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ABSTRACT

The central part of the Piave River valley 
in the Venetian pre-Alps of NE Italy exposes 
an expanded and continuous marine sediment 
succession that encompasses the Paleocene 
series and the Paleocene to Eocene transition. 
The Paleocene through lowermost Eocene 
succession is >100 m thick and was depos-
ited at middle to lower bathyal depths in a 
hemipelagic, near-continental setting in the 
central western Tethys. In the Forada section, 
the Paleocene succession of limestone-marl 
couplets is sharply interrupted by an ~3.30-
m-thick unit of clays and marls (clay marl 
unit). The very base of this unit represents the 
biostratigraphic Paleocene-Eocene boundary, 
and the entire unit coincides with the main 
carbon isotope excursion of the Paleocene-
Eocene thermal maximum event. Concentra-
tions of hematite and biogenic carbonate, δ13C 
measurements, and abundance of radiolar-
ians, all oscillate in a cyclical fashion and are 
interpreted to represent precession cycles. The 

main excursion interval spans fi ve complete 
cycles, that is, 105 ± 10 k.y. The overlying car-
bon isotope recovery interval, which is com-
posed of six distinct limestone-marl couplets, is 
interpreted to represent six precessional cycles 
with a duration of 126 ± 12 k.y. The entire 
carbon isotope excursion interval in Forada 
has a total duration of ~231 ± 22 k.y., which 
is 5%–10% longer than previous estimates 
derived from open ocean sites (210–220 k.y.). 
Geochemical proxies for redox conditions 
indicate oxygenated conditions before, during, 
and after the carbon isotope excursion event. 
The Forada section exhibits a nonstepped 
sharp decrease in δ13C (−2.35‰) at the base of 
the clay marl unit. The hemipelagic, near-con-
tinental depositional setting of Forada and the 
sharply elevated sedimentation rates through-
out the clay marl unit argue for continuous 
rather than interrupted deposition and show 
that the initial nonstepped carbon isotope shift 
was not caused by a hiatus. A single sample at 
the base of the unit lacks biogenic carbonate. 
Preservation of carbonate thereafter improves 
progressively up-section in the clay marl unit, 
which is consistent with a prodigiously abrupt 

and rapid acidifi cation of the oceans followed 
by a slower, successive deepening of the car-
bonate compensation depth. Increased sedi-
mentation rates through the clay marl unit 
(approximately the main interval of the car-
bon isotope excursion) are consistent with an 
intensifi ed hydrological cycle driven by super-
greenhouse conditions and enhanced weath-
ering and transport of terrigenous material 
to this near-continental, hemipelagic environ-
ment in the central western Tethys.

The sharp transition in lithology from the 
clay marl unit to the overlying limestone-
marl couplets in the recovery interval and 
the coincident shift toward heavier δ13C val-
ues suggest that the silicate pump and conti-
nental weathering, the cause of the enhanced 
terrigenous fl ux to Forada, stopped abruptly. 
This implies that the source of the light CO2 
ceased to be added to the ocean-atmosphere 
system at the top of the clay marl unit.

Keywords: Paleocene-Eocene thermal maxi-
mum, carbon isotope record, central western 
Tethys, stratigraphy, geochemistry, mineralogy, 
chronology, silicate pump.
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INTRODUCTION

The Paleocene series was introduced by 
Schimper (1874). Over the years, it has become 
increasingly clear that the Paleocene represents 
a crucial interval of time in the Cenozoic Era 
for the evolution of the Earth system toward its 
present state. The base of the Paleocene corre-
sponds to the last of the big fi ve mass extinction 
events, the Cretaceous-Tertiary (K-T) bound-
ary event, which was also characterized by a 
huge perturbation of the global carbon cycle 
(D’Hondt et al., 1998). The K-T boundary event 
was followed by recovery and reorganization of 
continental and marine faunas and fl oras dur-
ing Paleocene times (Berggren et al., 1998; Gin-
gerich, 2004). In the early late Paleocene, stable 
carbon isotope (δ13C) values in marine carbon-
ates reached their heaviest values of the Ceno-
zoic (e.g., Shackleton et al., 1985; Shackleton, 
1987; Corfi eld and Cartlidge, 1992; Pak and 
Miller, 1992; Bralower et al., 1995; Thompson 
and Schmitz, 1997; Zachos et al., 2001). The 
end of the Paleocene is characterized by one of 
the largest Cenozoic disruptions in the global 
climatic system. Close to the Paleocene-Eocene 
boundary (Luterbacher et al., 2000), an extreme 
transient global warming event occurred (Ken-
nett and Stott, 1991; Zachos et al., 1993); it is 
commonly referred to as the Paleocene-Eocene 
thermal maximum. The hallmark of the Paleo-
cene-Eocene thermal maximum is a 2‰–4‰ 
global negative excursion in carbon isotopes, 
the carbon isotope excursion (CIE; Kennett 
and Stott, 1991; Koch et al., 1992). The carbon 
isotope excursion implies a rapid addition of 
huge (>2000 Gt) amounts of light carbon to the 
combined atmospheric and oceanic inorganic 
carbon reservoir (Dickens et al., 1995, 1997; 
Matsumoto, 1995; Zachos et al., 2005). The 
source and triggering mechanism of this event is 
still the focus of much debate (Cramer and Kent, 
2005). A scenario in which successive blasts of 
biogenic methane derived from the marine gas 
hydrate reservoir (Dickens, 1999) has become 
the centerpiece of this debate.

Major biotic changes occurred at the Paleo-
cene-Eocene thermal maximum. Benthic fora-
minifera suffered a severe extinction, the ben-
thic extinction event (Tjalsma and Lohmann, 
1983; Thomas and Shackleton, 1996; Thomas, 
1998), mammals underwent the major turnover 
of their evolutionary history (Clyde and Gin-
gerich, 1998; Gingerich, 2003), and pelagic 
biota were affected by major reorganizations 
(Bralower, 2002; Kelly, 2002; Raffi  et al., 
2005). The Paleocene-Eocene thermal maxi-
mum and carbon isotope excursion events have 
attracted much attention also because they are 
considered to represent an analogue in the 

 geological past of the present-day rapid addi-
tion of greenhouse gases to the Earth system 
(Dickens, 1999).

In order to acquire a broader understand-
ing of Earth system processes that character-
ized the Paleocene and the Paleocene-Eocene 
thermal maximum, it is necessary to expand 
the relatively sparse existing information 
across this interval with data from additional 
sediment sections representing a wide array of 
paleoenvironmental settings (Röhl et al., 2000). 
Efforts in this direction are currently being 
made in both continental and marine sedimen-
tary archives. We report here on studies of the 
Paleocene series of the Venetian pre-Alps in 
NE Italy, which represents a middle latitude 
paleoenvironmental setting of the central west-
ern Tethys Seaway. During the Paleocene, this 
was a semirestricted oceanic area composed 
of shallow epicontinental seas surrounded by 
emergent land masses (Oberhänsli and Hsü, 
1986; Oberhänsli, 1992).

The sections of the Venetian pre-Alps con-
sidered here are located in the central part 
of the Piave River valley, or Valbelluna. The 
expanded early Paleogene succession (Di Nap-
oli Alliata et al., 1970; Costa et al., 1996) in 
this region is poorly documented in spite of the 
fact that it is one of the fi rst localities where 
the benthic extinction event was recognized 
(Di Napoli Alliata et al., 1970). This paper 
presents three marine sections that encompass 
the Paleocene and lower Eocene from the Val-
belluna region and show apparently continuous 
sedimentation across the Paleocene-Eocene 
thermal maximum interval. The Cicogna, Ardo, 
and Forada sections were all investigated using 
micropaleontological methods, whereas stable 
isotope and geochemical methods were added 
to Forada.

The continuously outcropping Forada sec-
tion, which spans the terminal Cretaceous to 
the lower Eocene, contains a well-exposed and 
high-quality record of the Paleocene-Eocene 
thermal maximum. Geochemical and mineral-
ogical data are presented at lower resolution for 
most of the Paleocene and at higher resolution 
across the Paleocene-Eocene thermal maxi-
mum. The still-controversial chronology of the 
carbon isotope excursion (Röhl et al., 2000; 
Cramer, 2001; Farley and Eltgroth, 2003) is 
discussed in the context of the paleoenviron-
mental setting of the central western Tethys 
Seaway. In addition, we document a shoaling 
of the carbonate compensation depth (CCD) 
at depths shallower than 1500 m at the base of 
the Paleocene-Eocene thermal maximum, thus 
adding evidence of the prodigious acidifi cation 
of the oceans suggested by deep-sea drilling 
sites (Zachos et al., 2005).

GEOLOGICAL SETTING

The Venetian pre-Alps are composed of a fold-
and-thrust belt derived from the deformation of 
the African margin (Adria promontory) in the 
central Tethys Seaway (Channell et al., 1979); 
they are bounded by the Giudicarie and Insub-
ric tectonic lines (Figs. 1A and 1B) and were 
affected by the Dinaric orogeny during the early 
Paleogene and by the Neoalpine orogeny dur-
ing the Neogene (Doglioni and Bosellini, 1987). 
Tectonic deformations were less severe than else-
where in the Alps and the Apennines (Channell 
and Medizza, 1981), making the pre-Alps suited 
for studies of the lower Paleogene pelagic record 
as exposed in its well-preserved sections.

The Mesozoic to early Cenozoic paleogeog-
raphy of the pre-Alps was characterized by four 
NNE-SSW–trending plateaus and basins: from 
east to west, the Friuli Platform, the Belluno 
Basin, the Trento Plateau, and the Lombardian 
Basin (Fig. 1B) (Bernoulli and Jenkyns, 1974; 
Bernoulli et al., 1979; Winterer and Bosellini, 
1981). This topography developed during late 
Paleozoic and Mesozoic rifting, thereby infl u-
encing sedimentation patterns. During Jurassic 
times, a regional drowning of the area led to 
widespread, rather uniform pelagic sedimenta-
tion within the entire Southern Alps (Channell 
et al., 1992); this ended in the early Paleogene, 
when the Veneto region changed into an articu-
lated paleogeography that yielded various facies 
deposits, from continental to deep marine (Desio, 
1974). Lower Paleogene deep-water sediments 
are particularly well developed in the NE-SW–
oriented Belluno Basin, which was bordered to 
the west by the shallow Trento Plateau, the Les-
sini Shelf of Bosellini (1989), and to the south by 
shallow areas of the Friuli Platform (Fig. 1B).

