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Abstract

One of the most spectacular expressions of global “Oceanic Anoxic Events” (OAEs) of the Cretaceous is the Livello Bonarelli of
central Italy, deposited during theCenomanian–TuronianBoundary Event (CTBEorOAE2) at around 93.5Ma.At Furlo in theUmbria–
Marche Basin in Italy, the Bonarelli consists of approximately 1 m of Corg-rich shales interbedded with radiolarian-rich layers, and
contrasts sharply with the extensive over- and underlying siliceous limestones. Several minor Corg-rich intervals (herein termed black
levels; average thickness=4.5 cm) are interbedded within the Scaglia Bianca beneath the Bonarelli. X-ray fluorescence and ICP-MS
analyses show that these sediments consist of different mixing systems with three end-members: 1) SiO2–CaCO3 (Scaglia Bianca);
2) “average shale”–CaCO3 (black levels); and 3) “average shale”–SiO2 (Bonarelli). Given the sharp lithologic contacts and the
little geochemical mixing between the groups, these are thought to represent rapid switching events between sedimentary modes. Major
element concentrations are generally low, except for Si and P, owing to dilution by silica (up to 96%) and carbonates. As Al-normalised
ratios for elements such as Ti or Zr, taken as proxies for higher energy environments, are close to average shale values, excess SiO2 is
most likely linked to biogenic processes rather than quartz. Element/Al ratios of Ti, Mg, K, Rb, and Zr are fairly constant, pointing to a
mostly homogeneous source area. The black levels andBonarelli are characterised by lowerMg/Al ratios compared to the Scaglia Bianca
sediments, suggesting variability in chlorite input, which could be linked with short-term sea level drops indicated by Ti/Al ratios. The
Bonarelli sediments are severely depleted in Mn, which is indicative of oxygen-depleted bottom water conditions and an open marine
environment, while the black levels appear to have been deposited in a much more restricted setting. A model involving partial physical
isolation of the Furlo site by a sill, coupled to OMZ variations by extra-basinal forcing mechanisms is proposed to account for these
conflicting data. Based on Re/Mo ratios, the Bonarelli sediments were deposited under varying oxygen-depletion levels (from suboxic to
anoxic), while Re/Mo ratios in the black levels show deposition under less oxygen-deficient conditions. Most minor elements, many of
them redox-sensitive or sulphide-residing, are strongly enriched in the Corg-rich sediments, further documenting the absence of oxygen
and potential availability of hydrogen sulphide in the water column at times, while high Zn concentrations suggest elevated submarine
hydrothermal activity during this time interval. Ba is also present in very high concentrations (up to 1.4%, with an average weighed
concentration of 0.6% for the entire Bonarelli), and is probably indicative of high paleoproductivity in this area. This is further supported
by high P concentrations, hinting at nutrient availability at this site.
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1. Introduction

The Cretaceous stratigraphic record is punctuated with
several important Corg-rich intervals representing “Oceanic
Anoxic Events” (OAEs; Schlanger and Jenkyns, 1976).
Although the exact depositionalmode ofOAEblack shales
is still under debate, several “trigger” mechanisms
attempting to account for the observed organic matter
sequestration have been proposed, including enhanced
preservation of organic matter owing to anoxic bottom
waters (Schlanger and Jenkyns, 1976), increased produc-
tivity (Calvert, 1983; Pedersen and Calvert, 1990), and
submarine volcanism (Larson, 1991). The Cenomanian/
Turonian (C/T; ca. 93.5 Ma) event is the most extensive of
the CretaceousOAEs, with global temperatures apparently
the highest of the last 115 Ma (Clarke and Jenkyns, 1999;
Huber et al., 2002; Wilson et al., 2002). The C/T OAE
(OAE2), or Cenomanian/Turonian Boundary Event
(CTBE), is characterised by a positive global carbon-
isotope excursion in both carbonates (2.5 to 3.0‰) and
organic matter (2.6 to 6.0‰), most probably due to the
widespread removal of isotopically light organic carbon
into black shales during the C/T event, leading to 13C
enrichments of the oceanic and atmospheric CO2 reser-
voirs (Scholle and Arthur, 1980; Arthur et al., 1987, 1988).
The similarity of bulk carbonate and organic matter δ13C
curves at distant locations (Schlanger and Jenkyns, 1976;
Summerhayes, 1981; de Graciansky et al., 1984; Herbin et
al., 1986; Pratt et al., 1986; Schlanger et al., 1987;Kuhnt et
al., 1990; Gale et al., 1993; Kuhnt and Wiedmann, 1995)
hint at the global nature of this event. Duration estimates
for the δ13C excursion vary between 220 (Lamolda et al.,
1994) and 800 kyr (Meyers et al., 2001).

One of the most spectacular expressions of the OAE2
is the Livello Bonarelli in the Umbria–Marche Basin of
central Italy. There, the C/T boundary consists of between
50 and 200 cm of Corg-rich sediments, interspersed with
radiolarian-rich beds, and contrasts sharply with the
extensive over- and underlying siliceous limestones of the
Scaglia Bianca Formation. The Bonarelli is contained
well within the δ13C isotope excursion (Harilaos Tsikos,
pers. com.), hence the duration of the Corg sequestration in
the Umbria–Marche Basin is assumed to be shorter than
the δ13C isotopic excursion duration estimates. At several
sites within the Umbria–Marche Basin, Corg-rich shale
and/or chert beds and laminae (the “black levels” of
Beaudoin et al., 1996) are discretely and unevenly inter-
layered with the beds of the Scaglia Bianca every few tens
of cm, down to approximately 20 m below the Bonarelli.
These are generally thought to be precursor events related
to the Bonarelli and, given their thickness, perhaps com-
parable to Mediterranean sapropels which were formed
during events lasting less than 10 kyr (Wehausen and
Brumsack, 2000).

Although some studies have focussed on the inorganic
geochemistry of the Bonarelli sediments (i.e. Brigatti and
Poppi, 1991; Kuroda et al., 2002; Scopelliti et al., 2004),
we are aware of no study that has looked at the black
levels in order to determine causal or genetic links bet-
ween these groups of Corg-rich sediments based on geo-
chemical arguments. Given that under oxygen-depleted
conditions, several trace elements are enriched within
modern sediments owing to either the redox-sensitivity of
many transitional elements, association with organic mat-
ter, incorporation into sulphides, or to “bioconcentration”
of elements from seawater (Brumsack, 1980; Bruland,
1983; Jacobs et al., 1985; Brumsack, 1986; Jacobs et al.,
1987; Breit andWanty, 1991; Hatch and Leventhal, 1992;
Piper, 1994; Nijenhuis et al., 1998), elemental enrich-
ments should reflect the original depositional environ-
ments of ancient sedimentary rocks and can thus be used
to gain insight into the paleoceanographic conditions at
the time of their deposition.

In this paper, we present inorganic geochemical data
for the Bonarelli, as well as for several meters of sedi-
ments from both above and below the Bonarelli in the
Umbria–Marche Basin. The purpose of this paper is
three-fold: 1) to provide information relating to the origin
of the sediments and water column conditions such as
level of oxygenation and productivity (Schmitz, 1987;
Dymond et al., 1992; Francois et al., 1995; Paytan et al.,
1996); 2) to compare the inorganic geochemistry of the
black levels to that of the Bonarelli, in order to determine
genetic links between these two groups of sediments; and
3) to contribute an extended data set relating to the inor-
ganic geochemistry of Cretaceous black shales as these
are scarce in the literature. It is not our intent to provide a
comprehensive review of the processes affecting the geo-
chemistry of sediments, as several syntheses are available
(see for example Morford and Emerson, 1999, or Brum-
sack, 2006, and references therein). Rather, our aim is to
highlight certain aspects of our data relating to paleoen-
vironmental reconstructions of the events associated with
the OAE and attempt to provide a general depositional
model for this setting.

2. Samples

For this paper, we have studied sediments from the
Furlo section (Figs. 1 and 2), located approximately 25 km
SE of Urbino. The outcrop consists of tens of meters of
siliceous carbonates of the Scaglia Bianca. Thirty black
levels, ranging in thickness from a few mm up to 15 cm
(average=4.5 cm), punctuate this section below the



Fig. 1. Location of the Furlo section in central Italy.

Fig. 2. Photo of outcrop at Furlo showing Scaglia Bianca, the Livello
Bonarelli (approximately 1 m thick), and position of the uppermost
black levels (indicated by black arrows). Arrows with asterisks
indicate the black level was sampled.
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Bonarelli. The Bonarelli itself (paleodepth approximately
1000 to 2000 m; Elisabetta Erba, pers. com.), is 108 cm
thick and consists of several dark coloured, fissile Corg-rich
beds and laminae of radiolarian-rich shales and cherts.
Within the Bonarelli, several pyrite lenses composed of
euhedral crystals occur parallel to bedding planes. Several
samples (n=201) of 5–10 vertical cm were taken from the
Scaglia Bianca down to 20 m below the Bonarelli. A
further 73 samples were taken from a 4 m interval of
Scaglia Bianca immediately above the Bonarelli. In
addition to 38 samples taken from the Bonarelli (average
thickness∼3 cm), 17 out of the 30 black levels present at
Furlo were sampled. Sampling was done on fresh surfaces
in order to minimise present-day weathering effects.

3. Methodology

Samples were air-dried, ground and homogenised in
an agate ball-mill. Total carbon (Ctot) and total sulphur
(Stot) were measured on the Corg-rich samples using a
LECO® SC-444 IR-analyser following combustion at
1400 °C. Typical precision, calculated by replicate
analysis of standards, is <1% for Ctot and <2% for Stot.
Total inorganic carbon (Cmin) values were obtained by
coulometric titration using a UIC® Coulometrics CM
5012 CO2 coulometer coupled to a CM5130 acidification
module. Samples were acidified using 2NHClO4 in order
to release CO2 and determine Cmin. Precision for Cmin

measurements is 2%. Total organic carbon (Corg) is taken
as the difference between Ctot and Cmin.

