividing the ARM intensity by the IRM intensity at 0.1 T ﬁeld. The IRM
intensity is regarded as a proxy of magnetite concentration and the
ARM/IRM ratio as a proxy of magnetite grain size, whereby high (low)
ARM/IRM values are typical for small single-domain (large multidomain) magnetite grains (e.g., Dunlop and Ozdemir, 1997).
The IRM intensity curve shows an exceptionally clear cyclic pattern
(Fig. 2) and the ARM/IRM curve tracks this pattern showing low (high)
ARM/IRM values in correspondence of low (high) IRM intensities.
Limestones with high IRM and ARM/IRM values are interpreted as
enriched in single-domain magnetite relative to limestones with low
IRM and ARM/IRM values, which occur during the deposition of black
levels. Hence, oxygen levels probably controlled magnetite variability;
well-oxygenated bottom waters promoted magnetite preservation
whereas poorly oxygenated to euxinic waters promoted instead
magnetite dissolution. The rapid increase of the IRM intensity observed
above the Bonareli Level (Fig. 2) concurs with the disappearance of the
black shales and indicates larger concentrations of magnetic minerals
reﬂecting the end of the euxinic conditions that promoted magnetite
dissolution as well as black shale's preservation.
We recognized periodicities in the rock-magnetic record by means of
spectral analysis. We applied the Lomb–Scargle algorithm (Press et al.,
2002) to compute a simple periodogram of unevenly spaced data in
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depth scale; as shown later more sophisticated techniques such as the
Multi Taper Method gave virtually identical results. The periodogram of
the IRM curve shows three well-deﬁned and large-amplitude peaks
corresponding to frequencies of ∼0.25 cycle/m, ∼0.80 cycle/m and
∼1.0 cycle/m (Fig. 3). The IRM periodogram has a striking resemblance
with the periodogram of Earth's eccentricity computed from the Laskar
et al. (2004) solution for a similar time interval (93–96 Ma) when it is
rescaled to a sedimentation rate of 10 m/Myr, which is estimated on the
average thickness of the Scaglia Bianca Fm. in the Umbria-Marche basin
and the duration of the Cenomanian stage (Gradstein et al., 2004). The
ratios between the highly signiﬁcant IRM peak frequencies, as well as
their relative amplitude, match that of the orbital eccentricity (Fig. 3),
therefore, we interpret the IRM spectral peaks as Earth's eccentricity
cycles of periods ∼400 kyr (∼0.25 cycle/m), ∼125 kyr (∼0.8 cycle/m)
and ∼100 kyr (∼1.0 cycle/m).
To establish the correct phase relationship between IRM and
eccentricity, we measured the calcium carbonate (CaCO3) content of
the 197 limestone samples using standard techniques (Fig. 2). The
CaCO3 measurements were interpolated to evenly spaced samples, with
an interval equivalent to their average sampling interval of 7 cm, in
order to compute the frequency spectrum using the Multi Taper Method
according to the algorithm described by Mann and Lees (1996), which
was used also for subsequent ﬁltering. The power spectrum (Fig. 4a) is
characterized by two statistically signiﬁcant frequency peaks at
∼4 cycles/m and ∼5 cycles/m, which correspond to precessional periods
of ∼25 and ∼20 kyr, assuming the average sediment accumulation rate
of ∼10 m/Myr established above. Evidences of short eccentricity are also
found in the CaCO3 spectrum at ∼1 cycle/m, this frequency (albeit not
signiﬁcant at the 95% conﬁdence level) corresponds to that computed
for the IRM record using the same Multi Taper Method (Fig. 4a). The
CaCO3 record ﬁltered at the precession frequencies of ∼4 cycles/m and
∼5 cycles/m shows an amplitude modulation whose envelope has been
calculated using the Hilbert transform (Fig. 4b). When compared to the
IRM records ﬁltered on the short eccentricity frequency of ∼1 cycle/m,
the CaCO3 modulation follows the short eccentricity signal, suggesting
that it represents a true record of astronomical precession, with low
(high) IRM values corresponding to large (small) CaCO3 modulation.
4. Age model
The stability of the solution of orbital motion calculation is limited by
the numerical accuracy of the computation and by the chaotic behavior
of the Solar system (Laskar, 1990). According to Laskar et al. (2004), the

Fig. 3. Normalized Lomb's periodograms (Press et al., 2002) of the IRM intensity plotted
versus 1/depth in the lower horizontal axis, and of orbital eccentricity from the Laskar et
al. (2004) solution for the period 93–96 Myr, plotted versus 1/age in the upper horizontal
axis. Horizontal axes are rescaled according to a sedimentation rate of 10 m/Myr.