In the Valbelluna area along the Piave River 
valley (Fig. 1C), up to 200–250-m-thick, Cre-
taceous to lower Eocene pelagic to hemipelagic 
sediments outcrop over a wide area and are 
overlain by a turbiditic sequence that can be up 
to 1000 m thick, called the Flysch di Belluno 
(Stefani and Grandesso, 1991; Costa et al., 1996; 
Fig. 2). These pelagic to hemipelagic sediments 
are mainly represented by well-bedded, pink to 
red limestones and marl limestones of Late Cre-
taceous to early Eocene age, which are often 
referred to as Scaglia Rossa. Variations in color 
and terrigenous content have been used to dis-
tinguish several formations within the Paleocene 
and lower Eocene Scaglia Rossa Auctorum: the 
Cugnan Formation, the Scaglia Cinerea, and the 
Marna della Vena d’Oro Formations (Di Napoli 
Alliata et al., 1970; Costa et al., 1996; Fig. 2). The 
Flysch di Belluno represents the lower Eocene 
foredeep deposits of the west-verging Dinaric 
thrusts (Doglioni and Bosellini, 1987).
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Figure 1. Geographic and geological context 
of the Forada and other sections mentioned 
in the text. (A) Simplifi ed geological scheme 
of the Southern Alps (adapted from Doglioni 
and Bosellini, 1987). (B) The main Late Cre-
taceous–early Paleogene paleogeographic 
elements of the Southern Alps (adapted from 
Cati et al., 1989). (C) The Piave River Valley 
in the Belluno Province (the “Valbelluna”) 
showing location of the sections studied and 
mentioned in this work: 1—Vena d’Oro 
valley; 2—Madeago valley; 3—Cicogna 
Creek; 4—Ardo Creek; 5—Terche Creek; 
6—Forada Creek.

Figure 2. Stratigraphic relationships of the Cretaceous and 
early Paleogene stratigraphic units of the Valbelluna. The Scag-
lia Rossa Formation in Valbelluna is up to 200–250 m thick. 
P/E—Paleocene-Eocene boundary; K/T—Cretaceous-Tertiary 
boundary.
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Structurally, the succession of the Belluno 
Basin forms a large, asymmetrical NE-SW–
oriented syncline (Belluno syncline; Costa et 
al., 1996). The northern limb of the Belluno 
syncline, north of the Piave River, is strongly 
deformed by the Belluno line shear zone (Costa 
et al., 1996). The southern fl ank, south of the 
Piave River, is much less disturbed and hosts a 
series of west-fl owing rivulets and creeks that 
cut deep into the Scaglia Rossa, roughly perpen-
dicular to the strike, and expose virtually con-
tinuous sections of Upper Cretaceous to lower 
Eocene sediments in the Belluno Basin.

MATERIALS AND METHODS

Sections and Sampling

The Cicogna section is located along Cicogna 
Creek (Fig. 1C). The entire section is ~95 m thick 

(Fig. 3) and is here provisionally referred to as 
the Marna della Vena d’Oro Formation, except 
for the uppermost part, which has been ascribed 
to the Flysch di Belluno. Below the fl ysch, the 
lithology is represented by purple reddish, gray-
greenish marls, with an upward increase of the 
terrigenous fraction. The section is continu-
ously outcropping and is not affected by struc-
tural complications, except for an ~40-cm-thick 
interval at the Paleocene-Eocene boundary that 
shows signs of having been subjected to modest 
movement. The general bedding strike is 350°N, 
with a dip angle of ~10°.

The Ardo section is located along Ardo Creek, 
close to the S. Antonio Tortal village (Fig. 1C), 
and spans from the Upper Cretaceous to the 
lower Eocene (Costa et al., 1996). The portion 
of the Ardo succession considered here (Fig. 4) 
includes a basal part, ~20 m thick, composed 
of alternating pink-reddish limestone-marl 

 limestone and abundant calciturbidites (Cugnan 
Formation). This unit is overlain by an ~10-m-
thick interval of rhythmically organized gray 
marl limestone, here referred to as Scaglia Cine-
rea (Fig. 5A)1, that, in turn, grades into gray-
greenish, purple-reddish marls with an upwardly 
increasing amount of terrigenous material, here 
referred to as Marna della Vena d’Oro (Fig. 5B). 
The general strike is 340°N, and the dip is ~10°. 
The Paleocene part of the Ardo section that is 
used here (Fig. 4) shows negligible tectonic dis-
turbances and is continuously outcropping.

The Forada section is located along Forada 
Creek, roughly 2 km east of the Lentiai village 
(Fig. 1C), and it consists of ~62 m of pink-red-
dish Scaglia Rossa limestones and marl lime-
stones, locally rhythmically organized (Fig. 6). 
The Forada section also encompasses the interval 
from the Upper Cretaceous to the lower Eocene, 
outcrops continuously, and is virtually unaffected 
by structural complications. The general bedding 
strike is 350–355°N and the dip is 21–22°. A sin-
gle tectonized interval has been observed in the 
lower Eocene, but faults or signs of deformation 
are lacking in the intervals spanning the K-T and 
the Paleocene-Eocene boundaries.

All three sections were initially sampled at 
low resolution for dating purposes using cal-
careous nannofossil biostratigraphy. When the 
biostratigraphic results indicated that the Forada 
section contained a good record of the K-T 
boundary and an expanded Paleocene-Eocene 
thermal maximum, a more detailed sampling 
was carried out there.

Calcareous Nannofossils

Calcareous nannofossils were studied in 
smear-slides using light microscopy at 1250× 
or 1600× magnifi cation. The taxonomy follows 
Perch-Nielsen (1985), and the zonal scheme is 
from Martini (1971), although lower Paleocene 
zones NP1-NP4 are combined. The fi rst occur-
rence (FO) of Cruciplacolithus primus is well 
represented in the area (Agnini et al., 2005) and 
was used for correlation within the NP1-NP4 
interval. The base of zone NP5 was approxi-
mated using the FO of the genus Fasciculithus 
rather than the formal defi nition, FO of Fascicu-
lithus tympaniformis. Zones NP7 and NP8 can-
not be differentiated because Heliolithus riedelii 
is missing in the material studied.

Different quantitative and semiquantitative 
techniques were employed for counting selected 
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Figure 3. Calcareous nannofossil biostratigraphy of the Cicogna section. FO—fi rst occur-
rence; LO—last occurrence; LRO—last rare occurrence; LCO—last common and continu-
ous occurrence. CMU—clay marl unit; D.—Discoaster; T.—Tribrachiatus.

1GSA Data Repository item 2007029, color ver-
sions of Figures 5 and 8 and results of chemical 
and isotopical analyses of the Forada section: Ba

biog
, 

CaCO
3
, δ13C, and δ18O, is available on the Web at 

http://www.geosociety.org/pubs/ft2007.htm.  Requests 
may also be sent to editing@geosociety.org.
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taxa, following Backman and Shackleton 
(1983), Rio et al. (1990), and Bralower (2002). 
The census data thus represent the following: 
(1) All sections: counts of a prefi xed smear-slide 
area (specimens/mm2); (2) Cicogna and Forada: 
counts of the index species relative to a prefi xed 
number of taxonomically related forms (%) and 
counts of the total assemblage using 300–500 
specimens (%); (3) Forada: members of Coc-
colithus and Toweius dominate the assemblages. 
Counts were continued until the number of 
specimens of all other taxa than Coccolithus and 
Toweius reached 200 specimens (%).

Mineralogy and Geochemistry

For mineralogical analyses, semiquantita-
tive estimates of crystalline phases were per-
formed using an X-ray diffractometer (Minifl ex 
Rigaku) equipped with a sample spinner and Cu 
tube, following Barahona (1974). Peak areas 
and positions were measured using the Winfi t 
decomposition software (Krumm, 1994) and 
quartz as internal standard. Clay mineral analy-
ses were conducted on the clay fraction (<2 
µm) after carbonate removal at the Paleocene-
Eocene transition in the Forada section. Semi-
quantitative estimates were based on Biscaye 
(1965), but slightly modifi ed to account for the 
occurrence of mixed layers. The amount of the 
illitic component in the illite-smectite mixed 
layer was estimated according to Moore and 
Reynolds (1997).

For geochemical analyses, bulk samples 
were analyzed by X-ray fl uorescence (Phil-
ips PW2400 spectrometer equipped with a Rh 
tube) using fused disks (1:10 rock:Li tetraborate 
ratio). Several international geologic standards 
were used for instrument calibration. The loss 
on ignition (LOI) was measured after heating the 
sample to 860 °C for 20 min and to 980 °C for 
2 h, taking into account the content of divalent 
Fe. Permanganate titration was used to evaluate 
the concentration of divalent Fe.

The Ba
biog

 values (Table DR1, see footnote 1) 
were calculated after Dymond et al. (1992) and 
are based on the Ba/Al

2
O

3
 ratio. The values rep-

resent barium in excess with respect to the com-
position of shales. The regression of CaO and 
Al

2
O

3
 suggests that the Al

2
O

3
 content of the clay 

component ranges from ~14% to 17%, which 
is in good agreement with the value of 15.11% 
compiled by Turekian and Wedepohl (1961).

Instrumental neutron activation analysis 
(INAA) was performed on the bulk rock of 23 
samples according to the method described by 
Oddone et al. (1986).

Coulometry was used to determine calcium 
carbonate content (wt%). Analytical precision is 
within ±0.8%.
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M.—Micula; D.—Discoaster; H.—Heliolithus; C.—Cruciplacolithus; T.—Tribrachiatus.

