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Abstract The upper Albian–lower Turonian pelagic successions of the Tethys record processes acting
during the onset, core, and recovery from perturbed conditions across oceanic anoxic event (OAE) 1d, OAE 2,
and the mid-Cenomanian event I (MCE I) relative to intervening intervals. Five sections from Umbria-Marche
and Belluno Basins (Italy) were analyzed at high resolution to assess processes in surface and deep waters.
Recurrent facies stacking patterns (SP) and their associations record periods of bottom current activity coupled
with surface changes in trophic level. Climate changes appear to have been influential on deep circulation
dynamics. Under greenhouse conditions, vigorous bottom currents were arguably induced by warm and dense
saline deep waters originated on tropical shelves in the Tethys and/or proto-Atlantic Ocean. Tractive facies
postdating intermittent anoxia during OAE 1d and in the interval bracketed byMCE I andOAE 2 are indicative of
feeble bottom currents, though capable of disrupting stratification and replenish deep water with oxygen. The
major warming at the onset of OAE 2 might have enhanced the formation of warm salty waters, possibly
producing local hiatuses at the base of the Bonarelli Level and winnowing at the seafloor. Hiatuses detected at
the top of the Bonarelli Level possibly resulted from most effective bottom currents during the early Turonian
thermal maximum. Times of minimal sediment displacement correlate with cooler climatic conditions and
testify a different mechanism of deep water formation, as further suggested by a color change to reddish
lithologies of the post-OAE 1d and post-OAE 2 intervals.

1. Introduction

An enormous amount of literature ranging from sedimentology [Hsü and Jenkyns, 1974; Hüneke and Mulder,
2011], inorganic/organic and isotopic geochemistry [Scholle and Arthur, 1980;Weissert et al., 1985; Brumsack,
2006; Jenkyns, 2010 with references; Sinnighe-Damsté et al., 2010], and micropaleontology [e.g., Premoli Silva
et al., 1999; Erba, 2004; Friedrich et al., 2009] describes the oceanic anoxic events (s) in Mesozoic pelagic
successions ([Schlanger and Jenkyns, 1976]; see Jenkyns [2010] for a synthesis). While reconstruction of
changes in surface-water paleotemperature, fertility, and chemistry of Cretaceous oceans are widely studied,
sea bottom physical processes (sediment deposition and redistribution) and their links to oceanography and
climate are still poorly investigated.

In spite of their uniform appearance, pelagic successions include a wide and complex array of facies associa-
tions, substantially deriving from surface and bottom water processes. In this paper we investigate the
relationship between the importance of surface ocean dynamics and bottom water physicochemical condi-
tions in the vertical facies associations of pelagic successions (stacking patterns—SP). SP should document
the succession of processes during the onset, development, and recovery from oceanographic perturbations
and in response to these changes.

We focus on the late Albian–early Turonian time interval testifying a supraregional facies change in the
Tethys Ocean from varicolored marly lithotypes to whitest limestones [see Giorgioni et al., 2015], which
presumably results from a major shift in oceanographic conditions. Moreover, the chosen time window
was punctuated by major carbon cycle perturbations, as testified by three positive excursions in δ13C record
[Jarvis et al., 2006; Jenkyns, 2010]: oceanic anoxic event (OAE) 1d [Arthur et al., 1990; Wilson and Norris,
2001], represented by the uppermost Albian Pialli Level—or Breistoffer Event; the middle Cenomanian
event I (MCE I) [Coccioni and Galeotti, 2001, 2003] and the OAE 2 [Schlanger and Jenkyns, 1976; Arthur et al.,
1990], with its sedimentary expression represented in the Italian central Apennines by the bituminous
radiolarian-rich Bonarelli Level [Bonarelli, 1891].
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The specific purpose of this work is to trace ocean dynamics related to changes in climate and global carbon
cycling in pelagic settings during the late Albian–early Turonian interval in the Tethys Ocean. We will test the
hypothesis that sedimentary facies associations preserved in pelagic successions record coupled changes in
surface and bottom water conditions during the onset and vanishing stages of intermittent basinal dysoxia-
anoxia and global oxygen depletion.

During the Mid-Cretaceous, the Tethys Ocean was large and crucially positioned relative to the Indo-Pacific
Ocean, while the Atlantic Ocean, widely studied (i.e., recently from Trabucho-Alexandre et al. [2010]), was in
its early evolutionary phase. Conversely, in absence of continuous and complete records from the Indian
and Pacific Oceans, characterization and understanding of physical, chemical, and biological changes and
their rates as archived in Tethyan pelagic successions are pivotal for the comprehension of ocean dynamics
during times of high CO2 and greenhouse conditions. The objectives of our study are as follows: (i) to relate
the stacking patterns to their high-resolution biochemostratigraphic framework at present available
[Gambacorta et al., 2015]; (ii) to understand deep sea dynamics, identifying the eventual occurrence of sedi-
ment redistribution processes by bottom currents; (iii) to estimate the coupling or decoupling of surface and

Figure 1. (top) Paleogeographic position of the studied basins during the Cenomanian; emerged lands in dark grey,
shallow seas in light grey, deep seas in white (upper sketch; reconstruction based on R.C. Blakey, NAU Geology (http://
jan.ucc.nau.edu/~rcb7/90moll.jpg). (bottom) Stratigraphic range of analyzed sections plotted against nannofossil biostra-
tigraphy and chemostratigraphy of the late Albian–early Turonian time interval. Nannofossil zones after 1: Sissingh [1977],
2: Burnett [1998], 3: Roth [1978], 4: Bralower et al. [1995], and 5: Tsikos et al. [2004]. Carbon isotope curve is a smoothed
(5 pt moving average) composite from the English Chalk [Jarvis et al., 2006]. FO: first occurrence and LO: last occurrence
(after Gambacorta et al. [2015]). Full names of nannofossil species are as follows: Lucianorhabdus maleformis, Eiffellithus
eximius, Kamptnerius magnificus, Rhagodiscus asper, Quadrum gartneri, Axopodorhabdus albianus, Lithraphidites acutus,
Cylindralithus biarcus, Microrhabdulus decoratus, Gartnerago segmentatum, Corollithion kennedyi, and Eiffellithus turriseiffelii.
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bottom water changes across and in between times of major perturbations of the C cycle; (iv) to compare the
transient intermittent and local pulses of dysoxia/anoxia to the phases of global perturbations. In particular,
we want to test the following hypotheses: (1) are facies associations repetitive?; (2) do sedimentation patterns
recur at different time scales?; (3) are surface and bottom processes coupled in affecting sedimentation patterns
and who predominates?; (4) are onset and termination of anoxic conditions linked to specific types of surface-
water changes and/or bottom water currents?; (5) what is the influence of bottom current activity on oxygen
distribution at the seafloor and anoxia termination?; and (6) what is the relationship—if any—of climate change
on type of bottom waters?

2. Case History

The pelagic sediments of five Tethyan localities (Figures 1 and 2) in the Umbria-Marche Basin (Central
Apennines; Furlo, Contessa, Monte Petrano, and Le Brecce sections) and Belluno Basin (Southern Alps;
Cismon section) in Italy were studied. During the late Albian–early Turonian time interval, both basins were
located in the southern part of the Tethys Ocean, in the northern tropical climatic belt [Dercourt et al.,
2000; Skelton et al., 2003]. High-resolution lithostratigraphy of these nicely exposed sections was described
by Gambacorta et al. [2014], while integrated chemostratigraphy and biostratigraphy were documented by
Gambacorta et al. [2015].

The Umbria-Marche Basin, located today in the central-eastern part of Italy, represents a unique place
where an almost continuous Jurassic to Oligocene pelagic sequence is well preserved. The Umbria-Marche

Figure 2. Location of the studied sections. Schematic lithostratigraphy and stratigraphic position of the studied sections
(modified after Gambacorta et al. [2014]). Grey bands correspond to carbon isotopic anomalies, nannofossil, and planktonic
foraminiferal biostratigraphy (as available) are indicated next to each section [Gambacorta et al., 2015].
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sequence was entirely deposited on the continental crust of the Adria microplate, in a “basins and swells”
setting with a complex paleobathymetry [Alvarez, 1990]. The latest Albian–early Turonian time interval is
represented by the Scaglia Bianca Formation, a mainly calcareous pelagic sequence resulting from lithifica-
tion of nannofossil-planktonic foraminiferal oozes [Arthur and Premoli Silva, 1982] deposited at bathyal
depths. The Scaglia Bianca lies above the Marne a Fucoidi Formation (lower Aptian–upper Albian) and is
followed by the Scaglia Rossa Formation (lower Turonian–middle Eocene). The Scaglia Bianca Formation
was informally subdivided into four members, as reported in Figure 3 [Coccioni et al., 1992; Coccioni and
Galeotti, 2003].