Conﬁdence level for IRM (dashed line) was calculated, based on a red-noise hypothesis,
according to the method proposed by Allen and Smith (1996).

Fig. 4. a) Multi Taper Method power spectra of CaCO3, in the upper 14 m of Furlo
section, and of IRM for direct comparison. The 95% conﬁdence level (dashed line) refers
to CaCO3 spectra. Periodicities corresponding to astronomical precession (arrows) are
statistically signiﬁcant, while the peak corresponding to the short eccentricity has a
marginal signiﬁcance, however it has a similar frequency of the highly signiﬁcant IRM
peak. b) CaCO3 signal ﬁltered at the frequencies of 4 cycles/m and 5 cycles/m,
corresponding to precession, and its “envelope” showing the amplitude modulation,
calculated using the Hilbert transform. In the lower panel the calcium carbonate signal
is compared with IRM ﬁltered at 1 cycle/m frequency (i.e. short eccentricity). The
maxima of the ﬁltered IRM correspond to larger amplitude modulation of the
precessional signal of CaCO3 which are expected during eccentricity maxima, hence
IRM maxima correspond to periods of eccentricity maxima.

only reliable component of the astronomical solution for the Mesozoic is
the (g2 − g5) term, corresponding to the 405 kyr eccentricity period,
which is in any case subject to non negligible errors of about 0.1–0.2%.
This implies that a time scale based on the counting of long eccentricity
cycles assumed to have a ﬁxed periodicity of 405 kyr may have an error
as large as 190 kyr in the Cenomanian (Laskar et al., 2004).
Based on these premises, we performed the astronomical tuning of
the Furlo sequence by comparing the 405 kyr-long eccentricity cycle,
from the Laskar et al. (2004) solution, with the IRM intensity ﬁltered at
the highly signiﬁcant 0.25 cycle/m frequency (i.e., 4 m period) peak
using the Multi Taper Method (Mann and Lees, 1996). The correct phase
relationship between the IRM and the 405 kyr eccentricity cycle was
established using changes in the amplitude of the precessional signal
derived from the CaCO3 record. The modulation of the CaCO3 ﬁltered at
∼4 and ∼5 cycles/m, indicates periods of eccentricity maxima, where the
modulation is largest, and periods of eccentricity minima, where the
modulation is nearly zero. Periods of eccentricity maxima are found to
correspond to periods with larger IRM values (Fig. 4b). Conversely,
periods with lower IRM value correspond to minimal orbital eccentricity.
As a radiometric tie point for our tuning, we adopted the age of
∼94.1 Ma for the base of the δ13Corg positive excursion in the Pueblo
Cenomanian–Turonian boundary stratotype that Sageman et al. (2006)
connected by cycle counting to radiometric dates from Obradovich
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(1993). This radiometric date from Pueblo section was successfully
correlated with the δ13Corg positive excursion observed in the Furlo
section at the base of the Bonarelli Level (Tsikos et al., 2004; Mort et al.,
2007). Based on the above, we correlate the IRM minimum found at the
base of the Bonarelli Level, which corresponds to the base of δ13Corg
excursion, with the long eccentricity minimum that is closest in age
(93.95 Ma) to the age of ∼94.1 Ma (Fig. 5). The preceding 5 minima in
the 0.25 cycle/m (i.e., 4 m period) ﬁltered IRM signal follow consistently
the 405 kyr eccentricity cycles by simply assuming a nearly constant
sedimentation rate of about 10 m/Myr, which is a reasonable assumption given the lithologically homogenous nature of the Scaglia Bianca
Fm. Since the IRM spectrum exhibits large power corresponding to the
short eccentricity frequency bands, it is also possible to compare the full
eccentricity solution of Laskar et al. (2004) with the IRM intensity
ﬁltered at peaks of 1.0 cycle/m, 0.8 cycle/m and 0.25 cycle/m as well as
with the unﬁltered IRM intensity (Fig. 5). Interestingly, also the short
period (1 to 1.25 m) IRM variations appear to be in phase with the
orbital solution (Laskar et al., 2004), which might suggest that the
calculations for these components are correct. Based on the above
correlation, the 20 m-thick interval comprised between the section base
and the base of the Bonarelli Level spans ∼2.1 Myr (Fig. 5) with an
average sedimentation rate of ∼10 m/Myr in agreement with previous
astronomical calibration (Mitchell et al., 2008). Finer scale variations in
sedimentation rate throughout the section can be calculated by taking
into account the thickness of individual short eccentricity cycles (1 to
1.25 m) in the IRM record. This exercise is independent from the
precision of the astronomical calculation for these components since
their period is not expected to change signiﬁcantly. The resulting
sedimentation rate (Fig. 6a) shows an average of 9.9 m/Myr and long
period (∼4 m) changes synchronous with IRM ﬂuctuation, hence
eccentricity, with high sedimentation rates corresponding to low
eccentricity periods.