Figure 5. Ardo section. (A) View of the Danian portion of the Cugnan Formation that 
outcrops close to the Ardo gorge (“Brent Grande”). The arrow indicates the fi rst occur-
rence (FO) of Fasciculithus spp., which approximates the Danian-Selandian boundary (e.g., 
Schmitz et al., 1998). Total thickness of outcrop in photograph is ~20 m. (B) View of the 
Selandian and Thanetian (zone NP5 to zone NP9) in the Ardo section. Total thickness of 
outcrop in photograph is ~65 m.
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Analytical data on CaCO
3
 determined by 

recalculating chemical data and by coulometry 
are reported in Tables DR1 and DR2 (see foot-
note 1).

Stable Isotopes

Nearly 170 bulk rock samples were analyzed 
for oxygen and carbon stable isotopes from the 
Forada section using a mass spectrometer (Finni-
gan MAT 252) equipped with a Kiel device. 
Carbon and oxygen isotopes values were cali-
brated to the Peedee belemnite standard (PDB) 
and converted to conventional delta notation 
(δ13C and δ18O). Analytical precision is within 
±0.06‰ for δ13C and ±0.07‰ for δ18O. All the 
stable isotope data (δ13C and δ18O) measured on 
bulk rock samples are reported in Table DR3 
(see footnote 1).

Organic Carbon

The organic carbon (C
org

) was determined on 
carbonate-free residues of 23 samples, using a 
CE instruments EA 1110 automatic elemental 
analyzer equipped with AS 200 autosampler 
and Mettler Toledo AT21 comparator using a 
Ag crucible.

PALEOCENE SERIES IN VALBELLUNA

Calcareous nannofossil biostratigraphies 
have been established for the Cicogna, Ardo, 
and Forada sections (Figs. 3, 4, and 6). Simpli-
fi ed columnar logs and critical biohorizons are 
shown together with correlation to the Possagno 
section (Agnini et al., 2006) in Veneto (Fig. 1B) 
and the Contessa Highway section in Umbria 
(Monechi and Thierstein, 1985; Fig. 7). The K-T 
boundary is preserved in the Ardo and Forada 
sections (Agnini et al., 2005), whereas the 
Paleocene to Eocene transition is well exposed 
only in the Forada and Cicogna sections.

Distinct Paleocene facies changes occur 
within all three sections because of upward- 
increasing contents of terrigenous material and 
westward-decreasing contents of redeposited 
shelf material, resulting in different thickness of 
correlative intervals (Fig. 7).

The Danian (approximately NP1–NP4) 
is represented by red carbonate lithofacies 
(Scaglia Rossa sensu stricto) with common 
calciturbidites in the Ardo Cugnan Formation 
(Figs. 4 and 5A), which are virtually missing 
in the westernmost Forada section, where only 
three, centimeter-scale calciturbiditic beds are 
observed (Fig. 6). The NP1–NP4 interval is 
condensed in the Valbelluna region, yet it is 
thicker in both the Ardo (18.8 m; 3.4 m/m.y.) 
and Forada (15.5 m; 2.8 m/m.y.) sections than 
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in the classical Contessa Highway section 
(13.4 m; 2.4 m/m.y.; Fig. 7).

The depositional regime changes through-
out the basin at about the NP4–NP5 transition, 
approximating the Danian-Selandian bound-
ary (Schmitz et al., 1998). This boundary is 
marked by the onset of Scaglia Cinerea deposi-
tion in Ardo (Figs. 5A and 7) and a concomitant 
decrease in carbonate content in Forada. Rates 
of sedimentation increased because of increased 
terrigenous input, the amount of which differed 
in various parts of the basin and hence resulted 
in different thicknesses of the NP5–NP9 inter-
vals (Fig. 7). The Selandian–Thanetian interval 
is ~80 m thick (≈16 m/m.y.) in the Ardo section 
(Figs. 4, 5B, and 7).

The Paleocene and lower Eocene sediments 
in the Valbelluna sections show distinct litho-
logic cycles (Figs. 5A and 8, see footnote 1), 
commonly in the form of limestone-marlstone 
couplets, which presumably represent orbitally 
driven fertility cycles (Poletti et al., 2004).

The bulk mineralogy of the Forada section 
(Fig. 9) is dominated by calcite, except at the K-T 
boundary and within the clay marl unit (CMU). 
Other minerals present are sheet silicates, quartz, 
and feldspars. Calcite and the trace element bar-
ium show large variability (Fig. 9). Calcite con-
tent is characterized by a general decrease from 
the upper lower Paleocene through the upper 
Paleocene, refl ecting the upward-increasing 
input of terrigenous material. Large fl uctuations 

of calcite occur across the Paleocene-Eocene 
boundary and in the lower Eocene (Fig. 9). 
Biogenic barium shows a progressive increase 
throughout the Paleocene (Fig. 9), which is con-
sistent with increasing productivity (Dymond et 
al., 1992; Paytan et al., 2002).

CLAY MARL UNIT OF THE 
PALEOCENE-EOCENE THERMAL 
MAXIMUM IN VALBELLUNA

An easily recognized character of the lower 
Paleogene stratigraphy in Valbelluna is the 
3–4-m-thick package of reddish and green-
ish marl clays and clayey marls, here referred 
to as the clay marl unit, that sharply interrupts 
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the  previous carbonate sedimentation (Figs. 7–
9). The clay marl unit is a pervasive feature in 
the Valbelluna region and has been observed 
in Cicogna (~2.7 m thick) and Forada (~3.3 m 
thick), but also in the Vena D’Oro Valley, the 
Madeago Valley, the Terche Valley (Fig. 1C), 
and in Possagno (Fig. 1B), albeit there reduced 
to ~30 cm thickness (Fig. 7; see also Arenillas 
et al., 1999; Agnini et al., 2006). This makes the 
clay marl unit an important lithostratigraphic 
correlation tool in the eastern Veneto region 
(Figs. 2 and 7).

Several independent data sets indicate that 
the clay marl unit is the lithologic expression 
of the Paleocene-Eocene thermal maximum in 
the Belluno basin. The evidence includes cal-
careous nannofossil biostratigraphy (Fig. 7), a 
major extinction event among benthic foramin-
ifera (Figs. 6 and 7), presence of the calcareous 
nannofossil excursion taxa (Aubry et al., 2002), 
and the planktic foraminifera excursion taxa 
(Aubry et al., 2002). Moreover, bulk carbonate 
δ13C and carbonate stratigraphies also support 
this inference.

Marine Paleocene-Eocene thermal maximum 
sections are typically clay-rich units. The clay 
marl unit of the Valbelluna is therefore analo-
gous to the siliciclastic unit from Zumaya in 
Spain (Baceta et al., 2000; Schmitz et al., 2001), 
to the “recessive unit” in New Zealand sections 
(Hancock et al., 2003), and to several, virtually 
carbonate-free, clay-rich units observed in deep-
sea settings (Moore et al., 1984; Norris et al., 
1998; Bralower et al., 2002; Lyle et al., 2002; 
Zachos et al., 2004, 2005).

The number of available and continuous 
upper Paleocene–lower Eocene marine sedi-
ment sections is still relatively few (Röhl et al., 

2000). Among the few continuous Paleocene-
Eocene thermal maximum intervals available, 
Forada clearly is one of the most expanded so far 
described from a deep-marine setting (Table 1).

A prominent characteristic of the Paleo-
cene–Eocene transition interval in Valbelluna is 
the lithologic cyclicity present below and above 
the clay marl unit (Fig. 8), consisting of couplets 
of reddish marls and indurate marl limestones 
(Eocene couplet unit). The transition between 
the clay marl unit and the nearest overlying marl 
limestone is sharp (Fig. 8).

THE FORADA δ13C PROFILE AND THE 
CARBON ISOTOPE EXCURSION

Shackleton and Hall (1984) published the 
fi rst relatively detailed δ13C profi les based on 
Paleocene and lower Eocene bulk sediment 
samples. These South Atlantic data provided 
a good overview of the large variability of 
Paleocene δ13C in marine carbonate, displaying 
major features, trends, and 3‰–4‰ amplitude 
changes. Assessing whether or not consolidated 
to overconsolidated carbonates, such as those at 
Forada, faithfully record the global evolution of 
the carbon system is probably best accomplished 
through comparisons with other marine records 
(Corfi eld et al., 1991). The stratigraphically 
controlled trends and amplitude changes of the 
Forada δ13C profi le (Fig. 9) are strongly similar 
to a profi le compiled from six South Atlantic 
Deep Sea Drilling Project (DSDP) sites (Shack-
leton, 1986, his Fig. 3). The Forada δ13C profi le 
is also compatible to profi les derived from other 
ocean basins, and hence to the global Paleocene 
δ13C history (Shackleton et al., 1985; Corfi eld et 
al., 1991; Corfi eld, 1994; Schmitz et al., 1997b; 

Thompson and Schmitz, 1997; Zachos et al., 
2001), indicating that diagenesis has not altered 
portions of the Forada δ13C stratigraphy.

The Paleocene δ13C maximum shows a value 
of about +2.5‰, which is somewhat lower than 
the ~3‰ observed in Contessa Highway section 
(Corfi eld et al., 1991) and in Zumaya (Schmitz 
et al., 1997b). But in agreement with the global 
trend, following the NP7-NP8 maximum, Forada 
shows a long-term δ13C decrease throughout 
NP9 times (Kennett and Stott, 1990; Pak and 
Miller, 1992; Fig. 9). This long-term decline is 
interrupted by a prominent but transient negative 
shift (2.35‰) that occurs over a 12.5 cm interval 
across the base of the clay marl unit (Figs. 9 and 
10) and is here interpreted as the carbon isotope 
excursion associated with the Paleocene-Eocene 
thermal maximum (Kennett and Stott, 1991; 
Röhl et al., 2000; Zachos et al., 2001).

The 2.35‰ δ13C shift, from +0.48‰ to 
−1.87‰, of the basal carbon isotope excursion 
is somewhat lower in Forada compared to the 
2.5‰ to 3‰ change generally reported in the 
literature for marine bulk carbonates (Kennett 
and Stott, 1991; Stott et al., 1996; Bralower et 
al., 1997; Katz et al., 1999; Dickens, 2001). 
Albian to Maastrichtian δ13C values vary 
between +2‰ and +3‰ in red limestone bulk 
samples from the Umbrian Apennines (Cor-
fi eld et al., 1991). The slightly heavier bulk 
sediment values in Forada are probably caused 
by the occurrence of relatively abundant, up to 
20% (Fig. 10), reworked Cretaceous calcare-
ous nannofossils in the clay marl unit, which 
presumably subdued the bulk sediment ampli-
tude of the initial excursion in Forada.