The Furlo section is located in the homonymous gorge, 25 km southeast of Urbino and is part of an aban-
doned quarry [Beaudoin et al., 1996; Turgeon and Brumsack, 2006; Mitchell et al., 2008; Turgeon and Creaser,
2008; Lanci et al., 2010]. The upper Albian–lower Turonian measured sequence is 30m thick (Figure 2). The
Contessa outcrop is located about 2 km from Gubbio in the Vispi active quarry close to the homonymous
highway that gives the informal name to the outcrop [Monechi and Parisi, 1989; Coccioni and Galeotti,
2003; Tsikos et al., 2004]. The interval of interest is 29m thick (Figure 2). As an additional data set, the
Gubbio 2 Core collected from a borehole drilled right next to the Contessa outcrop during the C/T-Net
research project [e.g., Tsikos et al., 2004] has been redescribed, correlated to, and integrated with the outcrop
data. The 20m thick section at Le Brecce (Figure 2) is located inside a gorge, at 3 km west from the Piobbico
village. The studied outcrop is at the km 34 of the state road 257-Apecchiese, close to the Piobbico drill site
[Tiraboschi et al., 2009]. The 90m thick section at Monte Petrano (Figure 2) is about 2 km east of the Moria
village [Giorgioni et al., 2012].

The 60m thick Cismon section (Figure 2) is located in the Venetian Southern Alps, northeastern Italy, along
the SS50 (State Highway 50) not far from the village of Lamon and along the Cismon stream [Channell et al.,
1979b; Bellanca et al., 1996]. During the Cenomanian the Cismon area was located close to the hinge
between the Trento Plateau and the Belluno Basin [Erba and Larson, 1998]. The Cenomanian Scaglia
Variegata Formation [Channell et al., 1979a] was deposited in a “horst and graben” extensional setting
[Bernoulli and Jenkyns, 1974; Bosellini et al., 1978; Winterer and Bosellini, 1981] with the alternation of yellowish
to grey limestones, chert bands and shales/black shales [Channell et al., 1979b; Claps et al., 1991; Claps and
Masetti, 1994; Bellanca et al., 1996].

Figure 3. Scaglia Bianca subdivision in members as described by Coccioni et al. [1992] and Coccioni and Galeotti [2003].
(top) Taken from the Contessa Highway right in front of the Contessa outcrop (Vispi quarry), the transition to the (bot-
tom left) Marne a Fucoidi Formation and the Scaglia Rossa Formation (Figure 3, top) is clearly visible. The threemajor events
described in this paper are highlighted in red: P, Pialli or Breistoffer Event (OAE1 d); MCE I, Mid Cenomanian Event I; and B,
Bonarelli (OAE 2). In the lower part, from left to right, the close-ups of the Scaglia Rossa (Monte Petrano), Scaglia Bianca
(Monte Petrano) and Marne a Fucoidi (Le Brecce) are shown.
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Table 1. Facies Association of the Studied Successions (Modified After Gambacorta et al. [2014])

Facies Code Facies Name Major Characteristics Interpretation

A0 Marl/Marlstones/
Mud/Mudstones

Homogeneous to composition-laminated marlstones,
light brown, light grey up to purplish/green
coloured. Rare clayey marlstone layers also occur.
Both seams (less than 1 cm thick) and layers are
present ranging from 1 cm to about 30 cm.

Mixing of biogenic, indigenous particles with
allochtonous clays (eolian, fluvial, and
volcanic ash) or from hydrothermal sources,
settled under normal oxygenation conditions
at the sea bottom.

A1 Homogeneous
marly limestone

Light coloured marly calcilutites, with 60 up to 80%
of micrite, forming millimeter- to centimeter-thick
layers with gradual boundaries.

Settling under normal-oxygenated conditions.
Clay percentage varies owing to changes
in carbonate input.

A2 Homogeneous
limestone

Structureless to pervasively mottled calcilutites
(mudstones and wackestones), forming thin
beds with flat to undulating boundaries,
ranging from reddish, grey, to yellowish/grey
in colour.

Settling to an oxygenated sea bottom and
homogenized by pervasive mottling.

A3 Radiolarian layer Siliceous structureless layers, millimeter to
centimeter thick with gradual boundaries,
mainly consisting of spumellarian specimens.

Radiolarian ooze settled under eutrophic conditions
on an oxygenated sea bottom

A4 Alternating micritic and
organic-rich laminasets

Alternation of wackestones and mudstones
with abundant organic matter flakes or
concentrations, forming plane-parallel
laminated layers, up to 1 cm thick,
underlaying the black shales and rarely
also the black cherts.

Compositional lamination formed by settling
at the onset of dysoxic/anoxic conditions.

A5 Black shale Organic-rich shales, forming some millimeter
up to about 5 cm thick layers. Carbonate
content varies from 20% to 80%. Thin
pervasive compositional lamination with
large TOC and carbonate content variations.

Settling under dysoxic/anoxic/euxinic
sea bottom conditions.

B2 Marly-limestone bed Very thin to thin marly-limestone beds with
sharp to erosional base and faint internal
lamination, usually grey and always slightly
darker in color than the embedding layers
due to a slightly higher concentration of clay.

Settling plus mild current
winnowing and redistribution during
discrete episodes of weak traction by
bottom currents under oxygenated
sea bottom conditions.

B3 Laminated radiolarian beds Very thin, partly silicified, faintly laminated beds
with sharp boundaries. Radiolarian-rich and
clay rich laminae alternate in these grey layers.

Traction by bottom currents and deposition
in shear stress sheltered pools or during
times of waning bottom currents. The B3
laminated radiolarian beds might be
equivalent to the B2 facies in terms
of shear stress.

C2 Limestone with pervasive
plane-parallel lamination

Every lamina has a sharp contact both at the
base and at the top. The thickness of the
laminae varies between about 1 and 15mm,
and their separation varies between about 2
and 10mm. The laminae are internally
homogeneous and lack almost completely
of larg

Erosion, reworking, and redistribution by
bottom currents in an oxygenated
depositional setting under increasing
shear stress conditions compared to facies B2/B3.

D2 Limestone with oblique
and wavy lamination

2–20 cm thick foraminiferal wackestone beds
with wavy top and sharp erosional bottom.
Curve and oblique lamination is accompanied
by erosive contacts between the laminasets.
Mud offshoots and clayy-rich laminae are
common, and include silt- to sand-size

Small-scale, low-relief bed forms, migrating
under variable shear stress conditions,
higher than compared to facies C2.

E2 Foraminiferal-intraclastic lag Concentrations and/or alignments of large
foraminifera and/or, more rarely, intraclasts
to form flat lenses or laminae of
packstone/wackestone and float stones,
frequently embedded with abrupt base
within the C2/D2 facies.

Foraminiferal-intraclastic lags, generated by
the removal by winnowing of the fine fraction
under oxygenated conditions.
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3. Methods
3.1. Data Collection

The five selected sections were logged at millimeter scale. Facies analysis is based on the description of
texture, composition, sedimentary structure, shape, and features of the bounding surfaces of layers and beds
(either depositional/erosional or diagenetic), complemented by microfacies analysis on thin sections and
peels from selected facies. This full array of data could not be collected within the Bonarelli Level due to
sample preparation difficulties that prevented full petrographic and microtextural analyses. Hence, the
Bonarelli Level data set includes the field sedimentological description (bedding types, internal structures,
and composition). Field and laboratory facies description led to the identification of a number of facies types
interpreted in terms of depositional and lithogenetic processes (Table 1). This facies association was
presented and thoroughly described in a previous paper [Gambacorta et al., 2014], which highlighted the
repetitive association of purely pelagic oozes with an array of facies derived from bottom current shear,
traction, redistribution, and winnowing of the seafloor sediments (from B2 to E2, G4a, and H in Table 1). In
synthesis, the facies scheme of Table 1 shows the sedimentary products of the major controls on the pelagic
environment that could be identified in this setting, acting both on the water column and at the sea bottom:
nutrients, oxygenation, fine-grained input, and current activity (see Table 1 for a summary of facies descrip-
tions and the relative interpretations).

3.2. Data Analysis

In the scheme of Figure 4 the facies responding to sea bottom oxygenation conditions, bottom currents
strength, and nutrients availability were plotted according to these parameters (on the left hand of the cen-
tral bar the facies related to oxygen depletion, i.e., black shale and black chert layers, Table 1, on the right side
all the facies related to “normal” oxygenation conditions). Moreover, specific care has been devoted to distin-
guish the sedimentary facies derived from pure settling processes, controlled by the oceanographic factors
(primary productivity, oxygen deficiency, and bottom water ventilation) and external inputs (either aeolian
or volcaniclastic and/or turbiditic; Table 1) from the deposits affected by current redistribution (Figure 4).

