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Abstract

Detailed studies of the mid-Cretaceous sedimentary strata in the Umbria–Marche Basin in Italy revealed that aside from several

well-known organic-rich bblack shaleQ horizons that record OAEs, several varicolored, mainly reddish horizons indicate oxic

conditions at the ocean bottom. Eight such horizons have been identified in Aptian–Cenomanian sequences in the Umbria–Marche

Basin. The dysoxic/oxic beds alternate regularly but not cyclically and seem to be the result of non-random processes. Their

occurrence is not a completely random process. The duration of deposition of these oceanic red beds (ORBs) varies from ~ 0.13 my

(ORB4) recorded in the Ticinella primula zone, to ~4.54 my for ORB1, which spans the Globigerinelloides ferreolensis zone to the

Ticinella bejaouaensis zone in the Piobbico core.

Mid-Cretaceous ORBs are not a local phenomenon because they occur in the Tethyan deposits in the Southern and Austrian

Alps, the Carpathians, the Northern Caucasus, the central North Atlantic, in northeastern England and in the western Himalayas.

They provide evidence for periodic changes in redox conditions at the ocean bottom. Such changes could have been caused by

changes in bioproductivity, basin geometry, sedimentation rates, paleocirculation and/or production of bottom waters with higher

content of dissolved oxygen in response to changes in paleoclimate. We suggest that the periodic inflow of colder, more

oxygenated bottom waters was the probable cause of ORBs development, either as a result of changes in the ocean bottom

topography, or as a result of brief cool climate periods. However, reliable proxies for changes in deep ocean circulation are still

lacking. If ORBs were the result of the paleoclimate and, therefore, indirectly caused by changes in CO2 in atmosphere, they

document the increased sensitivity and instability of the mid-Cretaceous climate. Thus, changes in ocean dynamics were on a scale

of several hundred thousand years to several million years, which has not been considered by most theories of CO2 cycling, mid-

Cretaceous greenhouse paleoclimate and paleocean dynamics.
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1. Introduction

The mid-Cretaceous was a period of increased tec-

tonic activity, changing paleogeography and increases

in atmospheric CO2 (Larson and Pitman, 1972; Ziegler

et al., 1982; Larson, 1991; Larson and Erba, 1999),

resulting in global warming that peaked in the early
alaeoecology 233 (2005) 163–186
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Turonian (Jenkyns et al., 1994; Barron et al., 1995;

Huber et al., 1995, 2002; Clarke and Jenkyns, 1999).

During this period (121–93.5 Ma, according to Grad-

stein et al., 1995, time scale) in the western Tethys and

central North Atlantic basin, dark grey to black shales

were deposited that indicate dysoxic to anoxic ocean-

bottom conditions, which were a consequence of a

bgreenhouse worldQ (Weissert, 1991; Hochuli et al.,

1999; Bice and Norris, 2002). Several events of in-

creased organic matter deposition in the marine envi-

ronment occurred during this time interval. These

events, known as the oceanic anoxic events (OAEs),

were apparently restricted to relatively short time inter-

vals of a few million years and less (Jenkyns, 1980;

Leckie et al., 2002, for review). The OAEs represent

major perturbation of global climate–ocean system that

led to diagnostic shifts in the carbon isotopic signature

of sedimentary carbon and indicate cooling of the

atmosphere via extensive CO2 drawdown, in response

to massive burial of marine organic carbon (Schlanger

and Jenkyns, 1976; Arthur et al., 1987, 1990; Bralower

et al., 1994; Kuypers et al., 2002). Among the plethora

of black shale horizons identified both on land and in

the oceans, two organic carbon-enriched horizons–the

lower Aptian Selli level (OAE1a) and the uppermost

Cenomanian, the Bonarelli level (OAE2)–stand out.

Both have not only broad global distribution but are

identified by y13C isotope positive excursions (e.g.,

Schlanger et al., 1987; Arthur et al., 1988; Menegatti

et al., 1998; Hochuli et al., 1999). Most of the other

OAEs were more local, with occurrences confined to

the western Tethys–Atlantic domain and were less ex-

treme in terms of global environmental impact (Leckie

et al., 2002; Galeotti et al., 2003). Regardless of their

origin, deposition of organic carbon (Corg.)-enriched

deep-sea deposits indicates a major change in the

mode of carbon burial in western Tethys, from an

inorganic carbon buried as pelagic carbonates during

Early Cretaceous to organic carbon burial in black

shales during mid-Cretaceous. Such data have been

frequently used for modelling the greenhouse climate

that dominated the mid-Cretaceous (Barron, 1983; Bar-

ron et al., 1995; Bice and Norris, 2002).

During recent field work in the Umbria–Marche

Basin in Italy, we noted the occurrence of several

pinkish, reddish, or maroon bands and zones in the

deep-sea mid-Cretaceous Marne a Fucoidi and Scaglia

Bianca formations, suggesting variability in paleocea-

nographic conditions and perhaps indirectly in paleo-

climate. Occurrence of some of these red beds was

previously noted by Arthur and Fischer (1977), Arthur

(1979), Erba (1988), Premoli Silva et al. (1989), Tor-
naghi et al. (1989), Coccioni et al. (1990), Erbacher

(1994), Coccioni (1996), Fiet and Masure (2001), but

not much attention was given to them, even though they

are prominent in outcrops and cores. Only a brief note

on the oxidation state of the Umbria–Marche Creta-

ceous succession was given by Arthur and Fischer

(1977), who simply stated that bthe transition from

comparatively unoxidized Aptian–Albian sediments to

more highly oxidized Cenomanian beds is of more than

local significance and reflects worldwide changes in

ocean dynamics.Q Premoli Silva et al. (1989) mentioned

that the change in sediment color from grey-green to

red and red brown in upper Aptian strata in central Italy

reflects a change to a more vigorous circulation result-

ing from better oxygenated bottom waters.

If the appearance of these red beds is related to

changes in the content of dissolved oxygen in bottom

waters and, thus, indirectly result to paloclimate

change, then the question to ask is—was the mid-

Cretaceous bgreenhouseQ climate relatively stable, as

implied by various studies (Douglas and Savin, 1973,

1975; Crowley and North, 1991; Frakes et al., 1992;

Jenkyns et al., 1994; Barron et al., 1995; Huber et al.,

1995; Bice and Norris, 2002; Otto-Bliesner et al.,

2002), or was it much more dynamic with brief cool

periods, like the oxygen isotope data suggest for the

Early Cretaceous Tethys (Weissert and Lini, 1991;

Hochuli et al., 1999; Jenkyns and Wilson, 1999; Puceat

et al., 2003; Weissert and Erba, 2004) and sedimentary

record may indicate?

This paper concentrates on reddish colored oceanic

red beds (ORBs) located between the lower Aptian Selli

level (OAE1a) and the uppermost Cenomanian Bonar-

elli level (OAE2) in the Umbria–Marche Basin in cen-

tral Italy. We briefly discuss correlative strata in eastern

European Tethys and Asia. For ORBs exposed in the

Umbria–Marche Basin, we provide a brief lithologic,

sedimentological, petrographic, and micropaleontologic

composition; we synthesize available data to document

their stratigraphic position and compare their isotopic

signals and biotic content. We also studied similar mid-

Cretaceous ORBs cropping out in other regions of

Europe and in the Himalayas, where remnants of the

Tethys are exposed, in order to assess the timing and

geographical extent of these events and to better under-

stand possible triggering mechanisms of major mid-

Cretaceous paleoceanographic changes.

2. Methods

Field studies in the Umbria–Marche Basin document

the occurrence of ORBs in the mid-Cretaceous strata.
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The studied sections are located near the towns of

Gubbio and Piobbico. Detailed outcrop description

and sampling was conducted in the Bottaccione

Gorge and Vispi Quarry located in the Contessa valley

near Gubbio, the Poggio le Guaine and Fiume Bosso

sections, the Monte Petrano sections, and the Piobbico

Road and Gorgo a Cerbara sections near Piobbico (Fig.

1). We have compiled data from the Piobbico core

(Erba, 1988, 1992; Tornaghi et al., 1989) and from

the Cismon Apticore located in the Belluno Basin

(Erba et al., 1999) to document the occurrence of

ORBs in the Marne a Fucoidi, or coeval formations.

Leckie et al. (2002) established a high-resolution

geochronology encompassing the late Barremian to

late Turonian (123–90 Ma), using the time scale of

Gradstein et al. (1995) and the biostratigraphic age

model of Bralower et al. (1997). In this paper we use

geochronology of Leckie et al. (2002) to establish

positions of individual ORBs and their durations in

the Umbria–Marche Basin. We also collected samples

from the boundary between the Scaglia Bianca and

Scaglia Rossa in the Vispi Quarry section for stable

carbon and oxygen isotope analyses.

Samples were prepared and stable isotope analyses

were performed in the Marine Geology Laboratory,

Tongji University. Powdered samples were placed in
Fig. 1. Location of the studied sections near Gubbio–Piobbico area, the Um

Sections: BO: Bottaccione Gorge section; CQ: Vispi Quarry section; FB: Fiu

section; PIO: Piobbico core; PLG: Poggio le Guaine section.
sample vials in a Finnigan automatic carbonate device

(Kiel III), reacted with ortho-phosphoric acid at 70 8C
to generate CO2, then transferred to and measured in a

Finnigan MAT252 mass spectrometer. Precision was

regularly checked with a Chinese national carbonate

standard (GBW04405) and international standard

NBS19; the standard deviation was 0.07x for y18O
and 0.04x for y13C. Conversion to the international

Pee Dee Belemnite (PDB) scale was performed using

NBS19 and NBS18 standards.