Major and minor elements were determined by X-ray
fluorescence (XRF). 600 mg of the powdered sample
was mixed with 3600 mg of lithium borate (LiBO2 or
Li2 B4O7) and pre-oxidised at 500 °C in porcelain
crucibles for 5 h. After cooling, approximately 1 g of
ammonium nitrate (NH4NO4) was added and the
samples were heated again to 500 °C for 4 h in order
to further oxidise the samples. The samples were then
melted at 1200 °C in Pt–Au crucibles and cooled in Pt–
Au disk moulds. The disks were analysed with a
Philips® PW2400 XRF spectrometer for several major
and minor elements. Analytical precision was verified
by the preparation and analysis of several in-house
standards. Precision and accuracy was found to be better
than 5% for all major elements (reported as oxides), and
better than 7.6% for minor elements except for Zr (better
than 12%).

All of our Bonarelli and black level samples were
analysed for minor and trace elements using inductively
coupled plasma-mass spectrometry (ICP-MS). Acid
digestions were prepared using approximately 50 mg of
powdered sample, preoxidised overnight with 1 ml
HNO3 (65%) in PTFE vessels, and subsequently heated
to 180 °C for six hours in PTFE autoclaves (PDS-6)
with 3 ml HF (40%) and 3 ml HClO4 (70%). Acids
were removed by evaporation at 180 °C on hot plates,
and the wet residues were redissolved and reevaporated
using 3×1 ml of half-concentrate HCl. After the final
HCl treatment, wet residues were dissolved in 1 ml
HNO3 (65%) and diluted to 50 ml with distilled and
deionised water. HNO3, HClO4 and HCl acids were
prepared by sub-boiling distillation. Suprapure®
(Merck) quality HF was used. For analysis, the acid
digestions were diluted (1:5) with HNO3 (2%) and
spiked with In and Be as internal standards. Measure-
ments of several trace elements (including Ag, Bi, Cd,



Table 1
Geochemical parameters of the different sediment groups at Furlo, Italy

ICP-MS values reported for Ag, Bi, Cd, Cs, Li, Mo, Nb, Pb, Re, Sb, Sc, Tl, and U. All others measured using XRF. All oxides and bulk parameters
are reported as %, minor and trace elements in μg/g, except for Re (ng/g). Standard deviation (1 σ) and maximum values are shown in parentheses.
All trace element/Al and Mn/Al ratios are expressed as ×10−4, except for Re (×10−9). Shaded areas represent elemental mean values below the
quantitation limits of Wehausen (1999) for specific sediment groups.
(a) Average shale values from Wedepohl (1971, 1991), except Re (Crusius et al., 1996).
(b) Calculated from the CaO values using an oxide conversion factor of 1.7751.
(c) Calculated assuming (Si/Al)detrital =3.11 from Wedepohl (1971; see text for explanation).
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Mo, Re, Sb, Tl and U) were carried out using a
Finnigan Mat Element double focussing magnetic
sector ICP-MS. Measurements with relative standard
deviations (RSDs) values greater than 7% were
discarded. Accuracy of the analyses was verified
using several in-house reference materials calibrated
to international standards. The Scaglia Bianca samples
were not analysed by ICP-MS owing to preliminary
tests indicating that many trace elements (e.g. Ag, Cd,
Mo, Re) are present in concentrations too low to
measure adequately without preconcentration or ele-
mental separation.



Table1 (continued)
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Elemental values were normalised to Al in order to
account for dilution effects by potential biogenic com-
ponents such as carbonates, silica, and phosphorites.
Concentrations are compared to the average shale values
(AS) of Wedepohl (1971, 1991) and expressed as
enrichments factors (EFelement) relative to AS (except for
Re which has been compared to the continental crust
value given by Crusius et al., 1996). Enrichment factors
were calculated using:

EFelement ¼ ðelement=AlÞsample�ðelement=AlÞAS ð1Þ
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Hence an element with the same Al-normalised ratio as
AS would yield an EF of 1. Based on the elemental
concentrations within the sediments, we use the term
“enrichment” for EFelement≥5, while we consider the
samples “depleted”whenEFelement≤0.5. Given correlation
problems associated with using normalised data in some
cases (Van der Weijden, 2002), we will also present and
interpret some unmodified data.

4. Results and discussion

4.1. Furlo sediment geochemistry

A summary of the geochemical parameters is
provided in Table 1, while bulk parameters (Corg, Stot,
CaCO3, SiO2 and Mn/Al ratios) are plotted in Fig. 3.
Generally, the sediments are characterised by low
concentrations of major elements such as Ti, Al, Fe,
Mg, Na, K, and Mn, although many of the elemental/Al
ratios (Ti/Al, Fe/Al, Mg/Al, and K/Al) are relatively
close to AS values, except for Na/Al, which is well
below the XRF quantitation limit provided byWehausen
(1999) in all sediment groups. Corg and Stot concentra-
tions are high in the Bonarelli and the black levels
Fig. 3. Stratigraphic section of Furlo outcrop along with bulk Corg and Stot da
denoted with asterisks.
(Corg=4.1%/Stot =1.2% and Corg=2.8%/Stot =0.55%
on average, respectively). These Corg and Stot concen-
trations are comparable to those found in Mediterranean
sapropels (Warning and Brumsack, 2000), as well as in
other sediments at the Cenomanian/Turonian boundary
(Brumsack, 1980; Arthur et al., 1990). EFS values
average 27 and 12 for the Bonarelli and black level
sediments respectively. Although many minor elements
(Sr, Ag, Bi, Cd, Mo, Re, Sb, Tl) are found in high
concentrations in the sediments, others (Pb, Rb, Y, Zr,
Cs, Li, Sc) are present in concentrations lower than AS
values. When normalised to Al however, most elements
are present in ratios similar to (Rb, Zr, Cs, Li, Sc) or
above (Ba, Cu, Sr, Ag, Bi, Cd, Mo, Re, Sb, Tl) AS. The
following three sections present the major geochemical
differences between the sediment groups.

4.1.1. Scaglia Bianca
The sediments of the Scaglia Bianca Formation from

both above and below the Bonarelli will be discussed
jointly owing to their overall geochemical similarity
(Table 1). Concentration values presented here are the
thickness-weighted averages between the two Scaglia
groups. In the limestones, all major elements, except for
ta, as well as CaCO3, SiO2 and Mn/Al ratios. Sampled black levels are
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Ca, are present in low concentrations owing in part to a
dilution effect by either carbonates (up to 94% CaCO3) or
SiO2 (up to 96%). Only two of the major elements (Si and
Mn) are significantly enriched relative to AS (EFSi≈12
and EFMn≈11). The average phosphorus enrichment
factor (EFP) of 3.1, although slightly above AS values, is
the lowest of the sediment groups. Several redox-sensitive
or sulphide-residing elements (i.e. As, Co, Cr, Cu, Ni, V,
Zn) are present in low concentrations. Al-normalised
values are close to AS values (i.e. Co, Cr, Ni, V), although
other elements are enriched (EFY=5.6; EFZn=8.5). Ba
concentrations are high (908 μg/g on average and up to
1.4%; EFBa=27) in the Scaglia Bianca.

4.1.2. Bonarelli
The sediments of the Livello Bonarelli are charac-

terised by high Si concentrations (average SiO2 of 72%,
with a maximum of 86%) and phosphorus (P2O5=
0.34%), while Ca (3.3% CaCO3 on average) and Mn
concentrations (below the quantitation limit) are low.
However, the Al-normalised data show that most ele-
ments are close to or slightly above AS values, with the
exception of the few elements noted earlier (EFSi=6.4;
EFP=14) which are enriched and Mn, which is signi-
ficantly depleted relative to AS. Calcium values (EFCa=
5.2) are the lowest within the three groups of sediments
but still enriched relative to AS. While elements such as
Cu (113 μg/g; EFCu=13), V (424 μg/g; EFV=15), and Zn
(369 μg/g; EFZn=21) are found in concentrations signi-
ficantly higher than AS values within the Bonarelli sedi-
ments, Co (7.9 μg/g) is found in lower concentrations. In
addition, the Ba concentrations within the Bonarelli are
truly striking (6100 μg/g on average, compared to
580 μg/g for AS; EFBa=54). Other elements with en-
riched Al-normalised values are As (EFAs=7.8) and U
(EFU=6.0).

4.1.3. Black levels
The black levels follow the same general pattern as the

Bonarelli sediments, except for lower concentrations of
most elements. Major differences are found in the higher
Ca (57% CaCO3 on average) and Mn contents
(MnO=0.026%). Furthermore, Si values (SiO2=23%)
and P (P2O5=0.23%) are lower than those found in the
Bonarelli sediments. These differences relative to Bonar-
elli sediments are also reflected in the enrichment factors
of Ca (EFCa=117) Mn (EFMn=1.8), Si (EFSi=1.6), and P
(EFP=6.1) of the black level sediments. Elements such as
As, Co, Cr, Cu, Ni, V, and Zn are found in high con-
centrations within the black levels compared to AS, while
Ba is present in concentrations slightly belowAS (473μg/
g). When normalised to Al, several elements (As, Ba, Co,
Cr, Ni, V, and Zn) show significant enrichments, while
others (Pb, U, and Y) have enrichments factors varying
between 0.5 and 5.

4.2. Sedimentation rate estimates

To estimate the sedimentation rates for the different
sediments groups, we compared the studied Furlo
section to the Contessa Quarry at Gubbio as stable
isotope data has been published for this site (Tsikos et
al., 2004). This allows the direct comparison with
Tarfaya deposits for which an orbital chronology has
been established using geochemical parameters (Kolo-
nic et al., 2005). A duration of 500 kyr has been
proposed for the entire OAE, defined as ranging from
the base of the isotopic excursion to the first occurrence
of Q. gartneri (Kolonic et al., 2005), at Tarfaya. This
interval contains the entirety of the Livello Bonarelli at
Gubbio. Based on the thickness and Al contents of the
Bonarelli (86 cm, 5.72 wt.% Al2O3) and the Scaglia
Bianca from both below (65 cm, 0.64 wt.% Al2O3) and
above (75 cm, 1.27 wt.% Al2O3) the Bonarelli within
the OAE at Gubbio, we have determined a duration of
375 kyr for the Bonarelli. Assuming that the Bonarelli at
Gubbio and Furlo are coeval, a sedimentation rate of
2.9 m/Myr is calculated for the Bonarelli at Furlo. Based
on the Al contents at Furlo, we have determined that the
Scaglia Bianca from below has a sedimentation rate of
14 m/Myr, while the Scaglia Bianca from above has a
sedimentation rate of 8.1 m/Myr. The values for the
Scaglia Bianca are somewhat higher than the rate of
5.3 m/Myr determined for the Scaglia Bianca on the
basis of planktonic foraminifera (Premoli Silva et al.,
1977). The black levels have an average sedimentation
rate of 2.6 m/Myr, which is comparable to the estimated
rate for the Bonarelli. Based on the average sedimen-
tation rate, the duration of the individual black level
events range from <3900 years (1 cm thickness) to
approximately 50 kyr (15 cm thickness), with an average
duration of 17.5 kyr.