Carbon and oxygen isotopic data, integrated with nannofossil biostratigraphy, allowed precise dating
and correlation of the selected sections [Gambacorta et al., 2015]. The distinctive positive excursions of

Table 1. (continued)

Facies Code Facies Name Major Characteristics Interpretation

G1/G2/G3 Reddish/pink/grey
chert band

Diagenetic facies characterized by the massive
concentration of radiolarian tests. Normally
vitreous and structureless, the thickness
of the chert bands, with sharp boundaries,
can vary from about 0.5 cm to about 20 cm.

Diagenetic analogue of the radiolarian layer (A3).
The difference in color among G1, G2, and
G3 (and G4) is interpreted as the result of
different original content in organic
matter and iron and redox conditions.

G4 Homogeneous black
chert band

Black chert bands with the same features of G1,
G2, G3 diagenetic facies.

G4 cherts represent deposition of siliceous
remains under dysoxic/anoxic/euxinic
sea bottom conditions.

G4a Bedded black
chert band

Thin alternation of silicified shaly organic-rich
beds and radiolarian-rich horizons with an
erosive base.

Compositional alternation of mainly settled
organic-rich shales with winnowed radiolarian
horizons under prevailing dysoxic/anoxic/euxinic
sea bottom conditions.

R1/R2 Graded-laminated
limestones

Graded to laminated calcarenite-calcislitite-calcilutite
beds (R1) and calcisiltite-calcilutite beds (R2) with a
flat, sharp base, from 0.1 cm to about 3 cm thick.
R1 and R2 beds consist of graded foraminferal
wackestones, with plane-parallel lamination

Fine-grained pelagic turbidites. According to the
grain size a sand- to silt-sized pelagic turbiditic
bed (R1) and silt- to mud-sized highly diluted
pelagic turbiditic bed (R2) are distinguished.

Ha Wavy-bedded and pseudo
nodular limestones

Thin beds of pale grey mudstones/wackestones
with nonparallel, undulating boundaries.

Diagenetically enhanced wavy bedding associated
with extremely low sedimentation rates and or
some sediment removal

Hb Wavy and hummocky
bedded limestones

Pale grey, alternating wackestones and mudstones,
with hummocky boundaries and disturbed bedding

Soft sediment deformation under shear stress by
sea bottom currents.
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OAE 1d (latest Albian), the MCE I (middle Cenomanian), and OAE 2 (latest Cenomanian) were unambiguously
identified. Comparison with the stratotype section at Pueblo (Colorado) and other classical litho-chemo-
biostratigraphic records allowed the identification of hiatuses in the studied sections [Gambacorta et al.,
2015]. In particular, detailed δ13C profiles through the Bonarelli Level detected 160–510 kyr long hiatuses elid-
ing the middle to upper part of the characteristic carbon isotope excursion and part of the following interval.

We apply the stacking pattern concept to the studied sediments considering that the superposition of
specific bed types, belonging to the categorized facies, responds to the controlling factors on sedimentation
in the pelagic domain, hence permitting the recognition of environmental changes through time at any fixed
point. The repetition of four basic types of stacking patterns identifies the lithogenetic processes that coop-
erate under the oceanographic controls in the pelagic environment.

For every studied section a composite log was realized (Figure 5 as an example—all the detailed composite
logs of the studied sections are reported in supporting information S1). In the case of the Bonarelli Level only
the lithofacies log (Figure 6) was derived from detailed field lithotextural and sedimentological information.
In these figures, the left panel is the comprehensive schematic log with the vertical lithologic variations, dis-
tinguishing whitish or reddish limestones from black shales and reporting the differently colored continuous
chert bands. The right panel reports all the additional features in the form of a range chart, where the pre-
sence and persistence of a specific feature is indicated by a black bar. The following features are reported,
from left to right: Position of redeposited layers (facies R as defined in Table 1), hardgrounds, chert nodules,
cherty intervals, radiolarian layers, marl beds thicker than 0.5 cm, intervals with discrete bioturbation, pyrite
nodules, and sparse lined forams. Concerning bioturbation, we have chosen to split it into two qualitative dif-
ferent classes: A moderate “discrete” bioturbation class for the cases where the traces are rare to common
within the described interval and an intense discrete bioturbation class when the abundant traces dominate
a vast area of the investigated interval. The latter is represented in the panel with a black bar larger than the
one used for the less intensely bioturbated intervals.

Figure 4. Facies scheme representing the ideal transition from (left) anoxic to (right) oxygenated facies. Two transitional
facies alternating micritic and organic-rich laminasets and bedded black chert bands, as described in Gambacorta et al.
[2014] are distinguished. From left to right all the facies are organized with increasing intensity of the sea bottom currents
shear stress. See legend for symbols explanation.
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The central panel is the facies log where the facies stacking patterns are plotted on the vertical axis,
according to the classification of Table 1, as a function of bottom current activity/intensity and sea
bottom oxygenation, (x axis), following the scheme of Figure 4. The main aim of the central panel log
in the section composite logs is to show synthetically the facies variations through time, as a function
of the shear stress eventually exerted by bottom currents with respect to the bottom water oxygenation
(as described in Table 1). We consider this plot as a proxy of the variability of bottom current
intensity/persistency (see also Gambacorta et al. [2014] for the sedimentological details). The logs

Figure 5. Furlo composite section, see text for explanation. The position of the Bonarelli Level is indicated by a grey band
while the OAE 2 and MCE I interval by a yellow band. The composite logs of all the other studied sections are reported
in Supporting Information S1.
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reported in supporting information S1 represent a summary of the data set that permitted to recognize
the SP types and their recurrence through the stratigraphic columns.

4. Results

Based on facies association summarized in Table 1 and Figure 4, we differentiate the “settled” facies
(background sedimentation) from the “current-related” facies, the latter represented by current-
reworked and/or redeposited beds (“pelagic contourites”) [Gambacorta et al., 2014] that are plotted to
the left of the central column in Figure 4. In the same plot of Figure 4, based on increasing nutrients
and fine-grained siliciclastic (and/or volcanic input), the settled limestone facies grade to settled
marlstone-shale facies and to siliceous (radiolaria-dominated) facies (moving upward along the y axis in
Figure 4). Considering the oxygenation conditions of the sea bottom, the facies indicative of normal oxygena-
tion (to the right in the plot of Figure 4) grade to oxygen deficiency-related facies, i.e., black shales and black
cherts, at the left side of the same plot. Between them, two transitional facies of alternating micritic and
organic-rich laminasets and bedded black chert bands (Figure 4, Facies A4 and G4a, respectively; Table 1) are
reported. The diagram permits to read the facies transitions as a consequence of the changing controls. As it
will be described later on (section 4.1), the facies stacking patterns will permit to link these transitions to time,
revealing the depositional themes. On increasing traction intensity and normal oxygenation, the facies shift
from homogeneous limestone (A2a) to single marly-limestone beds (B2), limestones with pervasive plane-
parallel lamination (C2), limestoneswith oblique andwavy lamination (D2), and then to foraminiferal-intraclastic
lags (E2) (Table 1 and Figure 4). Within this array of tractive facies we include also the micrites with few sparse
foraminifera lined by feeble bottom currents (belonging to B2 facies in Table 1), the laminated radiolarian layers
(B3), and the laminated chert bands (G4a), indicating the effect of very weak traction intensity.

We underline that the 50 cm thick interval immediately above the Bonarelli Level is characterized by high
silica content, hampering the analyses of thin sections and peels. Pervasive parallel laminations were
observed in this interval at the field observation scale, but, due to the above mentioned technical limits,
limited microfacies observation was done in order to safely exclude a mere compositional origin of the lami-
nae. In the composite logs (Figure 5 and supporting information S1) this cherty interval has been interpreted
as a tractive, pervasive parallel laminated interval (facies C2 as defined in Table 1).

Figure 6. Field sedimentological log of the Bonarelli Level at Furlo and Contessa outcrops. Organic carbon isotopes
for Furlo [Gambacorta et al., 2015] and Contessa (Gubbio 2 Core) [Tsikos et al., 2004] are reported next to lithological
logs. The approximate position of the Plenus Cold Event [Jarvis et al., 2011] is highlighted by a blue pattern. See text
for explanation.
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4.1. Stacking Patterns

In the studied successions, four SP types were identified, thus suggesting repetitive processes at their origin.
These are graphically presented in Figures 7a–7d.

SP1 (Figure 7a): In the studied sections the most common SP consists of repetitive cycles of homogeneous
calcilutite layers (facies A2), recurrently coupled with marlstone layers (facies A0), followed by radiolarian
layers (facies A3/B3), limestone beds with traction structures (facies B2–D2) and a new homogeneous
calcilutite layer (facies A2). In some cases the marlstone layers of the A0 facies occupy the same position of
the radiolarian layers (facies A3).