3. Geological setting and lithology

The Cretaceous pelagic sequence of the complex

Umbria–Marche Basin was deposited near the conti-

nental margin of the Apulia block. The block moved

northward from Africa relative to northern Europe and

was strongly influenced by pre-orogenic deformation,

such as extensional normal faulting (Marchegiani et al.,

1999). The basement of the Umbria–Marche Apennines

is continental, with the Upper Jurassic through Lower

Miocene pelagic strata overlying a Triassic to Lower

Jurassic carbonate platform. During the latest phase of

the Alpine–Himalayan orogeny in Miocene time (see

Centamore et al., 2002), the basin was involved in

tectonic compression and became part of the foreland
bria–Marche Basin, central Italy (modified from Baudin et al., 1998).

me Bosso section, GC: Gorgo a Cerbara section; MP: Monte Petrano
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fold-and-thrust belt of the Umbria–Marche Apennines

of central Italy. The motion of thrust sheets was from

the southwest to the northeast.

The Cretaceous sedimentary succession cropping

out in the Umbria–Marche Basin has been subdivided

into several discrete formations and members based on

color changes, carbonate content and the presence/

absence of chert and black shales (see Arthur and

Fischer, 1977; Alvarez and Montanari, 1988; Coccioni,

1996). The principal formations in upward stratigraph-

ic order are Maiolica (upper Tithonian–lower Aptian),

Marne a Fucoidi (lower Aptian–upper Albian), Scaglia

Bianca (upper Albian–lowest Turonian) and Scaglia

Rossa (lowest Turonian to middle Eocene). The Ma-

iolica Formation consists primarily of whitish to me-

dium gray pelagic limestones enclosing near the top of

the formation, beige to black chert nodules, or layers

and dark gray to black, organic-rich horizons with

variable carbonate content. The overlying Marne a

Fucoidi Formation is a more shaly sequence of dark

gray to black calcareous shales, light green-gray marly

limestones with intervals of interbedded red and green

marlstones and calcareous mudstones. Black shale hor-

izons in the Marne a Fucoidi include the lower Aptian

Selli Level (OAE1a), uppermost Aptian b113Q Level,

lower Albian bMonte NeroneQ Level, bUrbinoQ Level,
and the uppermost Albian bPialliQ Level (see Coccioni

et al., 1987, 1989, 1990; Coccioni and Galeotti, 1993;

Coccioni, 2001; Galeotti et al., 2003). However, only

the Selli level is accompanied by a distinct carbon

isotope anomaly.

The Marne a Fucoidi Formation grades into the

Scaglia Bianca Formation, which is comprised of

yellowish-gray to grayish limestones intercalated

with a few pink to reddish limestone beds and several

greenish-gray to black marlstones and shales. The

latter formation was subdivided (Coccioni et al.,

1992) into four discrete informal lithologic members.

These are (from bottom to top): W1 (lower yellowish-

gray member), comprised of yellowish-gray limestone

with common nodules and lenses of greenish-grey

chert; pink to reddish limestone and greenish-gray to

black, marly/shaly layers are intercalated in the lower

part of the member; W2 (reddish member), consisting

of pink to reddish limestone with subordinate yellow-

ish-gray limestone and rare greenish-gray marly

layers; pinkish-gray chert nodules and lenses are dis-

tributed throughout; W3 (upper yellowish-gray mem-

ber), represented by yellowish-gray limestone with

common nodules and lenses of greenish-gray chert;

and W4 (grayish member), comprised of mostly light-

gray to gray limestone with common nodules and
lenses of dark-gray to black chert throughout; black

marly/shaly layers are interbedded near the top. The

Bonarelli horizon (OAE2) is a prominent marker bed

near the top of the Scaglia Bianca Formation. It is an

ichthyolithic–bituminous–radiolarian unit about 1 m

thick, consisting of siliceous, carbonate-free olive-

green to black mudstone and black shales with more

than 23% organic carbon (Arthur and Premoli Silva,

1982).

The Scaglia Bianca grades upward into the Upper

Cretaceous Scaglia Rossa Formation which was de-

scribed in detail by Arthur and Fischer (1977) and

Alvarez and Montanari (1988). It is comprised predom-

inantly of pinkish-reddish marly limestones that gener-

ally contain 65–92% CaCO3, except for rare shaly

interbeds, which accentuate the bedding. It was subdi-

vided by latter authors into R1 and R2 Members accord-

ing to the presence/absence of chert. Member R1

(uppermost Turonian–lower Campanian) is character-

ized by the presence of greenish-gray and less common-

ly reddish-brown chert nodules and beds, interbedded

with red to pink with less common yellow-gray to light

pink colored limestone. The Member R2 (lower Cam-

panian–Maastrichtian) generally lacks cherts and is

predominantly composed of pink to reddish-brown

limestones.

4. Mid-Cretaceous ORBs in the Umbria–Marche

Basin

4.1. Stratigraphy and composition

The Cretaceous biostratigraphy in the Gubbio–Piob-

bico area (Fig. 1) is well known since Renz’s (1936)

pioneering study. Detailed studies of the type sections

at the Bottaccione Gorge and the Vispi Quarry near

Gubbio were published by Luterbacher and Premoli

Silva (1962), Premoli Silva (1977), Premoli Silva and

Sliter (1994), Coccioni et al. (1987, 1989, 1990, 1995),

Tremolada (2002) and Coccioni and Luciani (2004).

The Poggio le Guaine and Fiume Bosso sections were

described by Coccioni et al. (1990) and by Coccioni

and Galeotti (1993). The Monte Petrano section was

described by Fiet (1998) and Fiet and Masure (2001)

(Fig. 1). The Piobbico core was drilled through the

Aptian–Albian Marne a Fucoidi Formation in the early

1980s and was the subject of several detailed multidis-

ciplinary studies including sedimentology, organic and

inorganic geochemistry, calcareous nannofossil and fo-

raminiferal biostratigraphy, cyclostratigraphy and paleo-

magnetism (see Erba, 1988, 1992; Tornaghi et al., 1989;

Herbert et al., 1995; and references cited). All those



Fig. 2. Synthesis of stratigraphic data for the Piobbico core. Lithostratigraphy and integrated calcareous nannofossil-planktonic foraminiferal

biostratigraphy are after Erba (1988), Tornaghi et al. (1989) and Erba (1992). Distinctive regional black shale levels, OAEs, and ORBs are marked

in the right column. In the middle column, a more detailed color characteristic of the strata is presented. Also shown are locations of additional,

perhaps more local OAEs, e.g., b113Q Level, bMonte NeroneQ Level, bUrbinoQ Level and bPialliQ Level (Coccioni et al., 1987, 1989, 1990; Coccioni
and Galeotti, 1993; Coccioni, 2001; Galeotti et al., 2003).
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studies provide well-established biostratigraphic frame-

work for ORBs in the Aptian–early Turonian of the

Umbria–Marche Basin.
In the course of field studies in the Umbria–Marche

Basin, we concentrated on the occurrence of reddish

colored sedimentary beds in a stratigraphic interval
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bounded by the Selli level at the base (OAE1a) and by

the Bonarelli level at the top (OAE2). In this sedimen-

tary succession, we identified eight horizons character-

ized by pinkish and/or reddish colored beds. These bred
bedQ levels are numbered in an upward stratigraphic

order—ORB1 to ORB8 (see Figs. 2, 4, and 5). ORB1

to ORB6 are also present in the Piobbico core (Erba,

1988; Tornaghi et al., 1989). The individual ORB

horizons are described in an upward stratigraphic

order below.

ORB1 is over 15 m thick in the Gorgo a Cerbara

section. It is dominated by dark red marlstone, red

marly limestones and red calcareous shales with sub-

ordinate gray marlstones and marly limestones. The

gray beds locally are interbedded with the red beds in

a cyclic manner (Fig. 3B). ORB1 overlies a 2.6-m-thick

transitional zone comprised of thinly bedded, gray

marly limestones (Fig. 3A, B), enclosing few gray

chert lenses that in turn overlie the Selli bed. The red

beds are generally less calcareous than the gray beds.

The contacts between red beds and gray beds are

commonly sharp (Fig. 3C). Within the intercalated

gray beds, the color becomes more reddish in a few

millimeter thick both near the base and the top. In the

Piobbico core, ORB1 corresponds to Units 15 and 17

(53.14–70.65 m) of Erba (1988) (Fig. 2). These two

red-colored horizons are separated by Unit 16, which is

a 0.91-m-thick green-gray marly limestones, inter-

bedded with dark-brown marly limestones and calcar-

eous marls. In Units 15 and 17, the lithotypes are dark-

red and dark-brown marls and marly limestones with

few green-gray-colored calcareous marls and marly

limestones. Carbonate content varies from 8.9% to

71.5% (Tornaghi et al., 1989). Burrows filled with

black marls are widespread throughout, and Chondrites

is common. Black shales are absent throughout the

interval.