4.3. Nature of sediments

Results indicate that many of the common conser-
vative lithogenic elements (i.e. Ti, K, Mg, Rb, Zr) trend
close to “average shale” lines (lines formed from origin
to the AS point) when plotted against Al2O3, and
generally have good correlation coefficients (r2 between
0.90 for MgO and 0.99 for K2O), pointing to
homogenous source area material. In addition, the
enrichment factors of many of these elements relative
to AS are close to 1, indicating that this “background”
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detrital sedimentation is relatively close to AS in bulk
composition. Also, given the low Al contents of these
sediments, we assume that the terrigenous detrital input
was relatively low, perhaps owing to the distance of the
sampling locality relative to the paleoshoreline, as Al in
marine sediments can generally be assigned to fine-
grained detrital aluminosilicates (Calvert, 1976). The
samples are Na-poor (often below the quantitation
limit), indicating either plagioclase-poor source material
or weathering effects preferentially removing Na in
solution.

In Fig. 4, all data points from the Furlo section have
been plotted on a triangular diagramwith axes representing
three of the major chemical components in sedimentary
rocks, namely Al2O3, SiO2, and CaO representing clays,
quartz and/or biogenic silica, and calcium carbonate
respectively. The diagram shows that the sediments from
the Scaglia Bianca from both above and below the Bona-
relli show very similar arching trends from the CaO to the
SiO2 poles. In contrast, the majority of the Bonarelli data
points plot along the Al2O3 to SiO2 line, but below the AS
point (Fig. 4), indicating a simple two component (AS–
SiO2; little or no carbonates) mixing for these sediments.
Sediments from the black levels show a distinct distri-
bution pattern along the carbonate dilution line (fromAS to
CaO pole), indicating that they represent a simple
background sedimentation (AS) diluted by carbonates
Fig. 4. Ternary diagram of relative proportions of Al2O3 (×5), SiO2, and C
distribute the data points within the graph. “Average shale” (AS) compositio
and in this way significantly differ from the Corg-rich
sediments of the Bonarelli.

4.3.1. Excess silica
The sediments at Furlo contain high amounts of SiO2

leading to correspondingly high Si/Al ratios. SiO2 excess
values (Sixs), i.e. SiO2 levels above “normal” detrital
background, were determined using the general formula:

elementxs ¼ elementsample−½ðelement=AlÞbackground
� Alsample� ð2Þ

where (element/Al)background is the ratio between the
element and Al in detrital material. For Si, a first order
approximation is provided using the AS Si/Al value of
3.11 (Wedepohl, 1971). According to this calculation,
up to 96% of SiO2 is excess (i.e. not accounted for by the
background AS component). In the Bonarelli, on aver-
age 57% of the sediment is excess SiO2, while appro-
ximately 7% of the silica is not accounted for by
background sedimentation in the black levels. Although
other detrital sources of SiO2 cannot be discounted
entirely, we ascribe this excess Si to biosiliceous accu-
mulations (opal), or possibly by filling by chalcedonic
quartz, owing to the very high abundance, and excellent
preservation, of radiolarian taxa within the sediments
(Elisabetta Erba, pers. com.).
aO. An arbitrary multiplier of 5 is used for Al2O3 in order to better
n is also shown (Wedepohl, 1971).
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4.3.2. Changes in clay mineralogy
Fig. 5 shows a plot of Mg/Al versus K/Al. This graph

shows distinct distributions between the Scaglia, Bonar-
elli and black level sediments of the Furlo section. For
example, the Bonarelli sediments have relatively lowMg/
Al ratios, clustered around 0.2, and medium to high K/Al
ratios (0.36 to 0.65). Similarly, the black level sediments
show a high degree of clustering around Mg/Al=0.3 and
K/Al=0.5. The Scaglia Bianca sediments show much
higher variations in both Mg/Al (up to 0.97, generally
higher than both the Bonarelli and black level sediments,
and significantly higher than the average shale ratio) and
K/Al. We attribute these differences to variations in the
nature of the clay fraction. For example, illite has been
considered as a primary source of K (Yarincik et al.,
2000), and could therefore account for horizontal distri-
bution of the samples (along the K/Al axis) along with K-
feldspars. The higher Mg contents found in the clay
mineral chlorite could likewise be responsible for the high
Mg/Al seen in the Scaglia Bianca sediments. Little Mg is
assumed to be in the carbonate phase, even though the
Mg/Al ratios are higher in the Scaglia Bianca, as MgO
correlates well with Al2O3. This could indicate that there
is a source of detrital chlorite to the Umbria–Marche
Basin that is cut-off or severely reduced during the depo-
sition of the Corg-rich sediments. Furthermore, a distinc-
tion between the two Corg-rich groups can be seen in the
K/Al ratios, which indicate a greater variability in the illite
supply to the basin during deposition of the Bonarelli.
Conversely, the lower ratios of Mg/Al and K/Al could be
associated with clay minerals containing little or no Mg
and/or K such as kaolinite.
Fig. 5. Plot of Mg/Al vs. K/Al.
4.4. Bottom water oxygenation indicators: Mn and
Re/Mo ratios

Low Mn contents can be indicative of dysoxic bottom
water conditions given that, under reducing conditions at
the sediment/water interface, solubleMn2+ (as opposed to
the much less soluble Mn4+) diffuses from the sediments
into the oxygen-depleted bottom waters (Landing and
Bruland, 1980; Bruland, 1983; Landing and Bruland,
1987). Thurow et al. (1992) present a model postulating
that Mn originating from Corg-rich reducing sediments is
transported through an oxygen minimum zone (OMZ)
and deposited as Mn4+ oxide/hydroxide in deeper oxic
waters. The Mn could then be incorporated as Mn-rich
carbonate coatings beneath the redox boundary (Boyle,
1983). This transport mechanism through the water
column implies an open marine environment. At Furlo,
Mn is depleted in the Bonarelli, slightly above AS values
in the black levels, and enriched in the Scaglia Bianca
(Fig. 3 and Table 1). Frakes and Bolton (1984) and Force
and Cannon (1988) have also reported the coexistence of
Mn-rich sediments and black shales. The low EFMn of the
Bonarelli sediments indicates that the Mn is lost from the
sediments during or shortly after deposition owing to the
presence of strongly oxygen-depleted waters, while the
black levels seem to have been deposited under slightly
less oxygen-deficient conditions or in a more restricted
environment owing to the observed Mn trapping, with
Mn/Al values comparable to those found in the Black Sea
(129×10−4; Lüschen, 2004) and in Mediterranean
sapropels (202×10−4; Birgit Warning, pers. com.). The
high enrichment factors shown by the Scaglia Bianca
sediments hint at oxic water conditions, while an asso-
ciation of Mn/Al and Ca/Al shows that the Mn resides in
the carbonate phase (as in the black levels), most likely as
Mn coatings. This model, proposed by Thurow et al.
(1992), could also apply to the Furlo sediments, with aMn
accumulation area located in deeper waters during
deposition of the Bonarelli sediments under oxygen-dep-
leted conditions in an expanded OMZ.

Rhenium is regarded as a powerful paleo-redox proxy
element owing to its extremely low concentration in the
continental crust (0.5 ng/g; Crusius et al., 1996) and in
oxic sediments (<0.1 ng/g; Koide et al., 1986) compared
to its high accumulation potential under even slightly
reducing conditions (Koide et al., 1986; Colodner et al.,
1993, 1995; Crusius et al., 1996). This is potentially the
case in our sediments as the Re content of the Corg-rich
sediments at Furlo is high, containing up to 260 ng/g ofRe
(53 ng/g of Re on average; EFRe=456) in the Bonarelli
and up to 120 ng/g ofRe (average concentration=42 ng/g;
EFRe=407) in the black levels, making Re the most



Fig. 6. Re vs. Mo diagram for Bonarelli and black level sediments
(analysed by ICP-MS). Shaded area represents potential deposition
under anoxic (0 mg/l dissolved O2, presence of H2S) conditions.
Trendlines are given for suboxic (∼15×10−3) conditions as well as for
the present-day seawater Re/Mo ratio (0.8×10−3). Only 27 Bonarelli
and 14 black level samples are plotted owing to the 7% RSD cut-off on
Re and/or Mo.
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enriched element in the Furlo sediments. Rhenium forms
a stable oxyanion (ReO4−), and Re enrichment occurs via
diffusion across the sediment–water interface, subsequent
reduction of porewater Re, and formation of a solid phase
where Re is incorporated into sulphides (pyrites) (Koide
et al., 1986; Colodner et al., 1993).

Molybdenum is another element behaving somewhat
similarly to Re, as it is also conservative in oxic seawater
([10.3 ng/g]seawater; Collier, 1985) and forms stable
oxyanions (MoO2

4−). Mo generally diffuses from the
water column into porewaters along a concentration and
redox gradient until it is reduced and removed from
solution (e.g. Shaw et al., 1990; Emerson and Huested,
1991). Mo is very efficiently accumulated in sulphides
(Koide et al., 1986; Colodner et al., 1993) under anoxic
conditions through very rapid molybdenum scavenging
onto manganese oxyhydroxides (Koide et al., 1986;
Colodner et al., 1995), as well as in sulphur-rich organic
matter under high H2S concentrations and reactive iron-
limited systems (Tribovillard et al., 2004). In contrast with
Re, Mo is not significantly enriched in sediments under
oxic or even suboxic bottom waters. For example, Mo
values in recent sediments of anoxic basins such as the
Black Sea or anoxic fjords are significantly higher than in
suboxic sediments from the Arabian Sea or the Gulf of
California (Brumsack, 1986; Jacobs et al., 1987; Emerson
and Huested, 1991; Crusius et al., 1996; Nijenhuis et al.,
1998). The Livello Bonarelli at Furlo contains up to
40μg/g ofMo (9.2μg/g on average; EFMo=38),while the
black levels contain up to 7.5 μg/g (average=3.2 μg/g;
EFMo=13).