We interpret this pattern as due to cycles of fertilization under oxic conditions at the seafloor. During
times of normal oligotrophic conditions the main producers are coccolithophorids and foraminifera
forming a carbonate ooze (facies A2; Figure 7a). During times of increased nutrient availability, even-
tually due to enhanced riverine input or alternatively related to upwelling loops or to intensified surface
water mixing, the productivity is dominated by siliceous organisms with the deposition of a radiolarian
layer (facies A3/B3; Figure 7a) in an environment reasonably characterized by feeble bottom currents.
The traction structures in the limestone above the radiolarian layer (facies B2–D2; Figure 7a) suggest that
efficient circulation is progressively reactivated. When also oligotrophic conditions were established,
deposition of the settled calcareous ooze (A2 at the top of the facies stack; Figure 7a) replaced the
bottom current-related facies.

Figure 7a. Limestone-radiolaria-limestone sequence (Stacking Pattern 1). (right) Depositional model for Stacking Pattern 1.
Facies labels as described in Table 1. In some cases the marlstone layers of the A0 facies can replace the radiolarian layers
(facies A3). See text for a detailed explanation.
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This kind of stacking pattern, representing oxygenated bottom waters with prevalent settling (“background
sedimentation”), is the most diffuse and typical of both the Umbria-Marche Basin and the Belluno Basin
throughout the whole stratigraphic sequence. The occurrence of the A0 facies in SP1, below the siliceous
layers or “replacing” them, implies a lowering of the compositional micrite/clay ratio of the layers along
the stacking pattern, from the facies A2 calcilutites to the A0 marlstones. This micrite decreasing trend can
culminate into a siliceous layer (facies A3) when the carbonate content is at its minimum and the clay content
is diluted by the preponderant silica. The significance of this interpretation in the frame of the environmental
changes will be discussed later on (section 5.1).

SP2 (Figure 7b): This SP is recurrent in the intervals characterized by the presence of a black shale and absence
of black cherts. Themost general expression of SP2 is characterized by a settled calcilutite at the base (facies A2)
that grades first to micritic intervals alternatively rich and poor of organic matter (facies A4) and then to a black
shale (facies A5). Tractive beds of whitish limestone (facies B2–D2) follow upsection and are capped by a settled
calcilutite (facies A2) at the top of the SP.

The SP2 indicates that starting from oxygenated conditions (A in Figure 7b) the onset of dysoxia-anoxia (B in
Figure 7b) occurs gradually. The re-establishment of oxic conditions is accompanied by a phase of enhanced
bottom water circulation (C in Figure 7b). SP2 is characteristic of the Pialli Level of the Umbria-Marche Basin
(Le Brecce and Monte Petrano sections; Figure 1; see supporting information S1).

SP3 (Figure 7c): This SP forms two slightly different sequences, namely, SP3a and SP3b, that share the pre-
sence of a black chert band in their core. From bottom to top SP3a (Figure 7c) is characterized by: Settled
whitish calcilutite (facies A2), black chert band (facies G4 or G4a), laminated limestone (facies B2–D2) and
then back again to a light colored, settled calcilutite (facies A2). The sequence of SP3b (Figure 7c) is quite
similar, being characterized from bottom to top by Settled homogeneous calcilutite (facies A2), alter-
nated micritic and organic-rich laminasets (facies A4), a black shale (facies A5), a homogeneous or
bedded black chert band (facies G4 and/or G4a), laminated limestone beds (facies B2–D2) before getting

Figure 7b. Limestone-black shale-limestone sequence (Stacking Pattern 2). (right) Depositional model for Stacking Pattern 2.
Facies labels as described in Table 1. See text for a detailed explanation.
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back again to a homogeneous limestone (facies A2). The black shale can be represented either by a
centimeter-thick layer or just by a black shale seam only a few millimeters thick.

SP3 occurs in the upper part of the studied successions above the mid-Cenomanian event I up to the
Bonarelli Level (Figure 2). In particular, this stratigraphic time interval at Furlo and Monte Petrano (see
supporting information S1) is almost completely characterized by SP3b while at Contessa and Cismon
(see supporting information S1) by exclusively SP3a.

The superposition of black shales and black chert bands was already described by Beaudoin et al. [1996] and
Salmon et al. [1998]. In the studied outcrops, black chert bands were distinguished in two main facies: When
vitreous with no evident structures, they were defined as “homogeneous” (facies G4), while when character-
ized by a millimeter-scale alternation of silicified shaly organic-rich beds and radiolarian-rich horizons, they
were described as “bedded” (facies G4a). Bedded black chert bands are common in Umbria-Marche Basin,
while they are absent at Cismon.

We interpret SP3a and SP3b as the sedimentary expression of the same depositional processes at different
basin locations during the shifts from oligotrophic to mesoeutrophic and anoxic conditions. The black chert
core of both SP3a and SP3b relates to concurrent anoxia and high silica productivity (relevant availability of
nutrients, owing to either enhanced riverine/aeolian input, similarly to Albian rhythmic black shales as
suggested by Tiraboschi et al. [2009], or to upwelling conditions). The black shale that predates this interval
in SP3b can be found only at some specific sites (Furlo and Monte Petrano; see supporting information S1),
suggesting a local physiographic control. There is no enough circumstantial evidence of deposition into a

Figure 7c. Limestone-black shale-black chert-limestone sequence (Stacking Pattern 3a and 3b). (right) Depositional model
for Stacking Pattern 3a and 3b. Facies labels as described in Table 1. See text for a detailed explanation.
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normal-faulted basin trough at these sites [Alvarez, 1990], so we can only presume that clay could have been
trapped preferentially at these locations with a ponding effect in such a setting. Differently, in a more open
and elevate setting (like a swell or a marginal ramp), clay could not be trapped, giving origin to SP3a
(Contessa and Cismon settings; see supporting information S1). It should be also observed that SP3b is quite
similar to SP2, with the addition of the black chert band. This could suggest that SP3b represents a transition
from SP2 and SP3a, as a consequence of a shift from higher input of nutrients, during enhanced riverine input
from land or toward upwelling-dominated conditions. This latter explanation cannot be excluded but does not
justify the difference between the SP3a- and the SP3b-dominated settings. In order to explain all the observed
features, it looks reasonable to consider the local basin physiography, too. Whether the combination of these
two interpretations might lead to recognize a gradient of detrital input versus nutrients [Lalli and Parsons,
1997] moving from the SP3b-dominated settings to the SP3a-dominated environments and whether it repre-
sents a proxy of a proximal-distal gradient with respect to land and to the maximum expansion of the floating
freshwater deltaic plumes entering the basin are impossible to ascertain, because of the poor knowledge about
the paleophysiography of the basins. In any case SP3 (a and b) documents the shift from oxic and oligotrophic

Figure 7d. Stacking pattern characterizing the interval right below and above the Bonarelli Level in the Umbra–Marche
Basin (Stacking Pattern 4). Pictures C show the wavy and hummocky-bedded limestone facies (Hb in Table 1) at Furlo.
(right) Depositional model for Stacking Pattern 4. Facies labels as described in Table 1. See text for a detailed explanation.
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conditions to anoxic and eutrophic conditions followed by the environmental resilience driven by a perturba-
tion of the current circulation patterns.

Within SP3, the significance of black cherts, both homogeneous and bedded, deserves some additional
remarks (Figure 8). Homogeneous black chert (facies G4, see Table 1) is the result of the deposition and pre-
servation of organic matter during times dominated by biogenic silica production and minor terrigenous
input. The resulting lithology is thus the siliceous analogue of a black shale. Bedded black chert bands (facies
G4a, Table 1) are, instead, compositional alternations of radiolarian laminae, winnowed under the action of
weak bottom currents and settled organic-rich shales. This facies G4a represents the condensed equivalent
of a silicified alternation of black shale and radiolarian layers (facies A5 and B3 as defined in Table 1). It forms
during prevailing anoxic bottom waters punctuated by traction/winnowing events, with a progressive shift
from anoxic to dysoxic and finally oxic conditions. Probably, this facies is the small-scale expression of the
large-scale alternation of chert beds and shale intervals described by Hori et al. [1993] resulting from cyclic
rapid accumulation of biogenic SiO2 under extremely slow accumulative environments of shale. The intri-
guing millimeter-scale variability within the sequence suggests that the onset, transition, and recovery from
anoxia does not occur at once but is a continuous subtle variation of mutually linked processes (Figure 8).