ORB2 corresponds to Unit 13 in the Piobbico core

(Fig. 2). It is 3.19 m thick and consists of intercalated

dark-red to gray-red marls and calcareous clays, locally

with some gray-green patches. The carbonate content

varies from 8.9% to 62% (Tornaghi et al., 1989). Clayey
Fig. 3. Photographs showing the mid-Cretaceous ORBs in the Umbria–Marc

early Aptian OAE1a–Selli Level to the first red bed–ORB1, in the Piobbico R

the gray beds are interbedded with the red beds in a cyclic manner (B and C

(D) early Albian sequence showing the positions of the ORB3, ORB4, and

showing the positions of the ORB5 and ORB6 in the Vispi Quarry section;

millimeter-thick dark red horizons occurring near the top and bottom of the

Vispi Quarry section; (H) close-up photo of the ORB8 in the Vispi Quarry sec

gradually becomes into pinkish or dark reddish towards the top; (I) panorami

(from ORB3 to ORB9) and the Bonarelli level; (J) close-up photo of the tran

color at the bottom and gradually becomes pinkish towards the top.
horizons are very rare, and black shale beds are absent.

Radiolarian bands are rare, as are Chondrites burrows.

ORB3 corresponds to Unit 11 in the Piobbico core

(Fig. 2). It is 2.55 m thick and made up of dark-red,

locally varicolored gray-green clays and marly clays,

rarely marls. The carbonate content varies from 2.8% to

50% (Tornaghi et al., 1989). ORB3 differs from ORB1

and ORB2 by abundant black-shale layers, deficient in

carbonate content. In the Vispi Quarry section, a normal

fault between Maiolica and Marne a Focoidi cut out

ORB1, ORB2 and most of ORB3 (Fig. 3I, D). The

upper part of the ORB3 is composed of red clays and

marls with gray, green-white marlstones and clays.

Bioturbation is abundant.

ORB4 is 1.56 m thick in the Vispi Quarry section

(Fig. 3D), and 0.6 m thick in the Monte Petrano section

(Fiet and Masure, 2001) (Fig. 4). In the Vispi Quarry, it

consists of gray-green, locally variegated gray-brown,

clayey marls and marls with alternating brown, rarely

green varicolored clays. The red clays are intercalated

with gray-green marls and clays. The contacts between

red beds and gray beds are sharp. Bioturbation is ex-

tremely abundant in one gray-green marlstone that is

overlain by red clays. Three 3–5-cm-thick, carbonate-

poor, black shale layers correspond to Unit 9, 1.11 m

thick, in the Piobbico core (Fig. 2). Carbonate content

varies from 8.9% to 51.2% (Tornaghi et al., 1989).

ORB5 is 1.26 m in the Vispi Quarry section (Fig.

3E) and 1.4 m thick (Fig. 2) in the Monte Petrano

section (Fiet and Masure, 2001) (Fig. 4). It consists of

slightly bioturbated brown-red marls and clays, inter-

calated with subordinate white-gray marly limestone

beds. Millimeter-thick dark red horizons are near the

top and bottom of the white-gray marly limestones (Fig.

3F). In some reddish beds, the middle part (less than 1/3

of the bed’s thickness) is dark gray color and more

calcareous. It corresponds to Unit 5, which is 1.39 m

thick in the Piobbico core. The carbonate content varies

from 52% to 71.5% (Tornaghi et al., 1989). Black-shale

layers are absent and radiolarian horizons are rare.

ORB6 is 2.05 m in the Vispi Quarry section (Fig.

3E) and 3.1 m thick in the Monte Petrano section (Fiet
he Basin. (A–C) the early Aptian sequence, showing the change from

oad section (A) and in the Gorgo a Cerbara section (B). In the ORB1,

). The contacts between red beds and gray beds are usually sharp (C);

the Urbino level in Vispi Quarry section; (E) late Albian sequence

(F) close-up photo of the ORB5 in the Vispi Quarry section, showing

white-gray marly limestones; (G) close-up photo of the ORB6 in the

tion showing that in some beds, a white color occurs at the bottom and

c photo of the Vispi Quarry section showing the positions of the ORBs

sitional bed from Scaglia Bianca to Scaglia Rossa, which is whitish in



Fig. 4. The detailed lithostratigraphy and biostratigraphy of the Albian part of the Monte Petrano section. On the left side, the detailed lithology of

the Albian strata and positions of ORBs are indicated; on the right side, lithology and color variation of five ORBs in the Albian section of the

Monte Petrano are shown in more detail (modified after Fiet and Masure, 2001). Legend as in Fig. 2.
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and Masure, 2001) (Fig. 4). In The Vispi Quarry sec-

tion, it is comprised of 2–15-cm-thick, brown-red marls

and clays, alternating with 1–10-cm-thick, gray marly

limestones. Two, 3–5-cm-thick, black-shale layers

occur. The contacts between red and gray beds are

sharp (Fig. 3G). Red beds are in general less calcareous

than gray beds. In the Piobbico core, ORB6 corre-

sponds to Unit 3, which is 2.35 m thick (Fig. 2). The

carbonate content varies from 52% to 71.5% (Tornaghi

et al., 1989).

ORB7 is 1.89 m in the Vispi Quarry section (Fig. 3I)

and about 5.8 m thick in the Monte Petrano section

(Fiet and Masure, 2001) (Fig. 4) and 4.2 m in the

Bottaccione Gorge section (Premoli Silva and Sliter,

1994). Its lower part correlates with Unit 1 at the top

of the Piobbico core (Erba, 1988). It is thinly bedded,

with intercalations of whitish-gray, 3–10-cm-thick,

marly limestones and gray and pink marls. Light gray

chert lenses and biotrubation are abundant. The pink

marls mostly occur as 1–3-cm laminations with sharp

contacts to the gray beds.

ORB8 is about 14 m thick in the Bottaccione Gorge

section (Arthur and Fischer, 1977; Premoli Silva and

Sliter, 1994) and about 19 m in the Vispi Quarry section

(Fig. 3I). ORB8 level was named the W2 reddish

member by Coccioni et al. (1995). It occurs in the

Scaglia Bianca Formation, about 30 m below the

Bonarelli Level (Fig. 5). It is comprised of pink to

reddish limestones with subordinate gray limestones

and rare greenish-gray marly layers. Pinkish-gray

chert nodules and lenses are abundant and distributed

throughout. In some beds, parts colored white occur at

the bottom and gradually become pinkish or dark red-

dish towards the top (Fig. 3H). In some gray beds,

reddish laminations vary from millimeters thick to a

few centimeters thick with a transitional color change.

Using the mid-Cretaceous integrated calcareous bio-

stratigraphy and the age of planktonic foraminiferal

zones of Leckie et al. (2002), we calculated time dura-

tions of individual ORBs in the Piobbico core, in the

Monte Petrano section, in the Bottaccione Gorge sec-

tion, and in the Vispi Quarry section (Table 1; Fig. 9).

The duration of these oxic events varied from 0.13 my

for ORB4 to 4.54 my for ORB1 (Table 1).

4.2. Biotic signal

Micropaleontological studies document that the mid-

Cretaceous was a time of rapid radiation and turnover in

marine plankton, benthic foraminifera, molluscs, and

terrestrial plants (see Premoli Silva and Sliter, 1999;

Leckie et al., 2002). Turnover in the planktonic fora-
minifera closely tracks that of the radiolaria (Erbacher

and Thurow, 1997), and both groups display the great-

est rates of turnover at or near the major OAEs. The

calcareous nannoplankton seems to be most strongly

affected by the early Aptian OAE1a (Selli event) and

the Cenomanian/Turonian boundary OAE2 (Bonarelli

event) (Leckie et al., 2002; Erba, 2004). Kaiho (1999)

concluded that flux of organic carbon to the sediments

and dissolved-oxygen levels in the water column were

important in the control of benthic foraminiferal test

sizes, wall thickness, morphology, and species com-

position. In the Piobbico core, Tornaghi et al. (1989)

noticed that planktonic foraminiferal abundance does

not correlate with any special lithotypes in the Piob-

bico core. Radiolaria in ORB1 are more common in

gray and green-gray marly limestones and very rare in

the red, more oxidized marl. However, in ORB2,

radiolarians appear to occur in larger abundances in

some of the red calcareous marls and are less common

in some gray lithotypes (Tornaghi et al., 1989). The

relationship between the ORBs and marine biotic re-

sponse to a highly oxygenated deep-sea bottom envi-

ronment has not been studied in any detail and a more

specific study of the microfossils in various lithotypes is

needed.

4.3. Stable isotopes

Carbon and oxygen isotopes of Cretaceous rocks in

the Umbria–Marche Basin (Jenkyns et al., 1994;

Hochuli et al., 1999; Stoll and Schrag, 2000; Galeotti

et al., 2003; Weissert and Erba, 2004) and in less detail

for the Aptian–early Turonian composite sequence in

the Piobbico area (Erbacher and Thurow, 1997) docu-

mented close but not complete correspondence between

positive shifts on the y13C curve and positions of major

OAEs, such as those of the OAE1a and OAE2 (e.g.,

Schlanger et al., 1987; Arthur et al., 1988; Menegatti et

al., 1998; Luciani et al., 2001). The first ORB1 in the

Piobbico corresponds to the lowest value on the y13C
curve after a positive excursion identifying the Selli

level (Menegatti et al., 1998; Weissert et al., 1998). A

negative shift is indicated for the middle Albian at the

level of ORB4 in the Cismon core (Erba et al., 1999).