Crusius et al. (1996) have proposed the use of Re/Mo
ratios to distinguish between anoxic and suboxic sedi-
mentary conditions. They postulated that Re/Mo ratios
close to the present-day seawater value of 0.8×10−3

([Re]SW=8.2 pg/g, Colodner et al., 1993; [Mo]SW=
10.3 ng/g, Collier, 1985) indicate anoxic conditions,
while higher ratios hint at suboxic conditions owing to
the low Mo enrichments in the absence of H2S. In the
Corg-rich sediments of Furlo, most samples lie within
Re/Mo ratios between approximately 0.8×10−3 (the
value for present-day seawater) and 15×10−3 (Fig. 6).
Within these limits, the samples seem to be either
grouped relatively close to the seawater Re/Mo line
(some Bonarelli samples only) or trend along the
15×10−3 Re/Mo line (including all of the black level
samples and approximately the 40% lowermost Bonar-
elli samples; Fig. 6). We interpret this bi-modal
distribution as indicating deposition under conditions
ranging from suboxic (the 15×10−3 Re/Mo trendline;
low dissolved O2, no H2S) to fully anoxic (present-day
seawater line). It would then appear that while the black
levels were probably deposited from suboxic bottom
waters, the distribution of the Bonarelli sediments
suggests that bottom waters conditions became more
anoxic (0 mg/l dissolved O2, presence of H2S) in the
upper 60% of the Bonarelli.

4.5. Other redox-sensitive and sulphide-residing minor
elements

Many redox-sensitive and/or sulphide-residing minor-
and trace elements are significantly enriched in the Furlo
sediments (Fig. 7 and Table 1). Trace metal enrichments
are commonly reported for Corg-rich sediments such as
black shales (Brumsack, 1980, 1989; Arthur et al., 1990;
Hatch and Leventhal, 1992; Lipinski et al., 2003), Medi-
terranean sapropels (Sutherland et al., 1984; Pruysers et
al., 1991; Van der Weijden, 1993; Thomson et al., 1995;
Nijenhuis et al., 1996; Van Santvoort et al., 1996;
Nijenhuis et al., 1998; Warning and Brumsack, 2000),
and recent Black Sea sediments (Brumsack, 1989;
Lüschen, 2004). Synsedimentary enrichments of redox-
sensitive and sulphide-residing elements in various
sedimentary environments have often been related to
oxygen-depleted bottom waters conditions (Brumsack,
1980; Jacobs et al., 1985; Brumsack, 1986; Jacobs et al.,
1987; Breit andWanty, 1991; Hatch and Leventhal, 1992;
Calvert and Pedersen, 1993; Piper, 1994; Nijenhuis et al.,
1998). For example, high amounts of elements such asAs,



Fig. 7. Enrichment factors (relative to average shale of Wedepohl, 1971, 1991) of analysed elements in the Furlo section: A) Major elements analysed
by XRF; B) Minor and trace elements analysed by XRF; C) Minor and trace elements analysed by ICP-MS. Dashed lines represent EFelement≥5
enrichment cut-offs.
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Co, Cr, Cu, Mo, Ni, Pb, Sb, U, and V can be fixed under
reducing conditions in sediments either by precipitation as
sulphides, coprecipitation with Fe-sulphides (Kremling,
1983; Jacobs et al., 1985), scavenged on sulphurised
organic matter (Tribovillard et al., 2004), or precipitated
as metallo-organic complexes like porphyrins during
early diagenesis (Simoneit, 1978).

The redox-sensitive/sulphide-residing elements can be
supplied to the sediments following several pathways: for
example, some elements (Mo, U, V) can diffuse into the
sediments during early diagenesis (Brumsack and Gies-
kes, 1983; Shaw et al., 1990), while others can be delive-
red owing to scavenging by sinking particles, binding to
organic matter (Calvert et al., 1985; Brumsack, 1986), or
even “bioconcentration” by plankton in high productivity
settings (for elements such as Ag, Cd, Cu, Ni, and Zn) and
released to the sediments during organic matter decom-
position (Boyle et al., 1976; Bruland, 1980, 1983; Martin
et al., 1983). This seems to be the case for some of the
elements (Co, Cr, Ni) which are more enriched in the
black levels, although they appear to be associated with
both Corg and Al2O3 in the black levels along with several
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other elements, strongly suggesting a bioconcentration
effect and/or adsorption of organic matter onto clays
particles. No other clear associations between redox-
sensitive/sulphide-residing elements and Corg or Al2O3

can be distinguished. Additionally, Co behaves similarly
to Mn in seawater (Knauer et al., 1982; Bruland, 1983)
and in sediments (Klinkhammer, 1980; Hem et al., 1989),
hence Co can diffuse out of sediments under reducing
conditions (Heggie and Lewis, 1984), although it can be
fixed as a stable sulphide under sulfidic conditions (Lu-
ther, 1991; Huerta-Diaz and Morse, 1992). This diffusion
out of the sediments could also in part explain the lower
Co enrichments observed in the Bonarelli sediments (an-
oxic) compared to the black levels (suboxic).

Several studies have also focused on the behaviour of
trace elements Ag, Bi, Cd, and Tl in reducing water
columns and sediments (Heinrichs et al., 1980; Thomson
et al., 1995; Nathan et al., 1997; McKay and Pedersen,
2002; Crusius and Thomson, 2003). Tl behaves conser-
vatively in oxic seawater (Flegal and Patterson, 1985), but
can accumulate in pyrites (Heinrichs et al., 1980) as well
as in reducing sediments (Brumsack, 1980; Thomson
et al., 1995), although the detailed mechanisms leading to
these enrichments in anoxic sediments are poorly known.
The highTl concentrations (up to 5.2 μg/g in the Bonarelli
and up to 2.0 μg/g in the black levels) found in our
sediments further indicate that sulphidic conditions were
more likely to have been prevalent during Bonarelli sedi-
ment deposition. Bi is enriched by a factor of 13 in the
Bonarelli and 9 in the black levels, although Bi enrich-
ments in other CTBE black shales are not significant
when compared to surrounding sediments (Brumsack,
1980). Bi enrichments have been related to sulphur con-
tents in black shales with high Cd and Tl concentrations
(Heinrichs et al., 1980). Both Ag and Cd are nutrient-type
elements and show significant enrichments in the Bona-
relli sediments (EFAg=138; EFCd=127) and in the black
levels (EFAg=142; EFCd=261). High Ag accumulations
may result from its involvement in the silicate biogeo-
chemical cycle (Martin et al., 1983; Ndung'u et al., 2001),
high Ag concentrations in bottom waters and scavenging
onto settling particles (McKay and Pedersen, 2002), or by
fixation in sulphides or diagenetic selenides (Crusius and
Thomson, 2003). Cd can also be accumulated in phos-
phorites (Baturin andOreshkin, 1984; Nathan et al., 1997)
or sulphides as it precipitates even in the presence of trace
amounts of H2S (Rosenthal et al., 1995), which might
explain why the Cd enrichment pattern is different from
Bi, Sb, Tl, and U (higher EFCd in the black levels com-
pared to the Bonarelli sediments; Fig. 7).

Although an increased detrital flux to the basin or a
change in source area could be reflected inminor and trace
elements, mass balance calculations have suggested that
seawater is the main source for trace metals supplied to
Corg-rich sediments such as CTBE black shales (Brum-
sack, 1980) andMediterranean sapropels (Nijenhuis et al.,
1998) although additional sources, such as fluvial, hydro-
thermal, and biogenic inputs have to be considered at
times (Arthur et al., 1990). This is perhaps the case for Zn,
as it is highly enriched in the studied sediments (EFZn=22
in the Bonarelli and 28 in the black levels) and other
CTBE (Arthur et al., 1990) and Jurassic/Cretaceous black
shales (Lipinski et al., 2003), but only moderately accu-
mulated inMediterranean (Warning andBrumsack, 2000)
and Black Sea sapropels (Brumsack, 1989) in spite of
overall similar trace element signatures of most Corg-rich
sediments. The high Zn enrichments observed in the pre-
Pliocene black shales could be due to increased hydro-
thermal activity during the Cretaceous as proposed by
Brumsack (1980, 2006).

4.6. Barium as a paleoproductivity indicator

Barium is present in very high concentrations (up to
1.4% in the Scaglia Bianca compared to 580 μg/g in
AS) at Furlo, and is possibly indicative of high
paleoproductivity in this area. A high productivity
scenario during the Cenomanian/Turonian transition is
supported by the elevated P concentrations (up to 2.5%
P2O5 in the Bonarelli sediments), which hint at
increased nutrient availability at this site, as well as
the high levels of excess Si. Barium has often been
discussed as a paleoproductivity proxy (Goldberg and
Arrhenius, 1958; Dehairs et al., 1980; Schmitz, 1987;
Lea and Boyle, 1990; Dymond et al., 1992). It is
arguably one of the most reliable paleoproductivity
indicators in older sediments owing to its preservation
potential related to porewater saturation with respect to
barite (BaSO4), thought to be the main carrier phase of
Ba. However, sedimentary barite might undergo
diagenetic changes and should be used cautiously
(Van Os et al., 1991; McManus et al., 1998). For
example, Ba migration is possible under severe sulphate
depletion due to microbial sulphate reduction in pore-
waters (Brumsack and Gieskes, 1983; Brumsack, 1986;
Brumsack et al., 1992), giving rise to the development
of barite fronts or nodules (von Breymann et al., 1992;
Torres et al., 1996; Bréhéret and Brumsack, 2000). But
given the abundance of small barite crystals typically on
the order of tens of microns (Elisabetta Erba, pers. com.)
throughout the Furlo outcrop thought to be of biogenic
origin (Gingele and Dahmke, 1994), we suggest that Ba
can be used as a reliable paleoproductivity indicator for
this site.
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Barium contents can thus be used to estimate paleo-
productivity by calculating excess Ba (Baxs; the propor-
tion of Ba unsupported by detrital fluxes) as given by Eq.
(2), although excess Ba can overestimate Ba related to
biological activity owing to additional Ba-bearing phases
such as carbonates, organic matter, opal, Fe–Mn oxides,
and hydroxides (Eagle et al., 2003). According to detrital
fluxes in modern upwelling areas (Philipp Böning, pers.
com.), we use a (Ba/Al)background ratio of 27×10

−4. Based
on this assumption, the Bonarelli and Scaglia Bianca
sediments contain up to 99% excess Ba, with slightly
lower (86%) values found in the black levels, pointing to
continuously high productivity at this site, even during
carbonate deposition.