5. Discussion
The magnetic properties of the upper Cenomanian Scaglia Bianca
Fm. at Furlo show a remarkably clear rhythmic pattern that is related
to Earth's eccentricity. In particular, we were able to directly isolate
the term (g2 − g5), with a period of 405 kyr, which has a stable
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Fig. 6. Sedimentation rate of the Cenomanian Scaglia Bianca based on the astronomical
tuning of the short eccentricity cycles. Although the average sedimentation rate
appears rather constant (a), there are signiﬁcant long-term variations with a period of
4 m (b), which corresponds to the long eccentricity cycle (405 kyr).

numerical solution for the Mesozoic era (Laskar et al., 2004). The
direct phase relationship between the eccentricity signal and the IRM
intensity is deduced from the amplitude modulation of the precessional signal recorded in the calcium carbonate record. We found that
the amplitude of the precession-related signal is modulated by the
short (∼100 kyr) eccentricity and shows larger variability in correspondence of the IRM maxima that, by implication, correspond to
maximal orbital forcing modulation. On this basis, we tuned IRM
maxima with maxima of eccentricity and IRM minima with
eccentricity minima. Accordingly, within the ∼ 2.1 Myr-long time
interval preceding the onset of the Bonarelli Level black shales and/or
black cherts (as proxied by IRM minima) preferentially deposited
during ∼100 kyr eccentricity minima within 405 kyr minima (Fig. 5).

Fig. 5. Tuning of the IRM signal to the astronomical solution of Laskar et al. (2004). The IRM ﬁltered at 4 m period was tuned to the corresponding 405 kyr-ﬁltered eccentricity by
assuming a constant sedimentation rate of 10 m/Myr (see text for details). The IRM minimum at the top of the section was linked to the 405 kyr minimum closest to the estimated
age of 94.1 Myr for the base of Bonarelli Level. The IRM and the eccentricity ﬁltered on the main spectral peaks of 1 m, 1.2 m, 4 m and 100 kyr, 125 kyr, 405 kyr respectively, compare
well and allow a ﬁner tuning based using the short eccentricity cycles. The position of black shales (tall black), black chert (low grey), the Bonarelli Level and their correlation with
astronomical eccentricity is also shown. A duration of the Bonarelli Level of ∼500 kyr is assumed according to Mort et al. (2007).
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Recently, Mitchell et al. (2008) attempted to correlate the rhythmic
lithological properties of the Cenomanian Scaglia Bianca Fm. at Furlo with
the astronomical solution of Laskar et al. (2004), using a facies rank-depth
method. Their cyclostratigraphic results are broadly similar to those
presented in this study in terms of cycle counting, albeit the stable
Mesozoic eccentricity term (405 kyr) was indirectly derived from the
precession envelope assumed to represent the complete eccentricity
signal. Their tuning was achieved starting from the same initial tie point
of ∼94.1 Ma for the base of the Bonarelli Level and searching for the best
peak and amplitude matching between the precession-derived short
eccentricity signal, which they found in the Scaglia Bianca Fm. depth-rank
series, and the full eccentricity solution from Laskar et al. (2004). The
resulting correlation implied a systematic coincidence between eccentricity maxima and black shale levels, which they explained by invoking
the monsoonal model developed for the Pliocene–Pleistocene Mediterranean sapropels. In their preferred interpretation, the onset of the
Bonarelli Level is placed at 94.21 Ma within a long eccentricity maximum,
and the level itself persisted over a protracted period (340 kyr) of
unusually low insolation variability (eccentricity and obliquity) due to a
simultaneous node in all orbital parameters of the astronomical solution.
Based on this coincidence, Mitchell et al. (2008) hypothesized that the
timing of the Bonarelli Level as well as other OAEs are controlled by very
long-term (∼2.45 Myr) astronomical variations. However, since the only
astronomical parameter that can be reliably computed for the Mesozoic is
the (g2 −g5) term (Laskar et al., 2004) and the age of the other eccentricity terms is subject to a large uncertainty, the actual age of such nodes
cannot be determined. Although attractive, the correlation of the
Bonarelli Level (and possibly other OAEs) with the peculiar orbital conﬁguration proposed by Mitchell et al. (2008) cannot be established at
present because the chaotic evolution of the orbits prevents a precise
determination of the Earth's motion, and astronomical calculation for
periods older than about 60 Ma does not have the desirable precision.