Similar trends can be seen in the isotopic data of

Jenkyns et al. (1994) and Stoll and Schrag (2000) for

ORB8, which correlates with a broad 0.5x negative

excursion, representing the lowest values in the Cen-

omanian (Fig. 5). y13C progressively increases up to the

Turonian with a short positive 0.7x excursion at the

mid-Cenomanian event (MCE) (Coccioni and Galeotti,

2003). In the Vispi section, no obvious carbon isotopic



Fig. 5. Lithostratigraphy and biostratigraphy of the Albian–Turonian segment of the Bottaccione Gorge section (revised after Premoli Silva and liter, 1994; Tremolada, 2002; Coccioni and Galeotti,

2003) are shown plotted against the late Albian–late Turonian carbon and oxygen isotope record from the Bottaccione Gorge (Jenkyns et al., 1 4) and Vispi Quarry (Stoll and Schrag, 2000). Note

that the MCE (mid-Cenomanian event) and the Bonarelli event are associated with positive excursions of y13C, while ORB7 and ORB8 co spond to low values on the carbon isotopes curve.

Legend as in Fig. 2.
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Table 1

Occurrences of mid-Cretaceous oceanic red beds (ORBs) in the Piobbico core, the Monte Petrano sections, the Bottaccione Gorge and the Vispi

Quarry; their stratigraphic position in planktonic foraminiferal zonation, thickness and duration of ORBs

ORBs Planktonic foraminiferal zones Piobbico Core Monte Petrano Bottaccione Gorge Vispi Quarry

Thickness

(m)

Estimated

duration (Ma)

Thickness

(m)

Estimated

duration (Ma)

Thickness

(m)

Estimated

duration (Ma)

Thickness

(m)

ORB8 From R. reicheli zone to lower

part of the R. cushmani zone

~14 0.95 ~19

ORB7 From upper part of R. ticinensis

zone to lower part of the

R. appenninica zone

~5.8 0.87 ~4.2 0.63 1.89

ORB6 Within the R. praeticinensis zone 2.35 0.35 3.10 0.44 2.05

ORB5 Within the R. praeticinensis zone 1.39 0.21 1.40 0.20 1.26

ORB4 Within the T. primula zone 1.11 0.28 0.60 0.13 1.56

ORB3 From upper part of the

H. planispira zone to lower

part of the T. primula zone

2.36 1.30

ORB2 From upper part of the

T. bejaouaensis zone to lower

part of the H. planispira zone

3.19 0.55

ORB1 From G. ferreolensis zone

to T. bejaouaensis zone

17.51 4.54

Planktonic foraminiferal zonation is after Leckie et al. (2002). Data sources: for Piobbico core from Erba (1988) and Tornaghi et al. (1989); for

Monte Petrano from Fiet and Masure (2001); and for Bottaccione Gorge from Premoli Silva and Sliter (1994) and Coccioni et al. (1995).
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change corresponds to the lithological change from

Scaglia Bianca to Scaglia Rossa (Fig. 6).

The oxygen isotopic record from the Vispi section is

characterized by a general trend toward more negative

y18O with up-section from upper Albian to middle Tur-

onian. Several positive excursions of 0.75–1.5x are

superimposed on pervasive higher frequency, low-am-

plitude variations (Stoll and Schrag, 2000). A larger

1.5x positive excursion is seen in the lower Cenomanian

record at the top of the Rotalipora brotzeni zone and at

the bottom of the Rotalipora cushmani zone and extends

into the lower part of the ORB8 (Fig. 5), which may

indicate a brief cooling period. The y18O curve, however,

does not show any other clear correlation between ORBs

and oxygen isotope shifts (Figs. 5 and 6).

4.4. Transition from Bonarelli level to Scaglia Rossa

Formation

About 4.3 m above the Bonarelli Level, the Scaglia

Bianca Formation grades into a succession of predom-

inantly pinkish-reddish limestones and marls of the

Scaglia Rossa Formation. We studied in detail the

transition from light gray limestones of the Scaglia

Bianca Formation overlying the Bonarelli level into

pink-reddish limestones of the Scaglia Rossa in the

Vispi Quarry (Fig. 7).

The first bed of variegated white and pink limestone

occurs at 4.34–4.44 m (Fig. 7) above the Bonarelli level;
the next millimeter-scale bedded pinkish limestone

occurs at 5.72 m. Two transitional beds at 10.35–10.55

m and at 10.63–10.83 m, respectively, are below the

completely reddish colored beds (Fig. 6; Fig. 7). Each of

these beds is about 20 cm thick, whitish in color at the

bottom and gradually becoming pinkish towards the top

(Fig. 3J). Above these two transitional beds, the lime-

stone becomes pinkish to reddish at 10.83 m (Fig. 6; Fig.

7). If we apply the 7.4 m/Ma sedimentation rate of the

Helvetoglobotruncana helvetica zone of Premoli Silva

and Sliter (1994), it took about 0.88 Ma for the change

from deposition of the white to light gray limestones of

the Scaglia Bianca Formation into the predominantly

red-colored limestones of the Scaglia Rossa Formation.

It is interesting to note that the first variegated

grayish and pinkish colored nodular chert (~10–20 cm

thick) is enclosed in whitish limestones, about 3 m

above the Bonarelli Level (Fig. 7). The next variegated

pinkish and gray, thin laminae (about 2 mm thick) of

chert occur at 3.5 m and 3.74 m (Fig. 7) in whitish

limestones. The reddish colored chert appears at 3.03–

3.74 m above the Bonarelli Level, below the appear-

ance of the first pinkish limestone at 4.34 m. Because

the nodular chert formed during late diagenesis, the

color variation signifies that redox conditions changed

during sediment lithification probably as result of per-

colating formation water from the overlying boxic
zone.Q Why iron oxidation did not occur in the overly-

ing pelagic carbonate is yet unanswered. Could be this



Fig. 6. Carbon and oxygen isotope records from the transition from Scaglia Bianca to Scaglia Rossa in the Vispi Quarry section. Note that there is

no obvious isotopic change for the occurrences of the red beds.
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due to a higher content of organic matter in the carbo-

nates, which would indicate that the organic matter

oxidation was a very slow process?

5. Mid-Cretaceous ORB’s correlation in Tethys and

Atlantic

The broad, regional search for mid-Cretaceous

ORBs reveal that they are not uncommon constituents

of Cretaceous sedimentary strata deposited along the

northern margin of the Tethys. Their occurrences have

been documented not only in the Umbria–Marche

Basin, central Italy, but also in the Southern Alps, the

Austrian Alps, the Czech Republic, in Slovakia, the

Polish Carpathians, the northern Caucasus, the central

North Atlantic, in northeastern England, as well as in

the Zanskar Himalayas (see below) (Fig. 8).

In the Southern Alps, in the Belluno Basin, the

Cismon core variegated pinkish grey, light reddish

grey and dark reddish brown limestones alternate with

reddish brown marlstones in Unit 2, 4.87 m thick (Erba

et al., 1999). Planktonic foraminifera date this unit as

middle Albian and extends from the T. primula zone to
the lower part of the Biticinella breggiensis zone (Erba

et al., 1999). Reddish brown chert nodules are also

intercalated in this unit (Erba and Larson, 1998; Erba

et al., 1999) and form a regional marker bed. The

biostratigraphic evidence shows that this unit could be

synchronous with the ORB5 in the Umbria–Marche

Basin (Fig. 8).

In the Northern Calcareous Alps, Austria, three mid-

Cretaceous ORBs were found. The lowest one occurs

only in some of the thrust sheets (e.g., Frankenfels

nappe of Weyer area, Austria) (Wagreich, 2002),

where it is represented by the Hedbergella limestone.

It is a 50-cm to several-meter-thick, condensed, reddish

colored limestone with plentiful planktonic foraminif-

era indicating a late Aptian age (Wagreich, 2002). This

red limestone overlies the shallow-water carbonates of

the Lower Cretaceous Schrambach Formation and

underlies shales of the Tannheim marlstones. In the

dark grey shales and shaly marls of the Tannheim

Formation, a zone of red shales occurs. The age of

this younger reddish colored zone is latest Aptian

(Wagreich, 2005). These two red beds could be syn-

chronous with ORB1 and ORB2 in the Umbria–Marche



Fig. 7. Detailed lithogical log of the Vispi Quarry section from the top of the Bonarelli level to the lower part of the Scaglia Rossa Formation to demonstrate redox changes in this 15-m-thick

interval. Note the occurrence of a reddish color both in the limestones and in the cherts. Symbols as in Fig. 2, except for color. Red cross-hatching denotes reddish coloration of beds.
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Fig. 8. Chronostratigraphic distributions of the mid-Cretaceous oceanic red beds in Tethys and Atlantic. The mid-Cretaceous integrated calcareous plankton biostratigraphy is after Leckie et al.

(2002).
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Basin (Fig. 8). Another level with reddish marly shale

beds (up to 30 cm) is intercalated in a sandstone

turbidite sequence in the bUntere Bunte SchieferQ of

the Rhenodanubian Flysch in Austria. The latter red

beds have been dated of latest Albian to early Ceno-

manian age, assigned to the dinoflagellate Litosphaer-

idium siphoniphorum zone, foraminiferal topmost

Rotalipora apenninica zone and the Rotalipora globo-

truncanoides zone, and nannofossil standard zone CC9/

UC0 (Wagreich, 2005) and, therefore, may correlate

with ORB7 in the Umbria–Marche Basin (Fig. 8).