5. Summary of Furlo geochemistry

This section presents a summary of the main geo-
chemical features of the Scaglia Bianca, black levels and
the Bonarelli sediments, as well as a depositional model
synthesising the events surrounding the Cenomanian–
Turonian Boundary at Furlo. Beneath the Bonarelli, the
lithology at Furlo abruptly and repeatedly changes from
a biosiliceous–carbonate dominated system (Scaglia
Bianca) to a mode of clay–carbonate deposition (black
levels), and eventually to the biosiliceous–clay sedi-
ments of the Bonarelli. The very low Corg (Luca
Bombardiere, pers. com.) and elevated Mn contents, in
addition to the biogenic (both SiO2 and CaCO3) nature
of the Scaglia Bianca sediments, suggest deposition
under oxic water column conditions. Hence the
generally high concentrations of trace elements found
in these sediments are at least in part due to
bioconcentration by organisms in the water column as
proposed by Brumsack (1986) for sediments located
under high productivity areas.

From a geochemical perspective, the main differences
between the Corg sediments and the sediments of the
Scaglia Bianca are the higher Mn contents and Mg/Al
ratios as well as lower P, Cu, and V contents of the Scaglia
sediments. While the lower P contents (albeit still above
AS values) suggest lower nutrient availability or more
intense nutrient regeneration during the deposition of
these sediments, the higher Mg/Al ratios could indicate a
variation in clay mineralogy (perhaps relating to a change
in chlorite input) or provenance. In order to supply Mn to
the sediments, the presence of an oxygen-minimum zone
above the Furlo area is needed (see Section 4.4). The
frequency and sharpness of the lithologic contacts
between the black levels, Bonarelli and Scaglia Bianca
sediments, as well as the relatively low level of geo-
chemical mixing between sediment groups, as seen on
Fig. 4, suggest a rapid “on–off” type switching between
these different sedimentary modes.

Compared to the Bonarelli, the black levels have high
Re/Mo ratios and highCo, Cr, Ni, andCd contents, aswell
as lower SiO2, Ba, and U concentrations (Table 1). Their
higher Re/Mo ratios point to a more oxygenated envi-
ronment relative to the later Bonarelli conditions. The
triggering mechanism for oxygen depletion in the water
column during black level deposition is poorly under-
stood, but does not appear to be related to an increase in
productivity as Ba concentrations in the black levels are
lower than in the Bonarelli sediments. Some of the redox-
sensitive/sulphide-residing trace elements, however, are
enriched probably owing at least in part to Corg adsorbed
onto clay particles (for Co, Cr, Ni, and possibly other
elements).

5.1. Carbonate “crisis” during the Bonarelli

The major features of the Livello Bonarelli are the
general absence of carbonate, lowMn concentrations, and
low Re/Mo ratios (in the upper 60% of the unit). While the
low Mn levels and low Re/Mo ratios both point to strong
oxygen deficiency during deposition, the absence of
carbonate in the sediments reflects an important ecosystem
change in the water column compared to both the Scaglia
Bianca and the black levels. A similar scenario has been
reported by Van Os et al. (1994) for Mediterranean
sapropels where the lower carbonate content could have
resulted from a decrease in carbonate production owing to
the dominance of siliceous plankton, indicated by the high
excess silica, during periods of high nutrient input. The
high P content of the Bonarelli sediments would support
such an interpretation, and is consistent with the high
excess Si values calculated for the Bonarelli samples.
Other scenarios include a carbonate drop during the
Bonarelli that may result from the difficulty for organisms
to produce carbonate under conditions of locally elevated
pCO2 in the water column and/or eutrophic conditions, as
is the case for coccolithophorids, planktic foraminifers, and
coral reefs in the extant ocean (Elisabetta Erba, pers. com.).

In addition, we should also consider the low carbonate
preservation potential in high alkalinity anoxic waters and
carbonate corrosion in upwelling environments, where
alkalinity build-up occurs at a certain depth within anoxic
sediments. This could be the case here as, in addition to an
upward decrease in the abundance and diversity of cal-
careous organisms towards the Bonarelli, severe mi-
crofossil corrosion has been observed (Ben Walsworth-
Bell, pers. com.), either suggesting that the Furlo site was
constantly close to or beneath the Carbonate Compensa-
tion Depth (CCD) or that the site has a lower carbonate
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preservation potential. This latter scenario is supported by
the general association between Sr and CaCO3 for the
Scaglia Bianca, in addition to the high Sr content (up to
3000 μg/g) in the Bonarelli which point to the possible
presence and subsequent dissolution of carbonate micro-
fossils in the sediments. Alternatively, the Sr could have
been supplied to the sediment in a phase other than
carbonate, such as celestite (SrSO4) for which associa-
tions and even solid solutions with barite have been
reported (Bernstein et al., 1992).

5.2. Depositional model for the Furlo site

In order to account for these geochemical features,
we propose that during Cenomanian/Turonian times the
Furlo site was located in a sub-basin, of local to regional
extent, separated from either the rest of the Umbria–
Marche Basin or the Tethyan Sea by a sill (Fig. 8). This
interpretation is supported by the absence of black levels
at several sites within the Umbria–Marche Basin (Beau-
doin et al., 1996), which could be indicative of topo-
graphical features isolating sub-basins from one another.
A semi-restricted environment, in addition to acting as a
potential trap for continental detritus, would also have
Fig. 8. Summary of geochemical parameters and depositional model for the F
prevented Mn escape during times of black level for-
mation. For example, during these times the oxygen-
depleted zone of the Furlo sub-basin water column
could have been cut-off from the OMZ of the main
basin by the sill (Fig. 8B). This would allow the fixing
of Mn2+ (supplied from the sediments owing to bottom
water reducing conditions) in carbonates or sulphides
and elevate Mn/Al ratios in the sediments to slightly
above average shale values as seen in the black levels
(Table 1), a situation similar to present-day Black Sea
conditions (Brumsack, 1989). This situation, however,
differs from that of the Black Sea as bottom waters
appear to have been slightly oxygenated during black
level formation, as shown by the elevated Re/Mo ratios
in these sediments.

During Bonarelli deposition, the expanded OMZ was
probably shallower than the sill (relative to sea level),
forming an oxygen-depleted connection between the sub-
basins and the main basin. This would have led to a net
export ofMn to deeper (and possibly still oxic) parts of the
Umbria–Marche Basin or Tethyan Sea, and explain the
lowMn/Al values seen in the Livello Bonarelli sediments.
In addition, the transition between high Re/Mo ratios,
which are comparable to ratios in the black levels below, to
urlo outcrop: A) Livello Bonarelli; B) Black level; C) Scaglia Bianca.
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much reduced ratios in the upper part of the Bonarelli,
indicates a switch from generally dysoxic to anoxic con-
ditions during Bonarelli deposition. Although speculative
at this stage, the exact switching mechanism from high to
low Re/Mo ratios within the Bonarelli could be linked to
an anoxic feedback mechanism owing to the extended
duration of the Bonarelli event compared to the black
levels.

5.2.1. Evidence for high-frequency eustasy during black
level deposition?

Normalised Ti ratios of the lower and upper Scaglia
Bianca, along with the Bonarelli, are fairly similar, but
appear to increase in the black levels and, except for the
Bonarelli sediments, the Ti/Al ratios of the black levels are
statistically higher (at 1σ; Table 1). Ti/Al ratios have been
shown to correlate well with the coarser component of the
fine fraction in sediments (Bertrand et al., 1996). They
have thus been used to reconstruct changes in detrital
fluxes to distal depositional sites either as a proxy for sea
level fluctuations or for the aeolian input of very fine Ti-
bearing sand grains (Sageman et al., 2003). If sea level
variations are presumed, then the Ti/Al ratios would
indicate that the sea level was lower during the black level
events, while wind pattern variations (i.e. an increase in
wind strength) could affect ocean circulation patterns,
namely local upwelling sites during times of black level
formation. However, given that paleoproductivity (based
on Ba contents and excess Si) appears to be lower during
black level formation, the Ti/Al ratios are more likely to
represent sea level variations.

A model calling only for episodic sea level drops
resulting in black level formation provides an attractive
alternative to OMZ variability as sub-basins could be
physically cut-off from the main basin. The repetitious
nature of the black levels would suggest high-frequency
sea level changes on orbital-band time scales (Beaudoin
et al., 1996), a plausible scenario given the remarkable
similarity (both physically and geochemically) of the
black levels with Pliocene–Pleistocene Mediterranean
sapropels (Warning and Brumsack, 2000).

Rapid (<1Myr) global eustatic sea level cycles for this
time frame have recently been identified (Gale et al.,
2002; Miller et al., 2003). However, given the estimated
depth of the basin during the Late Cretaceous (∼1500 m;
Elisabetta Erba, pers. com.), a sea level drop of a few tens
ofmeters (Gale et al., 2002;Miller et al., 2003) is probably
insufficient to physically isolate the basin. Rather, we
suggest that these high-frequency sea level variations
could have provided a trigger mechanism for black level
formation, even during a time of generalised high sea
levels proposed for the CTBE (Erbacher et al., 1996).
In addition, sea level variations (and associated
wavebase fluctuations) could explain changes in clay
influx to the basin associated with the different
sediments groups. Indeed, if different strata are eroded
in response to sea level change, different clay minerals
could be supplied to the basin at those times. This
situation seems plausible as Brigatti and Poppi (1991)
have already shown that clay mineralogy supplied to
parts of the Umbrian–Marche basin was highly variable
during Bonarelli deposition, suggesting a heterogeneous
clay distribution in source rocks.

6. Conclusions and future research

The geochemical parameters of the different sedi-
ment groups of the Furlo outcrop highlight differences
in depositional environments. Major elements show that
the sediments of the Furlo outcrop are characterised by
rapid switching between faunal assemblages, with silica
forms virtually absent from the black levels, whereas
carbonate remains appear to be lacking in the Bonarelli.
Most redox-sensitive or sulphide-residing trace ele-
ments are strongly enriched in the Corg-rich sediments,
indicating periodic depletion of oxygen and potential
availability of hydrogen sulphide in the water column.