SP4 (Figure 7d): Through all the Umbria-Marche sections, wavy bedded and pseudo nodular light grey lime-
stones (Facies Ha in Table 1) occur just above the Bonarelli. Only at Furlo, the wavy and hummocky-bedded
limestone facies (Hb in Table 1) form an interval about 15 cm thick above the Bonarelli top. The pseudonodu-
larity of these Ha and Hb facies beds testifies the strong diagenetic modification of these limestones that
however preserve some evidence of very low sedimentation rate and some sediment removal (Facies Ha)
and local soft-sediment deformation (Hb), plausibly owing to shear stress by bottom currents. In all the
Umbria—Marche sections, the wavy and pseudo nodular interval is followed by a some decimeter-thick
intervals of plane-parallel and wavy-laminated siliceous beds, presumably representing strongly silicified
laminated limestones, whose enigmatic microfacies does not preserve any prediagenetic feature. In all the
sections but the Cismon (see supporting information S1), a thick interval of foraminiferal-intraclastic lami-
nated limestones, resulting from the concentration and alignment of large planktonic foraminifera and some
intraclasts to form flat lenses or laminae of packstone/wackestone and float stones (Facies E2, Table 1), occurs
above the silicified layers. These beds, frequently embedded within the pervasive laminated and wavy facies

Figure 8. Lamina-thin bed-scale variation within Stacking Pattern 3b. (bottom left) Picture of a stacking pattern b on
outcrop. (top left) Picture of a bedded black chert band and thin section of the interval surrounded by the white frame.
(right) Sea bottom oxygenation conditions and presence of bottom-currents are ideally sketched on the right. Letters from
a to “c” refer to the intervals highlighted in the picture in the lower left part of the figure.
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(C2 and D2, Table 1) with sharp contacts, represent residual lags produced by winnowing of the fine fraction
in well mixed—well-oxygenated bottom waters. Moreover, in particular at the Furlo and Contessa sections,
some feeble to pervasive laminae were observed in the cherty layers between the Black Marker and the base
of the Bonarelli Level, thus suggesting the presence of at least weak bottom currents during the deposition of
this interval.

Figures 7d and 6 show also the peculiar facies association of the Bonarelli Level. Due to difficulties with sam-
ples treatment a thorough definition of the stacking pattern internal to the Bonarelli Level could not be
obtained. However, based on field observation, the tight association of repetitive black chert facies (G4
and eventually G4a in Table 1), radiolarian layers (A3 and B3 in Table 1), and black shales (A5 in Table 1)
suggests that during the long-lasting anoxic conditions that accompanied the deposition of the Bonarelli
Level variable trophic conditions occurred with tractive events punctuating the entire time span covered
by the Bonarelli Level (Figure 6).

5. Discussion
5.1. Interplay of Surface and Bottom Water Masses

In the studied settled lithified oozes (facies A1, A2, and A3), the common components of all the identified SPs
consist of nannofossils, calcite microparticles, planktonic foraminifera, rare benthic foraminifera, and radi-
olaria with some mudstone intraclasts and variable amounts of fine-grained siliciclastics (silt and clay) as
minor components. The biogenic particles contribute to most of the bulk sediment composition, while clay
represents a limited amount of particulate in the water column. Under mesotrophic to eutrophic conditions,
K-strategist-dominated calcareous plankton is overwhelmed by r-opportunist diatoms and radiolarians
[Margalef, 1978].

Among surface water parameters, nutrient availability determined the observed biogenic association as
documented in previous studies of Mid-Cretaceous calcareous plankton [Premoli Silva et al., 1999; Leckie
et al., 2002; Erba, 2004; Mutterlose et al., 2005]. When trophic levels increased, nannoplankton assemblages
became enriched in fertility-related species, typically producing small coccoliths and, therefore, inducing
decreased biogenic calcite fluxes to the seafloor [e.g., Erba and Tremolada, 2004; Erba, 2006]. Planktonic
foraminifera, with larger and more ornamented tests, proliferated under stable conditions, while small
and thin planktonic foraminifera characterized times of unstable and mesotrophic conditions [Premoli
Silva et al., 1999]. As in modern oceans, siliceous plankton was the r-opportunist group during the
Cretaceous [Premoli Silva et al., 1999; Leckie et al., 2002; Erba, 2004]. Thus, we can identify two antagonist
biogenic factories that lead to different sediments: A “carbonate realm” and a “siliceous realm,” as schema-
tically represented in the “lithogenetic” scheme of Figure 9. The third component of the ternary composi-
tional system is clay, controlled by changes in fine-grained input and/or change in carbonate accumulation
controlled by the depth of the lysocline and the calcite compensation depth (CCD). Locking the clay input
as a constant, how does the transition from the carbonate to the siliceous realms develop? As a matter of
fact, in the analyzed successions, “layering” is mostly a diagenetic feature, due to both enhancing of
compositional/textural changes and to segregation of clay, carbonate, and silica minerals along newly
formed interfaces [see Gambacorta et al., 2014]. On the contrary, it cannot be denied that even considering
a diagenetic overprint, lithotype boundaries have to be related to primary depositional factors. The sharp
changes from carbonate to siliceous sediments observed at the facies scale are plausibly related to
changes in the trophic level with consequent changes in the dominant planktonic group. In this perspec-
tive, changes in surface water were coupled with changes in deep water conditions, eventually promoting
also the regional shallowing of the CCD.

In the studied sections (see supporting information S1) the transition from a calcareous layer (facies A2) to a
radiolarian layer (facies A3) is very frequent, as is documented by SP1 and SP3a. In many cases we observed a
marlstone layer in between (facies A0), sometimes thicker than 1 cm, that is a thickness sufficient to exclude a
diagenetic segregation origin. Seawater is above a critical undersaturation level in calcite above the CCD,
while it is largely undersaturated in silica along the water column below some 500–1000m. A high level of
siliceous productivity is needed in order to allow the preservation from dissolution of siliceous tests during
their settling through the water column and their deposition at the seafloor. Based on these facts, we
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speculate that in a pelagic environment at least part of the observedmarlstone layers (facies A0) are explainable
as the result of different saturation states of calcite and silica along the water column, resulting in variable
dissolution/preservation of carbonate versus siliceous particles.

With the exclusion of exceptional times of higher clay input due to increased riverine supply, and/or large
amounts of aeolian dust or volcanic ashes, we can assume a continuous input of very fine grained terrigenous
material (clay), diluted by the huge amount of biogenic carbonate (that means we “lock” the clay input, at
this first interpretative model stage, as it was previously discussed). During times of gradual shift to
mesotrophic/eutrophic conditions the carbonate producers decrease, while the increase of the silica produ-
cers is still insufficient to warrant their accumulation and preservation (Figure 9). The resulting lithology
would be a marlstone/claystone facies that is the expression of a lower calcite sedimentation rate coupled
with silica dissolution, thus mimicking condensation. In some cases, themarlstone layers could be the expres-
sion of a lower biogenic sedimentation rate, because of reduced rate of carbonate and silica production and
higher rate of silica dissolution through the water column. Only when the increase in siliceous plankton is
sufficient to prevail on silica dissolution the transition a siliceous-rich layer replacing the marlstone is indi-
cated (Figure 9). If this does not occur, the stacking pattern contains a marlstone/claystone layer in its core.
The corresponding perturbation implies a lowering of sedimentation rate during a more or less severe shift
toward mesotrophic-eutrophic conditions in surface waters.

Figure 9. Conceptual scheme illustrating the relationship between the observed facies and the general paleoceanographic
parameters of the pelagic environment during the shift from a carbonate- to a siliceous-dominated deposition (see text
for a detailed explanation). Dinoflagellates, diatoms, and bacteria curves were sketched following, respectively, Young
[1994] and Horner-Devine et al. [2003].
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The above described processes are generally associated with well-oxygenated bottom water conditions
(Stacking Pattern 1, Figure 7a). However, a comparable stacking pattern is observed for anoxic intervals, with
the addition of preserved organic matter diluted within the hosting sediments (SP2 and SP3b, Figures 7b
and 7c). We suppose a change from black shale (organic matter mixed with clay) corresponding to
oligotrophic-mesotrophic and even to eutrophic conditions to a black chert (organic matter mixed with bio-
genic silica) corresponding to purely eutrophic conditions. Following this interpretation, black shales deposited
under mesotrophic conditions can be considered as the equivalent of a relative condensed interval (during low
mud input), due to both silica undersaturated waters and reduced carbonate accumulation/productivity,
perhaps coupled with transient dissolution of the calcite fraction due to a shallowing of the lysocline.

According to the above described processes, variations in surface water trophic conditions would result in
primary changes in facies and their stacking patterns at the seafloor, where the oxygen contents determined
oxic to anoxic sedimentation. Such repetitive changes are then enhanced by the diagenetic overprint leading
to thin, regular, and monotonous layering of pelagic successions.