ORBs are also present in the Upper Cretaceous

Silesian Unit of the Outer Western Carpathians,

Czech Republic. In the 95-m-thick Mazak Formation,

zones of ORBs are intercalated with grayish and green-

ish shales and sandstone turbidite beds. Dinoflagellate

cysts indicate middle to late Cenomanian age for the

Mazak Formation (Skupien and Vasicek, 2003). In the

Polish part of the Pieniny Klippen Basin, lowest mid-

Cretaceous variegated facies were found in the Chmie-

lowa Formation, which has a variable thickness from

0.5 m to 10 m (Bak, 2002) and is comprised of red and

variegated marly limestones and marls. These red sedi-

ments are overlain by an upper Albian anoxic black

shale facies in the Rotalipora ticinensis zone (Bak,

2002). Pelagic marls and limestones in the Chmielova

Formation contain abundant planktonic foraminifers of

the genus Hedbergella, rare benthic foraminifers, cal-

cified radiolaria and tiny fragments of bivalves. The red

beds were placed in the Ticinella roberti zone by Bak

(2002) and, thus, may correspond to the ORB7 level in

the Umbria–Marche Basin (Fig. 8). In the Pieniny

Klippen Basin in Poland, another unit of ORBs is the

Skalski Marl Member (Bak, 1998). Alternating varie-

gated (green and pink) marls, marly shales and marly

limestones 2–10 m thick enclose a few thin black shale

layers (Bak, 1998). Foraminifera place this ORB in the

Rotalipora reicheli to R. cushmani zones (middle–

upper Cenomanian), which is approximately synchro-

nous with ORB8 in the Umbria–Marche Basin (Fig. 8).

In the Romanian East Carpathian, the lower member

of red shales of the Dumbravioara Formation crop out

in the Outer Dacides and the Inner Moldavides units

(Melinte et al., 2004). This red bed unit is tens of meters

thick and spans the uppermost Albian to lowermost

Cenomanian foraminiferal Rotalipora appenninica

zone, which could be synchronous with ORB7 in the

Umbria–Marche Basin (Fig. 8).

On the western slope of the Northern Caucasus,

which is characterized by Cretaceous deep-water flysch

facies, the lower part of the Medoveevskaya Formation

contains Aptian red marls (Egoyan, 1986; Natalia Tur,
personal communication, 2003). In sections in the Mat-

zestin area (Abkhazia), the 2-m-thick red bed in the

lower part of the Medoveevskaya Formation overlies

Barremian limestones with an erosional contact and

belongs to the Acanthoplites nolani zone—the lower

zone of the upper Aptian (Egoyan, 1986). The upper

Aptian dark-pink and grayish red marls were also found

in the south slope of the Great Caucasus (Georgian

block and Azerbaijan block) (Egoyan, 1986). Despite

imprecise biostratigraphic data, it appears that these

ORBs could also be synchronous with ORB1/ORB2

in the Umbria–Marche Basin (Fig. 8).

ORBs are also found in the central North Atlantic

basin. In the Cape Verde Basin in the eastern central

North Atlantic, upper Aptian–lower Albian strata at Site

367 (Core 24; Jansa et al., 1978) and at ODP Sites 1049

and 603 in the western North Atlantic (Norris et al.,

1998) change from poorly oxidized sediments to highly

oxidized sediments. At Site 367, coring was not con-

tinuous, so the contact and composition of underlying

sediments is unknown. However, from drilling penetra-

tion data, we can safely assume that the bred bedQ is
embedded in a black shale facies, similar to those

overlying this bed. At Site 1049 on Blake Nose off

Florida, a unit up to 38 m thick is dominated by

decimetre-scale rhythmic alternation of greenish and

reddish clayey, nannofossil chalk and nannofossil clay

and was dated by nannofossils as late Aptian to middle

Albian in age (Bellier et al., 2000). The variegated unit

is disconformably overlain by Campanian nannofossil

ooze. The base this unit grades into light-colored chalk

of Aptian age (Norris et al., 1998). At Site 603 east of

Cape Hatteras near the edge of Hatteras Abyssal plain,

two zones of reddish colored claystones are intercalated

in mid-Cretaceous greenish and black carbonaceous

claystones (van Hinte et al., 1987). One is in Albian

strata (Subunit 4B) and the other is Aptian age (subunit

4D). The latter is underlain by greenish gray and black

claystones. Because no high precision biostratigraphic

data are available from the sites drilled in the North

Atlantic, we can only speculate about their comparative

positions to the Umbria–Marche Basin ORBs scheme

(Fig. 8). The red claystone unit in Site 367 was placed

in the nannofossil Parhabdolithus angustus zone

(Cepek, 1978) and is therefore synchronous with

ORB1 in the Umbria–Marche Basin. The lower reddish

claystone at Site 603 is probably also correlative with

ORB1, and the younger (Subunit 4B) may be equiva-

lent to one of the horizons between ORB2 and ORB4

(Fig. 8). The red beds unit in Site 1049 could have

similar correlation. Therefore, the late Aptian–early

Albian red beds in the southern central North Atlantic
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are part of an ocean-wide event, because their occur-

rence extends into the western bMediterraneanQ Tethys.
Importantly, these events could also be evidence that

not all ORBs have the same origin. The late Aptian–

early Albian red bed event at Site 367 has been inter-

preted to be a result of both tectonics and ocean circu-

lation by Jansa (1999), when for a brief period during

the opening of the equatorial seaway, high-salinity,

oxygen-rich South Atlantic surface waters entered the

southern North Atlantic, where they were incorporated

into North Atlantic bottom waters.

Mid-Cretaceous red-colored chalk (so-called Red

Chalk) strata crop out in northeastern England at Spee-

ton (Mitchell, 1995), South Ferriby (Gaunt et al., 1992),

and Hunstanton (Owen, 1995) areas. The Red Chalk

Formation is 24 m thick at Speeton, about 2 m thick at

South Ferriby and about 10 m thick at Buckton and is

composed of a condensed series of brick-red marls and

pink coccolithic nodular limestones (Mitchell, 1995).

They contain abundant fossils, such as belemnites,

brachiopods and foraminifera giving an early middle

Albian–earliest Cenomanian age at Speeton (Mitchell,

1995). It appears that the Red Chalk Formation could

be synchronous with the development of ORB4-ORB7

in the Umbria–Marche Basin (Fig. 8).

Upper Albian burrowed reddish to light grey and

greenish-grey marly limestones in the Fatu La Forma-

tion crop out in the Nerak section, Zangla Unit, Zanskar

Himalayas (Premoli Silva et al., 1991). As reported by

Premoli Silva et al. (1991), this reddish bed sequence is

over 100 m thick and rich in planktonic foraminifers,

which confine the red beds to the foraminiferal late

Albian R. appenninica zone. Therefore, these red

beds would be synchronous with ORB7 in the

Umbria–Marche Basin (Fig. 8).

6. Discussion—implications of ORBs for

mid-Cretaceous paleoceanography and climate

The mid-Cretaceous ORBs exposed in several areas

of southeastern and central Europe were originally

deposited near the northern margin of the Tethys,

where deposition occurred mostly above the carbonate

compensation depth (CCD). It resulted in the preserva-

tion of calcareous microfauna, allowing detailed bio-

stratigraphic zonation and a broader regional correlation

of ORBs (Fig. 8). The duration of individual ORBs was

highly variable (Scott et al., 2005). In the Umbria–

Marche Basin, where the biostratigraphic data are

most detailed, the shortest event lasted ~0.13 my

(ORB4), and the longest was 4.54 my in duration

(ORB1) (Table 1, Fig. 9). We have not found any
systematic relation between the duration time and the

stratigraphic position of these beds, which may be

indicative of the strong influence by local conditions.

However, the broad regional extent of some of these

events favors a more general cause. The highest number

(five) of ORBs events was noted in the Albian, with

two in the Aptian and one in the Cenomanian (Fig. 9).

How significant is it that the number of ORBs is similar

to the number of OAEs is not clear yet, because there is

no visible association between the OAE and ORB

horizons, which do not directly overlie each other, but

are separated by a variable thickness of light grey-

colored beds. But, because most of them somehow

alternate (see Fig. 2), it suggests an as-yet unrecog-

nized, deeper, more general paleoceanographic cause.

The color change of the deep-sea pelagic sediments

reflects changes in redox conditions in the benthic

boundary layer, including the upper several to tens of

centimeters of sediments beneath the sediment–water

interface. In very simplified terms, the process of ocean

bottom oxidation is the result of changes in the dis-

solved oxygen/organic matter ratio in oceanic waters.

However, both of these factors are themselves complex,

because the presence of organic matter is dependent on

the bioproductivity, which in turn is governed by the

presence of nutrients in the ocean. Therefore, the pro-

cess is influenced by surface ocean dynamics, which is

affected by climate changes and by the input of nutri-

ents from the continents; therefore, the system also

responds to sea level changes and, thus, indirectly

affected by plate tectonics. The distribution of oxygen

in the ocean is also complex and governed by many

concurrent processes, such as its liberation by photo-

synthesis in the euphotic zone, transport as a result of

water movement, exchange with the atmosphere, cli-

mate change and consumption by the oxidation pro-

cesses taking place in the entire water column and in

the sediments. As many of these processes can occur

concurrently, it remains very difficult to establish with

any certainty which if any of these processes represents

the main triggering mechanism for the redox changes

seen in deposited sediments, and secondly, it is very

probable that similarly appearing ORBs may have dif-

ferent origins in different areas and/or at different times.