The Mn depletion in the Bonarelli sediments shows
that bottomwaters were oxygen-depleted during this time
and that open marine conditions permitted the export of
Mn. This contrasts with the elevated Mn/Al ratios in the
black levels which indicate that Mn was trapped during
these times and that the (sub-)basin or the oxygen
minimum zone was more restricted. Furthermore, Re/Mo
ratios show that conditions were largely dysoxic during
black level formation and the earlier part of the Bonarelli,
and changed to fully anoxic during theBonarelli. Elevated
Ba concentrations are indicative of high paleoproductivity
in this area, which is further supported by the high P
concentrations, while high Zn concentrations suggests an
increase in submarine hydrothermal activity during this
time interval. Evidence for ephemeral sea level drops
during black level deposition is provided through Ti/Al
ratios: these sea level fluctuations could be the controlling
factor in Mg/Al variations seen between the sediments
groups, as a change in erosion locus could provide
different clay types to the basin.

This research leaves many outstanding questions and
research opportunities regarding the CTBE. Namely,
further research into the timing of the black levels would
shed light on the mechanisms, such as orbital-band
forcing and sea level fluctuations, which could modulate
and control these events. Direct radiometric dating of
these deposits, as well as a good integration of sequence
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stratigraphy and an analyses of geochemical parameters
in a stratigraphic context, would provide good tools for
such studies and evaluate the role of sea level on the
rapid faunal switching and the supply of different clay
types (which could be studies using XRD) to the basin
over time.

Acknowledgements

We would like to thank Niranjala Kottachchi for hel-
ping during sample preparation, as well as Bernhard
Schnetger for technical support and analytical advice.
Brad Sageman provided a thorough review of this article
and has made numerous suggestions to improve the text.
We wish to thank our colleagues at the ICBM for nume-
rous discussions regarding sediment geochemistry, as
well as the C/TNetmembers for discussions regarding the
events surrounding the CTBE. The authors acknowledge
the financial support provided through the European
Community's Improving Human Potential Programme
under contract HPRN-CT-1999-00055, C/T Training
Network. [LMW]

References
Arthur, M.A., Schlanger, S.O., Jenkyns, H.C., 1987. The Cenomanian–
Turonian oceanic anoxic event. II. Palaeoceanographic controls on
organic-matter production and preservation. In: Brooks, J., Fleet, A.J.
(Eds.), Marine Petroleum Source Rocks. Geological Society Special
Publication, vol. 26, pp. 401–420.

Arthur, M.A., Dean, W.E., Pratt, L.M., 1988. Geochemical and climatic
effects of increased marine organic carbon burial at the Cenomanian/
Turonian boundary. Nature 335, 714–717.

Arthur, M.A., Brumsack, H.-J., Jenkyns, H.C., Schlanger, S.O., 1990.
Stratigraphy, geochemistry, and paleoceanography of organic carbon-
rich Cretaceous sequences. In: Ginsburg, R.N., Beaudoin, B. (Eds.),
Cretaceous Resources, Events and Rhythms. Kluwer, Dordrecht, The
Netherlands, pp. 75–119.

Baturin, G.N., Oreshkin, V.N., 1984. Behavior of cadmium in bone
phosphate from the oceanfloor. Geokhimiya 8, 1231–1237.

Beaudoin, B., M'Ban, E.P., Montanari, A., Pinault, M., 1996.
Lithostratigraphie haute résolution (<20 ka) dans le Cénomanien
du bassin d'Ombrie–Marches (Italie). C. R. Acad. Sci. Paris 323
(II a), 689–696.

Bernstein, R.E., Byrne, R.H., Betzer, P.R., Greco, A.M., 1992. Morpho-
logies and transformations of celestite in seawater: the role of acan-
tharians in strontrium and barium geochemistry. Geochim.
Cosmochim. Acta 56, 3273–3279.

Bertrand, P., Shimmield, G., Martinez, P., Grousset, F., Jorissen, F.,
Paterne, M., Pujol, C., Bouloubassi, I., BuatMenard, P., Peypouquet,
J.-P., Beaufort, L., Sicre, M.-A., Lallier-Verges, E., Foster, J.M.,
Ternois, Y., Other Participants of the Sedorqua Program, 1996. The
glacial ocean productivity hypothesis: the importance of regional
temporal and spatial studies. Mar. Geol. 130, 1–9.

Boyle, E.A., 1983. Manganese carbonate overgrowths on foraminifera
tests. Geochim. Cosmochim. Acta 47, 1815–1819.
Boyle, E.A., Sclater, F.R., Edmond, J.M., 1976. Marine geochemistry
of cadmium. Nature 263, 42–44.

Bréhéret, J.G., Brumsack, H.-J., 2000. Barite concretions as evidence
of pauses in sedimentation in the Marnes Bleues Formations of the
Vocontian Basin (SE France). Sediment. Geol. 130, 205–228.

Breit, G.N, Wanty, R.B., 1991. Vanadium accumulation in carbona-
ceous rocks: a review of geochemical controls during deposition
and diagenesis. Chem. Geol. 91, 83–97.

Brigatti, M.F., Poppi, L., 1991. Origin of clay minerals in the Bonarelli
horizon (Umbrian Apennines, central Italy). Clay Miner. 26,
127–139.

Bruland, K.W., 1980. Oceanographic distributions of cadmium, zinc,
nickel, and copper in the north Pacific. Earth Planet. Sci. Lett. 47,
176–198.

Bruland, K.W., 1983. Trace elements in sea-water. In: Riley, J.P., Chester,
R. (Eds.), Chemical Oceanography, vol. 8. Academic Press, London,
UK, pp. 157–220.

Brumsack, H.-J., 1980. Geochemistry of Cretaceous black shales from the
AtlanticOcean (DSDPLegs 11, 14, 36 and 41). Chem.Geol. 31, 1–25.

Brumsack, H.-J., 1986. The inorganic geochemistry of Cretaceous black
shales (DSDPLeg 41) in comparison tomodern upwelling sediments
from the Gulf of California and the Black Sea. Geol. Rundsch. 78,
851–882.

Brumsack, H.-J., 1989. Geochemistry of TOC-rich sediments from the
Gulf of California and the Black Sea. Geol. Rundsch. 78, 851–882.

Brumsack, H.-J., 2006. The trace metal content of recent organic carbon-
rich sediments: implications for Cretaceous black shale formation.
Palaeogeogr. Palaeoclimatol. Palaeoecol. 232, 344–361.

Brumsack, H.-J., Gieskes, J.M., 1983. Interstitial water trace metal
chemistry of laminated sediments from the Gulf of California,
Mexico. Mar. Chem. 14, 89–106.

Brumsack, H.-J., Zuleger, E., Gohn, E., Murray, R.W., 1992. Stable and
radiogenic isotopes in pore waters from Leg 127, Japan Sea. In:
Pisciotto, K.A., Ingle Jr., J.C., von Breymann, M.T., Barron, J., et al.
(Eds.), Proc. Ocean Drill. Project 127/128 Part 1, pp. 635–650.

Calvert, S.E., 1976. The mineralogy and geochemistry of nearshore
sediments. In: Riley, J.P., Chester, R. (Eds.), Treatise on Chemical
Oceanography, vol. 6. Academic Press, San Diego, pp. 187–280.

Calvert, S.E., 1983. Geochemistry of Pleistocene sapropels and associated
sediments from the eastern Mediterranean. Oceanol. Acta 6, 255–267.

Calvert, S.E., Pedersen, T.F., 1993. Geochemistry of Recent oxic and
anoxicmarine sediments: implications for the geological record.Mar.
Geol. 113, 67–88.

Calvert, S.E., Mukherjee, S., Morris, R.J., 1985. Trace metals in fulvic
and humic acids frommodern organic-rich sediments. Oceanol. Acta
8, 167–173.

Clarke, L.J., Jenkyns, H.C., 1999. New oxygen-isotope evidence for
long-term Cretaceous climatic change in the Southern Hemisphere.
Geology 27, 699–702.

Collier, R.W., 1985. Molybdenum in the northeast Pacific Ocean.
Limnol. Oceanogr. 30, 1351–1354.

Colodner, D., Sachs, J., Ravizza, G., Turekian, K., Edmont, J., Boyle, E.,
1993. The geochemical cycle of rhenium: a reconnaissance. Earth
Planet. Sci. Lett. 117, 205–221.

Colodner, D., Edmont, J., Boyle, E., 1995. Rhenium in the Black Sea:
comparison with molybdenum and uranium. Earth Planet. Sci. Lett.
131, 1–15.

Crusius, J., Thomson, J., 2003. Mobility of authigenic rhenium, silver,
and selenium during postdepositional oxidation in marine sediments.
Geochim. Cosmochim. Acta 67, 265–273.

Crusius, J., Calvert, S., Pedersen, T., Sage, D., 1996. Rhenium and
molybdenum enrichments in sediments as indicators of oxic,



337S. Turgeon, H.-J. Brumsack / Chemical Geology 234 (2006) 321–339
suboxic, and sulfidic conditions of deposition. Earth Planet. Sci. Lett.
145, 65–78.

de Graciansky, P.C., Deroo, G., Herbin, J.P., Montadert, L., Müller, C.,
Schaaf, A., Sigal, J., 1984.Ocean-wide stagnation episode in the Late
Cretaceous. Nature 308, 346–349.

Dehairs, F., Chesselet, R., Jedwab,K., 1980.Discrete suspended particles
of barite and the barium cycle in the open ocean. Earth Planet. Sci.
Lett. 49, 528–550.

Dymond, J., Suess, E., Lyle, M., 1992. Barium in deep-sea sediment: a
proxy for paleoproductivity. Paleoceanography 7, 163–181.

Eagle,M., Paytan, A., Arrigo, K.R., vanDijken, G.,Murray, R.W., 2003.A
comparison between excess barium and barite as indicators of carbon
export. Paleoceanography 18, PA3002. doi:10.1029/2002PA000793.

Emerson, S.R., Huested, S.S., 1991. Ocean anoxia and the concentrations
of molybdenum and vanadium in seawater. Mar. Chem. 34, 177–196.

Erbacher, J., Thurow, J., Littke,R., 1996.Evolutionpatterns of radiolaria and
organic matter variations: a new approach to identify sea-level changes
in Mid-Cretaceous pelagic environments. Geology 214, 499–502.

Flegal, A.R., Patterson, C.C., 1985. Thallium concentrations in seawater.
Mar. Chem. 15, 177–196.