Following the initial 2.35‰ δ13C excur-
sion over 12.5 cm across the base of the clay 
marl unit, values oscillate around an average 
of −0.8‰ from +25 cm, from the base of the 
clay marl unit, in a cyclical fashion up to +3.39 
± 0.14 m (Fig. 10). The interval from the initial 
negative excursion to the +3.4 m level repre-
sents the main body of the carbon isotope excur-
sion, which coincides with the extension of the 
clay marl unit (Figs. 9 and 10). Above +3.39 
± 0.14 m, δ13C values gradually return over an 
~1.4 m interval to a new stable, average level of 
+0.9 ‰ beginning at +4.9 m and lasting through-
out the remainder of Forada’s lower Eocene suc-
cession. This recovery interval, representing an 
isotopic shift of 1.7‰, is a global phenomenon 
(Kennett and Stott, 1991; Bralower et al., 1997; 
Bains et al., 1999; Zachos et al., 2001, 2005). 
Another global character preserved in Forada 
is that the lower Eocene post–carbon isotope 
excursion (+0.9‰), or post–clay marl unit, 
δ13C level is lighter than the upper Paleocene 
(NP6–NP9) pre–carbon isotope excursion level 
(+1.6‰) (Fig. 9).

ECU

CMU

ECU

CMU

A B

1 
m

1.
7 

m

Figure 8. Forada section: views of the well-developed early Eocene limestone-marl couplets 
(Eocene couplet unit—ECU) (A) and of the upper part of the clay marl unit (CMU) (B). 
The base of the clay marl unit corresponds to the onset of the carbon isotope excursion. The 
interval of low δ13C has been recognized within the lithological anomaly, while the lime-
stone-marl couplets represent the δ13C recovery interval (see also Fig. 15).
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Forada Microstratigraphy across the 
Paleocene-Eocene Thermal Maximum

The Paleocene-Eocene transition at Forada 
is characterized not only by changes in carbon-
ate content, δ13C, and δ18O, but also by signifi -
cant variability in lithology, micropaleontology, 
mineralogy, and chemistry. The variability of 
these other parameters is useful for subdividing 
the critical part of the section into the follow-
ing microstratigraphic intervals, going upward 
from shortly below the base of the clay marl unit 
(Fig. 10, Pa-I through Eo-IV):

Paleocene-I (Pa-I). A characteristic, 20-cm-
thick, greenish-gray marl bed occurs below the 
clay marl unit and ends the underlying series 
of upper Paleocene reddish scaly marl facies 
(Fig. 11). This greenish-gray marl bed contains 
Zoophycos and Chondrites, and can be cor-
related to other sections in the Valbelluna, for 
example, Cicogna and Vena d’Oro Valley. The 
Pa-I bed does not contain any hematite (Fig. 10), 
which distinguishes it from adjacent layers. The 
CaCO

3
 content varies from 35 to 55 wt%. Cal-

careous plankton and benthic foraminifera are 
diversifi ed and well preserved. Taken together, 
these characteristics indicate that the Pa-I inter-

val was deposited in well oxygenated waters 
above the lysocline.

Paleocene-II (Pa-II). The clay marl unit 
rests on a distinct, 1.5–2.0-cm-thick, dark gray 
marl interval (Fig. 11), in which CaCO

3
 content 

has decreased to 28%. Increased carbonate dis-
solution is indicated also by sharply decreasing 
abundance of planktic foraminifera, where the 
planktic/benthic ratio is a mere 15% in compar-
ison to the 95%–98% recorded in the underly-
ing Pa-I interval. Benthic hyaline foraminifera 
are corroded and represent typical deep-water 
Paleocene fauna, e.g., Gavelinella beccariifor-
mis, Cibicidoides dayi, C. velascoensis, Neof-
labelina semireticulata, and Pullenia coryelli. 
The dissolution observed in Pa-II, immediately 
below the δ13C negative excursion, presum-
ably refl ects the “dissolution burndown” front 
expected from an abrupt addition of massive 
quantities of CO

2
 into the ocean (Dickens, 

2000). Similar thin dissolution intervals imme-
diately below the carbon isotope excursion have 
been reported from the South Atlantic and the 
Pacifi c Oceans (Thomas et al., 1999; Zachos et 
al., 2003; Colosimo et al., 2006).

Black Clay. A 0.2–0.3-cm-thick black clay, 
devoid of carbonate, is designated here as the 

base of the clay marl unit. A corresponding thin 
black clay layer has so far only been reported 
from the Shatsky Rise, where the layer was 
0.1 cm thick (Bralower et al., 2002; Colosimo 
et al., 2006). The Forada black clay is charac-
terized by a spike of biogenic barium (Fig. 10), 
a signifi cant increase in organic carbon, and a 
complete absence of detrital mica. Mica occurs 
in all other (>100) investigated Forada samples 
and points to a brief interruption in the supply 
of coarse terrigenous materials, which makes it 
tenable to suggest that the black clay represents 
an episode of enhanced authigenic deposition. 
A scanning electron microscope study demon-
strates the presence of ovoidal barite crystals 
at the boundary between the black clay and the 
underlying Pa-II interval (Fig. 11). The mor-
phology of these crystals is similar to barite of 
organic origin (Paytan et al., 2002).

Eocene-I (Eo-I). The lowermost fossiliferous 
Eocene sediments consist of a 15–20-cm-thick, 
fi nely laminated greenish gray marl clay interval 
in which the average CaCO

3
 content is ~15%. 

Planktic and benthic hyaline foraminifera are 
missing, and the only microfossils present are 
agglutinated foraminifera and a few strongly 
dissolved calcareous nannofossils. Deposition 

TABLE 1. COMPARISON BETWEEN THE FORADA PALEOCENE-EOCENE THERMAL MAXIMUM AND OTHER REFERENCE SECTIONS

Section Location Depositional environment Lithological anomaly Carbon isotope 
excursion thickness

(bulk sample)

Remarks References

Forada NE Italy, Veneto region Middle-lower bathyal Clay marl unit: 3.3 m ~4.80 m 1

Possagno NE Italy, Veneto region Bathyal Clay marl unit: 0.30 m 0.50–0.65 m 2, 3

Contessa Road Central Italy, 
Umbria Marche

Middle-lower bathyal Two intervals of marl: the lower 
marl is 0.12 m thick

0.40 m 4, 5

Untersberg Austria Lower bathyal Claystone and marly claystone: 
5.5 m

5.50 m 6

Alamedilla Southern Spain Lower bathyal Marl clay: ~2.5 m ~3.00 m 7, 8, 9

Caravaca Southern Spain Middle bathyal Two intervals of laminated 
shales: the lower shale is 
2.5 m thick

?8.00 m δ13C measured on 
single specimens 
of benthic 
foraminifera

10, 11

Zumaya Basque countries, Spain Middle-lower bathyal Siliciclastic unit: 4 m of clay ~5.45 m Lower 1 m is devoid 
of original calcite

12

Trabakua Basque countries, Spain Lowermost middle 
bathyal

Very low carbonate content: 
3.5 m of claystone

?5.00 m 13, 14

Dababiya Southern Egypt Outer shelf Claystone/shale interval 
2.68 m thick: the fi rst 63 cm 
are carbonate-free

~3.40 m δ13C measured on 
organic matter

15, 16

Sites 999/1001 Caribbean Sea Lower bathyal–
upper abyssal

Claystone layer: 0.42 and 
0.80 m, respectively

0.50 and 2.50 m, 
respectively

17

Site1263C/D Walvis Ridge, 
southeastern Atlantic

Lower bathyal Clay layer: 0.05 m 1.95 m 18

Mead Stream New Zealand Bathyal Recessive unit (marly 
limestone and marl): 2.4 m

~4.00 m Critical interval is 
faulted at base

19

Site 690B Weddell Sea Lower bathyal No detectable lithologic 
change: ~0.04 m of marl

3.50 m 20, 21, 22

Note: (1) This work; (2) Arenillas et al. (1999); (3) Agnini et al. (2006); (4) Galeotti et al. (2000); (5) Galeotti et al. (2004); (6) Egger et al. (2005); (7) Lu et al. (1996); 
(8) Lu et al. (1998); (9) Molina et al. (1999); (10) Ortiz (1995); (11) Canudo et al. (1995); (12) Schmitz et al. (1997b); (13) Coccioni et al. (1994); (14) Orue-Extebarria 
et al. (1996); (15) Dupuis et al. (2003); (16) Alegret et al. (2005); (17) Bralower et al. (1997); (18) Zachos et al. (2005); (19) Hollis et al. (2005); (20) Bains et al. (1999); 
(21) Thomas et al. (1999); (22) Röhl et al. (2000).
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presumably occurred close to a descending car-
bonate compensation depth (CCD), assuming 
that the CCD had briefl y migrated above the 
Forada paleodepth during the accumulation of 
the underlying carbonate-free black clay. In Eo-I, 
δ13C exhibits the most negative values, reworked 
Cretaceous calcareous nannofossils are common, 
and detrital quartz contents are high (Fig. 10). 

Strongly reduced, or lack of, bioturbation at the 
base of the carbon isotope excursion is recorded 
at other sections (Bralower et al., 1997), refl ect-
ing poorly ventilated to anoxic bottom waters but 
likely also strongly reduced and stressed benthic 
communities suffering from rapidly increasing 
bottom water temperatures and acidifi cation 
(Zachos et al., 2005). The calcareous nanno-

plankton excursion taxa (Discoaster anartios, 
D. araneus, Rhomboaster spp.) enter the strati-
graphic record at the top of Eo-I.