5.2. Environmental Resilience and Sea Bottom Current Dynamics

The four observed SP types (Figures 7a–7d) are here interpreted as resulting from repetitive fluctuations from
oligotrophic to eutrophic conditions and vice versa in surface waters. Such changes controlled the recurring
variations from calcareous to siliceous-dominated biogenic sedimentation while the formation, flow, and
intensity of bottom waters are a major contributing factor in determining oxic versus anoxic conditions at
the seafloor. The observed SPs show that the recovery from black shales to oligotrophic and oxic conditions
with deposition of a white calcareous ooze is normally associated to bottom currents, resulting in laminated
and/or winnowed facies. The bottom current dynamics could either derive from basin-restricted processes or
be driven by the global paleoceanographic evolution.

For the Furlo site, Turgeon and Brumsack [2006] proposed a partially silled physiography that could have
enhanced the effect of water stratification. If so, we might assume that paleobathymetry and/or distance
from the shore might have played a role in the distribution of the sediments corresponding to SP3b versus
SP3a (see the corresponding discussion in section 4.1). In this perspective also the SPs at Monte Petrano,

Figure 10. Schematic lithological profile, δ13Ccarb, and δ18Ocarb profiles of the late Albian–lower Turonian sequence in the
Umbria-Marche Basin. The reconstructed relative bottom current intensity based on facies vertical distribution is reported.
On the right the δ18Ocarb record at Demerara Rise based on benthic forams [Friedrich et al., 2008] is reported. The
position of the Pialli or Breistoffer Event (OAE 1d), Mid-Cenomanian Event I (MCE I), and oceanic anoxic event 2 (OAE 2)
is marked by a grey band. See text for a detailed explanation.
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similarly to Furlo, although with thinner black shales, could suggest deposition in a restricted and/or proximal
part of the Umbria-Marche Basin. The Contessa site, on the contrary, with its SP3a-dominated succession, was
probably in a less confined or shallower setting.

Although, on one hand, the facies association and the SPs of the Scaglia Bianca document the activity of
bottom currents and their role in the cyclicity of the depositional environment, on the other hand, the
stratigraphic distribution of the most striking tractive facies indicates that there is also a relation between
the enhancement of bottom current activity and the major perturbations of the global carbon cycle. Nd iso-
tope data from Northern Tethyan localities indicate that circulation pattern in Atlantic-Tethys changed in
consequence of the perturbation of the global carbon cycle at the beginning of OAE 2 [Zheng et al., 2016].
We underline that SP2 is exclusive of the Pialli Level at Le Brecce and Monte Petrano sections (see supporting
information S1). In particular, the upper part of the SP2 (Figure 7b), consisting of limestones with wavy and
pervasive plane-parallel laminations (C2 and D2 facies), highlights strong bottom current reworking that
appears to terminate the deposition of carbonate-poor homogeneous black shales.

In all the studied sections of the Umbria-Marche Basin, in the stratigraphic interval between theMCE I and the
OAE 2, phases of enhanced bottom circulation are documented by the stacking of B2, C2, and D2 facies
within the SP3a and SP3b (Figure 7c). This suggests that in the late Cenomanian, tractive bottom currents
temporarily and repeatedly reoxygenated the seafloor during episodes of higher fertility and enhanced silica
production or under an oligotrophic regime favoring calcareous plankton.

Indication of renewed bottom current activity after the OAE 2 is provided by the peculiar facies association
above the Bonarelli Level (SP4, Figure 7d) mostly in the Umbria-Marche Basin (supporting information S1,
Figures 10 and 11). Evidence of very low sediment accumulation/sediment removal, associated to hiatuses
and condensation, is hence provided by the sediments immediately covering the Bonarelli Level, followed
by a facies association documenting evidence of the plausibly most intense and long-lasting period of

Figure 11. Comparison of the carbon (δ13Ccarb in black and δ13Corg in green) and oxygen isotope profile for the OAE 2
interval at Eastbourne (England) [Tsikos et al., 2004] and at Furlo [Gambacorta et al., 2015]. The position of the Bonarelli
Level is indicated by a grey band and the OAE 2 anomaly by a yellow band. Identification of δ13C peaks for OAE 2, Tu 1
(Holywell Event), and Tu 2 follows Voigt et al. [2007]. On the oxygen isotope curves the warmer and cooler phases are
highlighted with a pink and light blue pattern, respectively. The position of the so-called Plenus Cold Event and early
Turonian thermal maximum is also indicated [Jarvis et al., 2011]. On the right the reconstructed relative bottom current
intensity (red line) based on facies vertical distribution (blue bars) is reported.
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bottom current activity through the studied interval. An increase in current intensity would produce a large
amount of sediment drifts that are frequently subjected to slumping and instability [Laberg and Camerlenghi,
2008]. In particular, when sediments are rich in siliceous organisms, as in the studied interval above the
Bonarelli Level, the intergranular contacts prevent consolidation, favoring sediment instability and erosion
[Volpi et al., 2003; Laberg and Camerlenghi, 2008]. The lithologic contrast at the top of the Bonarelli Level
between black shales and radiolarian-rich layers and the overlaying limestones could act di per se both as
a preferential boundary for erosion of unconsolidated sediments and as the basal surface for decollement
and subsequent sediment deformation under shear stress. Hence, we presume that an increase in bottom
current reworking soon after the Bonarelli event would have led to accumulation of vast drifted deposits
easily subjected to syndepositional to slightly postdepositional deformation and even to slumping along
slopes of the deepest part of the basin. This point deserves more studies of Tethyan and other pelagic basins
to overcome the very little information still existing on the physiographic setting of the basins, drifts,
soft-sediment deformation, and slumping in the Cretaceous oceans.

5.3. Bottom Water Circulation: Causal Links to Repetitive and/or Exceptional Climate Changes?

Hiatuses associated with OAEs are frequently described in both pelagic and coastal settings [e.g., Föllmi et al.,
1994; Jones et al., 1994; Drzewiecki and Simo, 1997; Weissert et al., 1998; McArthur et al., 2000; Jones and
Jenkyns, 2001; Meyers and Sageman, 2004; Erbacher et al., 2005; Robinson et al., 2008; El-Sabbagh et al.,
2011; Caswell and Coe, 2012] and explained as the result of changing current intensity along shelves
and/or linked to general regressive trend in sea level [e.g., Jaillard and Arnaud-Vanneau, 1993; Gröcke et al.,
2006]. Recently, isotopic data [Gambacorta et al., 2015] clearly documented major hiatuses of different
duration (between 160 and 510 kyr) eliding the late part of the OAE 2 C isotopic anomaly and the interval
immediately postdating the Bonarelli Level in all the studied sequences. The sedimentological evidence of
intense winnowing and the isotopic data provide insight into the processes producing erosion and
redistribution of bottom sediments during the latest phase of the OAE 2 and the following earliest
Turonian time interval.

In several sections in the Anglo-Paris Basin, Bohemian-Saxonian Basin and the Western Interior Basin hiatuses
have been documented at the onset of OAE 2 [Voigt et al., 2006; Jarvis et al., 2011; Du Vivier et al., 2014; Eldrett
et al., 2015a). In particular, at the Pueblo reference section, a 60–100 kyr longmissing time was estimated [see
Eldrett et al., 2015a]. A possible hiatus at the base of the Bonarelli Level was postulated by Gambacorta et al.
[2015]. Although the δ13Ccarb and δ13Corg records do not provide direct evidence of hiatuses at the onset of
the OAE 2 isotopic anomaly, correlating with the Black Marker below the Bonarelli Level, the sharp lithologic
boundary between limestone and black shale as well as in nitrogen and iron isotopes across the base of the
Bonarelli Level [Gambacorta et al., 2015] might suggest the presence of short hiatal interval.

Bottom currents operating in themodern and ancient oceans [Rebesco and Stow, 2001; Knutz, 2008; Shanmugam,
2008; Gambacorta et al., 2014] clearly indicate that high flow velocities capable of winnowing and redistribut-
ing sediments do exist. Thermohaline-induced geostrophic bottom currents show a wide range of speeds
with velocities usually ranging from 1 to 20 cm/s [Hollister and Heezen, 1972], but exceptionally faster currents
have been observed in many areas of the present-day oceans with velocities reaching values up to 300 cm/s
[Shanmungam, 2006 Wind-driven bottom currents such as the Loop Current in the eastern Gulf of Mexico
[Shanmungam, 2006] can reach velocities of 25 cm/s at 500m depth [Nowlin and Hubert, 1972] and 19 cm/s
at a depth of 3286m [Pequegnat, 1972].