Below, we discuss in more detail several different

processes that may have influenced the origin of the

mid-Cretaceous ORBs.

1) According to Betts and Holland (1991), atmospheric

O2 cycles through the biosphere once in approxi-

mately 5000 years. A very small fraction (~0.2%) of

the organic matter generated by photosynthesis



Fig. 9. The schematic summary of upper Barremian to Turonian stratigraphy in the Umbria–Marche Basin, the position of oceanic red beds (ORBs)

and ocean anoxic events (OAEs). The mid-Cretaceous integrated calcareous plankton biostratigraphy is after Leckie et al. (2002); sedimentation

rates are calculated from combined Piobbico core and the Bottaccione Gorge section.
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escapes the oxidative destruction and is buried in

marine sediments. According to these authors, the

rate at which the molecular oxygen is liberated

during production of this quantity of organic matter

is sufficient to double the present amount of O2 in

the atmosphere in ca. 3 my. Therefore, could the

increased burial of organic carbon in OAEs influ-
ence atmosphere composition? A similar mechanism

was implied by Arthur et al. (1988), when they

proposed that a change from mid-Cretaceous organic

carbon-enriched shales to Late Cretaceous red beds

was the result of bCO2 drawdown.Q According to the

latter authors, at the rate of burial of excess Corg that

occurred at the Cenomanian/Turonian boundary
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(Bonarelli level), it would take only 10,000–20,000

years to strip the atmosphere of CO2. However, it

has been suggested that the pCO2
of mid-Cretaceous

atmosphere may have been 4–8 times higher than at

the present (Bice and Norris, 2002). Therefore, if for

modelling pCO2
was eight times greater than at pres-

ent, then the burial of Corg. would be still sufficient

to strip the atmosphere of CO2 in 120,000-year

episode. Such a CO2 drawdown would add atmo-

spheric O2 and increase the oxidizing capacity of the

oceanic deep waters (Arthur et al., 1988), if accom-

panied by a concurrent cooling period. It is conceiv-

able that an increased burial of atmospheric CO2, as

Corg in marine sediments, could lead to a global

cooling and production of colder, more oxygenated

bottom waters (Voigt and Wiese, 2000). Arthur et al.

(1988) implied that this mechanism was perhaps part

of the explanation for the widespread onset of multi-

coloured, oxidized pelagic clay deposition at the

deeper Atlantic sea floor during the post-early Tur-

onian, after prolonged deposition of dark-coloured,

Corg-rich sedimentary deposits. Can the alternation

of OAEs and ORBs in the mid-Cretaceous be the

result of such a triggering mechanism with the in-

terval of light gray sediments separating OAEs and

ORBs representing a delayed response of the system

to a change in atmospheric oxygen?

2) An earlier hypothesis proposed by Arthur (1979) for

the origin of Late Cretaceous ORBs in the North

Atlantic suggested that a large reservoir of chemi-

cally reduced metallic ions existed in the anoxic pore

water of black shales; these ions were mobilized and

diffused upward and precipitated rapidly in the ox-

idized zone of slowly accumulating Upper Creta-

ceous deep-sea clays. As our observations of the

mid-Cretaceous strata in the Umbria–Marche Basin

show, the organic carbon-enriched beds are not di-

rectly overlain by red beds, as occurs in places in the

North Atlantic, but are separated by various gray and

light gray-colored sediments. Therefore, it is more

than unlikely that there is a direct geochemical rela-

tionship between these two types of sediments as

suggested by Arthur (1979).

3) Modern deep-sea red beds are deposited under low-

productivity gyres in the Pacific Ocean, where the

sedimentation rate is less than 1 mm/ka (Glasby,

1991). A similar origin can be applied to Late Cre-

taceous ORBs in the North Atlantic, which were

deposited below the CCD at similar very low sedi-

mentation rates of several mm/ka (Jansa et al.,

1979). Muller and Mangini (1980) pointed out that

for Pacific deep-sea sediments, sedimentation rates
of b1cm/ka allow the sediment column to remain

oxic for a sufficient length of time to completely

oxidize organic matter. Modern deep-sea sediments

in the southern Nares abyssal plain (water depth

5770 m) and the Madeira abyssal plain (water

depth 5390 m) in the North Atlantic were deposited

at higher sedimentation rates of ~2 cm/ka, and yet

the sediment column remains oxidizing for a suffi-

cient length of time so that most of the organic

matter is remineralized, which in turn aids CaCO3

dissolution and the diagenetic environment is oxic,

with deposited sediment acquiring its red color due

to the presence of ferric oxides (Cranston and Buck-

ley, 1990). As we presented above, ORBs in the

mid-Cretaceous of the Umbria–Marche Basin were

deposited at rates ranging from 1.8 mm/ka for the

ORB3 to 14.7 mm/ka for the ORB8 (Fig. 9), there-

fore, in an oxidizing envelop for modern, red deep-

sea sediments. The sedimentation rate of the gray

beds intercalated with red beds have apparently

similar sedimentation rates that vary from 1.2 mm/

ka for the gray beds between Selli Level and ORB1

to 13.4 mm/ka for the white beds between Bonarelli

Level and ORB8 (Fig. 9). Thus, even though the

theory of bottom sediment oxidation due to very low

sedimentation rate could be applied to the origin of

mid-Cretaceous ORBs in the Umbria–Marche Basin,

oceanographic conditions were much more complex,

as indicated by rates of intercalated gray beds. How-

ever, the latter may represent turbidites or periods of

increased organic matter burial, which is not sup-

ported by Arthur and Fischer (1977) and Alvarez

and Montanari (1988).

4) Fischer (2002) suggested that ORBs in the Umbria–

Marche Basin may be the result of periodic, inten-

sive downwelling. That such process operated dur-

ing mid-Cretaceous in parts of the Tethys has been

demonstrated by ODP drilling of the Blake–Bahama

slope (Norris et al., 1998), where in the Aptian to

Cenomanian sedimentary succession several zones

of reddish colored sediments occur. Therefore,

downwelling can be applied to areas near or on the

continental margins, thus, to be of local extent. Lack

of indicators of the margin, or close margin proxim-

ity of the mid-Cretaceous sedimentary deposits of

the Umbria–Marche Basin, does not provide con-

vincing support for the application of such theory,

even though it is possible that such a bshallow basinQ
could have had different ocean circulation and the

water mass structure from the deep oceanic basin.

5) If we accept as valid theories of increased biopro-

ductivity to be the main cause of OAEs (e.g., Weis-
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sert, 1991; Erba, 1994; Hochuli et al., 1999; Kuypers

et al., 2002), then productivity-driven changes in the

organic carbon flux to the bottom could explain the

red/gray/green/black aspect of color variation (Dean

et al., 1984; Wortmann et al., 1999). According to

such theories, delivery to the bottom would decrease

during intervals of low productivity, Corg, resulting

in reduced oxygen demand, establishment of oxic

bottom conditions and deposition of greenish, or

reddish colored sediments. In contrast, during peri-

ods of higher productivity, high consumption of

oxygen by the breakdown of organic matter would

lead to the depletion of dissolved oxygen and devel-

opment of dysoxic, or anoxic bottom conditions, a

reducing diagenetic environment and sediment col-

ors from green to dark grey and black. Despite the

fact that only cursory stable isotope data were pub-

lished for the Scaglia Bianca of the Umbria–Marche

Basin (Jenkyns et al., 1994; Stoll and Schrag, 2000;

Fig. 5), the shift to lower y13C during ORB1, ORB4

and ORB8 may suggest decreased productivity dur-

ing these events. Several different processes such as

decreased bioproductivity, climate and/or sea-level

change, change in runoff, upwelling, or downwel-

ling (Fisher and Arthur, 2002) could result in

changes in redox conditions at the ocean floor.

However, we lack detailed geochemical studies of

ORBs to assess if changes in the bioproductivity

occurred during their development.

6) The oxygen isotopic record indicates a prolonged

interval of global warming from the Albian to the

Turonian (Huber et al., 1995, 2002; Bralower et al.,

2002). A large positive excursion of 1.5x in the

lower Cenomanian correlates with the lower part of

the ORB8 (Fig. 5). If the oxygen isotope variations

do reflect primary climatic variations, then it would

suggest a brief cooling period during the early Cen-

omanian, which may have resulted in increased pro-

duction of oxygen-rich bottom waters. Alternatively,

this oxygen isotope change could be caused by

differential alteration of the sediments during dia-

genesis. There are no detailed oxygen isotope data

for the other ORBs. Negative excursions in y13C
associated with some ORBs (Fig. 6) point to periods

of decelerated carbon cycling, low pCO2
and perhaps

cooler climate. Weissert and Lini (1991) used C-

isotopes to trace changes of paleoclimate during

the Aptian. They concluded that cooling events oc-

curred during the late Aptian (Globigerinelloides

algerianus zone) and the early Albian (Ticinella

bejaousensis zone). However, as we show in Fig.

2, ORB1 were deposited during warm, cool and
again warm climate periods and its deposition ter-

minated during an onset of the next cool period.

7) Another mechanism to explore is that an inflow of

colder and, thus, more oxygenated bottom waters

could lead to changes in redox conditions on the

ocean floor. The Early to mid-Cretaceous was a

period of rapid sea level fluctuations and of tectonic

upheaval (Ziegler, 1988; Larson, 1991; Ricou,

1996), leading to dramatic paleogeographic changes.