Eocene-II (Eo-II). Calcareous nannofossil 
preservation improves and the calcareous nan-
nofossil excursion taxa increase in abundance 
in the overlying, 20–25-cm-thick, greenish gray 
marl clay Eo-II interval, which has an average 
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CaCO
3
 content of 20%–30%. Common calci-

fi ed radiolarians appear at the base of Eo-II. 
These forms thereafter remain at the top of the 
clay marl unit. Planktic foraminifera are still 
missing. An assemblage of rare and poorly pre-
served benthic hyaline foraminifera is present, 
although typical Paleocene forms of the Gav-
elinella beccariiformis assemblage (Thomas, 
1998) are missing. The benthic foraminiferal 
extinction thus occurs in the 20 cm interval 
between the base of the black clay and the base 
of Eo-II, which is consistent with observations 
from deep-sea sites (e.g., Bralower et al., 2002; 
Lyle et al., 2002; Zachos et al., 2005). The pres-
ervation of micropaleontologic assemblages 
suggests persistent strong carbonate dissolu-
tion, still close to the CCD, albeit less severe 
than in the underlying Eo-I interval. The black 
clay together with the Eo-I and Eo-II intervals 
correlate with the carbonate dissolution inter-
val (CDI) recorded in many deep-sea sites 
(Thomas, 1998), and in deep-water on-land sec-
tions such as the Trabakua Pass (Coccioni et al., 
1994), Zumaya (Schmitz et al., 1997b, 2001), 
Alamedilla (Lu et al., 1996), and the Contessa 
Highway (Galeotti et al., 2000, 2004).

Eocene-III (Eo-III). An ~290-cm-thick inter-
val of mottled green and reddish marls with grad-
ually increasing carbonate contents  averaging 
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Figure 11. Detail of the lowermost part of the CMU (clay marl unit) on the right bank of the 
Forada Creek. Inset: scanning electron micrograph of ovoidal barite crystal found in the 
partition between the “black clay” and the underlying Pa-II interval.
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around 35% makes up Eo-III (Fig. 10), which 
corresponds to the middle and upper part of the 
clay marl unit and the carbon isotope excursion 
main excursion. Eo-III is characterized by maxi-
mum values of hematite contents and the re-entry 
of planktic foraminifera at its base. Foraminiferal 
preservation improves rapidly upward in Eo-III, 
indicating a corresponding, rapidly descending 
CCD. But carbonate contents remain relatively 
low because of  substantial terrigenous dilution. 
Radiolarians, calcareous nannofossil excursion 
taxa, and planktic foraminifera excursion taxa 
forms reach their maximum abundance.

Eocene-IV (Eo-IV). Eo-IV consists of an 
~145-cm-thick interval of reddish marl-lime-
stone couplets, which represent the carbon 
isotope excursion recovery interval. Carbon-
ate contents vary between 50% and 73% and 
are higher than in the uppermost Paleocene 
(Fig. 10). Radiolarians are virtually missing. 
The planktic foraminifera excursion taxa and 
calcareous nannofossil excursion taxa assem-
blages decrease in abundance upward and dis-
appear at the very end of Eo-IV, at +4.60 m 
(Fig. 10), concomitant with the end of the car-
bon isotope excursion perturbation.

Forada Mineralogy and Geochemistry 
across the Paleocene-Eocene Thermal 
Maximum

There are several reports indicating that miner-
alogical-geochemical parameters are sensitive to 
peculiar features of the Paleocene-Eocene ther-
mal maximum, such as increased clay kaolinite 
(Robert and Kennett, 1994; Knox, 1998; Bolle 
and Adatte, 2001; Thiry, 2000; Schmitz et al., 
2001), reduced ventilation in different oceano-
graphic settings (e.g., Thomas, 1998; Kaiho et 
al., 1996; Kelly et al., 1996; Bralower et al., 1997; 
Speijer et al., 1997; Katz et al., 1999; Speijer and 
Wagner, 2002; Gavrilov et al., 2003), increased 
input of nutrients intensifying the biological 
pump (Bains et al., 2000; Zachos and Dickens, 
2000), and addition of light CO

2
 to the carbon 

cycle. All these parameters have been measured, 
and their signifi cance is discussed below.

Clay Minerals

Forada’s clay mineral assemblages (Fig. 12) 
are strongly dominated by illite-smectite mixed-
layers minerals (I-S), with random stacking 
order and rather low illite component (~50–60% 
illite), which suggests both that Forada belongs 
to the early diagenetic zone of Merriman and 
Peacord (1999) and that burial diagenesis has 
not affected the pristine mineralogy. The I-S 
gradually increases from the upper Paleocene 
and throughout the carbon isotope excursion. 

This trend is interrupted at the base of the clay 
marl unit, where I-S suddenly drops and remains 
lower than uppermost Paleocene in the Eo-I and 
Eo-II intervals. These I-S variations are coupled 
with an opposite trend of chlorite. Kaolinite is 
a minor component in the Paleocene and com-
pletely disappears ~1 m below the base of the 
clay marl unit, except for a single sample repre-
senting the black clay layer at the very base of 
the clay marl unit and  carbon isotope excursion 

(Fig. 12). Thus, a source area of kaolinite was 
not available for erosion when the clay marl unit 
was deposited.

Ventilation at Forada during the Paleocene-
Eocene Thermal Maximum

Jones and Manning (1994) showed that V-Cr 
and Ni-Co ratios are indicators of paleo- oxygen 
levels. Ratios of these elements (Fig. 13A) vary 
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within a narrow range, and signifi cant differ-
ences are not observed between the well-oxy-
genated Paleocene sediments and the clay marl 
unit, indicating that Forada’s bottom waters 
were well oxygenated. This is corroborated by 
intensive bioturbations, the abundance of ben-
thic foraminifera, and the presence of oxidized 
minerals such as hematite.

A few trace elements (U, Mo, and Re) sen-
sitive to redox conditions were measured in 
the critical 2 m interval across the black clay 
(Fig. 13B). Under reducing conditions, U is 
sorbed on preexisting solids or precipitates 
possibly as uraninite, while Mo is bound to 
sulfi des or organic matter. The Re enrich-
ment is perhaps the more reliable indicator of 
a suboxic or reducing environment because its 
detrital concentration is low and the authigenic 
accumulation is several orders of magnitude 
more than the crustal values (Morford and 
Emerson, 1999). These three elements (U, Mo, 
and Re), normalized to an index (Th or Cr in 
Fig. 13B), do not show any enrichment in the 
black clay or in the lower part of the Paleo-
cene-Eocene thermal maximum (Eo-I, Eo-II, 
and basal Eo-III).

The so-called Ce anomaly has been consid-
ered as a redox proxy of bottom waters in Creta-
ceous sediments of the Belluno Basin (Bellanca 

et al., 1997), but no indication of low oxygen-
ation is observed in Forada (Fig. 13B).

All considered redox indicators (V, U, Mo, Re 
normalized to a detrital index and Ni/Co ratio) 
concur in indicating that the Paleocene-Eocene 
thermal maximum at Forada was characterized 
by oxygenated bottom waters. The Paleocene-
Eocene thermal maximum interval shows values 
similar to those in the underlying, well-oxygen-
ated Paleocene sediments.

Upper Paleocene and Paleocene-Eocene 
Thermal Maximum Babiog Contents

The oxygenated condition during the carbon 
isotope excursion at Forada is a necessary condi-
tion for the preservation of biogenic barium accu-
mulation (Paytan et al., 1993), which should regis-
ter increased surface water productivity (Dymond 
et al., 1992). The productivity conditions are a 
debated point for signifi cance in the Paleocene-
Eocene thermal maximum in the global system 
(Thomas and Shackleton, 1996; Bains et al., 
2000; Thomas, 2003; Bralower, 2002; Kelly, 
2002; Stoll, 2004; Bralower et al., 2004).

Ovoid barite crystals, which have the size and 
morphology of marine barite (see Paytan et al., 
2002, their Fig. 2), occur at the Pa-II to black 
clay transition (Fig. 11), and the black clay 

itself has the highest values of biogenic barium 
(3151 ppm). The black clay also preserves a 
single peak value of organic carbon (Fig. 13B). 
These features agree in indicating enhanced 
biogenic fl ux during the thin black interval. 
The absence of Ba

biog
 in a single sample located 

1.5 cm below the black clay (Fig. 10) probably 
represents dissolution caused by intrusion of 
reducing pore waters, in analogy with the car-
bonate dissolution observed in Pa-II. The Ba

biog
 

values vary strongly in Eo-I and Eo-II, but are 
relatively stable in Eo-III and Eo-IV (Fig. 10). 
The highest Ba

biog
 values occur in the Paleo-

cene-Eocene thermal maximum (Fig. 9), which 
is consistent with observations from other avail-
able marine Paleocene-Eocene thermal maxi-
mum intervals (Schmitz et al., 1997a; Bains et 
al., 2000; Faul and Paytan, 2005), whereas its 
meaning is still a matter of debate according to 
modeling approaches (Dickens et al., 2003).

No Increase of Iridium at Forada

The hypothesis of a comet impact (Kent et 
al., 2003) is based on elevated abundance of 
magnetite nannoparticles in the carbon isotope 
excursion of the Bass River, at the base of the 
carbon isotope excursion, and of Ir enrichment 
in Zumaya and Goriška Brda (Schmitz et al., 
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1997b; Dolenec et al., 2000). In the latter section, 
the Ir anomaly is apparently more pronounced, 
even if the position of the Paleocene-Eocene 
boundary is poorly constrained (Dolenec et al., 
2000). The Goriška Brda section and Forada are 
located ~120 km apart. Iridium contents have 
been determined in Forada in a 2 m interval 
across the onset of the Paleocene-Eocene ther-
mal maximum. The concentration of Ir in the 
bulk rock ranges between 0.7 ppb and 3.6 ppb. 
However, the Ir distribution has been normal-
ized to Sc, following a widely used procedure in 
order to avoid the diluting effects of carbonates 
and because Sc is not easily affected by postde-
positional remobilization and is representative 
of detrital supply (Schmitz et al., 2004). The Ir/
Sc (ppb/ppm) profi le (Fig. 14) shows low values 
(below 0.1), with a few points between 0.1 and 
0.2, but none of these higher values can be con-
sidered a signifi cant anomaly. For comparison, 
the Ir/Sc ratio at the K-T boundary in the Forada 
is 2.9 (Fornaciari et al., 2007).