In modern oceans, during the so-called benthic storms, bottom currents are subjected to periodical phases of
intensification of the mean flow from 2 to 5 times faster than normal current velocities, and in some cases
flow velocities of over 20 cm/s could be observed, with a very high concentration of suspended matter (up
to 5 g L�1) and a large erosional capability [Hernández-Molina et al., 2008]. Such high-velocity currents surely
play an important role in the redistribution of sediments at the seafloor [Hollister et al., 1980; Nowell and
Hollister, 1985; Hollister, 1993; Hernández-Molina et al., 2008]. Indeed, benthic storms have enough velocity
to resuspend sediments, produce sedimentary structures at the sediment/water interface, and rework
sediments down to a depth of around 0.5m [Kennett, 1982; Bearmon, 1989; Hernández-Molina et al., 2008].

Internal waves, first reported by Ekman [1904], called also baroclinic currents, are another process able to
develop high horizontal current velocities up to 2m/s and vertical velocities of 20 cm/s [Brandt et al., 2002;
Shanmugam, 2008]. Seismic data from the Danish Basin show the presence of contourite drifts, moats, and
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channels in the Upper Cretaceous chalk, with architectures similar to modern contourite systems of continen-
tal margins [Surlyk and Lykke-Andersen, 2007]. The observed seafloor relief is interpreted to have formed in a
“chalk sea” in response to persistent bottom currents, flowing parallel to bathymetric contours. At last, in
order to explain the frequent erosions observed at the base of the Paleozoic black shales, Baird and Brett
[1986, 1991] and Baird et al. [1988] suggested the action of deep storm waves, density currents, and internal
waves connected to the existence of a vertical chemical stratification of the water column.

Based on the recurrent gap and facies association at the top of the Bonarelli Level, we speculate that in
Umbria-Marche and Belluno Basins OAE 2 terminated with a phase of very effective bottom currents produ-
cing erosion, winnowing and in a few cases soft-sediment deformation, concurrent with reventilation of the
seafloor. It is possible that these processes occurred at a wider scale, because evidence of ocean current
intensification during OAE 2 along the Northern Tethys was also described by Wohlwend et al. [2015].
These authors interpreted sedimentary gaps combined with prominent glauconite quartz sandstones as
the result of intense erosive east-west trending shelf currents.

During OAE 2 the oceans went through a time of extremely high temperatures, and the consequent reduced
latitudinal thermal gradients [Huber et al., 1995; Skelton et al., 2003; Donnadieu et al., 2006; Hay, 2008] must
have strongly affected the formation of deep waters as driver of thermohaline circulation. Nd isotope
data measured across OAE 2 provide evidence for an enhanced deep water transfer from Tethys toward
the Atlantic [Martin et al., 2012]. The source of this deep water may have been located on the carbonate
shelves of the southern Tethys [Martin et al., 2012] and/or on the vast Arabian carbonate platform in the
eastern Tethys.

During the recovery from OAE 2 conditions, the decrease in atmospheric greenhouse gases might have
induced the progressive reestablishment of the latitudinal thermal gradient. Once high-latitude cooling
reached a critical threshold, thermohaline bottom current circulation could have caused oceanic overturning,
reoxygenating the deep ocean, and inducing the rapid reestablishment of preperturbation conditions. The
detailed chronology of paleotemperature trends in the Cenomanian-Turonian interval [e.g., Jarvis et al.,
2011], however, indicates that the Cretaceous thermal maximum was reached in earliest Turonian time,
shortly but unambiguously after termination of OAE 2, and that cooling started at younger stages.
Consequently, we believe that the scenario described above cannot be applied to explain the end of global
anoxia in the Cenomanian/Turonian boundary interval.

Cretaceous ocean circulation was modeled by Hay [2008, 2009] who envisioned heat transfer via mesoscale
eddies and absence of a global thermohaline circulation. In an eddy-dominated ocean, replenishment of
oxygen in deep waters is extremely difficult, especially because the globally warm surface waters would have
been oxygen poor to start with: Dysoxia-anoxia was then easy to reach and difficult to switch off at global
scale. The Cretaceous was also characterized by vast epeiric seas with complex individual bathymetry:
Deep water formation, circulation, and oxygenation were most probably linked to individual basins other
than global patterns [Hay, 2008, 2009].

Under Mid-Cretaceous greenhouse conditions [Jenkyns, 2010; Pagani et al., 2014, and references therein]
oceanic circulation might have been controlled by warm saline bottom waters originated in epicontinental
tropical seas as proposed by Brass et al. [1982], following the original ideas of Chamberlin [1906] who
postulated a reversal (relative to today flows) in deep sea circulation under excess greenhouse gases and
climate warming. Brass et al. [1982] incorporated this scenario into the “warm saline bottom water
(WSBW)” hypothesis for the Mid-Cretaceous ocean where thermohaline circulation resulted from sinking of
very warm brines in the tropics instead of cold and relatively salty waters today downwelling at high latitudes.
Under greenhouse climate, increased evaporation in tropical shelf areas formed warm saline waters that,
thus, became deep currents at low latitudes and transported heat poleward.

Friedrich et al. [2008] based on oxygen isotopes and Mg/Ca ratios from benthic foraminifera at Demarara
Rise in the equatorial Atlantic Ocean, supported the WSBW hypothesis. They reconstructed paleotem-
peratures of 20–25°C for intermediate waters with very high salinity that determined dysoxic-anoxic
conditions in the tropical proto-Atlantic during the late Cenomanian. Specifically, in the interval
bracketed by the MCE I and OAE 2 repetitive local production of warm deep brines disrupted ocean
stratification and the oxygen minimum zone affecting the renewal of deep waters in the proto-
Atlantic Ocean [Friedrich et al., 2008].
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In Figure 10 the evolution of the SP in the latest Albian to earliest Turonian studied interval and the inferred
bottom current intensities are compared to the simplified δ18O record of Friedrich et al. [2008]. We underline
that the sharp increase in bottom current activity recorded by SP in the Scaglia Bianca at the onset of the MCE
I and persisting up to the OAE 2 is coeval with the interval of high salinity intermediate waters at Demerara
Rise [Friedrich et al., 2008]. Our record points to the recurrence of dense and active bottom currents at
intermediate depth and suggests that warm saline deep waters were possibly not only restricted to the tro-
pical Atlantic Ocean but also existed in the western Tethys. Our detailed record of the Umbria-Marche Basin
(see supporting information S1) further indicates that before the deposition of the Bonarelli Level tractive
structures, postdating individual rhythmic black shales were presumably induced by recurrent dense bottom
water flows, which terminated intermittent dysoxic-anoxic conditions. We believe that the repetitive late
Cenomanian black layers represent short-lived episodes of anoxia due to stratification of water masses,
similarly to late Albian black shales [e.g., Tiraboschi et al., 2009]. In fact, although some expansion of the
oxygen minimum zone cannot be ruled out, we believe that the paleowater depth and the pelagic setting
of the studied sections concur in minimizing, if not excluding, the interaction of the base of the oxygen
minimum zone with the sediment/water interface.

Since the black shale-black chert layers of late Cenomanian age were proven to be controlled byMilankovitch
cycles [Mitchell et al., 2008; Lanci et al., 2010], then also bottom current activity might have been regulated
astronomically. This is in agreement with recent documentation by Eldrett et al. [2015b] of Milankovitch
cyclicity in recurrent activity and break down of stratification in the Western Interior Basin.

Intermittent delivery of shelf brines to intermediate deep waters in the proto-Atlantic was postulated by Voigt
[2008] to reconcile general oxygen depletion and the δ18O record at Demerara Rise [Friedrich et al., 2008].
Such brines were possibly dense enough to penetrate into the western Tethys, perhaps similarly to the extant
Mediterranean outflow affecting the Atlantic away from the Gibraltar Strait and leaving imprints of sediment
reworking and erosion along the European margin [Hernández-Molina et al., 2014], or the brines originated in
the western Tethys, as suggested by Nd isotope data [Martin et al., 2012] and then penetrated into the
Atlantic Ocean.

Within the Bonarelli Level the occurrence of black shales and radiolarian layers suggests varying mesotrophic
to eutrophic conditions in surface waters and possible shallowing of the CCD. Bottom current activity is
difficult to depict from sedimentological observation (Figure 6), but discrete radiolarian layers might derive
fromwinnowing of the seafloor and therefore might correspond to times of relatively active bottom currents.
A cooling event has been documented and dated within OAE 2 [Jarvis et al., 2011; Eldrett et al., 2014;
Van Helmond et al., 2016]: The “Plenus Cold Event” was associated to a drop in paleo-CO2 concentration
[Barclay et al., 2010], interrupted globally warm conditions, favored the north to south migration of boreal
taxa, and locally triggered benthic foraminiferal repopulation events [Friedrich et al., 2011]. In the studied sec-
tions, radiolarian layers dominate over black shales in the lowermost part of the Bonarelli Level, below the
level corresponding to peak “a” of the δ13C anomaly [Gambacorta et al., 2015]. The initial phase of OAE 2
was globally marked by a major warming [e.g., Forster et al., 2007] that might have favored the formation
of warm salty waters along tropical margins in the Atlantic and Tethys Oceans. Possibly, this was the onset
of enhanced WSBW that produced local hiatuses and winnowing at the seafloor. The Plenus Cold Event
interrupted formation of dense saline water masses and favored the deposition of black shales in the
Umbria-Marche Basin. The upper part of the Bonarelli Level, correlatable to peak “b” of the δ13C anomaly
[Gambacorta et al., 2015], is characterized by alternating radiolarian layers and black shales chert (Figure 6),
suggesting the reactivation of intermittent effective bottom currents under greenhouse conditions.