Such changes emanated from the northward move-

ment of Africa, counterclockwise rotation of Asia,

northward motion of the Indian plate and opening of

the seaway between South America and Africa at the

equatorial region. All these represent important

mechanisms for major changes in the ocean circula-

tion patterns and water properties (Poulsen et al.,

1998) and therefore predict a dynamic Cretaceous

climate and marine environment. Tectonic changes

with an effect on the ocean basins topography and

physiogeography could have been one of major

contributors to changes in the ocean bottom circula-

tion patterns and therefore contributing element to

the supply of colder, more oxygenated deep waters

to some of the western Tethys subbasins. Thus, the

origin of some of ORBs in the mid-Cretaceous could

have been driven by changes in bottom ocean circu-

lation and not by changes in bioproductivity, and

thus, they may be an indirect, regional, or global

response to changes in plate tectonics. Support for

this conclusion is that not all ORBs are synchronous

(see Fig. 8) and that not all are present in the areas

we studied.

We consider it very important that some of the mid-

Cretaceous ORBs, now exposed in Alpine and Car-

pathians terrains, are synchronous with organic car-

bon-enriched bblack shalesQ deposited in the central

North Atlantic (Hatteras Formation, Jansa et al.,

1979). Therefore, bottom water chemistry, or water

structure, such as vertical and horizontal distribution

of waters with higher content of dissolved oxygen in

the western Tethys had to be different from the eastern

Tethys. Could this indicate different chemical fraction-

ation of oceanic waters between individual subbasins,

or on the larger scale between the western and eastern

Tethys in the Cretaceous global ocean system? The

periods of deep sea oxic environments were relatively

brief during the mid-Cretaceous, as represented by

ORBs 1–8, but it became a dominant state of the central

north Atlantic basin during the Late Cretaceous (Jansa

et al., 1979). During the Turonian–early Eocene inter-

val, noncalcareous deep-sea clays were deposited
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below the CCD in the central North Atlantic basin and

in some subbasins along western Tethys margin. At the

same time in the shallower, above CCD oceanic setting

of the western Tethys, pink and reddish colored pelagic

carbonate and marl facies similar to Scaglia Rossa in

the Umbria–Marche Basin were also deposited in an

oxic environment (Hu et al., 2005). This indicates that

oxic bottom conditions expanded from deep into inter-

mediate oceanic waters during this time interval.

Our study does not provide a simple mechanism for

deposition of ORBs occurring in the mid-Cretaceous of

the Umbria–Marche Basin in Italy. The study provided

evidence that several factors may have acted in a con-

cert leading to periodic development of oxic bottom

conditions in the Mediterranean Tethys. We conclude

that it could have been tectonic changes that allowed

periodic inflow of colder, more oxygen-rich bottom

waters into subbasins of the circum-Mediterranean as

suggested by Premoli Silva et al. (1989), perhaps with

the content of dissolved oxygen in water increased

during cooler climate periods. Low sedimentation

rates allowed oxygen from the overlying seawater to

diffuse downward, oxidizing the organic matter and

precipitating iron oxides, which give the red color to

the ORBs. More sophisticated geochemical studies are

needed to reveal processes that led to periodic changes

in the redox conditions at the ocean floor and resulted

in the development of the mid-Cretaceous ORBs.

7. Conclusion

Study of the mid-Cretaceous sedimentary sequences

in the Umbria–Marche Basin, Italy, demonstrates that

aside from organic carbon-enriched beds, there occur

several zones of reddish and pinkish colored sedimen-

tary beds (ORBs), which mostly lack any accumulation

of organic carbon. The presence of such beds indicates

periodic development of oxic depositional conditions at

the ocean bottom. The occurrence of such beds has

been mostly overlooked in an effort to develop a gen-

eral model of a greenhouse climate, and a deep dysoxic/

anoxic ocean environment for the mid-Cretaceous.

Such ORBs are exposed in the Gubbio–Piobbico area

in Aptian to Cenomanian strata, defined by the Selli

Level (OAE1a) at the base and by the Bonarelli Level

(OAE2) at the top. In this sedimentary sequence, eight

horizons with pink or reddish colored oceanic red beds

were identified and numbered from the base to the top-

ORB1 to ORB8. Two of these horizons occur in the

Aptian, five in the Albian and one in the Cenomanian

(Fig. 1). It appears that the number of ORBs and OAEs

in the Umbria–Marche Basin is not only similar, but
that they mostly reoccur alternately. Their stratigraphic

position varies, as does the duration of individual

events. The longest duration of 4.54 my we calculated

for ORB1, which has a thickness of 17.51 m in the

Piobbico core and spans the G. ferreolensis zone to the

T. bejaouaensis zone. The shortest time duration of

0.13 my is ORB4, which in the Monte Petrano section

is represented by a 0.6-m-long interval and occurs in

the Ticinella primula zone. The mid-Cretaceous ORBs

occur not only in the Umbria–Marche Basin, central

Italy, but are widely distributed, with known occur-

rences in the Alps, Carpathians, northern Caucasus,

central North Atlantic, northeastern England, and in

western Himalayas. It is important to note that not all

are present at all studied areas of western Tethys (Fig.

8). But their broad regional distribution is evidence that

at least some represent hemispherical paleoceano-

graphic events, while the others could be results of

local paleoceanographic conditions.

The oxygen isotope records from the Cretaceous

strata of the Gubbio–Piobbico area have been inter-

preted as indicating a warming trend from the Albian

to Turonian (Stoll and Schrag, 2000). Such records

show a lack of correlation between occurrence of

ORBs and oxygen isotope shifts, except for positive

excursion of y18O at the Middle Cenomanian, which

correlates with ORB8 and may indicate a brief period of

cooling. Several studies (see Introduction) indicate the

existence of cool periods during the Early Cretaceous.

The ORB1 in the Piobbico area which in part seems to

correspond to a lowest value in y13C after post-Selli

positive excursion (Erbacher and Thurow, 1997; Weis-

sert et al., 1998), extends from warm to cool and

through the next warm period, with the deposition of

red beds terminated at the onset of the next early Albian

cool period (Weissert and Lini, 1991). If carbon isotope

data are interpreted correctly, then there is no undispu-

table relation between climate change and ORBs depo-

sition, even though colder climate should theoretically

result in a production of bottom waters richer in dis-

solved oxygen. Another broad negative shift in carbon

isotope occurs in the late Albian and correlates with

ORB7 and may indicate that some of the ORBs could

be associated with decreased bioproductivity; however,

higher resolution geochemical data is needed to support

this interpretation.

It is widely assumed and applied to a score of

paleoceanographic/paleoclimate models that dysoxic

to anoxic bottom conditions were the common state

of the mid-Cretaceous ocean. The occurrence of

ORBs in the mid-Cretaceous marine strata document

that this was not the case and that the ocean system was
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much more dynamic and environmentally less stable. If,

in the background of these changes were changes in the

paleoclimate, then the presence of ORBs in so-called

mid-Cretaceous bgreenhouseQ period would suggest the

existence of brief periods of a probably cooler climate,

similar to the Early Cretaceous (Weissert and Lini,

1991; Hochuli et al., 1999; Weissert and Erba, 2004).

Alternatively, development of ORBs could be triggered

by changes in the deep water circulation, which to

resolve would need much more detailed reconstructions

of the ocean bottom topography and paleogeograpahy

than currently available.
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Tübingen, pp. 129–136. March 7–10, 1996.

Coccioni, R., 2001. The bPialli LevelQ from the latest Albian of the

Umbria–Marche Apennines (Italy). GeoItalia 2001, 3rd Forum

Italiano di Scienze della Terra, Riassunti, pp. 192–193.

Coccioni, R., Galeotti, S., 1993. Orbitally induced cycles in benthonic

foraminiferal morphogroups and trophic structures distribution

patterns from the late Albian dAmadeus SegmentT (central Italy).
Journal of Micropalaeontology 12, 227–239.

Coccioni, R., Galeotti, S., 2003. The mid-Cenomanian Event: prelude

to OAE2. Palaeogeography, Palaeoclimatology, Palaeoecology

190, 427–440.

Coccioni, R., Luciani, V., 2004. Planktonic foraminifera and environ-

mental changes across the Bonarelli Event (OAE2, Latest Cen-

omanian) in its type area: a high resolution study from the Tethyan

reference Botaccioni section (Gubbio, central Italy). Journal of

Foraminifera Research 34, 109–129.

Coccioni, R., Nesci, O., Tramontana, M., Wezel, F.C., Moretti, E.,

1987. Descrizione di un livello-guida bradiolariticobituminoso-

ittioliticoQ alla base delle Marne a Fucoidi nell’Appennino

umbro-marchigiano. Bulletin de la Société Géologique, Italy
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Italy). Bulletin de la Société Géologique de France 169, 221–231.

Fiet, N., Masure, E., 2001. Albian dinoflagellates of the Umbria–

Marche Basin (Italy): proposition of a biozonation for the Tethyan

Realm. Cretaceous Research 22, 63–77.

Fischer, A.G., 2002. Orbital forcing of the Early Cretaceous ocean—a

perspective from mediterranean tethys. JOI/USSAC Workshop on

Cretaceous Climate and Ocean Dynamics Florissant, Colorado,

p. 23. July 14–18, Abstract Volume.