Force, E.R., Cannon,W.F., 1988. Depositional model for shallow-marine
manganese deposits around black shale basins. Econ. Geol. Bull.
Soc. Econ. Geol. 83, 93–117.

Frakes, L.A., Bolton, B.R., 1984. Origin of manganese giants: sea-
level changes and anoxic–oxic history. Geology 12, 83–86.

Francois, R., Honjo, S., Manganini, S.J., Ravizza, G.E., 1995. Biogenic
barium fluxes to the deep sea: implications for paleoproductivity
reconstructions. Glob. Biogeochem. Cycles 9, 289–303.

Gale, A.S., Jenkyns, H.C., Kennedy, W.J., Corfield, R.M., 1993.
Chemostratigraphy versus biostratigraphy: data from around the
Cenomanian–Turonian boundary. J. Geol. Soc. Lond. 150, 29–32.

Gale, A.S., Hardenbol, J., Hathway, B., Kennedy, W.J., Young, J.R.,
Phansalkar, V., 2002. Global correlation of Cenomanian (Upper
Cretaceous) sequences: evidence for Milankovitch control on sea
level. Geology 30, 291–294.

Gingele, F.X., Dahmke, A., 1994. Discrete barite particles and barite as
tracers of paleoproductivity in South Atlantic sediments. Paleocea-
nography 9, 151–168.

Goldberg, E.D., Arrhenius, G.O.S., 1958. Chemistry of Pacific pelagic
sediments. Geochim. Cosmochim. Acta 13, 153–212.

Hatch, J.R., Leventhal, J.S., 1992. Relationship between inferred redox
potential of the depositional environment and geochemistry of the
Upper Pennsylvanian (Missourian) Starck Shale Member of the
Dennis Limestone, Wabaunsee County, Kansas, USA. Chem. Geol.
99, 65–82.

Heggie, D., Lewis, T., 1984. Cobalt in pore waters of marine sediments.
Nature 311, 453–455.

Heinrichs, H., Schultz-Dobrick, B., Wedepohl, K.H., 1980. Terrestrial
geochemistry of Cd, Bi, Tl, Pb, Zn, Rb. Geochim. Cosmochim. Acta
44, 1519–1533.

Hem, J.D., Lind, C.J., Roberson, C.E., 1989. Coprecipitation and
redox reactions of manganese oxide with copper and nickel.
Geochim. Cosmochim. Acta 53, 2811–2822.

Herbin, J.P., Montadert, L., Mülller, C., Gomez, R., Thurow, J.,
Wiedmann, J., 1986. Organic-rich sedimentation at the Cenoma-
nian–Turonian boundary in oceanic and coastal basins in the North
Atlantic and Tethys. In: Summerhayes, C.P., Shackleton, N.J.
(Eds.), North Atlantic Palaeoceanography. Geological Society
Special Publication, vol. 21, pp. 389–422.

Huber, B.T., Norris, R.D., MacLeod, K.G., 2002. Deep-sea paleo-
temperature record of extreme warmth during the Cretaceous.
Geology 30, 123–126.
Huerta-Diaz, M.A., Morse, J.W., 1992. Pyritization of trace metals in
anoxic marine sediments. Geochim. Cosmochim. Acta 56,
2681–2702.

Jacobs, L., Emerson, S., Skei, J., 1985. Partitioning and transport of metals
across the O2/H2S interface in a permanently anoxic basin: Framvaren
Fjord, Norway. Geochim. Cosmochim. Acta 49, 1433–1444.

Jacobs, L., Emerson, S., Huested, S.S., 1987. Trace metal geochem-
istry in the Cariaco Trench. Deep-Sea Res. 34, 965–981.

Klinkhammer, G.P., 1980. Early diagenesis in sediments from the
eastern equatorial Pacific. II. Pore water metal results. Earth Planet.
Sci. Lett. 49, 81–101.

Knauer, G.A., Martin, J.H., Gordon, R.M., 1982. Cobalt in north-east
Pacific waters. Nature 297, 49–51.

Koide, M., Hodge, V.F., Tang, J.S., Stallard, M., Goldberg, E.G.,
Calhoun, J., Bertine, K.K., 1986. Some comparative marine
chemistries of rhenium, gold, silver and molybdenum. Appl.
Geochem. 13, 705–714.

Kolonic, S., Wagner, T., Forster, A., Sinninghe Damsté, J.S.,
Walsworth-Bell, B., Turgeon, S.C., Brumsack, H.-J., Kuhnt, W.,
Tsikos, H., Kuypers, M.M.M., 2005. Black shale deposition on the
northwest African Shelf during the Cenomanian/Turonian oceanic
anoxic event: climate coupling and global organic carbon burial.
Palaeoceanography 20, PA3002. doi:10.1029/2003PA000930.

Kremling, K., 1983. The behavior of Zn, Cd, Cu, Ni, Co, Fe and Mn in
anoxic Baltic waters. Mar. Chem. 13, 87–108.

Kuhnt, W., Wiedmann, J., 1995. Cenomanian–Turonian source rocks:
palaeobiogeographic and paleoenvironmental aspects. In: Huc, A.Y.
(Ed.), Palaeogeography, Palaeoclimatology and Source Rocks.
American Association of Petroleum Geologists, Studies in Geology,
vol. 40, pp. 213–231.

Kuhnt, W., Herbin, J.P., Thurow, J., Wiedmann, J., 1990. Distribution
of Cenomanian–Turonian organic facies in the western Mediter-
ranean and along the adjacent Atlantic margin. In: Huc, A.Y. (Ed.),
Deposition of Organic Facies. American Association of Petroleum
Geologists, Studies in Geology, vol. 30, pp. 133–160.

Kuroda, J., Ohkouchi, N., Ishii, T., Tokuyama, H., Taira, A., 2002.
High-resolution mapping of major elements and organic carbon in
the Livello Bonarelli black shale (Cenomanian/Turonian bound-
ary). Conference on Organic Carbon Burial, Climate Change and
Ocean Chemistry (Mesozoic–Paleogene). Meeting Abstracts,
Geol. Soc. London, vol. 28.

Lamolda, M.A., Gorostidi, A., Paul, C.R.C., 1994. Quantitative
estimates of calcareous nannofossil changes across the Plenus
Marls (Latest Cenomanian), Dover, England: implications for the
generation of the Cenomanian–Turonian Boundary Event.
Cretac. Res. 14, 143–164.

Landing, W.M., Bruland, K.W., 1980. Manganese in the North Pacific.
Earth Planet. Sci. Lett. 49, 45–56.

Landing, W.M., Bruland, K.W., 1987. The contrasting biogeochem-
istry of iron and manganese in the Pacific Ocean. Geochim.
Cosmochim. Acta 51, 29–43.

Larson, R.L., 1991. Geological consequences of superplumes.
Geology 19, 963–966.

Lea, D.W., Boyle, E.A., 1990. Foraminiferal reconstruction of barium
distributions in water masses of the glacial oceans. Paleoceano-
graphy 5, 719–742.

Lipinski, M., Warning, B., Brumsack, H.-J., 2003. Trace metal
signatures of Jurassic/Cretaceous black shales from the Norwegian
Shelf and the Barents Sea. Palaeogeogr. Palaeoclimatol. Palaeoe-
col. 190, 459–475.

Lüschen, H., 2004. Vergleichende anorganisch-geochemische Unter-
suchungen an phanerozoischen Corg-reichen Sedimenten : ein

http://dx.doi.org/10.1029/2002PA000793
http://dx.doi.org/10.1029/2003PA000930


338 S. Turgeon, H.-J. Brumsack / Chemical Geology 234 (2006) 321–339
Beitrag zur Charakterisierung ihrer Fazies. Ph.D. dissertation,
Universität Oldenburg, Germany.

Luther III, G.W., 1991. Pyrite synthesis via polysulfide compounds.
Geochim. Cosmochim. Acta 55, 2839–2849.

Martin, J.H., Knauer, G.A., Gordon, R.M., 1983. Silver distributions
and fluxes in the north-east Pacific waters. Nature 305, 306–309.

McKay, J.L., Pedersen, T.F., 2002. Accumulation of redox-sensitive
trace metals in continental margin sediments and their paleo-
applications. Eos Trans. 83, OS32B-124.

McManus, J., Berelson, W.M., Klinkhammer, G.P., Johnson, K.S.,
Coale, K.H., Anderson, R.F., Kumar, N., Burdige, D.J., Hammond,
D.E., Brumsack, H.J., McCorkle, D.S., Rushdi, A., 1998.
Geochemistry of barium in marine sediments: implications for its
use as a paleoproxy. Geochim. Cosmochim. Acta 62, 3453–3473.

Meyers, S.R., Sageman, B.B., Hinnov, L.A., 2001. Integrative
quantitative stratigraphy of the Cenomanian–Turonian Bridge
Creek Limestone Member using evolutive harmonic analysis and
stratigraphic modeling. J. Sediment. Res. 71, 628–644.

Miller, K.G., Sugarman, P.J., Browning, J.V., Kominz, M.A.,
Hernández, J.C., Olsson, R.K., Wright, J.D., Feigenson, M.D.,
Van Sickel, W., 2003. Late Cretaceous chronology of large, rapid
sea-level changes: glacioeustasy during the greenhouse world.
Geology 31, 585–588.

Morford, J.L., Emerson, S., 1999. The geochemistry of redox sensitive trace
metals in sediments. Geochim. Cosmochim. Acta 63, 1735–1750.

Nathan, Y., Soudry, D., Levy, Y., Shitrit, D., Dorfman, E., 1997.
Geochemistry of cadmium in the Negev phosphorites. Chem.
Geol. 142, 87–107.

Ndung'u, K., Thomas, M.A., Flegal, A.R., 2001. Silver in western equa-
torial and South Atlantic Ocean. Deep-Sea Res. Part II 48, 2933–2945.

Nijenhuis, I.A., Schenau, S.J., Van der Weijden, C.H., Hilgen, F.J.,
Lourens, L.J., Zachariasse,W.J., 1996.On the origin ofUpperMiocene
sapropelites: a case study from the Faneromeni section, Crete (Greece).
Paleoceanography 11, 633–645.