Indeed, Friedrich et al. [2008] showed that in the equatorial Atlantic Ocean a younger phase of warm salty
intermediate waters correlates with the late part of the OAE 2 C isotope anomaly and the immediately
following interval. Although the sections studied in the Umbria-Marche and Belluno Basins are affected
by hiatuses in the OAE 2 interval, we emphasize the correlation between most intense bottom currents
and the hypothesized formation of saline intermediate waters in the Tethys (Figures 10 and 11). In particu-
lar, the most intense bottom currents coincide with the gap occurring in the lowermost Turonian interval
(Figures 10 and 11) immediately at the top of the Bonarelli Level, as it has been discussed in section 5.2.
Indeed, as illustrated in Figures 10 and 11, the earliest Turonian thermal maximum (between the end of
OAE 2 and the Tu1 event) [Jarvis et al., 2011] might have induced the development of saline waters along
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Tethyan shelves and then entered in the proto-Atlantic. Alternatively or concomitantly warm saline waters
might have formed in the tropical Atlantic, affecting intermediate and deep circulation also in Tethyan
basins. Such dense flows might have caused major reworking/displacement/erosion of sediments on the
seafloor during the initial phase of recovery from anoxic conditions with elision of the first oxic sediments
on top of the Bonarelli Level and part of the underlying black shales, corresponding to a 160–510 kyr long
record [Gambacorta et al., 2015] (Figures 7d).

As it has been discussed, the Ha-b–E2 facies association (Figure 7d) in the lower part of the Tu 1–Tu 2 interval,
postdating the hiatus (Figure 11), derives from strong current reworking of the seafloor. We suggest that after
the stage of most intense current activity, resulting in the erosion of sediments, the decrease of bottom
current shear stress promoted deposition of the E2 facies, as it is testified by the foraminiferal lags in the
upper part of the Tu 1–Tu 2 interval. In all the studied sections, foraminiferal lags are restricted to this interval
and might derive from bottom waters formed during the early Turonian cooling presumably inducing
downwelling of cooler and denser water masses. Indeed, such structures were not observed during times
of greenhouse conditions in the late Albian-earliest Turonian interval.

A marked drop in bottom current activity correlates with the uppermost Scaglia Bianca limestone, possi-
bly corresponding to the onset of a very different regime without evidence of sediment winnowing
or displacement.

Geological data indicate that the OAE 1d correlates with higher paleotemperatures [Wilson and Norris, 2001]
and intensified bottom currents (this study, see supporting information S1). Similarly to the interval between
the MCE I and OAE 2, we suggest that the black shales of the OAE 1d (Pialli Level) might result from intermit-
tent water stratification disrupted by intense bottom currents. The exclusive presence of SP2 might suggest
that eutrophic conditions were never reached and perhaps that WSBWwas not operating. Black shales of the
Pialli Level are very similar to those documented in the upper Albian in the Umbria-Marche Basin [Herbert and
Fischer, 1986; Premoli Silva et al., 1989; Erba, 1992; Galeotti et al., 2003] and interpreted as the result of recur-
rent stratification due to enhanced precipitation and freshwater runoff forming a pycnocline that reduced
deep water renewal and bottom oxygenation [Tiraboschi et al., 2009].

In the studied sections, and, in general, in the Umbria-Marche and Belluno Basins, periods of low intensity of
bottom currents correspond to a color shift from light grey/whitish calcilutites/marlstones to reddish
hematite-rich micritic limestones/marlstones above both the Bonarelli Level and the post-OAE 1d Pialli
Level (Figures 2, 3, and 10). This confirms a change in clay input and a general increase in oxygenation of
bottom waters, during periods of mild bottom circulation [Xi et al., 2007; Hu et al., 2009; Neuhuber and
Wagreich, 2011; Wang et al., 2011], originated at temperate source areas with downwelling of cooler waters.

6. Conclusions

The data set from the latest Albian–lower Turonian pelagic successions of the Umbria-Marche and Belluno
Basins suggests that a dynamic circulation affected the seafloor in western Tethys. Depositional patterns
suggest a strong interplay of oceanographic changes in surface waters as well as in the intensity of bottom
currents, during OAE 1d, MCE I and OAE 2, and the interludes between them. The coupling of surface and
bottomwater processes determined the establishment and recovery from environmental perturbations, with
different modalities through the latest Albian–early Turonian.

Under oxygenated bottom waters, the switch from an oligotrophic to an eutrophic state of surface waters
controlled the shift from calcareous to siliceous deposition. At sites and times of anoxia, siliceous and
organic-rich shales (black shales) replace each other as a function of the trophic level: Black shales correspond
to oligotrophic-mesotrophic/eutrophic and black cherts exclusively to eutrophic conditions. Moreover, shale
layers possibly represent the lowest sedimentation rates (condensation), after substantial reduction of the
carbonate component (low productivity), and of the siliceous components (high dissolution).

High-resolution biochemostratigraphy allows dating SP types that result to be largely repetitive and recurrent at
different time scales. The association of the observed facies shows the recurrence of four major SP types, all of
them including indications of bottom current activity. Invariably, the position of tractive facies within the SPs
indicates that they were responsible of the termination of intermittent or prolonged anoxia. This systematic
association documents the role of bottom currents in the recovery to normal environmental conditions.
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As phases of enhanced bottom circulation represent repetitive events, the identified rhythmicity has various
orders of magnitude, ranging from themeter scale expressed by the four described SP types to themillimeter
scale evidenced by the internal variations observed in the black shale and bedded black chert facies (G4a).

Evidence of traction-related facies immediately following OAE 1d and OAE 2 suggests that the times of most
intense circulation (“extraordinary reventilation events”) postdated the major perturbations of the global
carbon cycle. These phases of intensified ventilation must have played an important role in reestablishing
normal water masses trophism and oxygenation. Intense sea bottom currents had important effects on sedi-
ment redistribution causing the widely observed erosional gap at the top of the Bonarelli Level.

Our study documents a systematic termination of dysoxic-anoxic conditions at times of intense bottom
currents that renewed oxygen at the seafloor while eroding/displacing accumulated particles. Climate
changes were influential on deep circulation dynamics. Under late Cenomanian-earliest Turonian green-
house conditions, vigorous bottom currents were arguably induced by warm, dense saline intermediate to
deep waters originated in tropical shelves, perhaps entering the western Tethys from the central Atlantic
Ocean, or originated in tropical shelf areas within the Tethys Ocean Evidence of effective bottom currents
characterize the interval immediately preceding and marking the onset of OAE 2, associated to the initial
phase of major global warming. Within the Bonarelli Level, radiolarian layers in the lower part correlate with
warm condition, while black shale dominates in the stratigraphic interval corresponding to the Plenus Cold
Event around the δ13C peak a. In the upper part of the Bonarelli Level, alternating radiolarian layers and black
shales chert suggest the revival of intermittent active bottom currents under greenhouse conditions. The
hiatuses detected at the top of the Bonarelli Level, interpreted as the result of erosion caused by the most
effective bottom currents, correspond to the early Turonian thermal maximum.

Tractive facies postdating intermittent anoxia during OAE 1d and in the interval bracketed by MCE I and
OAE 2 are indicative of more efficient bottom currents, though capable of disrupting stratification and replen-
ish deep water with oxygen.

In the studied successions, in the upper Albian–lower Turonian interval, minimal (or absent) sediment displa-
cement correlates with a color change to reddish lithologies of the pre- and post-OAE 1d interval and the
Scaglia Rossa Formation (Figure 10). Although the paleotemperature reconstructions are still loose, reddish
lithologies corresponding to times of relatively cooler conditions [i.e., Wang et al., 2011] might indicate a
mechanism of deep water formation different from saline waters at low-latitude characteristic of warm
climatic conditions. Possibly, during times of decreasing temperature after warming episodes, cooler oxygen-
richer bottom water masses originated at higher latitudes.

Appendix A

Supplementary data associated with this article include the Furlo, Contessa, Le Brecce, Monte Petrano (lower
and upper part), and Cismon (lower and upper part) composite sections.
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