Forada Paleodepth and Carbonate Data 
Support a Prodigious Acidifi cation of the 
Global Ocean

A common feature of the Paleocene-Eocene 
thermal maximum observed in nearly all deep-
water sections is the presence of a carbonate 
dissolution interval at its very base; this has 

been interpreted to represent a rapid shallow-
ing of the CCD caused by acidifi cation of the 
oceans (Dickens et al., 1997; Zachos et al., 
2005). The exception is Ocean Drilling Pro-
gram (ODP) Site 690 in the Southern Ocean 
(Kennett and Stott, 1991; Kelly et al., 2005). 
Dickens et al. (1997), assuming an input of 
~1500–2000 Gt of carbon to the ocean-atmo-
sphere system, predicted only a modest shal-
lowing of the CCD of some 400 m. A much 
larger (>2000 m) shoaling of the CCD was 
inferred by Zachos et al. (2005), based on new 
core data from the Walvis Ridge in the South 
Atlantic. The basal 40–50 cm of  sediments at 
the Forada Paleocene-Eocene thermal maxi-
mum were deposited below or close to the 
CCD, implying that estimates about Forada’s 
paleodepth provide crucial information about 
the shoaling of the CCD in the central western 
Tethys as well as the degree of the global acidi-
fi cation of the ocean during the Paleocene-
Eocene thermal maximum.

The Paleocene depositional depth of the 
Scaglia Rossa has been estimated to be on the 
order of ~1000 m (Poletti et al., 2004). Forada 
sediments host abundant representatives of the 
bathyal to abyssal Velasco benthic foraminif-
eral fauna (Berggren and Aubert, 1975), such as 
Aragonia spp., Anomalinoides rubiginosus s.s., 
Cibicidoides dayi, Cibicidoides hyphalus, Cibi-
cidoides velascoensis, Gaudryina pyramidata, 
Gyroidinoides globosus, Nuttallides truempyi, 
Gavelinella beccariiformis s.s., Quadratobu-
liminella pyramidalis, as well as other taxa 
typical of middle bathyal to abyssal depths; e.g., 
Buli mina trinitatensis, Gyroidinoides spp., Ori-
dorsalis umbonatus, Paralabamina hillebrandti, 
and Spiroplectammina spectabilis. Some of the 
most common species in Forada, such as B. 
trinitatensis, N. truempyi, and G. beccariifor-
mis s.s., have upper depth limits of ~600 m (van 
Morkhoven et al., 1986; Alegret and Thomas, 
2001; Alegret et al., 2003), whereas the lower 
bathyal-abyssal taxa, such as Clavulinoides 
amorpha, Clavulinoides trilatera, and abyssa-
minids (Kaminski et al., 1988; van Morkhoven 
et al., 1986), are rare. The Forada Paleocene-
Eocene boundary sediments thus were deposited 
at paleodepths between ~600 m and 1000 m, but 
probably not deeper than 1500 m, according to 
the scheme of Van Morkhoven et al. (1986).

The fact that the CCD rose above the Forada 
paleodepth of ~1 km (± a few hundred meters) 
is consistent with observations from several 
ocean basins, including the Tethys (Thomas, 
1998), that indicate a prodigious shallowing of 
the CCD and suggest that a much larger volume 
of CO

2
 was added to the ocean-atmosphere sys-

tem (Zachos et al., 2005) than the initial conser-
vative estimate (Dickens et al., 1997).

Chronology of the Paleocene-Eocene 
Thermal Maximum

When the δ13C signature of the Paleocene-
Eocene thermal maximum was fi rst properly 
mapped, it was immediately recognized as a 
geologically brief event (Kennett and Stott, 
1990). A Milankovitch-based cycle chronol-
ogy was subsequently established for the car-
bon isotope excursion (Norris and Röhl, 1999; 
Röhl et al., 2000), despite the precision prob-
lems of the orbital solutions in the early Eocene 
(Pälike et al., 2004; Lourens et al., 2005). Röhl 
and  colleagues concluded that the main carbon 
isotope excursion had a duration of ~90 k.y., 
whereas the duration of the recovery interval was 
120–130 k.y. This age model was challenged by 
Cramer (2001), on the basis of a possible error 
caused by the number of cycles involved, and 
by Farley and Eltgroth (2003), on the basis of a 
3He chronology from ODP Site 690, a site used 
also by Röhl et al. (2000). Farley and Eltgroth 
proposed a duration for the main excursion of 
80 k.y., but a strikingly lower (75%) duration of 
only 30 k.y. for the recovery interval. These two 
models thus agree fairly well on the duration of 
the main excursion, but disagree on the duration 
of the recovery interval.

The underlying causes of the occurrences of 
long series of repetitive alternating lithologies in 
marine sedimentary sections, such as between 
marls and limestones, are far from clear. Yet, 
pervasive deposition of lithological cycles in 
many Paleogene deep-sea environments has a 
demonstrably orbital pace (Weedon et al., 1997). 
Forada’s Paleocene-Eocene thermal maximum 
interval includes a superbly well-developed lith-
ological cyclicity in the controversial recovery 
interval, consisting of distinct marl-limestone 
couplets (Figs. 10 and 15). Geochemical and 
lithological cyclicity of the Paleocene-Eocene 
thermal maximum at ODP Sites 690 and 1051 
is considered to represent precession cycles 
(Norris and Röhl, 1999; Röhl et al., 2000), a 
pacing that has been inferred also in marine on-
land sections in eastern Valbelluna (Poletti et al., 
2004) and Zumaya in northern Spain (Dinarès-
Turell et al., 2002). Lourens et al. (2005) con-
cluded that the Paleocene-Eocene thermal maxi-
mum event in the middle latitude South Atlantic 
exhibits orbital pacing in its preserved record of 
magnetic susceptibility and color refl ectance. 
The early Eocene cyclicity of the middle latitude 
is hence assumed to represent precession cycles. 
This assumption is in agreement with calcare-
ous nannofossil biostratigraphy. Specifi cally, 
at Forada, the last occurrence of Fasciculithus 
spp. occurs between the 16th and 17th cycles 
above the base of the carbon isotope excursion 
(Fig. 15; Agnini et al., 2005), and the event has 
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been estimated as having occurred 300 k.y. and 
400 ± 10 k.y. above the carbon isotope excur-
sion in the equatorial Pacifi c (Raffi  et al., 2005) 
and in the southern Atlantic (Site 1262), respec-
tively. This fi nding precludes anything other 
than precession Milankovian frequency as hav-
ing paced the Forada cycles.

Duration of the Carbon Isotope Excursion 
Main Excursion and the Recovery Interval

Visual lithological cycles are not apparent 
in Eo-I through Eo-III of the clay marl unit 
(Fig. 8), but several properties oscillate in fash-
ions that have a cyclical character (Fig. 10). 
Calcifi ed radiolarians occur only in the clay 

marl unit interval and show fi ve distinct peaks 
in abundance. The δ13C profi le of the bulk sedi-
ment has a cyclical character and shows fi ve 
discernible cycles, where heavier isotope values 
coincide with increasing radiolarian abundance. 
Heavier δ13C values indicate increased produc-
tivity, which is consistent with increased radio-
larian abundance. Hematite is absent in Eo-I and 
Eo-II, but shows four peaks in Eo-III separated 
by three distinct troughs. Finally, CaCO

3
 shows 

a trend of progressively increasing contents 
throughout the clay marl unit, from an average 
of 16% in the four samples overlying the black 
clay to an average of 44% in the three uppermost 
clay marl unit samples. This trend of increasing 
carbonate, however, also shows cycles that, by 

and large, oscillate in concert with the carbon 
isotopes and that therefore presumably refl ect 
variations in productivity.

Productivity variations expressed in radiolar-
ian abundance, carbon isotopes, and carbonate 
contents suggest fi ve cycles in Forada’s clay 
marl unit. Above the hematite-free interval in the 
lower clay marl unit, hematite shows four cycles 
that roughly inversely correlate to carbonate.

Spectral analyses of sediment property cycles 
of the carbon isotope excursion in ODP Sites 
690 and 1051 made Röhl et al. (2000) show that 
these cycles represent infl uence of precession. 
Forada’s clay marl unit is thus here considered 
to yield fi ve precessional cycles between the 
base of the clay marl unit–carbon isotope excur-
sion and the base of the recovery interval (Eo-
IV); this results in a main excursion duration of 
~105 ± 10 k.y., if a span of 19–23 k.y./cycle is 
adopted (Berger, 1984).

Forada’s main excursion (Fig. 10) is 3.39 
± 0.14 m long and is 2.7 times more expanded 
than the corresponding interval at ODP Site 690 
(Kennett and Stott, 1990; Zachos et al., 1993), 
from which four precession cycles were recog-
nized (Röhl et al., 2000).

Forada yields six well-developed marl-lime-
stone couplets above the clay marl unit (Figs. 8, 
10, and 15) in the carbon isotope excursion recov-
ery interval (Eo-IV), which have a total duration 
of ~126 ± 12 k.y. if the identical age span for 
each cycle of Berger (1984) is adopted. Röhl et 
al. (2000) counted seven precession cycles from 
the corresponding recovery interval at ODP Site 
690, which is one additional cycle in comparison 
to Forada, although cycle 6 was poorly devel-
oped (Röhl et al., 2000, their Fig. 3). The recov-
ery interval is better resolved at Site 690 (2.4 m) 
than at Forada (1.4 m), although the six visual 
lithological couplets at Forada are unequivocally 
expressed in the carbonate record (Fig. 10). The 
entire carbon isotope excursion thus spans 11 
complete precessional cycles at Forada and is not 
shorter than 209 k.y. and not longer than 253 k.y., 
with an average duration of 231 k.y.