Nijenhuis, I.A., Brumsack, H.-J., de Lange, G.J., 1998. The trace element
composition of organic carbon-rich sapropels versus black shales: a
comparison. In:Robertson,A.H.F., Emeis,K.-C.,Richter,C.,Camerlenghi,
A. (Eds.), Proc. Ocean Drill. Program, vol. 160, pp. 199–206.

Paytan, A., Kastner, M., Chavez, F., 1996. Glacial to interglacial
fluctuations in productivity in the Equatorial Pacific as indicated
by marine barite. Science 274, 1355–1357.

Pedersen, T.F., Calvert, S.E., 1990. Anoxia vs. productivity: what
controls the formations of organic-carbon-rich sediments and
sedimentary rocks? AAPG Bull. 74, 454–466.

Piper, D.Z., 1994. Seawater as the source of minor elements in black
shales, phosphorites and other sedimentary rocks. Chem. Geol.
114, 95–114.

Pratt, L.M., Claypool, G.E., King, J.D., 1986. Geochemical imprint of
depositional conditions on organic matter in laminated-bioturbated
interbeds from fine-grainedmarine sequences.Mar. Geol. 70, 67–84.

Premoli Silva, I., Paggi, L., Monechi, S., 1977. Cretaceous through
Paleocene biostratigraphy of the pelagic sequence at Gubbio:
Societá Geologica Italiana. Memorie, vol. 15, pp. 21–32.

Pruysers, P.A., de Lange, G.J., Middelburg, J.J., 1991. Geochemistry
of eastern Mediterranean sediments: primary sediment composi-
tion and diagenetic alterations. Mar. Geol. 100, 137–154.

Rosenthal, Y., Lam, P., Boyle, E.A., Thomson, J., 1995. Authigenic
cadmium enrichments in suboxic sediments: precipitation and
postdepositional mobility. Earth Planet. Sci. Lett. 132, 99–111.

Sageman, B.B., Murphy, A.E., Werne, J.P., Ver Straeten, C.A.,
Hollander, D.J., Lyons, T.W., 2003. A tale of shales: the relative
role of production, decomposition, and dilution in the accumula-
tion of organic-rich strata, Middle–Upper Devonian, Appalachian
Basin. Chem. Geol. 195, 229–273.

Schlanger, S.O., Jenkyns, H.C., 1976. Cretaceous anoxic events:
causes and consequences. Geol. Mijnb. 55, 179–184.

Schlanger, S.O., Arthur, M.A., Jenkyns, H.C., Scholle, P.A., 1987. The
Cenomanian–Turonian oceanic anoxic event. I. Stratigraphy and
distribution of organic-rich beds and the marine δ13C excursion.
In: Brooks, J., Fleet, A.J. (Eds.), Marine Petroleum Source Rocks.
Geol. Soc. Special Publication, vol. 26, pp. 371–399.

Schmitz, B., 1987. Barium, equatorial high productivity, and the northward
wandering of the Indian continent. Paleoceanography 2, 63–78.

Scholle, P.A., Arthur, M.A., 1980. Carbon isotope fluctuations in
Cretaceous pelagic limestones: potential stratigraphic and petro-
leum exploration tools. AAPG Bull. 64, 67–87.

Scopelliti, G., Bellanca, A., Coccioni, R., Luciani, V., Neri, R.,
Baudin, F., Chiari, M., Marcucci, M., 2004. High-resolution
geochemical and biotic records of the Tethyan ‘Bonarelli Level’
(OAE2, Latest Cenomanian) from the Calabianca–Guidaloca
composite section, northwestern Sicily, Italy. Palaeogeogr. Palaeo-
climatol. Palaeoecol. 208, 293–317.

Shaw, T.J., Gieskes, J.M., Jahnke, R.A., 1990. Early diagenesis in
differing depositional environments: the response of transitions
metals in pore water. Geochim. Cosmochim. Acta 54, 1233–1246.

Simoneit, B.R.T., 1978. The organic chemistry of marine sediments. In:
Riley, J.P., Chester, R. (Eds.), Chemical Oceanography. Academic
Press, pp. 233–312.

Summerhayes, C.P., 1981. Organic facies of Middle Cretaceous black
shales in the deep North Atlantic. AAPG Bull. 86, 335–345.

Sutherland, H., Calvert, S.E., Morris, R.J., 1984. Geochemical studies
of the recent sapropel and associated sediments from the Hellenic
Outer Ridge, eastern Mediterranean Sea. I. Mineralogy and
chemical composition. Mar. Geol. 56, 79–92.

Thomson, J., Higgs, N.C., Wilson, T.R.S., Croudace, I.W., de Lange, G.J.,
Van Santvoort, P.J.M., 1995. Redistribution and geochemical behavior
of redox-sensitive elements around S1, the most recent eastern
Mediterranean sapropel. Geochim. Cosmochim. Acta 59, 3487–3501.

Thurow, J., Brumsack, H.-J., Rullkötter, J., Littke, R., Meyers, P.,
1992. The Cenomanian/Turonian Boundary Event in the Indian
Ocean – a key to understand the global picture. Synthesis of results
from scientific drilling in the Indian Ocean. Amer. Geophys. Union
Geophys. Monogr. 70, 253–273.

Torres, M.E., Brumsack, H.-J., Bohrmann, G., Emeis, K.C., 1996.
Barite fronts in continental margin sediments: a new look at barium
remobilization in the zone of sulfate reduction and formation of
heavy barites in authigenic fronts. Chem. Geol. 127, 125–139.

Tribovillard, N., Riboulleau, A., Lyons, T., Baudin, F., 2004. Enhanced
trapping ofmolybdenumby sulfurizedmarine organicmatter ofmarine
origin in Mesozoic limestones and shales. Chem. Geol. 213, 385–401.

Tsikos, H., Jenkyns, H.C., Walsworth-Bell, B., Petrizzo, M.R., Forster, A.,
Kolonic, S., Erba, E., Premoli Silva, I., Bass,M.,Wagner, T., Sinninghe
Damsté, J.S., 2004. Carbon-isotope stratigraphy recorded by the
Cenomanian–Turonian oceanic anoxic event: correlation and implica-
tions based on three key localities. J. Geol. Soc. Lond. 161, 711–719.

Van der Weijden, C.H., 1993. Geochemical signatures preserved in
sediments of the Semaforo and Vrica sections (Calabria, Italy) and
their relations with variations of the sedimentary regime. Palaeo-
geogr. Palaeoclimatol. Palaeoecol. 103, 203–221.

Van der Weijden, C.H., 2002. Pitfalls of normalization of marine
geochemical data using a common divisor.Mar. Geol. 184, 167–187.

Van Os, B.J.H., Middelburg, J.J., De Lange, G.J., 1991. Possible
diagenetic mobilisation of barium in sapropelic sediment from the
Eastern Mediterranean. Mar. Geol. 100, 125–136.



339S. Turgeon, H.-J. Brumsack / Chemical Geology 234 (2006) 321–339
Van Os, B.J.H., Lourens, L.J., Hilgen, F.J., de Lange, G.J., Beaufort, L.,
1994. The formation of Pliocene sapropels and carbonate cycles in
the Mediterranean: diagenesis, dilution, and productivity. Paleocea-
nography 9, 601–617.

Van Santvoort, P.J.M., de Lange, G.J., Thomson, J., Cussen, H., Wilson,
T.R.S., Krom, M.D., Ströhle, K., 1996. Active post-depositional
oxidation of the most recent sapropel S1 in sediments of the eastern
Mediterranean Sea. Geochim. Cosmochim. Acta 60, 4007–4024.

von Breymann, M.T., Emeis, K.C., Suess, E., 1992. Water-depth and
diagenetic constraints in the use of barium as a paleoproductivity
indicator. In: Summerhayes, C.P., Prell, W., Emeis, K.C. (Eds.),
Evolution of Upwelling Systems Since the Early Miocene. Geol.
Soc. London Special Publication, vol. 64, pp. 273–284.

Warning, B., Brumsack, H.J., 2000. Trace metal signatures of eastern
Mediterranean sapropels. Palaeogeogr. Palaeoclimatol. Palaeoecol.
158, 293–309.

Wedepohl, K.H., 1971. Environmental influences on the chemical
composition of shales and clays. In: Ahrens, L.H., Press, F.,
Runcorn, S.K., Urey, H.C. (Eds.), Physics and Chemistry of the
Earth. Pergamon, Oxford, UK, pp. 307–331.
Wedepohl, K.H., 1991. The composition of the upper Earth's crust and the
natural cycles of selected elements. Metals in natural raw materials.
Natural resources. In:Merian, E. (Ed.),Metals and their Compounds in
the Natural Environment. VCH, Weinheim, Germany, pp. 3–17.

Wehausen, R., 1999. Anorganische Geochemie zyklischer Sedimente
aus dem östlichen Mittelmeer: Rekonstruktion der Paläoumwelt-
bedingungen. Ph.D. dissertation, Universität Oldenburg,
Germany.

Wehausen, R., Brumsack, H.J., 2000. Chemical cycles in Pliocene
sapropel-bearing and sapropel-barren eastern Mediterranean sedi-
ments. Palaeogeogr. Palaeoclimatol. Palaeoecol. 158, 325–352.

Wilson, P.A., Norris, R.D., Cooper, M.J., 2002. Testing the Cretaceous
greenhouse hypothesis using glassy foraminiferal calcite from the
core of the Turonian tropics on Demerera Rise. Geology 30,
607–610.

Yarincik, K.M., Murray, R.W., Peterson, L., 2000. Climatically
sensitive eolian and hemipelagic deposition in the Cariaco Basin,
Venezuela, over the past 578,000 years: results from Al/Ti and K/
Al. Paleoceanography 15, 210–228.


	Anoxic vs dysoxic events reflected in sediment geochemistry during the Cenomanian–Turonian Boun.....
	Introduction
	Samples
	Methodology
	Results and discussion
	Furlo sediment geochemistry
	Scaglia Bianca
	Bonarelli
	Black levels

	Sedimentation rate estimates
	Nature of sediments
	Excess silica
	Changes in clay mineralogy

	Bottom water oxygenation indicators: Mn and �Re/Mo ratios
	Other redox-sensitive and sulphide-residing minor elements
	Barium as a paleoproductivity indicator

	Summary of Furlo geochemistry
	Carbonate “crisis” during the Bonarelli
	Depositional model for the Furlo site
	Evidence for high-frequency eustasy during black level deposition?


	Conclusions and future research
	Acknowledgements
	References