Fisher, C.G., Arthur, M.A., 2002. Water mass characteristics in the

Cenomanian US Western Interior seaway as indicated by stable

isotopes of calcareous organisms. Palaeogeography, Palaeoclima-

tology, Palaeoecology 188, 189–213.

Frakes, L.A., Francis, J.E., Syktus, J.I., 1992. Climate Models of the

Phanerozoic. Cambridge University Press. 247 pp.

Galeotti, S., Sprovieri, M., Coccioni, R., Bellanca, A., Neri, R.,

2003. Orbitally modulated black shale deposition in the upper

Albian Amadeus Segment (central Italy): a multi-proxy recon-

struction. Palaeogeography, Palaeoclimatology, Palaeoecology

190, 441–458.

Gaunt, G.D., Fletcher, T.P., Wood, C.J., 1992. Geology of the country

around Kingston upon Hull and Brigg. British Geological Survey

Memoir, England and Wales, Sheets vol. 80, p. 89.



X. Hu et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 233 (2006) 163–186 185
Glasby, G.P., 1991. Mineralogy, geochemistry, and origin of Pacific

red clays: a review. New Zealand Journal of Geology and Geo-

physics 34, 167–176.

Gradstein, F.M., Agterberg, F.P., Ogg, J.G., Hardenbol, J., van Veen,

P., Thierry, J., Huang, Z., 1995. A Triassic, Jurassic and Creta-

ceous time scale. In: Berggren, W.A., Kent, D.V., Aubry, M.P.,

Hardenbol, J. (Eds.), Geochronology, Time Scales and Global

Stratigraphic Correlation, vol. 54. SEPM (Society for Sedimentary

Geology), pp. 95–128. Special Publication.

Herbert, T.D., Premoli Silva, I., Erba, E., Fischer, A.G., 1995. Orbital

chronology of Cretaceous–Paleogene marine strata. In: Kent,

D.V., Berggren, W.A. (Eds.), Geochronology, Time Scales, and

Global Stratigraphic Correlation, vol. 54. SEPM, pp. 81–93.

Special Publication.

Hochuli, P.A., Menegatti, A.P., Weissert, H., Riva, A., Erba, E.,

Premoli Silva, I., 1999. Episodes of high productivity and cooling

in the early Aptian Alpine Tethys. Geology 27, 657–660.

Hu, X., Jansa, L., Wang, C., Sarti, M., Bak, K., Wagreich, M.,

Michalik, J., Sotak, J., 2005. Upper Cretaceous oceanic red

beds: their distribution, lithofacies, ages, and environments. Cre-

taceous Research 26 (1), 3–20.

Huber, B.T., Hodell, D.A., Hamilton, C.P., 1995. Middle–Late Cre-

taceous climate of the southern high latitudes: stable isotopic

evidence for minimal equator-to-pole thermal gradients. Geolog-

ical Society of America Bulletin 107, 1164–1191.

Huber, B.T., Norris, R.D., MacLeod, K.G., 2002. Deep-sea paleotem-

perature record of extreme warmth during the Cretaceous. Geol-

ogy 30, 123–126.

Jansa, L.F., 1999. Paleogeography and paleoceanography of the North

Atlantic during the Cretaceous—An overview. Geologica Car-

pathica 50, 37–40 (Special Issue).

Jansa, L., Gardner, J.A., Dean, W.E., 1978. Mesozoic sequences of the

central North Atlantic. In: Lancelot, Y., Seibold, E., et al., (Eds.),

Initial Reports of the Deep Sea Drilling Project, vol. 41. U.S.

Government Printing Office, Washington, DC, pp. 991–1031.

Jansa, L.F., Enos, P., Tucholke, B.E., Gradstein, F.M., Sheridan, R.E.,

1979. Mesozoic–Cenozoic sedimentary formations of the North

American Basin, western North Atlantic. In: Talwani, M., Hay,

W., Ryan, W.B.F. (Eds.), Deep drilling results in the Atlantic

Ocean continental margins and paleoenvironment. American Geo-

physical Union, Washington, DC, pp. 275–296.

Jenkyns, H.C., 1980. Cretaceous anoxic events: from continents

to oceans. Journal of the Geological Society (London) 137,

171–188.

Jenkyns, H.C., Wilson, P.A., 1999. Stratigraphy, paleoceanography,

and evolution of Cretaceous Pacific guyots: relics from a green-

house Earth. American Journal of Science 299, 341–392.

Jenkyns, H.C., Gale, A.S., Corfield, R.M., 1994. Carbon and oxygen

isotope stratigraphy of the English Chalk and Italian Scaglia and

its paleoclimatic significance. Geological Magazine 131, 1–34.

Kaiho, K., 1999. Effect of organic carbon flux and dissolved oxygen

on the benthic foraminiferal oxygen index (BFOI). Marine Mi-

cropaleontology 37, 67–76.

Kuypers, M.M.M., Pancost, R.D., Nijenhuis, I.A., Sinninghe Damste,

J.S., 2002. Enhanced productivity led to increased organic carbon

burial in the euxinic North Atlantic basin during the late Ceno-

manian oceanic anoxic event. Paleoceanography 17, 1051,

doi:10.1029/2000PA000569.

Larson, R.L., 1991. Latest pulse of Earth: evidence for a mid-Creta-

ceous superplume. Geology 19, 963–966.

Larson, R.L., Erba, E., 1999. Onset of the mid-Cretaceous greenhouse

in the Barremian–Aptian: igneous events and the biological,
sedimentary and geochemical responses. Palaeoceanography 14,

663–678.

Larson, R.L., Pitman III, W.C., 1972. World-wide correlation of

Mesozoic magnetic anomalies, and its implication. Geological

Society of America Bulletin 83, 3645–3662.

Leckie, R.M., Bralower, T.J., Cashman, R., 2002. Oceanic anoxic

events and plankton evolution: biotic response to tectonic forcing

during the mid-Cretaceous. Paleoceanography 17 (3), doi:10.1029/

2001PA000623.

Luciani, V., Cobianchi, M., Jenkyns, H., 2001. Biotic and geochem-

ical response to anoxic events: the Aptian pelagic succession of

the Gargano Promontory (southern Italy). Geological Magazine

138, 277–298.

Luterbacher, H.P., Premoli Silva, I., 1962. Note preliminaire sur une

revision du profil de Gubbio, Italie. Rivista Italiana di Paleonto-

logia e Stratigrafia 68, 253–288.

Marchegiani, B.G., Cello, G., Deiana, G., Mazzoli, S., Tondi, E.,

1999. Pre-orogenic tectonics in the Umbria–Marche sector of the

Afro-Adriatic continental Margin. Tectonophysics 315, 123–143.

Melinte, M., Brustur, T., Jipa, D., Szobotka, S., 2004. IGCP463/494

Bucharest Workshop, Field Guidebook, August 15–18, 2004,

57pp.

Menegatti, A.P., Weissert, H., Brown, R.S., Tyson, R.V., Farrimond,

P., Strasser, A., Caron, M., 1998. High-resolution y13C stratigra-

phy through the early Aptian bLivello SelliQ of the Alpine Tethys.
Paleoceanography 13, 530–545.

Mitchell, S.F., 1995. Lithostratigraphy and biostratigraphy of the

Hunstanton Formation (Red Chalk, Cretaceous) succession at

Speeton, North Yorkshire, England. Proceedings of the Yorkshire

Geological Society 50, 285–303.

Muller, P.J., Mangini, A., 1980. Productivity, sedimentation rate and

sedimentary matter in the ocean: I. Organic carbon preservation.

Deep-Sea Research 26A, 1347–1362.

Norris, R.D., Kroon, D., Klaus, A., 1998. Proceedings of the Ocean

Drilling Program, Initial Reports 171B. Ocean Drilling Program,

College Station, Texas. 749 pp.

Otto-Bliesner, B.L., Brady, E.C., Shields, C., 2002. Late Cretaceous

ocean: coupled simulations with the National Centre for Atmo-

spheric Research Climate System Model. Journal of Geophysical

Research 107, 4019, doi:10.1029/2001JD000821.

Owen, H.G., 1995. The upper part of the Carstone and the Hunstanton

Red Chalk (Albian) of the Hunstanton Cliff, Norfolk. Proceedings

of the Geologists’ Association 106, 171–181.

Premoli Silva, I., 1977. Upper Cretaceous–Paleocene magnetic stra-

tigraphy at Gubbio, Italy: II. Biostratigraphy. Geological Society

of America Bulletin 88, 371–374.

Premoli Silva, I., Sliter, W.V., 1994. Cretaceous planktonic forami-

niferal biostratigraphy and evolutionary trends from the Bottac-

cione section, Gubbio, Italy. Paleontologia Italica 82, 1–89.

Premoli Silva, I., Sliter, W.V., 1999. Cretaceous paleoceanography:

evidence from planktonic foraminiferal evolution. In: Barrera,

E., Johnson, C.C. (Eds.), The Evolution of the Cretaceous

Ocean–Climate System, Geol. Soc. Am., Spec. Paper, vol. 332,

pp. 301–328.

Premoli Silva, I., Erba, E., Tornaghi, M.E., 1989. Paleoenvironmental

signals and changes in surface fertility in mid-Cretaceous Corg-

rich pelagic facies of the Fucoid Marls (central Italy). Géobios.
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