INCREASED PALEOCENE-
EOCENE THERMAL MAXIMUM 
SEDIMENTATION RATES FROM 
TERRESTRIAL INPUT

A growing body of evidence supports the idea 
of an intensifi ed hydrologic cycle during the 
Paleocene-Eocene thermal maximum because of 
the greenhouse-induced global warming (Dick-
ens, 2000; Zachos and Dickens, 2000; Huber and 
Sloan, 2000; Bice and Marotzke, 2002; Dickens 
et al., 2003), which resulted in enhanced conti-
nental silicate weathering (Gibson et al., 1993; 
Robert and Kennett, 1994; Knox, 1998; Bolle 
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and Adatte, 2001; Schmitz et al., 2001; Ravizza 
et al., 2001; Crouch et al., 2003) and increased 
marine accumulation of clay-fraction kaolinite 
(Robert and Kennett, 1994; Knox, 1998; Bolle 
and Adatte, 2001; Thiry, 2000; Schmitz et al., 
2001; Kelly et al., 2005).

Ravizza et al. (2001) demonstrated an 
anomalous continental osmium input to the 
oceans during the Paleocene-Eocene thermal 
maximum, which was interpreted to repre-
sent a 20%–30% higher global weathering 
fl ux that led to increased terrestrial fl uxes 
and higher bulk sedimentation rates. Rates 
in Forada increase by nearly a factor of fi ve 
when comparing the underlying upper Paleo-
cene (NP9:7 m/m.y.) with the clay marl unit 
(33 m/m.y.), a rate increase compatible with 
data from northern Spain, where siliciclastic 
input appears to have increased 2–5 times 
in the Basque Basin (Schmitz et al., 2001), 

and bulk sediments appear to have increased 
5–10 times in the Tremp Basin (Schmitz and 
Pujalte, 2003).

The increased abundance of radiolarians, 
reworked calcareous nannofossils, hematite, 
and quartz, together with a fi vefold increase 
in sedimentation rate in the clay marl unit, 
points to a brief, albeit major, change in the 
continental weathering regime that resulted in 
hugely increased terrigenous input at Forada. 
The stratigraphic record of the near-continen-
tal Forada section is thus wholly consistent 
with the idea that continental silicate weather-
ing accelerated during the Paleocene-Eocene 
thermal maximum through increased global 
temperatures and an enhanced hydrological 
cycle, permitting excess carbon to be perma-
nently removed (Walker et al., 1981; Berner et 
al., 1983; Huber and Sloan, 1999; Zachos and 
Dickens, 2000).

COMPARING THE 
MICROSTRATIGRAPHY OF THE 
δ13C CARBON ISOTOPE EXCURSION 
RECORD AT FORADA WITH THAT OF 
ODP SITE 690 AND THE CONTINENTAL 
POLECAT SECTION

The larger-scale δ13C stratigraphy measured 
on bulk sediment is generally similar in Forada 
and the corresponding record of ODP Site 690, 
although the structure of the signal differs in the 
fi ne-scale details (Fig. 16). A major difference 
between Forada and Site 690 is the stepped δ13C 
shift in the latter record (Fig. 16). This step of 
~10 cm in Site 690 has been the cause of much 
debate (Bains et al., 1999; Röhl et al., 2000; 
Bralower, 2002; Kelly, 2002; Thomas et al., 
2002; Bralower et al., 2004; Kelly et al., 2005; 
Stoll, 2005). Surface-dwelling planktic foramin-
ifera from Site 690 did not preserve this step, 
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but show a single, sharp shift in δ13C (Thomas 
et al., 2002) preceding the thermocline-dwelling 
planktic foraminifera and bulk sediment isotopic 
shift by 10 cm (≈10 k.y.). Stoll (2005) provided 
one of the most comprehensive discussions to 
date about the stepped δ13C shift at Site 690 and 
the 10 k.y. lag between surface-dwelling fora-
minifera on the one hand and bulk carbonate 
and thermocline-dwelling foraminifera on the 
other. She concluded that the measured trends in 
the bulk sediment, chiefl y represented by δ13C 
preserved in calcareous nannofossils, are not 
artifacts but refl ect genuine paleoceanographic 
signals, the causes of which remain uncertain.

It follows that differences in the detailed 
structure of the δ13C record across the carbon 
isotope excursion may refl ect preservation of 
regional paleoenvironmental characteristics or 
merely changing composition of the carbonate 
fraction. A nonstepped δ13C shift of the carbon 
isotope excursion in the Northern Hemisphere 
thus does not necessarily imply the presence 
of a hiatus just because such a step occurs at a 
high-latitude Southern Hemisphere site.

Site 690, at a paleodepth of 1900 m (Thomas, 
1998), shows an unusual, and unexplained, 
modest decline in carbonate content at the base 
of the Paleocene-Eocene thermal maximum 
(Kennett and Stott, 1991; Kelly et al., 2005) 
that is in stark contrast to several other deep-
sea sites, where the basal Paleocene-Eocene 
thermal maximum is characterized by complete 
dissolution of carbonate (e.g., Bralower et al., 
1997, 2002; Lyle et al., 2002; Zachos et al., 
2005). Also, Forada shows a complete lack of 
carbonate in a single sample at the basal Paleo-
cene-Eocene thermal maximum black clay and 
a general dominance of clays in the clay marl 
unit, but the clay marl unit of Forada represents 
a completely different depositional setting when 
compared to the carbonate-barren deep-sea sed-
iments in the Atlantic and Pacifi c Oceans. Clay 
intervals in the deep-sea sites represent residual 
deposits in fully pelagic environments remote 
from terrestrial fl uxes caused by carbonate dis-
solution, whereas the clay marl unit represents 
increased terrestrial fl uxes in a near-continental, 
hemipelagic setting that resulted in increased 
sedimentation rates despite intense carbonate 
dissolution. The depositional setting of Forada 
thus argues against the presence of a hiatus at its 
base. Moreover, Forada’s clay marl unit, or main 
δ13C excursion, is one precessional cycle longer 
than any other known marine Paleocene-Eocene 
thermal maximum interval, implying that the 
stratigraphy of Forada also argues against a 
hiatus. Still, if a hiatus is present at Forada, and 
assuming that the main excursion interval has 
a duration of ~80 k.y. (Röhl et al., 2000), this 
would imply that Forada’s apparent cycles in 

δ13C, as well as in the abundance of radiolarians, 
carbonate content, and hematite, do not carry an 
orbital pacing, which would refl ect also on Sites 
690 and 1051, where such a pacing has been 
implied using similar sediment properties.

An intriguing feature of the carbon isotope 
excursion at Forada is its similarity with a ten 
times more expanded continental δ13C record 
from the corresponding time interval derived 
from soil nodule carbonates in the Polecat sec-
tion in Wyoming (Bowen et al., 2001; Fig. 16). 
The main excursion interval in both records 
shows the most negative values at its very base, 
followed by a higher-frequency variability along 
a gently sloping return toward heavier values 
to the top of this interval. The transition to the 
recovery interval is sharp in both records.

Available data from the expanded main 
excursion interval at Forada, together with the 
fact that its δ13C stratigraphy mimics that of the 
continental Polecat section, make it tenable to 
suggest that the carbon isotope excursion inter-
val represents continuous deposition, that the 
nonstepped initial δ13C excursion represents an 
indigenous signal, and that Forada preserves a 
δ13C main excursion interval that is one of the 
most complete such intervals presently available 
from a marine setting.

The Prelude, Mode, and Tempo of the 
Paleocene-Eocene Thermal Maximum

The environmental conditions preceding the 
Paleocene-Eocene thermal maximum as well as 
the mode and tempo of the addition of CO

2
 to 

the exogenic carbon system are not yet solved. 
The conditions preceding the Paleocene-Eocene 
thermal maximum have been barely considered 
in high-resolution studies despite evidence of 
instabilities in temperature (Thomas et al., 2002), 
salinity (Tripati and Elderfi eld, 2004), and in 
biotic communities (Bralower, 2002; Stoll, 2005) 
preceding the major carbon isotope shift. Bains 
et al. (1999) and Dickens (2001) interpreted the 
stepped pattern of the bulk sediment excursion at 
Site 690 to be related to pulsed additions of light 
carbon to the exogenic carbon system.

The stratigraphy of the Forada section and 
the Polecat continental record (Fig. 16) would 
suggest that there was a major catastrophic 
release of light carbon at the onset of the Paleo-
cene-Eocene thermal maximum. This event 
is recorded in the sharp lithologic contact at 
the base of the clay marl unit, which is inter-
preted to have been caused by a sudden and 
prodigious shallowing of the CCD, driven by 
acidifi cation of the ocean below the thermocline 
zone (Zachos et al., 2005). This implies that the 
stepped carbon isotope excursion at Site 690 in 
the Southern Ocean presumably refl ects regional 

 paleoceanographic conditions. Site 690 is also 
unusual in being the only existing deep-sea site 
in which carbonate is largely preserved across 
the initial carbon isotope excursion.

A characteristic feature in most other marine 
sections is the enhanced dissolution at the base 
of the Paleocene-Eocene thermal maximum. 
At the paleodepth of Forada, the most intense 
dissolution lasted a few thousand years, <0.5 
precession cycle (Fig. 10). At the transition 
between the fi rst and the second precession 
cycles (Fig. 10), some 20 k.y. after the onset of 
the Paleocene-Eocene thermal maximum, the 
CCD deepened enough to permit preservation 
of planktic foraminifera and carbonate depo-
sition (Eo-III). However, the carbon system 
remained perturbed throughout the remainder 
of the main excursion (Eo-III), ~80 k.y., in the 
ocean (Forada) as well as in the atmosphere 
(Polecat). The silicate and biological pumps 
were at work during Eo-III, which resulted in 
a minor, gently sloping, return toward heavier 
δ13C values (≈0.25‰ at Forada; Fig. 10).

The transition to the recovery interval is sharp 
in terms of lithologic change as well as in δ13C. 
Forada suggests that the silicate pump and con-
tinental weathering occurred throughout the 
main excursion. One simple way to explain the 
length of the main excursion and the sharpness 
of the transition between the main excursion 
and the recovery interval is that the source of the 
light CO

2
 ceased at the top of the clay marl unit 

(approximately the end of the main excursion). 
Dickens (2001) noted that it is highly unlikely 
that the Paleocene-Eocene thermal maximum 
was caused by a single blast of carbon. The base 
of the recovery interval marks the time when 
light carbon ceased to be added to the ocean-
atmosphere system, which permitted the carbon-
ate deposition to fully resume at Forada, result-
ing in the formation of limestone-marl couplets. 
The transition also marks the beginning of the 
gradual disappearance of radiolarians, calcare-
ous nannofossil excursion taxa, and planktic 
foraminifera excursion taxa, and the recovery 
of δ13C values to pre-excursion stable values. It 
took ~126 ± 12 k.y. for the system to be com-
pletely restored through removal of the excess 
of light carbon. This duration of the recovery is 
in agreement with modeling (e.g., Dickens et 
al., 1997; Dickens, 2001; Zachos et al., 2005).