Given the possible errors (up to 190 kyr) associated with the
astronomical calculations for the Cenomanian, and considering that
these intrinsic errors sum up to errors associated with the correlations
and with the radiometric ages, the main practical difference between
the age model of Mitchell et al. (2008) and ours is the opposite phase
relationship of the 405 kyr eccentricity term. In fact, our successful
determination of the phase relationship between the geologic record
and the astronomical solution clariﬁes the orbital conﬁguration that led
to the formation of black shales, as well as magnetite dissolution, and
conﬁrms previous assertions that mid-Cretaceous rhythmic black shales
formed during periods of eccentricity minima. In particular, our ﬁndings
accredit the anti-monsoonal model of black shales formation previously
proposed by Herbert and Fischer (1986) for the Aptian–Albian Marne a
Fucoidi Formation.
The scrutiny of the sedimentation rate (Fig. 6b) shows signiﬁcant
long-term variations with a period virtually identical to the long
eccentricity but with opposite phase (i.e., higher sedimentation rates
corresponding to long eccentricity minima), which is corroborated by
the analysis of calcium carbonate content showing the same opposite
phase relationship. These variations are difﬁcult to explain as a
consequence of CaCO3 productivity because the oligotrophic conditions
occurring during periods of eccentricity minima, as inferred from
nannofossil and foraminiferal records (Premoli Silva et al., 1989;
Galeotti, 1998) and predicted by the anti-monsoonal model (Herbert
and Fischer, 1986), would favor a decrease of nutrient recycling. We
infer that the main factor controlling the variability of the sedimentation
rate in the Cenomanian Scaglia Bianca Formation is likely to be the
preservation of CaCO3. Kuhnt et al. (2009) reported Cenomanian sealevel ﬂuctuations that were paced by the long eccentricity (405 kyr)
with low-stands associated with eccentricity minima. We speculate that
an increase of ocean water alkalinity related to the suppression of
shallow water carbonate production during low-stands could have
enhanced CaCO3 preservation in these periods providing a plausible
mechanism to explain the observed variability of sedimentation rate.

6. Conclusions
Spectral analysis of rock-magnetic properties of the Scaglia Bianca
Fm. at Furlo and its phase relationships with the astronomical solution
for the late Cenomanian, show evidence that black shales deposition and
the onset of the Bonarelli Level occurred during times of eccentricity
minima as predicted by the anti-monsoonal model of Herbert and
Fischer (1986). In line with this model, the onset of the Bonarelli Level
deposition and the associated δ13Corg perturbation fall in correspondence of an eccentricity minimum, as in the case of the preceding black
shales. With the orbitally controlled series of Corg-rich deposits,
however, the Bonarelli Level obviously represents a much larger event
in terms of magnitude and duration as it persisted across at least one
long eccentricity maximum. Whether or not this and other Cretaceous
OAEs are paced by very long-term eccentricity variations, as proposed
by Mitchell et al. (2008), cannot be established by direct comparison
with the full astronomical solution because of its insufﬁcient precision.
However, it could in principle be tested by astronomically tuning the
time elapsed between several OAEs using the reliable (g2 − g5) term.
We notice that the IRM short (∼100 kyr) eccentricity cycles appear
to be in phase with the solution of Laskar et al. (2004) suggesting a
positive test for the accuracy of this component. Fine-tuning of the IRM
record revealed a cyclic variation of sedimentation rate that increases
during period of eccentricity minima and black shales deposition. The
observed periodicity of the sedimentation rate, of about 400 kyr, was
related to orbitally controlled sea-level ﬂuctuations (Kuhnt et al., 2009)
and explained as enhanced carbonate preservation during low-stand
periods. According to this scenario, black shales formed probably
because of reduced oceanic mixing, deep-water formation, and sea
bottom ventilation that promoted organic matter preservation. Conditions of reduced deep-water formation were preferentially achieved
during periods of low orbital eccentricity when the insolation variability
due to precession was reduced, seasonality and monsoonality dumped
(e.g., Herbert and Fischer, 1986; Premoli Silva et al., 1989; Herbert and
D'Hondt, 1990; Erba, 1992; Galeotti et al., 2003) and sea level was at
low-stand (Kuhnt et al., 2009). These conjunctures may have put the
Alpine Tethys–Central Atlantic Ocean, which was a relatively constricted
basin with narrow or morphologically complex connections with the
Paciﬁc and South Atlantic Oceans, in a metastable state with respect to
deep-water circulation that was susceptible to small external forcing,
especially if the source of high latitude (cooler and better oxygenated)
deep water was located in the Southern Ocean (Poulsen et al., 2001).
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