SUMMARY AND CONCLUSIONS

Calcareous nannofossil biostratigraphies 
from the previously undescribed Ardo, Cicogna, 
and Forada sections in the Valbelluna region of 
the Venetian pre-Alps (NE Italy) demonstrate 
the preservation of nearly continuous deposi-
tion of Upper Cretaceous through lower Eocene 
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hemipelagic to pelagic sediments. A composite 
record of cyclically organized limestone-marl 
couplets can be reconstructed by splicing sec-
tions in the river cuts, which exhibit condensed 
lower Paleocene (NP1–middle NP4) but rela-
tively expanded middle and upper Paleocene 
(middle NP 4–middle NP9), and lowermost 
Eocene (upper NP 9–NP 10) sections >100 m 
thick. A prominent feature in these Valbelluna 
sections is the 3–4-m-thick lithologic anomaly, 
consisting of greenish-reddish clay and marls 
(clay marl unit), that sharply interrupts the 
underlying and overlying limestone-marl cou-
plets. Paleocene benthic foraminifera disappear 
at the base of the clay marl unit, although the 
exact position of the extinction is blurred by 
carbonate dissolution in the basal clay marl 
unit. Calcareous nannofossil biostratigraphy 
also indicates that the base of the clay marl unit 
coincides with the Paleocene-Eocene boundary. 
Moreover, the clay marl unit corresponds to the 
main interval of the carbon isotope excursion of 
the Paleocene-Eocene thermal maximum event. 
Immediately above the clay marl unit, carbon-
ate sedimentation resumes with the deposition 
of distinct marl-limestone couplets.

Stable isotope analysis of bulk sediment sam-
ples from the Forada section closely reproduces 
the δ13C Paleocene global trends, suggesting 
that the consolidated sediments of the Valbel-
luna sections by and large have preserved an 
indigenous carbon isotope record. A transient 
and nonstepped negative shift of 2.35‰ in δ13C 
occurs over a 12.5 cm interval across the base 
of the 3.3-m-thick clay marl unit of Forada. The 
slightly heavier δ13C values in the clay marl unit, 
in comparison to bulk sediment values from the 
corresponding interval in several open ocean 
sites, were probably caused by reworking of 
isotopically heavier Cretaceous calcareous nan-
nofossils in Forada, which represent up to 20% 
of the total assemblage in the clay marl unit and 
which likely subdued the bulk sediment ampli-
tude of the initial excursion in Forada

A single sample at the very base of the clay 
marl unit lacks calcium carbonate. Preservation 
of biogenic carbonate progressively increases 
upward in the clay marl unit, which is consistent 
with a scenario in which the CCD rapidly and 
briefl y ascended above the depositional depth 
of the Forada sediments, estimated to be ~1000 
± 500 m, followed by a slower, successive 
deepening throughout the clay marl unit. The 
lowermost ~40 cm of the clay marl unit corre-
late with the “carbonate dissolution interval” in 
several deep-sea sites and in deep-water on-land 
sections such as the Trabakua Pass, Zumaya, 
Alamedilla, and the Contessa Highway. These 
records of carbonate preservation strongly sup-
port the idea of a prodigiously abrupt and rapid 

 acidifi cation of the oceans at the base of the 
carbon isotope excursion. The resulting exten-
sive carbonate dissolution may be considered to 
represent the most consistent, in terms of iso-
chrony, expression of the onset of the carbon 
isotope excursion event. The trigger of the event 
and the source of the huge amount of light CO

2
 

remain elusive. Results from Forada, however, 
do not preserve an iridium anomaly that would 
support an impact hypothesis.

A series of geochemical proxies for redox con-
ditions was measured in Forada, which all concur 
in indicating that deposition occurred in oxygen-
ated waters below and above the clay marl unit, 
and that such conditions endured throughout this 
interval except for its <0.3-cm-thick basal black 
clay layer. If methane was the source of the light 
carbon, evidently it had been delivered to the 
atmosphere from where it entered the oceans 
successively, as has been previously suggested. 
Preservation of ovoid biogenic barium crystals 
together with a peak value of organic carbon in 
the black clay layer indicate a brief episode of 
enhanced biogenic productivity.

Concentrations of hematite and biogenic 
carbonate, abundance of radiolarians, and the 
δ13C record, all show cyclical variations in the 
clay marl unit. Taken together, there are fi ve 
such cycles preserved in the clay marl unit at 
Forada, which are interpreted as precessional 
cycles. The total duration of this interval is thus 
105 ± 10 k.y. if a span of 19–23 k.y./cycle is 
adopted. The main excursion interval at Forada 
is thus estimated to have a duration that is ~5%–
30% longer compared to most previously pub-
lished estimates, presumably refl ecting the more 
expanded, and thus much better resolved, main 
excursion interval (clay marl unit) at Forada 
compared to most other carbon isotope excur-
sion intervals. The overlying recovery interval 
consists of six limestone-marl couples, which 
also are interpreted to represent precessional 
cyclicity, and thus have a total duration of 126 
± 12 k.y. if the identical age span for each cycle 
is adopted. The recovery interval is not better 
resolved in Forada, but it has a more clear litho-
logical expression in its distinct limestone-marl 
couplets when compared to most other recovery 
intervals. The duration of the recovery interval 
is in agreement with age models based on cycle 
counts of this interval in open ocean sites, but 
disagrees with an age model based on 3He chro-
nology. Given these limits, it follows that the 
entire carbon isotope excursion event in Forada 
is not shorter than 209 k.y. and not longer than 
253 k.y., with an average duration of 231 k.y.

The mode and tempo of the light carbon 
added to the exogenic system and its subsequent 
removal across the carbon isotope excursion 
event are still poorly understood. Presumably, 

complete open ocean sites have yielded δ13C pro-
fi les across the basal carbon isotope excursion 
that show a stepped pattern, with the lightest val-
ues attained in the middle of the main excursion. 
The profi le at Forada shows a major lightening 
at the very base of the carbon isotope excursion, 
followed by relatively stable values, although 
cyclic, for most of the main excursion interval, 
followed by a rapid transition to pre-excursion 
values in the recovery interval. The nonstepped 
main excursion of the Forada with respect to 
some open ocean successions may of course 
originate from vagaries of the δ13C signal in bulk 
carbonates or by discontinuity in sedimentation. 
The hemipelagic, near-continental depositional 
setting of Forada and the sharply increasing sedi-
mentation rates at the onset and during the main 
excursion, however, strongly argue for continu-
ous rather than interrupted deposition.

The δ13C profi le at Forada is strikingly simi-
lar to that observed in the continental Polecat 
section, suggesting a common response in the 
ocean-atmosphere system driven by the evolu-
tion of the global carbon system. Following the 
initial blast of light carbon into the ocean-atmo-
sphere system at the base of the carbon isotope 
excursion, δ13C values remained light over at 
least four precessional cycles, notwithstanding 
the buffering effect of the massive carbonate dis-
solution observed globally in virtually all parts 
of the oceans from the abyss to upper bathyal 
depths. Apparently light carbon continued to be 
added to the ocean-atmosphere system through-
out the main excursion interval, even if the CCD 
never became as shallow as during the initial 
blast. The transition between the main excursion 
and the recovery interval is so sharp at Forada 
that it is best explained by a scenario in which 
the source of the light CO

2
 was exhausted; that 

is, light carbon ceased to be added and was 
removed from the ocean-atmosphere system in 
a time span corresponding to approximately six 
precessional cycles.

Both the biological and silicate pumps have 
been invoked to explain the removal of the light 
carbon from the exogenic system. The effi -
ciency of the biological pump during the car-
bon isotope excursion is a much debated issue. 
Prevailing scenarios envisage conditions of 
enhanced productivity in shelf settings and con-
ditions of oligotrophy in the open oceans. The 
Forada section appears to be characterized by 
eutrophic conditions, considering the strongly 
increased terrigenous input and the abundance 
and preservation of radiolarians, but this sec-
tion adds little to the existing debate on open 
ocean conditions because of its near-continental 
hemipelagic setting. Nevertheless, results from 
Forada indicate that the silicate pump must have 
played an important role as a potential sink of 
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the enormous mass (>>2000 Gt) of light carbon 
that is implied by the large-scale acidifi cation 
and shoaling of the CCD at the onset of the 
carbon isotope excursion. The Forada chronol-
ogy indicates an astonishing fi vefold increase 
in sedimentation rate during the main excur-
sion of the carbon isotope excursion, in spite 
of intense carbonate dissolution. Open ocean 
sites, in contrast, are typically characterized by 
a drastic decrease in sedimentation rate during 
the main excursion interval caused by carbonate 
dissolution, chiefl y preserving a clayey residue. 
The increase in sedimentation rates at Forada, 
although not constrained in terms of absolute 
fl ux, was caused by increased terrigenous input 
from surrounding continents, which, in turn, 
presumably was caused by an intensifi ed hydro-
logical cycle and its resulting enhanced weather-
ing and erosion in the carbon isotope excursion 
super-greenhouse world. The sharp transition to 
the recovery interval, characterized by resumed 
carbonate deposition and a marked shift toward 
heavier δ13C, suggests that the silicate pump and 
the continental weathering, the direct cause of 
the enhanced terrigenous fl ux to Forada during 
the main excursion interval, stopped abruptly.

It has been previously pointed out that a more 
comprehensive understanding of the carbon iso-
tope excursion event requires study of numerous 
high-quality records from a range of different 
latitudes and water depths. The Forada section 
provides one such much needed record, and it 
adds an important piece to that puzzle, repre-
senting a middle latitude central western Tethys 
setting in middle to lower bathyal depths.
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